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Dear Acta Biochmica Polonica community,

It is my pleasure to present this eBook compiling the manuscripts published 

in Acta Biochimica Polonica in 2023 and 2024. This period was special for the 

journal which joined Frontiers within the Publishing Partnerships program. This 

collaboration has a significant impact on publishing the journal, by combining 

the experience and expertise of editors with the excellent editorial service 

provided by the publisher.

I would like to express my warm thanks to all the authors, editors, and reviewers 

who have been contributing to Acta Biochimica Polonica. Because of their 

passion, dedication and hard work it was possible to publish excellent papers 

in virtually all fields of biochemistry in this broadly scoped journal, devoted to 

all biochemical specializations, from gene expression regulation to medical 

biochemistry, and from basic biochemistry to immunology. 

Because of the broad biochemical scope of Acta Biochimica Polonica, this 

collection contains papers representing a diverse range of topics, methods 

and research subjects. However, all of these are connected to biochemistry, 

as the common point of all articles included in this eBook.

After successfully joining Frontiers, we look forward to the continued growth 

and impact of Acta Biochimica Polonica. I invite researchers, students and all 

people interested in biochemistry to engage with the content of this eBook. I 

hope you will enjoy reading the papers which can provide a field for discussion 

and encourage starting new research in the fascinating field of biochemistry.

Grzegorz Węgrzyn

Editor-in-Chief
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The emergence of biological homochirality
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The homochirality of biological molecules is one of the 
basic mysteries of biogenesis. The predominance of l-
amino acids and d-hydrocarbons in living matter stands 
in contrast to the chemical principle of symmetry be-
tween enantiomers. An answer to the puzzle needs to 
include a plausible explanation of how the natural race-
mic balance was initially tipped in favor of one enan-
tiomer and how the initial tiny excess was amplified to 
significant levels. It is also necessary to consider how the 
imbalance was sustained from returning to a thermody-
namic equilibrium. This is a review of the main concepts 
and observations, followed by a brief discussion.
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The processes by which life had arisen from nonliving 
matter are almost certainly beyond our cognitive horizon, 
but we can consider the milestone events that needed to 
occur at the onset of life’s evolution. One of them is the 
selection from the “primordial soup” of the enantiomers 
that henceforth have determined life on Earth.

The biological predominance of l-amino acids and d-
sugars needs to be explained because it stands in con-
trast to the chemical principle of equivalence between 
enantiomers (Fig. 1). As a rule, the chemical synthesis 
of chiral compounds from nonchiral components re-
sults in a balanced mixture of enantiomers, known as 
racemate. This natural balance was evidently broken in 
the early days of life’s evolution on Earth, resulting in 
the observed homochirality of biological molecules. By 
an unknown mechanism, one enantiomer outweighed its 
symmetric counterpart and then the initial imbalance was 
somehow enhanced, leading to the near exclusion of the 
other enantiomer. The predominance of l-amino acids 
and d-sugars is found in all known life forms, indicating 
that the initial enantioselectivity and the following enan-
tioenhancement must have occurred at the earliest stages 
of life’s evolution.

Several models have been proposed of how the chem-
ical symmetry was broken. They use physical factors, 
both internal and external to the molecules, probabilistic 
effects that could break the symmetry and chemical pro-
cesses that could drive chiral resolution.

The purpose of this paper is to survey only the main 
concepts and observations concerning enantioselectivity, 

and to consider how any emerging imbalance could be 
sustained from returning to thermodynamic equilibrium.

Deterministic models rely on symmetry-breaking forces in 
nature. The natural place to look for the origin of chiral 
bias is the very fabric of nature, which is known to con-
tain a chiral component. One of the fundamental forces, 
the weak interactions, violate parity-symmetry (Wu et al., 
1957). Weak interactions occur in the atomic nuclei, but 
their effect permeates the electronic structure, modify-
ing its wave function and energy. Being chiral, the weak 
interactions should stabilize one enantiomer and desta-
bilize the other (Fig. 2). This can possibly be detected, 
but there are no conclusive observations of such an ef-
fect (Avalos et al., 2000). Initial theoretical calculations 
yielded energies of approximately 10–14 J/mol for simple 
amino acids or sugars (Tranter, 1985; Tranter, 1987; Ma-
son & Tranter, 1985). Subsequent calculations on simple 
molecules indicated that the effect could be as high as 
10–11 J/mol (Quack, 2002). This is taken as a free en-
ergy difference and corresponds to an excess of 106-109 

molecules of one enantiomer in a mole of the racemic 
mixture, correlating to one molecule in ~1015–1018 (Ava-

Figure 1. Biological molecules have distinct chirality. 
Nucleic acids and carbohydrates (sugars) have the d-configuration, 
while proteins have the l-configuration.
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los et al., 2000). These amounts are orders of magnitude 
below the statistical noise level; the Poisson noise is 
8×1011 molecules per mole (Quack, 2012). To claim that 
the weak forces are responsible for life’s homochirality 
one would need to propose a mechanism via which this 
tiny difference could be amplified to give the observed 
imbalance in life forms.

If the inner chirality of atoms is insufficiently chiro-
selective, one might look for external chiral factors that 
could shift the balance between enantiomers in the “pri-
mordial soup”. Circularly polarized photons or spin-po-
larized cosmic particles have been considered, especially 
those produced as a result of parity-breaking weak in-
teractions (Lee & Yang, 1956). Particles whose electric 
vector spirals (clockwise or counterclockwise) along their 
direction of motion are chiral in the same sense that 
screws are right- or left-handed, and when they inter-
act with matter, they are absorbed differently by differ-
ent enantiomers. It was proposed that photons resulting 
from β-decay should be circularly polarized and could 
have a stereoselective effect on organic matter (Vester 
et al., 1959). A number of experiments were performed 
to verify the Vester-Ulbricht hypothesis, leading to the 
conclusion that this was not an effective mechanism for 
creating a chiral imbalance. This was reviewed in (Bon-
ner, 2000).

To conclude, the parity-breaking weak interactions 
would be the best natural candidate to explain the non-
parity of biological molecules, were it not for the very 
large energy gap between the parity violating energy dif-
ference (PVED) and the energy regime of chemical in-
teractions. An extensive perspective on the issue of par-
ity violation in chiral molecules and its possible role in 
the emergence of biological homochirality was published 
recently (Quack et al., 2022).

Probabilistic models rely on chance events. To explain 
the observed homochirality of biological molecules, the 
models require two components: an initial breaking of 
the balance between enantiomers (enantioselectivity), fol-
lowed by an amplification of the initial imbalance (en-
antioenrichment). In this scenario, the initial imbalance 
stems from random fluctuations at the molecular level, 
followed by amplification via asymmetric autocatalysis in 
which a chiral molecule assists its self-production (Mis-
low, 2003). Such autocatalytic reactions have been inves-

tigated by Soai and coworkers (Soai et al., 1995; Soai et 
al., 1999). Once set in motion, these self-propelling reac-
tions could amplify a small initial imbalance between the 
enantiomers. One scenario that was considered involved 
“isotope chirality”, as the source of the initial imbalance. 
Isotope chirality is a result of 13C substituting a 12C atom 
in otherwise achiral organic compounds (Kawasaki et 
al., 2009). The authors demonstrated that the presence 
of an isotope bestowed sufficient chirality on an achiral 
compound to set off enantioenrichment in an autocata-
lytic mechanism (Fig. 3). The question remains how to 
achieve the necessary initial imbalance between the “iso-
tope enantiomers”, even a tiny one, that could then be 
amplified. The isotope substitution in a molecule appears 
to be random and therefore expected to result in a 1:1 
racemic mixture.

The Soai autocatalytic reaction, using an isotopically 
(13C/12C) chiral molecule as the initiator, was recently 
used to estimate the amount of energy needed to trig-
ger enantioselectivity (Hawbaker & Blackmond, 2019). 
Multiple runs of the reaction were performed at various 
dilutions of the initiator to assess its threshold concen-
tration sufficient to break the balance between the pro-
duced enantiomers. The threshold enantiomeric excess 
for the initiator was estimated to be between 1 and 0.1% 
of the initiator molecule. The authors then turned to 
stochastic simulations to estimate the amount of energy 
required to break the balance between the enantiomers 
under autocatalytic conditions and they obtained values 
between 1.5×10–7 and 1.5×10–8 kJmol–1. This energy is 
five to seven orders of magnitude larger than the cur-
rent estimates of PVED quoted in the previous section 
(Quack, 2002), confirming that the weak forces were 
unlikely to be the cause of biological homochirality. On 
the other hand, this symmetry-breaking energy threshold 
also is unlikely to be achieved by chance in the stochas-
tic scenario. Thus, the probabilistic models also have a 
problem with delivering the necessary initial imbalance 
which could then be amplified via an autocatalytic chain 
reaction. Stochastic events tend to balance out, and if, 
by chance, an imbalance between enantiomers arises at 
some place, it is likely, that a compensating imbalance 
arises somewhere else. To circumvent this, the size of 
the “pool of the primordial soup” could be reduced, 
and then the number of possibilities would be reduced. 
Therefore, a fluctuation would have a better chance of 
not being canceled out by another fluctuation in the op-
posite direction. However, reducing the size of the pool 

Figure 2. Parity violating weak interactions break the mirror 
symmetry in nature. 
This is effectively demonstrated in particle physics but their effect 
on the stability of small chiral molecules has only been estimated. 
The electronic potential profile for enantiomers is not symmetric 
but the predicted value of the parity violating energy difference 
(PVED, ΔpvEel) is very small, amounting to 10–11 J mol–1.

Figure 3. Scheme illustrating an autocatalytic reaction, with an 
“isotope enantiomer” stimulating the production of one enanti-
omer and inhibiting the other.
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also reduces the chance of a significant fluctuation oc-
curring in the first place.

Another approach to breaking the symmetry of the 
primordial racemic soup relies on the “chiroselective 
self-assembly” of nucleobase sequences. In this model, 
the chiral templates facilitate the synthesis of more oli-
gomers of the same chirality. In time, the l- and d-li-
braries grow and evolve independently. Eventually, they 
diverge because the number of possibilities is greater 
than what is able to be obtained in the limited pool of 
resources. Eventually, “winner sequences” emerge in one 
of the libraries, having no symmetric equivalents in the 
other library (Fig. 4). Thus, homochiral seeds of biologi-
cal molecules could arise (Bolli et al., 1997).

CRYSTAL-BASED MODELS

Some of the proposed models for enantioselectiv-
ity and enhancement rely on crystallization. Crystals be-
gin as seeds consisting of a small number of molecules 
and grow as regular lattices, often reaching macroscopic 
dimensions. Thus, crystallization can be considered a 
means to amplify interactions occurring at the molecular 

level up to the macroscopic scale. Due to its amplifying 
effect, crystallization is analogous to autocatalysis.

A racemate can crystallize in two different ways, 
forming either separate crystals of l- and d-enantiomers 
(“conglomerates”) or crystals containing both enantiom-
ers (“racemic compounds”) (Fig. 5A). In themselves, 
these crystals do not change the enantiomeric balance, 
but some mixtures of conglomerates can be nudged to 
homochirality by a physical factor, such as stirring or 
heating. This is possible under specific conditions. One 
condition is that the compound remaining in the liq-
uid phase can undergo racemization, which enables the 
shifting of the balance between the l- and d-crystals 
(Kondepudi et al., 1990). Another possibility exists for 
nonchiral molecules that can form chiral conglomerates 
(Viedma, 2005).

With racemic compounds, the main concept is that 
crystallization removes equal amounts of l- and d-mole-
cules from the solution. Therefore, any initial imbalance 
in the quantities of the enantiomers is enhanced in the 
liquid phase (Klussmann et al., 2006; Breslow & Levine, 
2006). For this model to work, a preexisting imbalance, 
however small, is needed.

EXPERIMENTAL REPORTS

A number of research papers have been published 
that report on observations considered to be significant 
deviations from parity, with implications for the origin 
of biological homochirality. In a study published in 1999, 
crystals were grown from racemic solutions of sodium 
ammonium tartrate as well as chiral complexes of cobalt 
and iridium (Szabó-Nagy & Keszthelyi, 1999). The crys-
tals were collected, dissolved and the optical activity of 
the resulting solution was analyzed, showing a chiral bal-
ance in the tartrate but an imbalance in the heavy metal 
compounds. This result indicated that from the balanced 
enantiomeric mixtures of the Ir and Co compounds, one 
enantiomer crystallized more easily than the other. This 
was interpreted as a sign of the parity-violating weak 
forces biasing the intermolecular interactions. The au-
thors stated that “there is hope of detecting parity-vio-
lating energy difference in crystallization because macro-
scopic crystals consist of a large number of molecules”. 
Further statistical analysis showed that the asymmetry 
of the Ir data was significant, while the effect for Co 
was inconclusive; thus, it could not be ruled out that the 
observed effect was due to other factors (Avalos et al., 
2000).

A paper from 2006 describes a study of l- and d-
polypeptides in solution by means of circular dichroism 
(CD) and isothermal titration calorimetry (ITC) (Scolnik 
et al., 2006). Subtle differences in the helix-coil transition 
energies of the different enantiomers were reported. The 
authors argued that the tiny effect of parity-violating in-
teractions could be amplified in the cooperative process 
of helix formation. They also proposed that the ortho spin 
isomers of H2O, having a magnetic field, could have a 
preference for interacting with the l-polypeptides due to 
their magnetic component induced by the weak forces. 
A related work from the same research group reported 
differences in solubility between l- and d-tyrosine, dis-
cerned by their rate of crystallization (Shinitzky et al., 
2002; Deamer et al., 2007). The authors suggested this 
was due to the energy differences originating from parity 
violation. This was challenged by (Goldberg, 2008), who, 
having performed a series of crystallization experiments, 
concluded that the difference “is the result of a diastere-

Figure 4. Chiroselective self-assembly leading to independently 
evolving “libraries” of polymers having different chiralities. As 
the populations evolve, they begin to differ. Eventually, homo-
chiral “winner sequences” emerge from one of the libraries.

Figure 5. (A) When crystals grow from a solution of a racemate, 
they can be either racemic compounds (containing both enan-
tiomers) or conglomerates (enantiomers form separate crystals). 
In specific cases, conglomerates can be nudged to homochiral-
ity by a physical factor (see text). (B) In racemic compounds, 
the enantiomers sometimes pack asymmetrically, which means 
that they can differ significantly in their structures and lattice 
contacts in the crystal (see Kiliszek et al., 2021). (C) Section of 
electron density (blue contours) of the crystal structure reported 
by Kiliszek and others (Kiliszek et al., 2021), showing asymmetry 
between the l- and d-RNA oligomers, with major differences in 
their interactions with the solvent and crystal lattice contacts.
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omeric interaction between an airborne, non-racemic, 
chiral influence – probably a fungal spore – and the ty-
rosine enantiomers, enhancing the degree of crystal nu-
cleation of d-tyrosine over l-tyrosine”. Another critique 
came from (Lahav et al., 2006), who repeated the crystal-
lization experiments in their lab and observed that “sam-
ples provided by Shinitzky indeed displayed the effect he 
reported in his article, however, their results could not 
be repeated with samples obtained from other sources”; 
thus they concluded that the observed bias was most 
likely caused by impurities in the samples. In response 
to this, the Shinitzky group published “Comments in a 
Discussion”, in which they acknowledged impurities as 
a major problem in their experiments aimed at pinpoint-
ing a very small effect (Shinitzky & Deamer, 2008). They 
concluded that it would be easier to look for any parity 
violating effects “in bulk phases, rather than in dynamic 
processes such as crystallization” and referenced papers 
reporting a Raman spectroscopic study of l- and d-RNA 
oligomers in solution (Bolik et al., 2007) and a CD study 
of l- and d-polyglutamate undergoing temperature-de-
pendent helix-coil transitions (Kodona et al., 2008). The 
authors of both of these papers attributed the observed 
differences to parity-violating weak interactions.

A more recent report describes a study of crystal-
line d-alanine by means of Raman scattering and neu-
tron powder diffraction (Belo et al., 2018a). The authors 
claimed to have observed significant differences in the 
hydrogen bonding in comparison with l-alanine. Their 
results were challenged by (Bürgi & Macchi, 2018) who 
raised a number of methodological objections and then 
stated that “the conclusions drawn by Belo et al. are 
deemed inappropriate as the data presented do not con-
tain sufficient information to reach such a conclusion”. 
They added that the same objections also applied to the 
Raman spectroscopic study (see the paragraph above) of 
RNA oligomers (Bolik et al., 2007). In response, Belo 
and others (Belo et al., 2018b) denied that they had 
drawn any conclusions concerning the parity-violating 
energy difference in their original paper and added that 
“properties of l- and d-alanine, and the l- and d-amino 
acids in general, are a fascinating and important area of 
study for our understanding of nature, irrespective of 
whether they are related, or not, to the weak nuclear 
force and parity violation.”.

A recent paper reported a crystal structure with 
clear differences between the l- and d-enantiomers 
of an RNA oligomer (Kiliszek et al., 2021). The enan- 
tiomers assembled in the crystal in an asymmetric man-
ner (Fig. 5B), made different lattice contacts and had 
different exposures to the water and metal ions present 
in the crystal (Fig. 5C). Crystals in which enantiomers 
are not constrained by crystallographic symmetry are 
known as kryptoracemates; these have been observed in 
small-molecule crystallography and represent circa 1% of 
structures in which enantiomers are cocrystallized (Clev-
ers & Coquerel, 2020). These crystals could be relevant 
to the issue of biological enantioselectivity/deracemiza-
tion because enantiomers exposed to different environ-
ments should have different stabilities. Consequently, 
different amounts of l- and d-molecules will remain af-
ter a certain time. Two types of such RNA-containing 
kryptoracemates were obtained, being mirror images of 
each other; therefore, in large volumes, their effects on 
the balance between the enantiomers should average 
out. However, in small volumes, with a small number 
of crystals, or perhaps just one crystal, the chances of 
a significant imbalance developing between enantiomers 
are greatly increased. The authors noted that this model 

required no initial imbalance between the enantiomers, 
as both enantioselection and enantioenrichment were in-
cluded in the model; the crystal lattice provided a stable 
asymmetric environment for the enantiomers, while crys-
tal growth amplified the effect up to the macroscopic 
scale.

Another recent paper describes the crystallization of 
ribo-aminooxazoline, an RNA precursor, on uniformly 
magnetized surfaces, demonstrating a significant enan-
tioselective effect under some conditions (Ozturk et al., 
2023). The authors discuss possible scenarios of enan-
tioenrichment occurring on the surface of magnetized 
sedimentary rocks on the prebiotic Earth. Small magnet-
ite particles can sediment uniformly even in the Earth’s 
weak magnetic field.

DISCUSSION

The formative events that defined life’s basic charac-
teristics, including the chirality of biological molecules, 
are shrouded in the distant past. We may never know 
exactly how life developed on Earth, but we can make 
informed retrospective speculations based on our knowl-
edge of life’s present form and the knowledge of uni-
versal mechanisms that govern life’s processes. The 
natural candidate for tipping the balance of a racemic 
“primordial soup” toward homochirality would be the 
chiral weak force, but it appears that the energy it im-
parts on molecules is orders of magnitude less than what 
is needed for a significant effect on chemical processes. 
Chance fluctuations have larger amplitudes locally but 
tend to average out over space and time. We simply do 
not know an enantioselective process that would deliver 
a significant effect. Therefore, we need a massive ampli-
fication mechanism to turn any slight, innate or transient 
imbalance into a dominant form. One possibility is an 
autocatalytic process or rather some yet unknown “series 
of persistent chemical and physical processes that act 
synergistically and stepwise” (Hawbaker & Blackmond, 
2019). The other possible means of “enantioenrichment” 
is crystallization. Two models contain both of the re-
quired steps of enantioselection and enantioenrichment: 
the evolutionary model of template-based “chiroselective 
self-assembly” (Bolli et al., 1997) and the model based 
on the crystallization of kryptoracemates (Kiliszek et al., 
2021).

The deterministic and probabilistic models are differ-
ent in nature but share a common aspect: both operate 
on an infinitesimal scale, meaning that the probability of 
a significant outcome of their action is also low. Chiral 
resolution (enantioselection) was an unlikely event. After 
the racemic balance was tipped, the initial small excess 
of one of the enantiomers was expanded (enantioenrich-
ment) by one of the proposed mechanisms or by some 
other mechanism that remains unknown. Notably, how-
ever, such an expansion, even if significant, is still in-
sufficient to explain the persistence of the enantiomeric 
imbalance over time. A lasting imbalance needs a mecha-
nism to support it. Otherwise, the system will sponta-
neously return to thermodynamic equilibrium, while 
entropy is maximized. For instance, we can envision a 
scenario in which a minute initial excess of one enanti-
omer is greatly expanded by some autocatalytic mecha-
nism. A significant imbalance appears, but there is no 
reason why a corresponding autocatalytic reaction should 
not also occur for the other enantiomer. At best, we can 
get a head start in multiplying one enantiomer before 
the symmetric process undermines the imbalance. The 
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likely result is the reestablishment of an equilibrium. To 
maintain an imbalance, a cascade of processes, such as 
the autocatalytic reaction is needed, and this is even less 
likely to occur than a single such event. An alternative 
way to maintain a thermodynamically unfavored state is 
to establish a lasting nonequilibrium thermodynamic sys-
tem with a continuous flow of energy and matter. Life is 
such a system. Therefore, it is possible that the enanti-
oselection and enantioenrichment were closely knit with 
the emergence of early life in which the imbalance was 
promptly embedded and has been sustained ever since 
(Fig. 6).
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In the recently published article by Koza et al. (SAGE 
Open, 2023, 13, doi: 10.1177/21582440231177974), the 
authors analyzed the academic promotion system in Po-
land between 2011 and 2020. They concluded that “the 
Polish system of academic promotions in the past dec-
ade can hardly be regarded as based on pure merit”, 
suggesting the impropriety, based on the participance 
of the members of the Central Board for Degrees and Ti-
tles in panels of experts evaluating the applications. Bio-
chemistry was provided as a research discipline in which 
such an “impropriety” was the most pronounced, though 
other disciplines were only slightly less “improperly af-
fected”. Although the calculations presented by Koza 
and others (Koza et al., 2023) were proper, their conclu-
sions were affected by fundamental errors in assessing 
the roles of the panelists and misinterpretation of the 
data. The drawbacks of the interpretations of the facts 
and in drawing conclusions are presented and discussed 
in this paper, underlining the necessity of being very 
careful when assessing any phenomenon and concluding 
about any mechanism. Indeed, only very well substanti-
ated conclusions, strongly supported by objective data, 
should be published. This rule is very well known in 
biochemistry and other exact and natural sciences, and 
should be mandatory in all other research disciplines.
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INTRODUCTION: THE ANALYSIS OF THE ACADEMIC 
PROMOTION SYSTEM IN POLAND, PERFORMED BY 
KOZA ET AL. (2023)

There are various systems of academic promotion op-
erating in different countries. Their analyses might show 
interesting processes, and could indicate strengths and 
weaknesses of such systems which then could be im-
proved.

The academic promotion system, used in Poland be-
tween 2011 and 2020, was recently analyzed by Koza 
and others (Koza et al., 2023). The authors presented 
the system, based on two degrees, PhD and habilitation, 
and the title of professor. During the analyzed period of 
time, the procedures of academic promotions were over-

seen by the central (national) body called Central Board 
for Degrees and Titles (henceforth Central Board). In 
habilitation procedures, the crucial role was played by 
the habilitation panel, composed of the president, secre-
tary, three reviewers, and two ordinary members. In the 
procedures of processing the professorship applications, 
the Central Board indicated five reviewers.

The analysis of the members of habilitation pan-
els and reviewers of the professorship applications, led 
Koza and others (Koza et al., 2023) to the conclusion 
that “the Polish system of academic promotions in the 
past decade can hardly be regarded as based on pure 
merit”. In their opinion, members of the Central Board 
were too often members of habilitation panels, and thus 
they “controlled a substantial majority of academic pro-
motions beyond the PhD degree”. They also stated that 
they “found that this relatively small group of academ-
ics held dominant control over academic promotions by 
repeatedly serving on promotion panels”. The analyses 
presented in their article indicated that biochemistry was 
one of the most “affected” research disciplines, and the 
members of the Central Board were present in 100% 
habilitation panels, mostly as presidents of these panels 
(Supplementary Table S3 in Koza et al., 2023). Never-
theless, a similar tendency was observed in most other 
disciplines (Koza et al., 2023).

The above-mentioned conclusions might indicate that 
the Polish academic promotion system “is appropriated 
by the so-called old boys”, and that there are mecha-
nisms “used to distribute power and prestige among 
those old boys”. Such conclusions are strong, but the 
question is whether they are substantiated. Unfortunate-
ly, the analysis of the work by Koza and others (Koza 
et al., 2023) indicated that the authors made several fun-
damental errors in interpretation of the data and even 
in describing the system which severely influenced their 
conclusions, making them unsubstantiated. Below, I will 
present the most important errors showing the cru-
cial problems with the above-mentioned conclusions. I 
suppose that as a former member of the Central Board 
(abbreviated by Koza and others (Koza et al., 2023) as 
‘CK’) and current President of the Research Excellence 
Council (the successor of the Central Board), I have a 
sufficient knowledge about the system of academic pro-
motion in Poland and I am qualified and commissioned 
to professionally comment on the work analyzing this 
system.
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MAJOR ERRORS, MISINTERPRETATIONS, AND 
UNSUBSTANTIATED CONCLUSIONS

Let me describe shortly the major weaknesses and 
drawbacks of the analyses performed by Koza and oth-
ers (Koza et al., 2023). First, the authors informed that: 
“CK members are elected by other senior academics” 
seemingly overlooking that the members of the Central 
Board were chosen by other researchers in the proce-
dure of democratic election form all scientists with the 
title of professor. It should be highlighted that in each 
research discipline all scientists with the title of profes-
sor could cast their votes. Therefore, one should assume 
that they were recognized as leaders in specific research 
disciplines, and persons who are able to oversee the aca-
demic promotion processes objectively. In other words, 
they obtained the mandate of trust as scientists who 
were elected to ensure the correctness of the procedures. 
Koza and others (Koza et al., 2023) did not mention that 
this relatively small group of persons was responsible for 
proposing reviewers for all habilitation and professorship 
procedures which was an especially hard and responsi-
ble task. If so, this may put the members of the Central 
Board in a different light, in contrast to the statement of 
Koza and others (Koza et al., 2023) suggesting that they 
were the group of “old boys”, keeping the strong power 
in their hands, and acting for their own purposes. I my 
opinion, this is a totally improper suggestion, presented 
by Koza and others (Koza et al., 2023). Members of 
the Central Board had no interest in promoting one re-
searcher and declining application of another apart from 
ensuring that all requirements for the promotion are ful-
filled to guarantee that academic degrees and titles were 
awarded to researchers having appropriate achievements. 
In contrast, the “old boys” model should only be valid 
if the members of such a group had personal interest in 
making specific decisions.

 The errors found in the paper by Koza and others 
(Koza et al., 2023) include even a wrong description of 
the habilitation panel (further used as the major mod-
el in their analyses). They wrote “Of these seven panel 
members, three were pre-selected by the degree-granting 
university: the secretary, one of the referees, and one or-
dinary member” which is true. However, in the next sen-
tence they stated: “The CK selected the other four: the 
chair, two referees, and two ordinary members” which 
is an evident error, as 1 chair, 2 referees, and 2 ordinary 
members would mean five, not four, members selected 
by CK. Obviously, this error is not crucial for further 
analyses, but indicates imprecision and inattention of the 
authors in performing and describing their work.

The serious erroris, however, a lack of the information 
that each member of the panel had a single vote, and 
all these votes were equivalent during the procedure of 
making the final decision. In other words, after analyzing 
all the habilitation documents and thorough discussion 
during the panel meeting, the decision was based on 
voting of seven members of the panel, and the results 
dependent solely on the number of voices “for” and 
“against”, without any “weights of votes”, i.e. the power 
of each vote was exactly the same. Moreover, written 
evaluations, presented by reviewers, and oral opinions 
presented by other members, had to be seriously con-
sidered, thus, any single vote could not easily change the 
opinion of the whole panel. This also indicates another 
serious oversight of Koza and others (Koza et al., 2023). 
The voting system determined that each member of the 
habilitation panel had to carefully analyze all documents 
submitted by the candidate and evaluate his/her achieve-

ments, irrespective of the formal function played in the 
panel (president, secretary, reviewer or ordinary mem-
ber – the only difference was that reviewers were obli-
gated to write formal evaluation reports, whereas other 
members should present their opinions during the panel 
meeting).

Koza and others (Koza et al., 2023) strongly criticized 
the fact that members of the Central Board were often 
presidents of habilitation panels. In their opinion “This 
level of concentration of power is made possible by the 
high degree of centralization in the Polish system of 
academic promotions, with just a handful of influential 
players (or, in extreme cases, just a single individual) be-
ing in control of academic promotions in a given dis-
cipline”. In the light of the procedure described in the 
preceding paragraph, such a statement does not make 
sense, as being one of seven (equal) members of the 
habilitation panel it is not possible to control the aca-
demic promotion. The authors wrote “We have shown 
that being selected to a panel of judges is positively re-
lated to membership in a central administrative body”. 
Yes, this is true, and it was also reflected by the statisti-
cal analyses performed by Koza and others (Koza et al., 
2023). However, this fact has never been questioned or 
hidden. In contrast, it was a common decision of the 
Central Board to select their members as presidents of 
most of the habilitation panels. However, this was not 
to “control the academic promotion” in the sense of ar-
bitrary decisions who should be promoted and who not, 
but to help the panels to properly analyze achievements 
of the candidates in the light of the obligatory rules and 
required criteria which should be met. Actually, this is a 
very responsible job which requires from the president 
of the panel not only high competence in the specific re-
search discipline but also knowledge about the necessary 
procedures and specific criteria in the process of award-
ing the habilitation degree. Therefore, the statement of 
Koza and others (Koza et al., 2023) that the role of the 
president of the panel is “least absorbing yet most pres-
tigious (and influential) (…), as opposed to that of ref-
eree” is totally untrue. In fact, the Research Excellence 
Council which replaced the Central Board, decided to 
refrain from nominating its members as presidents in 
most habilitation panels. However, this resulted in many 
mistakes in the procedures and serious problems arising 
from a lack of experience and required knowledge about 
procedures by some presidents of panels who were not 
involved in works of the Council or formerly of the 
Central Board. Simply, some such presidents of panels 
were high level experts in the specific fields, however, 
they were not familiar with obligatory criteria and formal 
rules. In fact, as researchers not formally involved in the 
administrative procedures of the academic promotions, 
they were not obliged to know details of such rules dur-
ing their daily work, contrary to members of the Central 
Board or the Council. This can be another argument for 
the importance of the role of the president of the panel 
and can corroborate the validity of the previous decision 
of the Central Board.

It is not my role to judge what was the reason of 
such a false statement described by Koza and oth-
ers (Koza et al., 2023), misunderstanding of the proce-
dure or a lack of appropriate knowledge on roles of all 
members of the habilitation panels. Nevertheless, such 
a level of ignorance gives rise to serious doubts about 
the quality of any conclusions about the academic pro-
motion system by the authors who either do not know 
or do not understand the system. The claim about the 
ignorance of the authors in this point is supported by 
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their another statement: “The secretary was a crucial 
role, because, despite being a glorified paper-pusher, it 
was the secretary’s job to make sure the procedure ran 
smoothly and conformed with the relevant laws and reg-
ulations”. Again, this statement is completely invalid. It 
is true that the secretary’s role was extremely important, 
not only because he/she should – like all other mem-
bers of the panel – analyze and evaluate the candidate’s 
achievements, but also because of his/her responsibil-
ity to prepare all documents, like the protocol from the 
panel’s meeting and the drafts of the final resolution and 
its justification. However, “to make sure the procedure 
ran smoothly and conformed with the relevant laws and 
regulations” was the job of the president of the panel, 
not the secretary. Thus, the suggestion of Koza and oth-
ers (Koza et al., 2023) that the members of the Central 
Board selected themselves as presidents of habilitation 
panels to occupy the position which was “least absorb-
ing yet most prestigious (and influential)” is totally false, 
as actually the president’s role was one of the hardest 
and most absorbing among the members of the panel. 
This serious error of Koza and others (Koza et al., 2023) 
can be corroborated by another statement of these au-
thors: “The easiest jobs were those of the chair and or-
dinary members, who were just additional voting mem-
bers of the panel”. As I mentioned above, all members 
of the panel, including the president (the chair) and or-
dinary members, were obligated to thoroughly analyze all 
the documents and especially the achievements of candi-
dates, as their votes were as strong as votes of reviewers. 
Saying that they “were just additional voting members of 
the panel” shows such a high level of ignorance of the 
authors about the system they analyzed that in my opin-
ion they should never attempt to analyze it.

Another ridiculous suggestion found in the text of the 
article by Koza and others (Koza et al., 2023) is that se-
lecting the members of the Central Board as presidents 
of habilitation panels “might be related to the financial 
remuneration received by all panel members”. It is true 
that all members of the panel received financial com-
pensation for their work (a few hundred Euro per ap-
plication). However, this was just a remuneration for the 
extra job which had to be done, and as indicated above, 
this was neither easy nor quick work. Each member of 
the panel was obliged to analyze all achievements of the 
candidate which normally takes at least several hours (or 
even a few days in the case of a more complex or dis-
putable application), and then a few hours for the panel 
meeting. Suggesting that there was “money for nothing” 
or “easy money” is simply absurd.

CONCLUDING REMARKS

The Polish system of academic promotions is neither 
easy nor perfect. It is obvious that detailed analyses of 
the procedures are important and can indicate points 
that should be improved. However, such analyses must 
be professional and performed with care and deep un-
derstanding the problem if one should treat them seri-
ously. In fact, the statistical analyses performed by Koza 
and others (Koza et al., 2023) using data from academic 
promotion procedures between 2011 and 2020 in Poland 
were correctly performed and provided some interesting 
results. However, the conclusions presented by the au-
thors were highly influenced by serious errors and misin-
terpretation of the data. The authors ignored significant 
aspects of these procedures, and presented statements 
and conclusions which were unsubstantiated and false, at 
best. Therefore, the academic promotion system should 
be deeply analyzed but with significantly more care and 
with consideration of actual rules as well as roles played 
by researchers involved in the procedures. Biochemistry 
was indicated by Koza and others (Koza et al., 2023) as 
a discipline which was the most severely affected by in-
adequate composition of the habilitation panels, never-
theless similar accusation was indicated for many other 
disciplines. However, such an incrimination appears un-
substantiated as it apparently arose from errors in data 
analysis and ignorance of the authors in assessing the 
roles of habilitation panels and their various members.
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Numerous Alpha-synuclein amyloid structures avail-
able in PDB enable their comparative analysis. They are 
all characterized by a flat structure of each individual 
chain with an extensive network of inter-chain hydrogen 
bonds. The identification of such amyloid fibril structures 
requires determining the special conditions imposed on 
the torsion angles. Such conditions have already been 
formulated by the Authors resulting in the model of ide-
alised amyloid. Here, we investigate the fit of this model 
in the group of A-Syn amyloid fibrils. We identify and 
describe the characteristic supersecondary structures 
in amyloids. Generally, the amyloid transformation is 
suggested to be the 3D to 2D transformation engaging 
mostly the loops linking Beta-structural fragments. The 
loop structure introducing the 3D organisation of Beta-
sheet change to flat form (2D) introduces the mutual 
reorientation of Beta-strands enabling the large-scale 
H-bonds generation with the water molecules. Based on 
the model of idealised amyloid we postulate the hypoth-
esis for amyloid fibril formation based on the shaking, 
an experimental procedure producing the amyloids.
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INTRODUCTION

Alpha-synuclein (A-Syn) is a protein whose biological 
role and structural changes, despite advanced research, 
remain to be identified (Burré et al., 2018). The mutations 
in A-Syn are considered as risk conditions (Ottolini et al., 
2017; Ghosh et al., 2016). A large spectrum of forms of 
A-Syn in the context of health and disease is discussed 
in the paper of Lashuel and others (Lashuel et al., 2013). 
Post-translational modifications identified in neurode-
generation in patients with Parkinson’s disease concern 

the aggregation propensity of A-Syn (Beyer 2006). A sig-
nificant contribution of chaperones in the process of A-
Syn amyloid transformation is presented in the paper of 
Burmann (Burmann et al., 2020). There is also a certain 
degree of synergy between amyloid proteins, including 
A-Syn and Tau, especially concerning land others iquid-
liquid phase separation (Guiney et al., 2020; McDowall 
et al., 2016). Difficulties in designing therapy arise from 
the complexity of the amyloid formation mechanism 
(Dehay et al., 2015; Sivanesam & Andersen 2016). De-
spite the failure to recognize the amyloid transformation 
mechanism, analyses of the relationship between struc-
ture, function and toxicity are being conducted, focusing 
on the pathogenesis mechanisms of the synucleopathies 
phenomenon (Villar-Piqué et al., 2016).

The transformation of A-Syn (described as a ‘native-
ly unfolded’ monomer adopting an α-helical secondary 
structure only under the condition of binding to the li-
pid vesicles) into a highly β-structural one in the amy-
loid fibril is studied using many experimental techniques: 
ultracentrifugation, in vitro cell-crosslinking and scanning 
transmission electron microscopy (Bartels et al., 2011). 
Adopting multivariate conformations identified under 
diverse conditions, including complexing to nanoscale 
surfaces, is treated as a potential way of targeting con-
formational plasticity (D’Onofrio et al., 2020). The A-Syn 
affinity to the membrane and its ease of interaction is 
considered a stimulus for therapy design (Bozelli et al., 
2020; Kachappilly et al., 2022). The concept of amyloid 
transformation proposed for prion proteins is also being 
considered (Lassen et al., 2016.

Concentration-dependent transformation conditions al-
low the identification of the minimum concentration for 
fibril production (Afitska et al., 2019). This observation is 
broadened by research on the impact of various types of 
interphases on the reaction process, including air-water 
and hydrophobic surface-water interphases (Ben-Amotz 
2022; Schutzius et al., 2015; Yi-Jie & Qu 2014; Eremin & 
Fokin 2021; Kaplaneris et al., 2022; Ishiyama et al., 2022; 
Gupta et al., 2022; Cannalire et al., 2022). The possibility 
of transformation into an amyloid form – thus rich in 
β-structure – as well as proteins with a high helical struc-
ture presence, is surprising in the first stages of these 
studies (Jayawardena et al., 2017). Another example here 
may be A-Syn, which in 2/3 of the chain length in the 
WT form exhibits a helical structure, with the remain-
der being a loose section with random coil configuration 
(Ulmer et al., 2005; Tuttle et al., 2016). Considering the 
breadth of literature on experimental studies, the avail-
ability of an increasing number of amyloid structures in 
PDB resources makes it possible to analyse the structure 
of amyloid fibrils as such (Goedert et al., 2017; Eisen-
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berg & Sawaya 2017; Wei et al., 2020). Experiments con-
ducted in different environmental conditions indicate a 
significant impact on the environment, and therefore, the 
impact of external conditions (Ben-Amotz 2022; Sawaya 
et al., 2021; Serpell 2000; Rana et al., 2008; Lambley et al., 
2020).

Identification of amyloid fibril structures as consist-
ing of chains with a planar structure requires determin-
ing the conditions that should be met in order to obtain 

just such a form, additionally involving almost all C=O 
and H-N peptide bond groups in the construction of 
the hydrogen bond network. Such conditions have al-
ready been defined when constructing a model of ide-
alised amyloid (Roterman et al., 2022). The main aim 
of the present study is to investigate the fulfillment of 
the conditions formulated for idealised amyloid in the 
group of A-Syn amyloid fibrils. We also describe the 
specificity of the secondary structures in amyloids. The 
primary specificity of amyloid structures is the flatness 
(2D) of single-chain structures comprising fibrils with 
a high presence of the β-structure. The combination of 
several flat-structured chains in the β-form in a parallel 
chain arrangement makes it possible to engage almost all 
-N-H and -C=O groups of peptide bonds in the con-
struction of inter-chain hydrogen bonds. Thus, it is pos-
sible that each amino acid – in the i-th chain – through 
these groups participates in the construction of two hy-
drogen bonds (-N-H atoms engaged in the i-1-th chain 
and -C=O group with i+1-th chain). It significantly sta-
bilizes the fibril structure, which is observed in experi-
ments. Such engagement is exhibited by amino acids in 
the helix structure – with H-bonds oriented parallelly 
and β-structure – with H-bonds oriented antiparallelly. 
However, globular proteins contain chain fragments in 
which H-bonds are not generated – like loops and twists 
in hair-pin structures (Roterman et al., 2022; Roterman 
1995). Additionally, the helical form introduces the struc-
ture’s spatiality (3D), while in theory, the β-structure has 
the potential of unlimited propagation in a linear form 
and, in the case of β-sheet, in 2D form as a flat plate. 
The β-sheet structure – can be generated by different 
sections of the same chain with different amino acid se-
quences, while in the amyloid, the β-sheet is formed as a 
result of a combination of sections of the same sequence 
originating from many adjacent chains in parallel mutual 
orientations.

It is shown in this paper that the flat structure of the 
chain can be reached for β-structural fragments repre-
senting special Phi, Psi angles with bends introduced by 
single R- or L-helical conformation. The identification of 
such an organisation in polymorphic forms of A-Syn is 
shown (Peng et al., 2018). Two reference non-amyloid 
proteins: all-helical and all-β-structural – are also present 
in the analysis to verify the proposed model.

The role of α-sheet in amyloid construction in com-
parison to Beta-structural-based amyloids is also dis-
cussed (Prosswimmer & Daggett, 2022; Lee et al., 2002; 
Trexler & Rhoades E. 2012; Balupuri et al. 2019, Milner-
White et al., 2006, Hayward & Milner-White 2021). The 
hypothesis of the external force field of 2D form influ-
ence of flat structure construction is presented with the 
main role of loops linking Beta-structural fragments of 
chains in native structures of proteins is presented.

Moreover, based on the already proposed model of 
idealised amyloid we postulate the hypothesis for amy-
loid fibril formation.

MATERIALS AND METHODS

Data

The structures of A-Syn amyloids (as available in PDB 
July 2022) analysed in this paper are provided in Table 1.

Two reference proteins are present in the analysis: the 
GPCR bovine rhodopsin (PDB ID 1GZM – (Li et al., 
2004)) mainly Alpha Up-down bundle (CATH classifica-
tion 1.20.1070.10) representing the structure dominated 

Table 1. Summary of the amyloids A structures discussed in this 
paper (as available July 20, 2022). 
The middle column shows the sections of the A-Syn chain present 
in a given structure. In the case of superfibrils, the chain identifier 
is provided, thus indicating the protofibril included in the analysis. 
*In the case of 2N0A, only the fragment showing the fibrillar form 
is included.

PDB ID Fragment Ref.

7LC9 - F 61-98 (Xiaodan et al., PDB)

6UFR 36-98 (Boyer et al., 2020)]

6A6B -C 37-99 (Li et al., 2018)

6OSJ 37-97 (Ni et al., 2019)

7NCG 37-97 (Lövestam et al., 2021)

6H6B 38-95 (Guerrero-Ferreira et al., 2018)

6FLT 38-95 (Guerrero-Ferreira et al., 2018)

6PEO 36-99 (Boyer et al., 2020)

6PES 36-99 (Boyer et al., 2020)

7NCH 14-25, 36-91 (Ni et al., 2019)

7NCJ 14-25, 36-91 (Ni et al., 2019)

7NCI 14-25, 36-91 (Ni et al., 2019)

6XYO 14-94 (Schweighauser et al., 2020)

6SSX 14-25, 36-91 (Guerrero-Ferreira et al., 2019)

7NCJ 37-97 (Ni et al., 2019)

7NCK 36-99 (Ni et al., 2019)

6XYQ 14-94 (Schweighauser et al., 2020)

6L1U 1-100 (Zhao et al., 2020)

7NCA 37-97 (Ni et al., 2019)

7LC9-A 46-96 (Xiaodan et al., PDB)

6L4S 45-99 (Zhao et al., 2020)

6LRQ 37-99 (Sun et al., 2020)

6CU7 38-97 (Li et al., 2018)

7L7H 36-79 (Hojjatian et al., 2021)

6SST 14-25, 36-96 (Guerrero-Ferreira et al., 2019)

6OSL 39-97 (Li et al., 2018)

6L1T 1-100 (Zhao et al., 2020)

6XYP 14-94 (Schweighauser ???

6OSM 37-96 (Li et al., 2018)

6RTB 9-24, 35-56, 
62-93 (Guerrero-Ferreira et al., 2019)

7E0F 50-98 (Sun et al., 2020)

6CU8 43-83 (Li et al., 2018)

6RT0 14-25, 36-97 (Guerrero-Ferreira 2019)

7C1D 46-96 (Sun et al., 2020

2N0A* 30-100 (Tuttle et al., 2016)
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by helical form and a FeS cluster assembly protein SufD 
from Escherichia coli (PDB ID 2ZU0 (Wada et al., 2009)) 
The structure of the second protein is characterised by 
the presence of large domain build by almost all Beta-
structural form.

The torsion angle-based relationship characterizing the 
amyloid structures

The specificity of amyloid structures is, apart from a 
high presence of β structure, the flatness of every sin-
gle chain, a component of the fibrils. The planarity of a 
polypeptide chain (i.e. its linear propagation) is provided 
by the rectilinear β-segments (satisfying the Psi=–Phi 
condition) together with single R-α or L-α helical con-
formations which introduce a local bend while maintain-
ing a flat structure. Those single helical conformations 
are characterized by the Psi≈Phi condition. This is why 
those two characteristics can be put in the common ex-
pression |Psi|=|Phi| constituting the basis of the mod-
el of idealised amyloid (described in detail in (Roterman 
et al., 2022).

Quantification of the fit of the idealised amyloid model

The |Psi|=|Phi| relationship of idealised amyloid is 
assumed here as the hypothetical criterion for amyloid 
structure identification. The closer to this relationship is 
the distribution of (Phi, Psi) angles, the more probable 
the construction of a flat structure.

To enable the assessment of the degree of fit of the 
idealised amyloid model, the operation of replacing the 
Phi and Psi values with |Phi| and |Psi| respectively is 
performed. This leads to a situation where all three lines 
are in a common position (see the illustration in Figure 
3 based on the amyloidogenic fragment (30-100) of the 
2N0A).

The degree of fit of chain’s (Phi, Psi) angles to the 
model of idealised amyloid is measured by a Pearson 
correlation coefficient:
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where xi stands for |Phii| and yi stands for |Psii|.
The correlation coefficient CC for the (|Phii|,|Psii|) 

angles of residues in an analysed chain was calculated in 
the following cases:

For all residues in an analysed chain (coefficient 
marked as CC-0).

For the residues after elimination of outstanding 
points: i.e. by eliminating them until a value of 0.8 is 
reached (coefficient marked as CC-F).

For the residues participating in β-strands and satisfy-
ing the condition |Psi|=|Phi| with a tolerance of ± 10 
deg distance from |Psi|=|Phi| line (coefficient marked 
as CC-β). Residues with a high CC-F coefficient value 
are identified as responsible for the stabilization based 
on a hydrogen bond network.

The described type of analysis will be used to identify 
the amyloid form providing the maximum proportion 
of residues with a conformation satisfying the condition 
|Psi|=|Phi|.

The polypeptide’s geometry-based model

This model has already been described on many occa-
sions (see for example Roterman 1995). Here, only the 
basic assumptions facilitating an interpretation of the dis-
cussed results will be recalled. The main idea is to rep-

resent the structure of the polypeptide chain using two 
geometrical parameters. One of them is the curvature 
radius R which is low and well-defined for the helical 
structures and very large (theoretically infinitely large) for 
the β-structures (straight line for certain Phi, Psi angles). 
The value of the curvature radius is the result of the mu-
tual orientation of two neighbour peptide bond planes 
expressed by the angle between two peptide bond planes 
versus the axis defined by virtual Cα-Cα bonds. This an-
gle – called the V-angle – is close to zero (parallel mutu-
al orientation) for helical forms and close to 180 deg for 
the β-structure (anti-parallel mutual orientation) (Fig.  1). 
There is one special β-structure with a V-angle=180 deg 
which produces an ideal straight line (Fig.  1B).

Programs used

To visualise the 3D structures of discussed proteins 
the program VMD was used (https://www.ks.uiuc.edu/
Research/vmd/accessed July 2022; Humphrey et al., 
1996).

RESULTS

General characteristics of secondary structures in 
amyloids

In this section, the general characterization of amyloid 
secondary structures based on the proposed earlier mod-
el of idealised amyloid will be presented,

The basic feature of amyloids is the flatness of the 
structure of single chains that make up the fibril. The 
planar amyloid structure of each polypeptide chain in 
a fibril is stabilized by a specific system of hydrogen 
bonds. In the β-structure with the Psi=–Phi conforma-
tion (corresponding to the idealised amyloid), each ami-
no acid participates in the construction of two hydro-
gen bonds with the adjacent chains. The arrangement of 
the chains is parallel, which causes residues from corre-
sponding positions from adjacent chains to interact with 
each other. Such a structure ensures the maximum use 
of hydrogen bonds, thus providing much stability. Rec-
tilinear chain segments are terminated by single residues 
with R- or L-helical conformation. A single residue with 
such a helical conformation does not disturb the planar 
structure, changing only the turn by introducing a bend 
(Fig. 2B). The presence of two residues with such a con-
formation introduces a three-dimensional arrangement 
disturbing the planarity (Roterman et al., 2022).

Introducing such a single residue with helical con-
formation results in a change of hydrogen bond order-
ing. In contrast to a helical structure (which represents 
a parallel hydrogen bond system – see Fig. 1A), in the 
ideal β-structure, the arrangement of hydrogen bonds is 
antiparallel (Fig. 1B). A single residue with the R- or L-
helical conformation introduces a local perturbation to 
this arrangement changing it to a parallel one.

Figure 1. The hydrogen bond system (marked with red arrows): 
A – parallel in helical form, B – antiparallel in β-structural forms. 
The arrows just simply visualise the mutual orientations of hydro-
gen bonds.
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The planarity of a polypeptide chain (i.e. its linear 
propagation) is provided by the rectilinear β-segments 
(satisfying approximately the Psi=–Phi condition) togeth-
er with single helical conformations meeting the Psi≈Phi 
condition (Fig. 4).

In contrast to the above-described structure present 
in amyloids, changing the turn by means of hair-pins 
(Fig.  2A) engages more than one residue (most fre-
quently 4 residues) and introduces spatiality. Moreover, 
the mutual orientation of residues in the hair-pins does 
not allow the formation of a hydrogen bond system in 
such bends.

It must be emphasized that the beta-sheet super-
secondary structure in amyloids is different from the 
known, classical structure in other proteins. The classi-
cal beta-sheet structures are characterized by a system of 
hydrogen bonds binding fragments of the same chain. 
This allows the presence of loops, including the beta-
turn (hair-pin) type, which just introduce spatiality. Beta-
strand fragments in amyloids remain in one plane due to 

Figure 5. The profiles of Phi (red) and Psi (navy) angles for the 
complete chain of A-Syn (1-140 aa) (Tuttle et al., 2016). 
Grey lines – mark the β conformation fulfilling the Psi=–Phi rela-
tion. Vertical lines denote positions of amino acids: red – with L-α 
conformation, cyan – with R-α conformation. The purpose of this 
picture is to visualise the differences between 30-100 aa – amy-
loid fragment to N- and C-terminal fragments, where the Phi, Psi 
angles relation is significantly different with respect to 30-100 aa 
fragment.

Figure 6. A-Syn structure in the amyloid form (2N0A):
A – the structure of a complete fibril (chain A marked in red); B – 
two chains with distinguished residues representing the R-α (cyan) 
and L-α (red) conformation according to the identification provid-
ed in Fig. 5.

Figure 2. The β-structure propagation: 
A – a hair-pin system, B – amyloid. The bend in the form of a hair-
pin engages four residues with N-H and O=C groups – H-bonds 
system locally absent and introduces spaciousness. The one heli-
cal residue in the β-structural chain introduces a bend maintain-
ing the flat structure of the chain and additionally continuing the 
system of H-bonds. The fragment presented in B is the fragment 
36-53 of the A-Syn chain in amyloid form (PDB ID 2N0A)

Figure 3. Ramachandran map with the superimposed (Phi, Psi) 
angles from the A-Syn amyloid (A) and after transformation 
based on the absolute value of torsion angles (B). 
The points representing the residue conformations in the fibrillar 
sections are marked in navy blue. (30-100 aa).

Figure 4. Section 36-53 of the A-Syn chain present in amyloid 
form (PDB ID 2N0A) in two perspectives. 
Residues marked as red – single helical conformations introducing 
the bend in chain propagation.

Figure 7. The plot of |Phi| versus |Psi| and 3D representation of 
the discussed amyloids. 
The eliminated residues (by CC-F calculations) are marked in red 
on both the plots and 3D presentation. The points marked in blue 
– are the positions for residues satisfying the condition |Psi|=|Phi| 
for β-structural forms. For 6UFR the residues representing the 
highly ordered β-structural fragments are in space-filling represen-
tation (blue).
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a turn introduced by a single R- or L-helical conforma-
tions as shown in Fig. 4. Such a radical turn allows the 
chain to propagate in one plane.

Figure 4 visualises the real conformation present in 
36-53 fragment of A-Syn which appears to be almost 
ideally accordant with the proposed model of idealised 
amyloid. Linear propagation of β-structural fragments 
with single residues representing helical conformation 
results in a flat form with well-defined bends. The ori-
entation of hydrogen bonds in β-fragments is antiparallel 
with local, parallel orientation in single helical residues.

Analysis of the fit of the idealised amyloid model 2N0A 
protein

In this section, the procedure of fitting the idealised 
amyloid model will be presented based on the reference 
A-Syn amyloid structure (2N0A – section 36-53). In 
Fig. 4, the fragments of the chain (marked as navy blue) 
show a rectilinear system obtained using the Phi and Psi 
torsion angles satisfying the relation Psi=–Phi. The resi-
dues marked in red have an α-helix conformation result-
ing in a turn of the chain while maintaining its flatness.

Table 2. Summary of CC-0 and CC-F values for the set of A-Syn amyloid forms analysed in this paper. 
Residue d numbers eliminated in CC-F calculation are given. The CC-β values are given to express the high fulfillment of |Phi| = |Psi| rela-
tion. The % of residues in β-structural form for which the CC-β was calculated is given.

PDB ID CC-0 Residues Eliminated CC-F % F CC-β % β

7LC9-F 0.815 62, 84 0.851 94 0.922 26.3

6UFR 0.722 69, 74, 85, 87 0.889 93 0.935 69.84

6A6B -C 0.687 74 0.714 98 0.964 15.8

6OSJ 0.636 44, 50, 62, 63 0.799 93 0.952 28.3

7NCG 0.580 59, 69, 84, 87, 93, 94 0.908 90 0.920 63.5

6H6B 0.577 44, 47, 58, 61, 66, 67, 75, 83, 87, 88 0.696 82 0.920 22.4

6FLT 0.564 39, 42, 73, 74, 84, 86 0.777 89 0.909 22.4

6PEO 0.559 42, 60, 61, 68, 72, 73, 85, 86, 87, 97, 98 0.946 82 0.723 63.5

6PES 0.556 42, 72, 73, 85, 87, 97, 98 0.906 89 0.785 59.3

7NCH 0.546 24, 25, 36, 37, 48, 57, 68, 83, 84 0.770 86 0.948 35.3

7NCJ-G 0.544 24, 42, 47, 48, 57, 61, 62, 68, 79, 83, 84 0.849 83 0.908 47.0

7NCI 0.507 24, 25, 36, 37, 42, 48, 57, 61, 62, 68, 78, 79, 
83, 84 0.844 79 0.916 38.2

6XYO 0.500 35, 73, 83, 85 0.642 95 0.790 28.4

6SSX 0.464 59, 60, 67 72, 73, 83, 84 0.726 90 0.928 28.7

7NCJ-A 0.451 58, 59, 68, 69, 85, 87, 90, 91 0.882 86 0.829 44.2

7NCK 0.438 43, 58, 68, 72, 74, 85, 87, 97, 98 0.857 86 0.850 45.3

6XYQ 0.436 35, 37, 42, 73, 83, 88 0.610 92 0.862 25.9

6L1U 0.435 9, 10, 24, 47, 60, 83, 99 0.616 93 0.954 20.0

7NCA 0.400 51, 52, 58, 59, 68, 69, 85, 87, 90, 91 0.909 83 0.885 55.7

7LC9-A 0.394 50, 51, 66, 67, 76 0.730 88 0.0.962 33.3

6L4S 0.390 50, 53, 54, 67, 72, 74, 80, 84, 90 0.679 83 0.902 30.9

6LRQ 0.372 38, 41, 46, 58, 68, 72, 85, 87, 97, 98 0.790 84 0.909 25.4

6CU7 0.367 39, 40, 67, 68, 69, 83, 84,86, 90 0.665 85 0.916 26.6

7L7H 0.363 40, 44, 76 0.501 93 0.954 11.3

6SST 0.357 59, 60, 67, 72, 73, 83, 84 0.715 90 0.910 28.7

6OSL 0.334 43, 50, 60, 65, 66, 84, 85, 93, 94, 95 0.697 83 0.944 27.1

6L1T 0.327 3, 22, 29, 30 0.606 96 0.945 13.0

6XYP 0.310 15, 35, 37, 43, 53, 73, 74, 83, 86, 0.612 88 0.937 16.0

6OSM 0.276 38, 42, 50, 51, 52, 77, 84, 89, 94 0.626 85 0.937 20.0

6RTB 0.220 13, 36, 52, 55, 67, 68, 69, 74, 86, 87, 88 0.613 84 0.911 22.8

7E0F 0.202 52, 65, 72, 74, 79, 80, 84 0.507 85 0.894 24.4

6CU8 0.200 44, 50, 65, 67, 68 0.540 87 0.812 26.3

6RT0 0.163 43, 67, 72, 73, 83, 84, 91 0.691 90 0.888 27.3

7C1D 0.152 50, 60, 67, 72, 73, 76, 77, 83, 85, 87 0.480 80 -- 1.9

2N0A
(30-100) 0.528 32, 33, 34, 36, 57, 58, 59, 80, 85, 86, 87, 98 0.899 83 0.847 45.0
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The torsion angle profiles of the mentioned fragment 
are shown in Fig. 5. The fulfillment of relations Psi=–
Phi is visible for the amyloid part (positions 30-100 aa), 
which is marked in gray. Within the clearly ordered and 
constant values of the Phi and Psi angles for the β form, 
single positions with the Phi and Psi angles correspond-
ing to the R (cyan) and L (red) helical conformations are 
visible. The visualization of structures In this analysis is 
shown in Fig. 6.

Analysis of the structure of A-Syn amyloid forms

Table 2 provides the CC-0 and CC-F values of the 
chain as described in the Materials and Methods section. 
The values of CC-β express the status of residues satis-
fying the condition |Psi|=|Phi| in relation solely to the 
β-structural form. The % of residues satisfying the con-
dition for CC-β is also given to characterise the degree 

of the presence of such restrictive structure in a particu-
lar protein.

Figure 9 shows examples with high values of CC-0 
and CC-F arising from the location of the Phi and Psi 
angles in accordance with the Psi=-Phi relationship. In 
a 3D visualization, these sections are represented by a 
rectilinear arrangement. The highlighted residues – red 
points – on the plots of |Phi| and |Psi| angles are resi-
dues treated as outstanding, the elimination of which re-
sults in a CC-F value > 0.8 (Table 2).

In the amyloid with PDB code 7NCG, the rectilin-
ear β-structure sections are visible (Fig. 7B) and the 
corresponding locations of the |Phi|versus|Psi| plot 
(Fig.  7A). Items that do not satisfy the |Psi|=|Phi| 
condition specified by the model are marked in red. The 
number of residues that do not satisfy the model is low 
and they do not disturb the overall form of this amyloid 
leaving it close to the principles of the proposed model.

A similar arrangement is identified in the case of 
6URF (Fig. 7). It should be noted that this structure is 
characterised only by a few residues with conformations 
not satisfying model conditions.

The significant portion of a chain in 6PEO amyloid 
meets the |Psi|=|Phi| condition, but a fairly significant 
scattering of several residues deviating from the model 
can also be observed.

The highest CC-0 value and the low number of resi-
dues deviating from the model are characteristic for 
amyloid 7LC9-F (Fig. 8). Eliminating only two residues 
results in a very high value of CC-F=0.851.

Further examples are the structures present in 6CU8 
and 7C1D exhibiting the lowest CC-0 values (Fig. 9). 
In these two examples, no rectilinear propagation, but 
rather an “undulating” form is observed. This means, 
that the chain propagation is composed of sections with 
a smaller radius R. This reduction of radius applies to 
short sections, which, with an alternating arrangement 
similar to the R- and L-helical conformations, does not 
result in a spatial form. In this case, the hydrogen bond-
ing arrangement is not parallel, although the deflection 
from the perpendicularity to the chain’s plane is com-
pensated, resulting in maintaining the structure’s flatness.

Analysis of the structure of reference examples

Two reference proteins (Table 3) represent mainly hel-
ical and β-structural proteins. As shown in Fig. 10 their 
structure is highly ordered. The FeS cluster assembly of 
SufD from Escherichia coli is a protein which for the most 
part shows the β-structure (Banach et al., 2020). The 
analysed fragment of this protein is limited to the beta-
sheets (Fig. 10B). 

The parallel orientation in the β-sheet (Fig. 10B) in-
dicates a structural similarity to amyloids. However, the 
sequential β-strands represent a different sequence, while 
in amyloids the sequences in all neighbouring chains are 
identical.

The status expressed by CC-β of sequential β-strands 
and β-sheets reveals differences with respect to the amy-
loid forms discussed (Table 4). The fragments showing 
high accordance with the |Psi|=|Phi| criterion (hav-
ing high CC values) are accompanied by the fragments 
with completely opposite characteristics (low CC val-

Figure 8. Presentation of the 7LC9-F amyloid with the highest 
CC-0 value (and the lowest number of outstanding residues). 
A – distribution of points representing |Phi| and |Psi|. Only two 
residues are considered outstanding (red points). Their location in 
the chain is highlighted in red (space-filling) on the 3D represen-
tation (B).

Figure 9. Examples with low CC values:
A – CC-0 – all points; CC-F blue points; The circled dot is the only 
point satisfying the |Psi|=|Phi|. C – red points eliminated for CC-F 
calculation, gray points – CC-F calculation, blue points – CC-β cal-
culation. B, D – 3D presentation of 6CU8 and 7C1D respectively 
with red residues – residues eliminated for CC-F calculation

Table 3. Characteristics of the reference proteins

PDB ID NAME CC-0 CC-F CC-β %

2ZU0
1GZM

FeS cluster
rhodopsin

0.297
0.334

0.803
0.803

0.949
0.970

28.4
2.4
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ues). The non-β-structural conformations are present in 
the selected fragments (values given in parentheses in 
Table  4). Visual analysis of two β-sheets suggests the 
perfect β-structural organisation (Fig. 11). However, the 
analysis of Phi and Psi angles reveals some residues in 
the lower left quarter of the Ramachandran map. Some 
β-strands having torsion angles typical for β-structure ap-
pear to be not organised as expected in amyloids. The 
differentiation of β-strands can be observed. The status 
of sequential β-strands in the amyloid is identical for all 
fragments belonging to a common β-sheet. The distribu-
tion of |Psi|, |Phi| angles (Fig. 12A) identifies the large 
number of points satisfying the |Psi|=|Phi| relation, 
however, it also shows their dispersion over the chain. 
The highest similarity is observed in the 181-192 frag-
ment (marked in Fig. 12B).

The mainly-helical protein is difficult to evaluate with 
the |Phi|=|Psi| criterion due to the very low presence 
of β-structural conformations. The distribution of Phi, 
Psi angles along the chain (Fig. 13) shows high accord-
ance with the helical forms (dark lines on Fig. 13). The 
CC-0 for this protein is equal to 0.347, the CC-F=0.807 
(the eliminated residues marked as blue dots – Fig. 13.). 
The number of eliminated residues constitutes 19.2% of 
the whole length of the chain. The linear relation be-
tween torsion angles is mostly due to the Psi≈Phi rela-
tion present in the helical conformation.

The eliminated amino acids (in the CC-F calcula-
tions) represent the unstructured fragments like loops 
particularly those external with respect to the surround-
ing membrane. The space filling presentation (Fig. 12C 
and 12D) distinguishes the segments satisfying to a large 
extent the |Psi|=|Phi| relation, however, they belong 
mostly to the helical region.

The proposed hypothetical mechanism of amyloid fibril 
formation

The proposed hypothesis of amyloid fibril formation 
presented here concerns the method and the reasons of 
the transformation of a 3D structure into a planar form 
characteristic to the amyloid structures.

We also want to refer here to the existing, different 
hypothesis ((Prosswimmer & Daggett, 2022; Lee et al., 
2002; Trexler & Rhoades, 2012; Balupuri et al., 2019) of 
the formation of the amyloid based on the α-sheet struc-
ture as an intermediate in the aggregation process.

Shaking an aqueous solution of proteins as a labora-
tory technique for obtaining amyloid forms of proteins 
consists in increasing the presence of air-water inter-
phase in the solution. Such a shaking process can simu-

late the conditions in a cell of a living organism. The air-
water interphase has a surface structure, so it introduces 
an external force field with 2D characteristics.

Occasionally, a protein undergoes some conformation-
al changes resulting in aggregation competent polypep-
tide chain. Such a chain, avoiding contact with air strives 
for maximum contact with water, which is available 
only on one side. The most thermodynamically favora-

Figure 10. 3D structure 2ZU0
A – chain A – with two β-sheets marked in red. B – two β-sheets 
marked in red and blue – N-terminal residue – marked with space 
filling.

Table 4. Status (CC- β) of β-strands in β-sheets (as distinguished 
in Fig. 10B). 
The values in parentheses – denote the β-strand status for the 
residues representing non-β-structural Phi, Psi angles. The values 
given for β-sheets are calculated only for the residues belonging to 
the β-structural area on the Ramachandran map.

β-sheet - red β-sheet - blue

FRAGMENT CC-β FRAGMENT CC-β

181-192
211-219
239-246
266-273
295-304
327-337
357-364

0.860 (0.501)
0.290
0.700
0.010
0.020
0.712
0.587

167-176
196-206
225-234
251-260
280-291
309-318
341-351

0.613
0.876 (0.361)
–0.012 (-0.477)
0.642 (0.263)
0.833
–0.374
–0.064

β-sheet 0.641 β-sheet 0.511

Figure 11. Phi, Psi profiles in the fragment with high (A) and 
low (B) correlation according to Table 4. 

Figure 12. Characteristics of all-β and all-helical proteins.
A – |Phi|, |Psi| angles as they appear in the β-structural part of the 
protein – chain fragment selected as an aim-oriented example 
for the analysis of the beta-structural form of the chain. B – 3D 
presentation with conformations satisfying the relation |Psi|=|Phi| 
– red. The space-filling – a fragment of the highest satisfaction 
of |Psi|=|Psi| condition. C – |Phi|, |Psi| angles as they appear in all-
helical protein. D – 3D structure with amino acids satisfying the 
|Psi|=|Phi| conditions distinguished by a space-filling presentation. 
The red dots – all |Phi|, |Psi| angles to calculate CC-0, grey dots – 
CC-F and red – CC-β. The same colours are used in 3D presenta-
tion (red and blue).
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ble situation is the formation of a system of hydrogen 
bonds with a planar chain where the polypeptide chain 
“lies” on the water surface. In this way, the backbone 
chain engages as many C=O and N-H groups of peptide 
bonds as possible in such an interaction. This explains 
the reason for the almost planar form of the chain in 
amyloid fibril.

A planar polypeptide chain formed due to the shak-
ing finds a thermodynamically favorable opportunity to 
interact with another planar chain and the process of at-
taching the next flat chains continues until the aggrega-
tion nucleus is formed. The next phase starting from the 
nucleus is characterized by a rapid formation of fibrils 
composed of beta-sheet structures.

Amyloid transformation mainly requires conforma-
tional changes within the loops that change from 3D 
orientation to 2D one.

The influence of the environment on amyloid trans-
formation with an unchanged sequence is widely recog-
nized (Serpell, 2000). The particular form of the environ-
ment in the form of mentioned 2D interphase seems to 
favour the formation of the flat structure of the chains 
– components of amyloid fibrils.

The proposed hypothesis for amyloid fibril forma-
tion is illustrated in Fig. 14. It refers to the transthyre-
tin (Ueda, 2022) which undergoes amyloid transforma-
tion relatively easily. A special object is a fragment of 
a beta-sheet identified as A (11-19), G(104-112) and H 
(114-124). Both the WT form (PDB ID 1DVQ (Klabun-
de et al., 2000) and the amyloid form (PDB ID 6SDZ 
(Schmidt et al., 2019)) are available in PDB. Another 
reason is the possibility to compare with the hypothesis 
proposed in the works (Prosswimmer & Daggett, 2022, 
Armen et al., 2004) and based on α-sheet structure as in-
termediate.

Fragment beta-strand A(11-19) remains in this form 
in range (13-15), fragment G (104-112) changes its form 
to a disordered linearly propagating segment, while frag-
ment H (114-124) remains in beta form on (118-124) 
fragment. The shortening of beta-stand segments can be 
observed.

The water-directed beta-structural fragment 104-111 
can form hydrogen bonds with water molecules. The 
shape of the loop directs the second part of the beta-
strand above the water surface, i.e. to the air zone. This 
is due to the orientation imposed by the loop (113-115) 
present in the native form of the transthyretin (green 
fragment in Fig. 14A and C). The same fragment after 
changing the conformation of the loop results in a pla-
nar structure of the entire fragment 104-124 (green frag-
ment in Fig. 14B and D).

It should be noted that the native Beta-structure seg-
ment (104-112) changes its form to a disordered pattern, 
while the native-form beta-structure segment (114-124) 
is limited to the amyloid segment (118-124). This means 
that the conformational change within the loop (green 
fragment in Fig. 14A–D) also applies to a short fragment 
of the Beta-ordered segment. As a result of these chang-
es, the structure of the entire fragment 104-124 becomes 
planar, allowing the generation of hydrogen bonds with 
water molecules along its entire length (Fig.  14E and 
F). The same analysis applies to loops 97-103 (Fig. 14G 
and H), where a change in conformation within the loop 
(red fragment Fig. 14G and H) allows backbone contact 

Figure 15. Profiles of Phi and Psi angles for the amyloid and WT 
forms of transthyretin with highlighted fragments responsible 
for changing the orientation of the chain propagation as shown 
in Fig. 14.

Figure 13. Profiles of Phi and Psi angles in rhodopsin. 
The black lines mark the range for the helical structure to visualise 
the closeness to the Psi=Phi relation for helical fragments. Posi-
tions not satisfying this relation are marked by blue dots on the 
x-axis.

Figure 14. Structure of the transthyretin:
A, C– native form 104-125 fragment of transthyretin – green frag-
ment loop 113-115 – different orientation – orange – residues 
104 - 112. B, D – amyloid form 104-125 fragment of transthyretin 
– green fragment loop 113-115, orange residues – fragment 104-
112. E – as in A with water phase shown in gray with orange frag-
ment in contact with a water phase. F – as in B with water phase 
shown in gray – complete chain in contact with water. G – native 
form of transthyretin – red fragment loop 97-103. H - amyloid 
form of transthyretin – red fragment loop 97-103. The orientation 
in A, B, E and F figures is as follows: the H-bonds (red arrows) sys-
tem is perpendicular to the plane of the water surface. The gray 
area – water, white area – air. The green fragment – the loop 
causing the propagation of the chain in 3D space in native form 
and in 2D space in the amyloid form. The red arrow crossed out 
on D – the H-bonds system between two fragments of the same 
polypeptide chain is not present. The groups participating in H-
bonds are oriented perpendicularly to the paper plane on C and 
D.
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(groups -C=O and -N-H of peptide bonds) with water 
molecules leading to the formation of hydrogen bonds 
with water molecules. The exact conformation changes 
within the discussed loops are shown in Fig. 15.

The proposed amyloid formation hypothesis relies on 
the 3D to 2D transformation engaging mostly the loops 
linking beta-structural fragments. The loops structure in-
troducing the 3D organisation of beta-sheet change to a 
flat form introducing the mutual reorientation of beta-
strands enabling the generation of large-scale hydrogen 
bonds initially with water molecules to change into an 
inter-chain H-bonds system in the next step.

The α-sheet structure, widely discussed in the con-
text of amyloids (Prosswimmer & Daggett, 2022; Lee 
et al., 2002; Trexler & Rhoades, 2012; Balupuri et al., 
2019) is the structure formed by amino acids with the 
R- and L-helical conformations alternating in the poly-
peptide chain. Similarly to the Beta-sheet structure, the 
α-sheet structure is characterized by the rectilinear form 
(Fig. 2 in Prosswimmer & Daggett, 2022). The distribu-
tion of Phi and Psi angles in α-sheet structures discussed 
in Prosswimmer & Daggett (2022) is consistent with 
the model assumed in this work. The difference is only 
quantitative. In the case of the α-sheet, the concentra-
tion of points on the Ramachandran map is significantly 
greater in the positions corresponding to the R- and L-
helix with the presence of the Phi and Psi angles rep-
resenting the β-structure in a linear relationship. In the 
current work, for the β forms, a much greater concentra-
tion of points on the Ramachandran map is observed. 
The main point is concentrated on the 3D to 2D transi-
tion. The structure discussed in (Prosswimmer & Dag-
gett, 2022) introduces the 3D structuralisation which is 
not present in amyloid formation. The linear propagation 
of the chain in the form of Beta is the most frequently 
observed secondary form. The linear propagation of the 
chain is also possible in the form of R- followed by L-
helix by turns. Such a system allows the generation of 
an H-bonds network. The mutual orientation of chains 
shall be parallel to allow propagation in fibril formation. 
However, the flat construction for individual chain is the 
most important one.

DISCUSSION

The amyloid structure of the flat form of each poly-
peptide chain is stabilized by a specific hydrogen bond 
arrangement. Each amino acid in an idealized form con-
tributes to the construction of two hydrogen bonds with 
adjacent chains. The chain arrangement is parallel, caus-
ing identical residues to interact with each other in adja-
cent chains. The maximum use of C=O and H-N groups 
for the construction of hydrogen bonds is ensured by 
the β-structure with the Psi=–Phi conformation. A recti-
linear form with C=O groups facing in the opposite di-
rection to the H-N group of the same amino acid is an 
arrangement that makes maximum use of the possibili-
ties of the hydrogen bonding structure. The rectilinear 
sections are terminated by single residues with R-α or 
L-α conformations. A single residue with such confor-
mation does not disturb the flat structure, only changing 
the direction (introduction of a turn/bend). In this case, 
the form of arranging hydrogen bonds is changed. In a 
structure with the Psi=–Phi conformation, the hydro-
gen bond arrangement perpendicular to the plane of the 
chain represents an anti-parallel arrangement (if a turn is 
applied to the hydrogen bond).

Numerous amyloid forms of A-Syn allow tracking the 
structural variation of these amyloids. Among the struc-
tures satisfying the |Psi|=|Phi| condition, there are 
structures showing some deviations from this condition. 
The deviation also provides fibrillar structures.

On the Ramachandran map presenting the distribution 
of radius of curvature R and V-angle (Roterman et al., 
2022; Roterman, 1995) the area fulfilling the Psi=–Phi 
condition represents the one with the highest value of 
R (i.e. a straight chain section). A reduction of the cur-
vature radius R is observed moving up and down versus 
this line gradually introducing the arc form. If this proce-
dure is performed stepwise (i.e. one above the Psi=–Phi 
line followed by one representing Phi, Psi angles below 
that line), this introduces the structural form as shown 
in Fig. 9 for 7C1D (symmetrically located |Psi|, |Phi| 
angles). The result of such Phi, Psi angle combination is 
the sinusoidal arrangement of the chain as can be seen 
in 7C1D (Fig. 9) and others. The local introduction of 
an arc-like form in one direction is compensated by an 
ark form oriented in the opposite direction. In conse-
quence, the linear propagation of the flat form can be 
continued. Nevertheless, this symmetrical (with respect 
to |Phi|=|Psi| line) set of altered Phi and Psi angles 
generates a flat arrangement, but probably with reduced 
stabilization derived from the hydrogen bonds (change 
of angle between the C=O and H-N groups in the hy-
drogen bonding arrangement of peptide bonds derived 
from adjacent polypeptides).

The condition of the presence of an R- or L-helical 
conformation at the turn of the chain can be satisfied in 
a less perfect form by a conformation with a low cur-
vature radius R. Cyan and red lines in Fig. 5 and Fig.  6 
illustrate the area with low values of V-angle and the 
R-radius of curvature. The presence of Phi and Psi an-
gles from this area satisfies the condition for obtaining 
a turn, although the hydrogen bond arrangement is not 
as perfectly ordered as in the case of Phi and Psi angles 
accurately representing the R-α- or L-α-helical conforma-
tion.

 The phenomenon of polymorphism in the case of 
amyloids is conditioned by environmental factors, as in-
dicated by numerous experimental studies (Ben-Amotz, 
2022; Schutzius et al., 2015; Zuo & Qu 2014; Eremin & 
Fokin, 2021; Kaplaneris et al., 2022; Ishiyama et al., 2022; 
Gupta et al., 2022; Cannalire et al., 2022; Jayawardena et 
al., 2017; Ulmer et al., 2005; Tuttle et al., 2016).

This analysis complements the detailed structural anal-
ysis of A-Syn fibrils (Roterman et al., 2023) as well as the 
transthyretin (Roterman et al., 2022), where the charac-
teristics of fibrils were considered from the perspective 
of the tertiary structure and characteristics of those fi-
brils. Microenvironmental conditions were also indicated 
as the cause of structural changes in A-Syn (Candelise et 
al., 2020; Stephens et al., 2019).

 The problem of describing the field in the form of 
3D analyzed on a large-scale provides many forms of 
mathematical notation to express its presence (Cheng et 
al., 2023).

CONCLUSIONS

The flat structure of single chains – components of 
amyloid fibril – is a characteristic of amyloid forms. This 
flatness is achieved through a β-type structure satisfying 
the Psi=–Phi condition resulting in a rectilinear chain 
propagation. Turns in chain arrangement are obtained 
by single residues with R-α or L-α helical conformation 

33



444											           2023I. Roterman and others

(satisfying Psi≈Phi condition). The combination of such 
β-structures and single conformations allows the intro-
duction of the general model expressed by |Psi|=|Phi|. 
The hypothesis introduced in this paper is to treat the 
presence of conformations satisfying this relation as a 
criterion for amyloid identification and description. The 
stabilization of such a form is achieved through the spe-
cial hydrogen bond arrangement. In β-structured sec-
tions, the hydrogen bond arrangement is antiparallel. 
Each individual residue of the L-α or R-α conformation 
introduces a local arrangement of these bonds as paral-
lel. Access to multiple structural forms of A-Syn amy-
loids reveals variation in the form of this ordering. This 
variation is likely a result of different environmental con-
ditions (Roterman et al., 2023). Particularly, the impact of 
the presence of air-water interphase (increasing this pres-
ence during shaking) is most likely indicated as a factor 
affecting the structuring, including the form of arranging 
the hydrogen bond network in amyloids.

 External conditions in the form of air-water inter-
phase also direct protein structuring to the planar form, 
which can be stabilized by a significantly high number of 
hydrogen bonds of -N-H and -C=O groups of peptide 
bonds. The accessibility of these groups for hydrogen 
bonds also includes segments that in their native form 
represent loops introducing 3D structuring (e.g. two par-
allel β-sheets) resulting in a flat structure for the entire 
polypeptide chain (Fig. 14G and H).
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Calcium-dependent peptidases of the calpain family are 
widespread in eukaryotes but uncommon in prokary-
otes. A few bacterial calpain homologs have been dis-
covered but none of them have been characterized in 
detail. Here we present an in-depth substrate specificity 
analysis of the bacterial calpain-like peptidase Tpr from 
Porphyromonas gingivalis. Using the positional scanning 
hybrid combinatorial substrate library method, we found 
that the specificity of Tpr peptidase differs substantially 
from the papain family of cysteine proteases, showing 
a strong preference for proline residues at positions P2 
and P3. Such a degree of specificity indicates that this 
P.  gingivalis cell-surface peptidase has a more sophis-
ticated role than indiscriminate protein degradation to 
generate peptide nutrients, and may fulfil virulence-re-
lated functions such as immune evasion.
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INTRODUCTION

Periodontal disease is the most prevalent chronic in-
fection in the world, affecting up to 90% of the global 
population (Pihlstrom et al., 2005). Inflammation of the 
gingival tissues is caused by dysbiosis, a pathogenic shift 
in the microbial community (Loesche & Grossman, 
2001). Chronic inflammation leads to the destruction of 
tooth-supporting tissues such as the gingiva, periodon-
tal ligament, and alveolar bone (Loesche, 1996). If left 
untreated, periodontitis can result in tooth loss and the 
systemic dissemination of periodontal pathogens and/or 
their products (Cobb et al., 2009). This increases the risk 
of cardiovascular disease (Friedewald et al., 2009; Wegner 
et al., 2009), rheumatoid arthritis (de Pablo et al., 2009), 
aspiration pneumonia (Olsen & Potempa, 2014), diabetes 
(Chee et al., 2013) and adverse pregnancy outcomes (Ide 
& Papapanou, 2013).

The primary etiological agents of human periodonti-
tis include Porphyromonas gingivalis, Tannerella forsythia, and 
Treponema denticola (Griffen et al., 1998; Rôças et al., 2001). 
The virulence factors these pathogens secrete include 
peptidases that contribute to the initiation and progres-

sion of periodontal disease (Dashper et al., 2011; Potem-
pa et al., 2003). In particular, the aggressive periodontal 
pathogen P. gingivalis produces multiple proteolytic en-
zymes (Potempa et al., 1995) that are required for impor-
tant bacterial processes such as nutrient acquisition and 
immune evasion, driving pro-inflammatory responses 
within the gingival pocket. The proteolytic enzymes se-
creted by P. gingivalis include serine proteases (Nonaka et 
al., 2014), cysteine proteases such as lysine-specific (Kgp) 
and arginine-specific (Rgp) gingipains (Bhogal et al., 
1997), PrtT protease (Tokuda et al., 1998), periodontain 
(Nelson et al., 1999) and thiol protease (Tpr) (Staniec et 
al., 2015). Gingipains (Kgp & Rgp) account for 85% of 
all extracellular protease activity for P. gingivalis (Potempa 
et al., 1997). Accordingly, the influence of gingipains on 
P. gingivalis virulence has been demonstrated but the role 
of the other peptidases remains unclear (Imamura, 2003).

Tpr is a functional cysteine peptidase encoded by the 
PG1055 gene (Staniec et al., 2015). Distant sequence 
homology and calcium dependence suggest that Tpr 
belongs to the calpain family (EC 3.4.22.17; MEROPS 
family C2) of calcium-dependent cysteine peptidases pro-
duced by almost all eukaryotes and some bacteria, but 
not archaea (Rawlings, 2015). Calpains are ubiquitously 
expressed in mammalian cells and are involved in es-
sential cellular processes such as cytoskeletal remod-
eling (Lebart & Benyamin, 2006), cell migration (Franco 
& Huttenlocher, 2005), cell differentiation (De Maria 
et al., 2009; Garach-Jehoshua et al., 1998) and apopto-
sis (Momeni, 2011). Gain-of-function calpain mutations 
are associated with muscular dystrophy (Wadosky et al., 
2011), rheumatoid arthritis (Morita et al., 2006), Alzhei-
mer’s disease (Huang & Wang, 2001), improper platelet 
aggregation (Kuchay & Chishti, 2007), and Wolfram syn-
drome (Lu et al., 2014). However, no examples of the 
pathological effects of prokaryotic calpain-like peptidases 
have been reported thus far.

Eukaryotic calpains are highly-conserved intracellular 
enzymes that can be assigned to the categories μ or m 
according to their micromolar or millimolar requirements 
for calcium in vitro (Suzuki et al., 1995). Intriguingly, the 
specificity of both categories appears identical (Sorimachi 
et al., 1997). The calcium-mediated regulation of pro-
teolytic activity (Hanna et al., 2008) may require coop-
erative interactions between several calcium binding sites, 
including three EF hand motifs, the negatively charged 
segments around the active site cleft, and an exposed 
acidic loop (Reverter et al., 2001). However, the precise 
molecular mechanism is unknown. Although the physi-
ological substrates remain poorly characterized, several 
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have been identified in vitro, including selected β-integrins 
(Du et al., 1995), focal adhesion kinase (Cooray et al., 
1996), paxillin, and talin (Carragher et al., 1999).

The autoprocessing and maturation of the Tpr precur-
sor requires millimolar levels of calcium (Staniec et al., 
2015). This requirement prevents the premature activa-
tion of Tpr in the cytoplasm and ensures the structure 
is resistant to degradation by gingipains (Staniec et al., 
2015). The elevated expression of the tpr gene under nu-
trient-limited conditions (Lu & McBride, 1998) and the 
location of the enzyme in the outer membrane (Park et 
al., 1997; Staniec et al., 2015) suggest that Tpr is involved 
in the production of small peptides that are used as sub-
strates for amino acid fermentation. Given that multiple 
physiologically relevant proteins are degraded, including 
key elements of the innate immune system and proteins 
abundant in gingival crevicular fluid, Tpr may also con-
tribute to the pathogenesis of periodontitis (Staniec et al., 
2015).

A detailed analysis of Tpr substrate specificity is re-
quired to understand its contribution to the pathogenic-
ity of P. gingivalis, but only a superficial characterization 
has been reported thus far (Staniec et al., 2015). Here, we 
fully characterized the substrate specificity of the most 
active form of Tpr using Hybrid Combinatorial Sub-
strate Library (HyCoSuL) approach to gain insight into 
the proteolytic mechanism and thus the function of this 
cell-surface peptidase.

MATERIALS & METHODS

Regents and equipment

Isopropyl-1-thio-β-d-galactopyranoside (IPTG), ethyl-
enediaminetetraacetic acid (EDTA), lysogeny broth (LB), 
l-glutathione, Tris-HCl, NaCl, dithiothreitol (DTT), so-
dium azide, and l‑cysteine were purchased from Sigma-
Aldrich. A MonoQ column was obtained from Cytiva.

Protein expression

The inactive Tpr zymogen (Tpr55) was expressed in 
Escherichia coli BL21 (DE3) cells and purified as previ-
ously described with some modifications (Staniec et al., 
2015). Briefly, the PG1055 coding sequence without the 
signal peptide was transferred to the expression vec-
tor pGEX-6P-1, which provides the sequence for an  
N-terminal glutathione S-transferase (GST) tag. This 
construct was then introduced into electrocompetent E. 
coli BL21 cells, which were cultivated in LB at 37°C. As 
soon as the culture reached an optical density at 600 nm 
(OD600nm) of 0.7, Tpr55 expression was induced by sup-
plementing the medium with 0.5 M IPTG and incubat-
ing for a further 3 h at 37°C.

Protein purification

Transformed E. coli BL21 cells were harvested by 
centrifugation (8 000×g, 20 min, 4°C) and resuspended 
in PBS containing 10 mM EDTA to bind any residual 
Ca2+ that would induce the premature autoprocessing 
of Tpr55. To recover intracellular Tpr55, the bacterial 
cell pellet was disrupted by sonication (60% amplitude 
for 5  min with 30-s pulses) and the cell debris was re-
moved by centrifugation (18 000×g, 20 min, 4°C). Tpr55 
was recovered by passing the supernatant through a glu-
tathione-Sepharose column and eluting the bound Tpr55 
stepwise with increasing glutathione concentration in 

elution buffer (50 mM Tris-HCl, 20 mM l-glutathione, 
pH  8.0).

To remove small molecular contaminants, the eluted 
Tpr55 was dialyzed against PreScission Protease cleavage 
buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 
1 mM DTT, pH 7.0) and the GST tag was cleaved off 
with 40 U PreScission Protease at 4°C for 16 h. The 
sample was then dialyzed against 20 mM ethanolamine 
(pH 9.0) and applied to a MonoQ column equilibrated 
in dialysis buffer to separate Tpr55 from GST. Final pu-
rification was accomplished by gel filtration on a Super-
dex 75 column in 50 mM Tris-HCl (pH 7.6) containing 
150 mM NaCl. The full-length Tpr55 was routinely puri-
fied with a yield >1  mg/L starting culture.

Proteolytically active Tpr (Tpr33) was obtained by au-
toprocessing the purified Tpr55 as previously described 
(Staniec et al., 2015). Briefly, purified Tpr55 was incu-
bated in activation buffer (50 mM Tris-HCl pH 7.6, con-
taining 150 mM NaCl, 5 mM CaCl2, 0.2% sodium azide, 
and 10 mM l-cysteine) for 7 h at 37°C.

Analysis of substrate specificity

Tpr33 substrate specificity was assessed using the Hy-
CoSuL screening approach and a defined P1 library with 
the general structure Ac-Ala-Ala-Pro-P1-ACC, where P1 
comprises one of either 19 canonical amino acids (ex-
cept cysteine) or norleucine, synthesized as previously 
described (Kasperkiewicz et al., 2015; Larsen et al., 2007; 
Poręba et al., 2014, 2017). Cleavage of the peptide sub-
strate was detected by monitoring the release of the 
fluorescent label 7-amino-4-carbamoylmethylcoumarin 
(ACC).

To determine Tpr33 substrate specificity at the P4, 
P3 and P2 positions, we used a HyCoSuL with arginine 
fixed in P1 (Fig. 1). Each of the tetrapeptide sublibraries 
featured an equimolar mixture of 19 amino acids (with-
out cysteine and methionine, but including norleucine) at 
two positions and one of 19 canonical amino acids plus 
102 non-standard amino acids in the position selected 
for analysis (Fig. 1).

Figure 1. HyCoSuL structure.
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Tpr33 was activated by incubating 500 nM of the en-
zyme in activation buffer for 30 min at 37°C. To deter-
mine the enzymatic activity of Tpr33 in each sub-library, 
fluorescence was recorded (excitation=355 nm, emis-
sion=460 nm) 30 min after the addition of substrates. 
The P4, P3 and P2 sub-libraries were tested at an ini-
tial concentration of 100 μM whereas the P1 library was 
tested at 10 μM. The slope of the linear range of each 
curve was recorded as relative fluorescence units per sec-
ond (RFU/s). Data from each sub-library were normal-
ized to the highest RFU/s value for each specific sub-
library.

Kinetic measurements

Selected substrates (Table 1) were prepared by solid 
phase peptide synthesis as described elsewhere (Poręba et 
al., 2014). To determine the catalytic parameters of Tpr 
against these substrates, Tpr33 was titrated with the ir-
reversible cysteine protease inhibitor E-64 as previously 
described (Staniec et al., 2015). Peptidase activity was de-
termined at increasing concentrations of each substrate 
in 50 mM Tris-HCl (pH 7.6) containing 150 mM NaCl, 
5 mM CaCl2 and 0.02% sodium azide. Velocities of sub-
strate hydrolysis were plotted against the substrate con-
centration, and the kcat and KM values were calculated us-
ing GraphPad Prism macro.

RESULTS

Substrate specificity of the Tpr33 protease

In our previous explorative study (Staniec et al., 2015) 
we found that Tpr33 preferentially hydrolyzes substrates 
containing arginine at the P1 position (nomenclature ac-
cording to Schechter & Berger, 1967). Therefore, we ini-
tially investigated the amino acid preference at the S4–S2 
subsites of Tpr33, followed by a more thorough inter-
rogation of the amino acid preference at the S1 subsite. 
Accordingly, the P2, P3 and P4 sublibraries had arginine 
fixed at the P1 position (Fig. 1).

Tpr33 showed exclusive specificity for substrates 
that incorporated proline or alanine at the P2 position 
(Fig.  2A). This exclusivity was maintained when non-
proteinogenic amino acids were included. None of the d 
stereoisomers of standard amino acids and only six of 83 
non-standard amino acids resulted in hydrolysis when in-
corporated at the P2 position. Among these non-stand-

ard residues, only the thiazolidine-based residue l-Thz, 
which structurally resembles proline, resulted in hydroly-
sis with similar efficiency to the proline-P2 sub-library 
(Fig. 2B).

Table 1. Kinetic parameters for selected substrates hydrolysis by Tpr33

Substrate KM [µM] kcat [s-1] kcat /KM 
[µM-1s-1]

P5 P4 P3 P2 P1 P1’

i Ac Phe Gly Pro Arg ACC 150 ±1 14.3  ±1.4  96 ±9

ii Ac Lys Gly Pro Arg ACC 166 ±12 11.8  ±0.3  71 ±7

iii Ac Dap Gly Pro Arg ACC 118 ±1 14.3  ±0.1  121 ±1

iv Ac Idc Pro Arg ACC 71 ±5 8.9  ±0.6  127 ±17

v Ac Gly Idc Cha Arg ACC 285 ±73 1.5  ±0.4  5.4 ±2.8

vi NH Idc Cha Arg ACC 395 ±34 0.32 ±0.02 0.8 ±0.1

vii Ac Gly Thz Cha Arg ACC 711 ±42 1.12 ±0.03 1.6 ±0.1

viii Ac Thz Cha Arg ACC 169 ±37 0.71 ±0.06 4.1 ±1.2

Figure 2. Specificity of Tpr33 for substrates containing canonical 
and non-proteinogenic amino acids at the P2 position as deter-
mined using the HyCoSuL screening approach.
The substrate preferences at position P2 were determined using 
a combinatorial tetrapeptide library with the general structure 
Ac-Xaa-Xaa-P2-Arg-ACC, where P2 represents (A) canonical or (B) 
non-proteinogenic amino acids and Xaa represents an equimolar 
mixture of 19 amino acids (all standard proteinogenic amino acids 
except cysteine and methionine, supplemented with norleucine). 
Abbreviated amino acid names are shown on the x-axis and ex-
plained in the Supplementary Materials at https://ojs.ptbioch.edu.
pl/index.php/abp/. The y-axis shows the mean activity expressed 
as relative fluorescence units per second [RFU/s]. The data are 
means of three independent measurements.
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The specificity of Tpr33 at subsite S3 was less strin-
gent than at S2. Proline was the most preferred pro-
teinogenic amino acid, but Tpr33 also accepted amino 
acids with short side chains (alanine and glycine) or large 
hydrophobic side chains (norleucine, phenylalanine and 
tyrosine) (Fig. 3A). The less stringent specificity com-
pared to S2 was maintained when substrates containing 
non-standard amino acids were analyzed. More than half 
of the substrates containing non-standard amino acids 
were hydrolyzed at least as efficiently as the proline-P3 
substrates (Fig. 3B). Multiple non-standard amino acids 
were accepted including certain d stereoisomers of pro-
teinogenic amino acids (Fig. 3A, B). The proline analog 
l-Thz was among the most preferred residues, match-
ing the pronounced preference of S3 subsite for proline 
at P3 of a substrate. Interestingly in the context of sub-
strate design, the most efficiently hydrolyzed substrate 
in the P3 sub-library featured an indoline-based residue  
(l-Idc) at P3. Tpr33 showed more than five-fold increase 
in activity against this l-Idc-P3 substrate than the stand-
ard l-Pro-P3 substrate.

In contrast to the other subsites, Trp33 showed broad 
tolerance for the residue at subsite S4, accepting d ste-
reoisomers almost as well as l stereoisomers, and also 
tolerating multiple non-standard amino acids at P4 po-
sition of a substrate (Fig. 4A, B). Interestingly in the 

context of substrate design, several non-proteinogenic 
amino acids were better substrates than canonical amino 
acids. The most efficiently hydrolyzed substrate featured 
a piperidine-based residue (l-Pip). Tpr33 showed almost 
2.5-fold increase in activity against this substrate than 

Figure 3. Specificity of Tpr33 for substrates containing canonical 
and non-proteinogenic amino acids at the P3 position as deter-
mined using the HyCoSuL screening approach.
The substrate preferences at position P3 were determined using 
a combinatorial tetrapeptide library with the general structure 
Ac-Xaa-P3-Xaa-Arg-ACC, where P3 represents (A) canonical or (B) 
non-proteinogenic amino acids and Xaa represents an equimolar 
mixture of 19 amino acids (all standard proteinogenic amino acids 
except cysteine and methionine, supplemented with norleucine). 
Abbreviated amino acid names are shown on the x-axis and ex-
plained in the Supplementary Materials at https://ojs.ptbioch.edu.
pl/index.php/abp/. The y-axis shows the mean activity expressed 
as relative fluorescence units per second [RFU/s]. The data are 
means of three independent measurements.

Figure 4. Specificity of Tpr33 for substrates containing canonical 
and non-proteinogenic amino acids at the P4 position as deter-
mined using the HyCoSuL screening approach.
The substrate preferences at position P4 were determined using 
a combinatorial tetrapeptide library with the general structure 
Ac-P4-Xaa-Xaa-Arg-ACC, where P4 represents (A) canonical or (B) 
non-proteinogenic amino acids and Xaa represents an equimolar 
mixture of 19 amino acids (all standard proteinogenic amino acids 
except cysteine and methionine, supplemented with norleucine). 
The y-axis shows the mean activity expressed as relative fluores-
cence units per second [RFU/s]. The data are means of three inde-
pendent measurements.

Figure 5. Specificity of Tpr33 for substrates containing different 
proteinogenic amino acids at the P1 position as determined us-
ing using the defined P1 substrate library.
The substrate preferences at position P1 were determined using 
defined library with the general structure Ac-Ala-Ala-Pro-P1-ACC, 
where P1 represents a standard proteinogenic amino acid. The 
y‑axis shows the mean relative activity expressed as a percentage 
of the most efficient amino acid in the same position. The data 
are means of three independent measurements.
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against the best substrate containing a canonical amino 
acid (Fig. 4B).

Having documented the restricted substrate prefer-
ence of Tpr33 at subsite S2, we reevaluated the substrate 
specificity at position S1 using a library containing pro-
line fixed at P2 (Ac-Ala-Ala-Pro-P1-ACC). Tpr33 pre-
ferred arginine at position P1 in a substrate, consistent 
with the results of our previous explorative study (Stan-
iec et al., 2015). However, several other residues with dif-
ferent physicochemical characteristics were also efficient-
ly recognized, indicating that Tpr33 has low specificity 
for a residue in position P1 of a substrate (Fig. 5).

Kinetic analysis of Tpr33 activity

The randomization of amino acids at certain positions 
in the HyCoSuL as well as cooperation between subsites 
may affect the efficiency of Tpr33. To validate the re-
sults generated by the HyCoSuL method, we designed 
and synthesized a selection of substrates and determined 
their kinetic parameters.

The kcat/KM value of the substrate containing the 
preferred canonical amino acids at each position (Ac-
Phe-Gly-Pro-Arg-ACC) was 96 μM–1 (Table 1). A near-
identical substrate containing lysine at the P4 position 
(Ac-Lys-Gly-Pro-Arg-ACC) had slightly inferior kinetic 
parameters (kcat/Km=71±7 μM–1) reflecting the lower ef-
ficiency of the Lys-P4 sub-library. Another near-identical 
substrate, this time containing l-Dap at the P4 position 
(Ac-Dap-Gly-Pro-Arg-ACC) was superior to both of the 
above (kcat/Km=121±1 μM–1), in agreement with the Hy-
CoSuL library screening data. Substrates containing pro-
line at position P3 (Ac-Idc-Pro-Arg-ACC) or glycine at 
the same position (Ac-Dap-Gly-Pro-Arg-ACC) shared 
comparable kcat/KM values, which appeared to contra-
dict the results of the HyCoSuL screening. However, 
Ac-Dap-Gly-Pro-Arg-ACC is one residue longer than 
Ac-ldc-Pro-Arg-ACC, and longer substrates are generally 
better recognized by peptidases, so this may explain this 
apparent discrepancy. Finally, substrates with Idc (Ac-
Gly-Idc-Cha-Arg-ACC and Idc-Cha-Arg-ACC) or Thz 
(Ac-Gly-Thz-Cha-Arg-ACC and Ac-Thz-Cha-Arg-ACC) 
at the P3 and Cha at P2 positions, respectively, were 
hydrolyzed 17–150-fold less efficiently (based on kcat/
KM values) than substrates with Gly-Pro and Idc-Pro at 
the same positions. This contrasts with the efficiency of 
hydrolysis of the P2 Cha and P3 Idc/Thz sub-libraries.

Tpr33 activity against the synthetic substrates mostly 
agreed with the HyCoSuL screening method. Substrates 
with non-standard amino acids were better recognized 
than those containing the most preferred canonical ami-
no acids at positions P4–P2. Furthermore, the best-rec-
ognized substrate (Ac-Idc-Pro-Arg-ACC) had the lowest 
KM value. These data suggest that substrate recognition 
site S4 is poorly defined, resulting in weaker interactions 
between amino acids and the S4 pocket.

DISCUSSION

We investigated the substrate preference of the cal-
pain-like peptidase Tpr33 at the S4–S2 subsites and 
reevaluated the specificity at the S1 subsite using a com-
prehensive library of defined and highly efficient sub-
strates including the incorporation of non-standard ami-
no acids. Calpain-like peptidases are widespread among 
eukaryotes, but homologous genes are present only in a 
few bacterial phyla (Rawlings, 2015). Thus far, Tpr is the 
only bacterial calpain-like peptidase that has been func-
tionally characterized (Staniec et al., 2015). Given the 

small number of calpain-like peptidases in prokaryotes, it 
is not unlikely that P. gingivalis acquired Tpr by horizon-
tal transfer from a mammalian host.

Like the m-calpains, a millimolar concentration of cal-
cium is required to activate the Tpr zymogen and such 
concentrations are found in the extracellular fluid where 
Tpr is secreted. The calcium-mediated activation of Tpr 
prevents intracellular activation of the enzyme, which 
may be cytotoxic. Due to their potential cytotoxicity if 
left unregulated, peptidases are tightly controlled. Similar 
mechanisms to prevent the deleterious activity of mis-
directed secreted peptidases are widespread, including 
trypsin inhibitors produced by pancreatic cells (Hirota et 
al., 2006).

The HyCoSuL method allowed us to explore the sub-
strate specificity of Tpr, revealing the repertoire of phys-
iologically accessible substrates. As previously reported 
for papain (Choe et al., 2006) and calpain (Cuerrier et al., 
2005; Shinkai-Ouchi et al., 2016; Tompa et al., 2004), the 
specificity of Tpr is determined at the S2 subsite whereas 
S1 is much less selective, albeit with some preference for 
positively charged residues in all three enzymes. Howev-
er, the specificity of the S2 subsite differs between Tpr, 
papain and calpain. Tpr strongly selects proline whereas 
papain prefers valine but also accepts bulky aromatic 
and large hydrophobic residues, and calpain accepts sev-
eral medium-sized residues. The S3 subsite also shows a 
degree of selectivity, but again this differs between the 
three enzymes. All three accept proline, but Tpr also 
accepts bulky aromatic and small side chain residues, 
whereas papain prefers arginine, lysine and medium-
sized side chain residues, and calpain tolerates multiple 
residues with dissimilar physicochemical properties while 
simultaneously excluding several residues. Tpr shows 
broad specificity for amino acid residues in position P4 
in a substrate.

Peptidases play a key role in nutrient acquisition by 
P.  gingivalis (Potempa & Pike, 2009). We found that Tpr 
is not restrictively specific at any substrate-binding sub-
sites, but the combination of relatively high selectivity 
at the S2 and S3 subsites may limit the number of sub-
strates susceptible to Tpr proteolytic activity. Such char-
acteristics are unexpected for a digestive peptidase and 
suggest a more specialized role, possibly associated with 
the evasion of host immune defenses.

Peptidases attack the most sterically accessible regions 
of substrates, often cutting in loops and other unstruc-
tured regions. Proline residues are often overrepresented 
in such regions (Fontana et al., 1986), which also tend to 
be functionally significant – for example, proline-rich re-
gions are known to be involved in protein–protein inter-
actions (Yu et al., 1994). The relative preference of Tpr 
for proline residues at positions P2 and P3 in substrates 
may suggest the involvement of Tpr in the modulation 
of protein–protein interactions. Eukaryotic proline-spe-
cific proteases mediate cell signaling events by modulat-
ing protein–protein interactions (Dunaevsky et al., 2020) 
and the possibility that Tpr has a similar role should be 
evaluated in future studies.

CONCLUSION

HyCoSuL screening revealed that the substrate speci-
ficity of Tpr is primarily determined at the S2 and S3 
substrate-binding subsites, with proline being the most 
preferred residue in both cases. The specificity of Tpr 
therefore differs from that of the related eukaryotic pro-
teases papain and calpain, and is likely to play a more 
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sophisticated role in bacterial physiology than indiscrimi-
nate protein degradation for the provision of nutrients, 
which would be facilitated by non-specific protease ac-
tivity.
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Gaseous hydrogen sulfide (H2S) can function as a signal-
ing molecule similar to nitric oxide or carbon monoxide 
under physiological conditions, ultimately exerting anti-
inflammatory, anti-apoptotic, and antioxidant activities. 
Many studies have investigated the role of H2S in a va-
riety of biological contexts, and both endogenous H2S 
and H2S donors have been leveraged as tools for fun-
damental biomedical research, and it has been suggest-
ed that they may provide value for the design of novel 
therapeutic strategies in the years to come. Ferroptotic 
cell death is a distinct programmed cell death resulting 
from excessive lipid peroxidation in an iron-dependent 
manner, and is characterized by high levels of iron ac-
cumulation, reactive oxygen species (ROS) production, 
and peroxidation of cellular lipids. Several recent studies 
have revealed a close relationship between ferroproteins 
and their precursors, H2S, and the enzymes that produce 
them. This review summarizes the current information 
pertaining to the relationship between ferroptosis and 
H2S, with a particular focus on the underlying mecha-
nisms and biological applications of this knowledge.
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INTRODUCTION

Hydrogen sulfide (H2S) is a gas that can serve as a sign-
aling intermediary and that, in mammals, it is produced by 
several enzymes including cystathionine β-synthase (CBS), 
cystathionine γ-lyase (CSE), and 3-mercaptopyruvate sul-
fur-transferase (3-MST) (Wang, 2012). Many recent stud-

ies have sought to elucidate the biological roles of H2S 
and have demonstrated that its endogenous production 
is related to processes ranging from vasodilation, micro-
bial antibiotic resistance, oxidative stress, and mitochon-
drial function to inflammatory activity, neuroprotection, 
and endoplasmic reticulum stress (Kozich et al., 2019). 
H2S functions as a reductant at physiological concentra-
tions, providing protection against inflammation, oxidative 
stress, and apoptotic cell death (Kimura et al., 2010). In 
plasma, endogenously derived H2S levels are negatively 
correlated with oxidative stress and aging (Hine et al., 
2015). In addition, owing to the essential roles of H2S in 
various physiological and pathological processes, its practi-
cal applications have been explored. For example, a novel 
fluorescent probe, Rho-HS, was developed to detect H2S 
and can be used for biological imaging (Guo et al., 2022). 
Furthermore, a surface-filled H2S-releasing silk fibroin 
(SF) hydrogel was developed to achieve small-dose local 
administration and avoid volatile and toxic side effects 
(Chen et al., 2022). These investigations shed light on the 
potential clinical application of H2S. The production and 
functionality of H2S have been identified as promising tar-
gets for the treatment of a range of conditions owing to 
its significant role in regulating cell death and interactions 
with the cell death pathway. 

Multiple cell death pathways contribute to the occur-
rence and progression of various diseases, and H2S plays 
a vital role in regulating or suppressing cell death, includ-
ing necroptosis, pyroptosis, and apoptosis (Rodkin et al., 
2023) (Table 1). For instance, H2S upregulates the ex-
pression of Bcl-2 and P62 (Chen et al., 2022; Guo et al., 
2014) or downregulates NF-κB to reduce apoptosis in 
organ ischemia/reperfusion (Kuo et al., 2013; Weirather 
et al., 2014). Moreover, H2S can reduce the expression of 
caspase-1 to exert an anti-pyroptosis effect on bone-de-
rived macrophages and aortic endothelium (Castelblanco 
et al., 2018; Xi et al., 2016). 

Ferroptosis is a subtype of regulated cell death (RCD) 
with features distinct from those of necrosis, autophagy, or 
apoptosis (Hadian & Stockwell, 2020; Jiang et al., 2021). It 
often results from iron-dependent accumulation of toxic 
concentrations of lipid peroxides within cells (Rodkin et al., 
2023; Stockwell et al., 2017), characterized by the produc-
tion of high levels of lipid peroxides, accumulation of iron, 
and downregulation of glutathione peroxidase 4 (GPX4) 
(Fuhrmann & Brüne, 2022; Mahoney-Sánchez et al., 2021). 
These characteristics offer markers that can be used to spe-
cifically detect RCD (Hadian & Stockwell, 2020). Ferrop-
totic cells exhibit a rounded, small morphology with inter-
cellular separation, an intact crenulated plasma membrane, 
and the absence of nuclear condensation. Mitochondria in 
these cells often have ruptured outer membranes, increased 
membrane density, and shrunken or absent cristae (Liang 
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et al., 2019). Many diseases have been linked to ferroptosis, 
including osteoporosis and cancer, and this form of RCD 
also arises in the context of reproductive system functional-
ity and organ damage (Proneth & Conrad, 2019; Stockwell 
et al., 2020). Ferroptosis is also associated with the efficacy 
of a range of therapeutic modalities, such as chemotherapy, 
radiotherapy, and immune checkpoint blockade treatments 
(Lei et al., 2020). Several studies have reported the anti-fer-
roptosis effects of H2S in diseases such as cardiovascular 
disease (Wang et al., 2023; Wu et al., 2023), air inflamma-
tion (Zhang et al., 2020), intracerebral hemorrhage (Zhang 
et al., 2020) and acute lung injury (ALI) (Li et al., 2022). For 
instance, H2S reduces ferroptosis by regulating the Nrf2-
PPAR-ferritinophagy signaling pathway in PM-induced em-
physema (Wang et al., 2022). It also protects DOX-induced 
cardiotoxicity from ferroptosis by targeting the OPA3-
NFS1 axis (Wang et al., 2023). Overall, its functional path-
ways are diverse and complex. 

This review provides a summary of the role of H2S 
metabolism in mammals and the signaling pathways as-
sociated with H2S-mediated ferroptosis.

ENDOGENOUS MAMMALIAN H2S PRODUCTION

In mammals, H2S is generated via enzymatic and 
nonenzymatic mechanisms (Fig. 1). Both CSE and CBS 
are cytosolic pyridoxal 5’-phosphate (PLP)-dependent, 
whereas 3-MST is a mitochondrial enzyme that functions 
independently of PLP (Cao et al., 2019). 

CBS is formed by tetramerization subunit proteins of 
63 kDa in size and generates H2S via the catalytic pro-
cessing of L-homocysteine and L-cysteine, yielding H2S 
and L-cystathionine through a mechanism compara-
ble to its role as a component in the trans-sulfuration 
pathway. When L-cysteine is present, CBS mediates a 
β-replacement reaction to generate H2S, while produc-

ing L-serine. An up to 23-fold higher rate of H2S gen-
eration was observed when l-homocysteine was available 
compared to when only L-cysteine was available. CBS is 
thought to be the main producer of H2S in the central 
nervous system (CNS) and is expressed throughout the 
brain, with the highest levels of expression in the cer-
ebral cortex, cerebellum, and hippocampus (Zuhra et al., 
2020). CBS expression is also detectable in lymphocytes 
and organs, such as the liver, kidneys, pancreatic islets, 
uterus, and placenta (Kaneko et al., 2006; Patel et al., 
2009). 

Similar to CBS, CSE catalyzes the processing of ho-
mocysteine (Hcy) to produce H2S, α-ketobutyrate, and 
ammonia, in addition to catalyzing the processing of 
L-cysteine to yield H2S, along with ammonia and pyru-
vate. When L-cysteine and Hcy are present at physi-
ological levels, CSE catalyzes the α- and β-elimination of 
L-cysteine to generate approximately 70% H2S, whereas 
the α,γ-elimination of Hcy catalyzed by this enzyme gen-
erates only 29% of the total H2S. However, when Hcy 
levels are elevated to concentrations similar to those ob-
served in the context of hyperhomocysteinemia (HHcy), 
such α,γ-elimination generates approximately 90% CSE-
derived H2S, indicating that relative Hcy and L-cysteine 
concentrations within mammalian cells are pivotal deter-
minants of the primary substrate utilized by this enzyme 
(Chiku et al., 2009). 

Mitochondrially localized 3-MST is an H2S-generating 
enzyme that was most recently discovered. Following the 
initial cysteine aminotransferase (CAT)-mediated conver-
sion of L-cysteine to 3-mercaptopyruvate (3MP), 3-MST 
transfers sulfur atoms from 3MP to 3-MST, resulting in 
persulfide generation. When a reductant such as thiore-
doxin is present, H2S is released from the persulfide (Na-
gahara et al., 1998). Regulation of CAT activity ultimately 
shapes the ability of 3-MST to generate H2S. CAT inhib-

Table 1. Mechanisms of H2S on different cell death in disease models. 

Cell death Character Disease model Mechanism Reference

Necroptosis Following the activation of the tu-
mor necrosis receptor (TNFR1) by 
TNFα

Diabetic cardiomyopathy Alleviated myocardial 
oxidative stress, ne-
croptosis and NLRP3

(Gong et al., 2022)

Diabetic vascular compli-
cations.

p38 MAPK signaling 
pathway

(Lin et al., 2021)

Atherosclerosis Attenuated the incre-
ased RIP3 expression

(Lin et al., 2018)

Pyroptosis A type of cell death culminating 
in the loss of plasma membrane 
integrity and induced by activation 
of so-called inflammasome sensors. 
These include the Nod-like receptor 
(NLR) family, the DNA receptor Ab-
sent in Melanoma 2 (AIM2) and the 
Pyrin receptor

Ischemia-reperfusion (I/R)-
-induced acute kidney 
injury (AKI)

Inhibited the NLRP3/
Caspase-1 axis

(Ni et al., 2021)

Chronic obstructive pul-
monary disease (COPD)

Targeted the TLR4/
NF‑κB pathway

(L. Wang et al., 
2022)

Nephrotoxicity caused by 
U exposure.

Upregulation of PI3K/
AKT/mTOR pathway

(Hu et al., 2023)

Apoptosis The release of cytochrome c from 
mitochondria, regulated by a balance 
between proapoptotic and antiapop-
totic proteins of the BCL-2 family, 
initiator caspases (caspase-8, -9 and 
-10) and effector caspases (caspase-3, 
-6 and -7).

Asthma Reduced the airway 
inflammatory infiltrate

(Mendes et al., 
2019)

Lipopolysaccharide (LPS)-
-induced memory impair-
ment (MI)

Decreased c-Jun and 
caspase-3 levels

(Kshirsagar et al., 
2021)

Myocardial reconstruction Blocked ER stress-au-
tophagy axis

(Li et al., 2020)

Experimental glaucoma 
model

Suppressed Bax, 
caspase-3 and p53 
activations

(Erisgin et al., 
2019)

Methotrexate (MTX) hepa-
totoxicity

Modulated IL-6/STAT3 
pathway

(Fouad et al., 2020)
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itors, such as aspartate, largely suppress the biosynthesis 
of H2S and can therefore be leveraged as tools for phar-
macological studies to explore the functional importance 
of H2S generated by this enzyme (Shibuya et al., 2009).

Some endogenous H2S is also generated via the non-
enzymatic chemical reduction of sulfane sulfur through 
the action of the ubiquitous cellular electron donor nico-
tinamide adenine dinucleotide (NADH), its reduced state 
nicotinamide adenine dinucleotide phosphate (NADPH), 
or other reductive equivalents (Searcy & Lee, 1998). Un-
der these conditions, the reduction of reactive sulfur 
species present in polysulfides, persulfides, and thiosul-
fate can give rise to a range of metabolites, including 
H2S (Olson et al., 2013). 

ENDOGENOUS H2S AND FERROPTOSIS

In mammalian cells, the transsulfuration pathway pro-
duces H2S as a byproduct of Hcy and cysteine process-
ing by CSE, CBS, and 3-MST. The functional Xc-system 
subunit xCT (SLC7A11) is responsible for the import 
of cystine into cells, where it is converted into cysteine, 
which functions as the rate-limiting substrate necessary 
for the biosynthesis of glutathione (GSH) (Liu et al., 
2020; Stockwell et al., 2017). GSH functions as a sub-
strate for GPX4, which mitigates ferroptosis by reducing 
membrane phospholipid hydroperoxides to produce lipid 
alcohols. When xCT expression or activity is suppressed, 
immunotherapy- or radiotherapy-induced ferroptosis 
is enhanced (Lang et al., 2019). The commonly utilized 
xCT inhibitor erastin (Era) can also activate ferropto-
sis, although long-term treatment with Era may contrib-
ute to enhanced cellular resistance to ferroptotic death. 
Moreover, Era treatment for extended periods has been 
shown to improve CBS and CSE expression, indepen-
dently regulating ferroptosis (Liu et al., 2020). Disrupt-
ing xCT activity increases both CSE and CBS expression 
yet significantly reduces endogenous H2S production. 
The supplemental addition of the H2S donor GYY4137 
[GYY, morpholin-4-ium-4-methoxyphenyl (morpholino) 

phosphinodithioate] reversed the loss of resistance to 
5-fluorouracil (5-FU), which emerges upon the inhibition 
of xCT, highlighting the functional importance of H2S 
as a mediator of xCT-associated chemoresistance activity 
(Chen et al., 2021). Interestingly, supplementation with 
H2S increased the protein levels of xCT without influ-
encing its mRNA expression, suggesting that H2S has a 
post-transcriptional regulatory effect on xCT. The H2S 
axis maintains xCT stability through persulfidation of 
OTUB1 at cysteine 91 (Chen et al., 2021). Correspond-
ingly, xCT and the trans-sulfuration pathway have been 
identified as key ferroptotic regulators in cancer cells, 
functioning primarily by producing cysteine as a precur-
sor for the production of the critical antioxidant glu-
tathione (GSH). When cells are treated with both Era 
and AOAA, which inhibit CBS, the levels of GSH pre-
sent within cells are markedly reduced, thus contributing 
to higher rates of ferroptosis associated with increased 
PTGS2 expression at the mRNA level and higher lev-
els of MDA, which is a lipid peroxidation end-product 
(Marrocco et al., 2017). 

Hcy is an amino acid that contains sulfur and is im-
portant for methionine metabolism, gene methylation, 
phospholipid biosynthesis, neurotransmission, and nucle-
ic acid biosynthesis (Shen et al., 2020). Given its essential 
role as a mediator of Hcy transsulfuration, inhibition of 
CBS increases the concentration of Hcy in hepatocellular 
carcinoma cells, triggering ferroptosis (Wang et al., 2018). 
Patients with excessively high levels of methionine, vita-
min B12, or folic acid deficiencies can have high serum 
Hcy concentrations in the form of HHcy. This condi-
tion, in turn, contributes to the development of abnor-
mal bone metabolism and mitochondrial dysfunction 
through oxidative stress and modification of collagen 
cross-linking (Levasseur, 2009). Hcy may contribute to 
more severe oxidative stress in nucleus pulposus cells 
and aggravate the induction of ferroptosis, resulting in 
increased lipid peroxidation, ROS production, and re-
duced GPX4 expression. Fer-1 is a ferroptosis inhibitor 
that protects nucleus pulposus cells from degeneration 
(Zhang et al., 2020). It also reduced Hcy-induced injury 

Figure 1. Endogenous generation mechanism of H2S in cells. 
The enzymatic and nonenzymatic generation pathway was presented in the above figure, in which the enzyme CBS, CSE and 3-MST 
play pivotal role in producing H2S in enzymatic generation pathway, with L-cysteine being the main substrate. CAT, Cysteine aminotrans-
ferase; CBS, Cyststhionine β-synthase; CSE, Cyststhionine γ-lyase; GSH, glutathione; GSSG, glutathione disulfide; 3-MST, 3-mercaptopyru-
vate sulfurtransferase. 
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in ovarian granulosa cells in a dose-dependent manner 
(Shi et al., 2022). Vascular smooth muscle cells (VSMCs) 
may become dysfunctional due to high hydrostatic pres-
sure (HHP) levels. HHP exposure induces ferroptosis in 
VSMC, accompanied by high levels of ROS production, 
lipid peroxidation, iron accumulation, downregulation of 
CSE/H2S, and suppression of GSH production (Jin et 
al., 2022). 

The transcription factor nuclear factor erythroid 2-re-
lated factor 2 (Nrf2) is a vital mediator of ferroptosis 
induction, and H2S has repeatedly been shown to ac-
tivate antioxidant activity mediated by Nrf2 in respira-
tory diseases, including rhinitis, sinusitis, conjunctivitis, 
acute lung injury (ALI), chronic obstructive pulmonary 
disease (COPD), and asthma (Han et al., 2011; Khattak 
et al., 2021). Wang et al. demonstrated that H2S was ca-
pable of inhibiting ferroptosis and ferritinophagy, while 
this activity was impaired in mice or cells lacking Nrf2 
expression, and on the other hand, the anti-ferroptosis 
capability of H2S was enhanced when Nrf2 was over-
expressed because the ability of H2S to protect against 
injury is regulated by Nrf2 activation and PPAR-γ sign-
aling (Y. Wang et al., 2022). These results showed that 
the upstream of the whole protective pathway is Nrf2 
because the activation of PPAR-γ and the inhibitory ef-
fects of H2S on ferritinophagy and ferroptosis were sig-
nificantly restricted when Nrf2 was knocked out, both in 
vivo and in vitro. 

The deubiquitinating enzyme OTUB1 stabilizes pro-
teins through specific mechanisms (Wiener et al., 2012), 
and OTUB1 overexpression stabilizes xCT in oncogenic 
settings, thereby interfering with the ability of xCT to 
regulate ferroptotic pathways (Koppula et al., 2021; Yasu-
hara et al., 1997). Endogenous H2S production is closely 
linked to interactions between xCT and OTUB1, with 
H2S stabilizing xCT via the persulfidation of cysteine 91 
of OTUB1 (Chen et al., 2021).

H2S DONORS AND FERROPTOSIS

Inorganic sulfurized salts, including NaHS and sodium 
sulfide (Na2S), are among the earliest known H2S donors 
and are commonly used as H2S equivalents in research. 
Currently, multiple H2S donors have been applied in var-
ious disease models and achieved remarkable effect via 
different signal pathways (Table 2).

C2C12 cells treated with exogenously administered 
NaHS could remediate abnormal redox conditions in-
duced in response to RSL3 through the upregulation of 
GPX1 and GPX4, thereby normalizing lipid metabolism 
and mitochondrial function while also increasing acetyl-

CoA levels. NaHS also inhibits the expression and acety-
lation of ALOX12, thus protecting C2C12 cells from fer-
roptosis via the CSE/H2S signalling pathway (Wang, Yu, 
et al., 2021). Increased GSH content and GPX4 activity 
took place in response to NaHS treatment. Decreases in 
ROS, lipid ROS, and MDA levels have been reported 
in both BV2 cells and in the prefrontal cortex (PFC) of 
diabetic mice administered with NaHS. Mechanistically, 
these effects were found to be mediated by the increased 
expression of SLC7A11 protein in these BV2 cells or 
in the PFC, indicating that NaHS may act in an antide-
pressant-like manner via the upregulation of SLC7A11. 
NaHS can also improve PFC cysteine levels in a murine 
model of type 1 diabetes, resulting in upregulation of 
GPX4 (Wang, Wang, et al., 2021), indicating that NaHS 
may exert its protective effect by upregulating the pro-
tein expression of SLC7A11 and cysteine levels. 

In plants, bacteria, and some fungi, H2S is converted 
to cysteine through sulfur assimilation. In contrast, stud-
ies have also found that the addition of Na2S as a do-
nor of H2S could promote the generation of cysteine in 
mammalian cells in the presence of cystine. Since H2S 
exists as HS- in a neutral solution, disulfide compounds 
such as cystine can react with HS- in the culture medium 
as well as in the cell. This study demonstrated that af-
ter the addition of Na2S solution to the culture medium, 
HS– was transiently generated and disappeared immedi-
ately through the reaction between HS- and cystine to 
form cysteine persulfide and polysulfides (see Fig. 10 in 
Koike et al., 2017). A significant increase in cystine con-
centration was observed after treatment with Na2S. The 
mechanism by which Na2S protects SH-SY5Y cells from 
MG cytotoxicity is via the activation of Nrf2, but not 
HS- itself. However, this mechanism has not been veri-
fied in ferroptosis, and further investigation is needed to 
elucidate its molecular mechanism. 

The slow-acting H2S donor GYY4137 can release this 
gas for several hours (Chen et al., 2016). Ferroptosis is 
an important component of sepsis-associated ALI, and 
GYY4137 has been reported to protect against ALI by 
alleviating oxidative stress through the removal of ROS. 
GYY4137 also markedly suppressed COX-2 and NOX1 
expression while increasing sepsis-induced GPX4 and 
SLC7A11 expression, thereby inhibiting the occurrence 
of ferroptosis in sepsis-induced ALI (Li et al., 2022). 

H2S AND IRON METABOLISM

The metabolism of iron is integral to the induction 
and progression of ferroptotic pathways, whereas H2S 
has a complex relationship with iron metabolism. Iron is 

Table 2. Summarization of current H2S donors application in different disease models.

Disease model H2S donor Mechanism Reference

Myocardial fibrosis AP39 PINK1/Parkin pathway (Yang et al., 2023)

Hypertension NaHS Upregulated the VSMC GSH content and cystathionine 
gamma-lyase (CSE)/hydrogen sulfide (H2S) (Ruxi Jin et al., 2022)

Intracerebral hemorrhage (ICH) NaHS Improved GPX4 and SLC7A11 via the CBS/H2S system (Y. Yu et al., 2023)

Retinal degenerative diseases. NaHS AMPK- and p62-dependent non-canonical NRF2-KEAP1 
pathway (M. Yu et al., 2023)

Sepsis‑induced cardiomyopathy (SIC) NaHS Inhibited the phosphorylation of BECN1 and increased 
expression levels of SLC7A11 and GPX4 (Cao et al., 2022)

Beryllium disease NaHS Decreased the accumulation of Fe2+and lipid peroxi-
des (Liu et al., 2023)

Sepsis-induced acute lung injury (ALI) GYY4137 Stimulated autophagy by blocking mTOR signaling (Jianhua Li et al., 2022)
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involved in H2S production via non-enzymatic processes. 
Meanwhile, the uptake, transport, and accumulation of 
iron is regulated by H2S. The interactions between H2S 
and iron shape the cellular homeostasis of H2S and de-
fine the relevant signaling crosstalk. 

In addition to the enzymatic mechanisms mentioned 
above, non-enzymatic H2S in eukaryotes may come from 
a cysteine reaction with iron and vitamin B6 or from 
the reduction of elemental sulfur (Kolluru et al., 2013; 
Yang et al., 2019). Nucleophilic attack by vitamin B6 
on cysteine forms a cysteine-aldimine, which reacts with 
free or heme-bound iron to yield a quinonoid containing 
cysteine. Subsequently, iron ions remove the thiol group 
from H2S, and the resulting de-sulfureted aldimine is hy-
drolyzed to produce vitamin B6, ammonia, and pyruvate.

Free iron (Fe2+) is taken up by the cell through ion 
channels or transporters, such as L-type Ca2+ channels 
on cellular membranes. H2S is also an endogenous gase-
ous ATP-sensitive K+ (KATP) channel opener that in-
duces vasodilation (Arif et al., 2022). H2S and iron may 
interact to suppress L-type Ca2+ channels via S-sulfhydra-
tion, as shown in mouse pancreatic β-cells (Tang et al., 
2013). The influx of iron into cells through L-type Ca2+ 
channels has been demonstrated in cardiomyocytes (Arif 
et al., 2022). The inhibition of these processes by H2S 
decreases the amount of iron entering the cell. Ferropor-
tin 1 (Fpn1) and transferrin receptor 1 (TfR1) are essen-
tial regulators of iron homeostasis in most cells. Injecting 
NaHS in vivo significantly increases serum iron levels and 
transferrin saturation while significantly downregulating 
TfR1 and Fpn1 at the protein level (Zhang et al., 2019). 
Under the influence of ferric ions, cysteine catalyzes the 
generation of H2S through a protective mechanism that 
mitigates excessive iron concentrations by reacting with 
iron and generating acid-labile iron sulfide, such that ex-
cessive iron cannot cause further oxidative stress (Tang 
et al., 2023; Yang et al., 2019). 

Recently, it was found that CBS is essential for iron 
homeostasis, and the hepatic, splenic, cardiac, and serum 
iron levels in CBS-deficient mice are elevated together 
with oxidative stress-related marker levels; mice homozy-
gous for the knockout of CBS failed to survive for more 
than 4 weeks (Zhou et al., 2018). Moreover, hepcidin can 
accelerate the degradation of Fpn1 by interacting with it, 
thereby reducing intracellular iron release into the sys-
temic circulation. Upregulation of hepcidin in both the 
liver and systemic circulation has been reported to lead 
to decreased Nrf2 expression. Elevated hepcidin levels 
resulted in a marked decrease in Fpn1 expression and 
exacerbated iron retention, causing severe liver damage. 
An adenoviral vector was used to restore CBS expres-
sion, and this attempt was able to reverse the damaged 
phenotypes (Zhou et al., 2018). Inflammatory cytokines 
such as IL-6 promote the upregulation of hepcidin via 
JAK-STAT3 signaling through interactions with activin 
B and the SMAD1/5/8 pathway. In contrast, H2S sup-
presses the upregulation of hepcidin via JAK-STAT sign-
aling via the suppression of STAT3 phosphorylation, 
thereby reducing IL-6 production (Zhang et al., 2019). 
Similar findings were also reported by Xin and others 
who demonstrated that H2S promoted the expression of 
SIRT1, stabilizing SIRT1-STAT3 interactions to reduce 
the acetylation of STAT3, thereby decreasing hepcidin 
levels (Xin et al., 2016). Collectively, these results indi-
cate that H2S reduces hepcidin levels by acting upstream 
of STAT3, which provides an opportunity for further 
investigation. A better understanding of the mechanism 
underlying the regulation of STAT3 via H2S may shed 
light on its clinical potential. 

H2S AND LIPID PEROXIDATION

Lipid peroxidation is a hallmark of ferroptosis, which 
results from the generation of excessive levels of ROS 
due to increased intracellular iron concentrations, togeth-
er with the simultaneous depletion of GSH. The anti-
oxidant enzyme GPX4 is responsible for lipid peroxide 
neutralization and can utilize GSH as a cofactor to pre-
serve membrane fluidity, thus shielding the membrane 
against peroxidation-related damage (Su et al., 2019). 
Inhibition of GPX4 contributes to high levels of ROS 
production, and its overexpression can conversely reduce 
ROS generation and prevent ferroptosis induction. Iron 
metabolism-related ROS generation is a major cause of 
lipid peroxidation, given that iron is required for numer-
ous physiological processes, and excessive iron levels 
ultimately disrupt normal cellular function through the 
resultant oxidative damage, contributing to cell death (Su 
et al., 2019). 

H2S has been reported to exhibit concentration-de-
pendent pro- or antioxidant activities, such that plasma 
lipid peroxidation is suppressed and enhanced by low 
(10  µM) and high (1000 µM) concentrations of NaHS 
(Sun et al., 2012). Sun and others found that the use of 
NaHS to pretreat neonatal rat cardiomyocytes resulted 
in the generation of lower concentrations of ROS dur-
ing hypoxia/reoxygenation, and that H2S suppressed the 
activity of mitochondrial complex IV while simultane-
ously enhancing superoxide dismutase activity (Sun et 
al., 2012). In vivo, Wu and others reported that 50 µmol/
kg NaHS per day for 16 weeks with a high-fat diet pre-
vented the increase in diet-induced lipid oxidation (Wu 
et al., 2009), suggesting that NaHS has protective effects 
against lipid oxidation. H2S is traditionally known for its 
toxic effects on living organisms. Current studies are still 
focused on cell and animal experiments, and relevant 
data and safety for clinical use are needed. 

Hcy has been suggested to increase the severity of 
oxidative stress owing to the generation of free radicals 
through the autooxidation of excessive Hcy concentra-
tions (Malinowska et al., 2012). Yan et al. further re-
ported that H2S protected against HHcy-induced cellular 
injury through its antioxidant activity, leading to a 55.8% 
decrease in the overproduction of O2–• induced by Hcy 
(Yan et al., 2006). Chang et al. found that the admin-
istration of H2S decreased total plasma Hcy concentra-
tion and lipid peroxidation. CBS- and CSE-knocked out 
mice exhibit lower GSH levels and are more susceptible 
to oxidative stress, further confirming the link between 
stress and endogenous H2S (Chang et al., 2008). 

Lipid metabolism is closely related to the conversion 
of carbohydrates into fat. The cytoplasmic hydrolysis of 
lipids is the first step in metabolism, resulting in the pro-
duction of glycerol and fatty acids. The two compounds 
are then glycolyzed and β-oxidated, and H2S regulates 
glycolysis and fatty acid metabolism through protein S-
sulfhydration (Cheung & Lau, 2018). Activated glycolysis 
and the pentose phosphate pathway can increase anti-
oxidant activity (D’Alessandro et al., 2014). Exposure of 
clonal HepG2 hepatocyte cells to NaHS (–10–100  μM) 
reduced glucose consumption and glycogen levels 
(Zhang et al., 2013). In addition, the CSE/ H2S pathway 
has recently been shown to play a key role in the regu-
lation of glucose synthesis through pyruvate carboxylase 
S-sulfhydration in gluconeogenesis (Ju et al., 2015). 

Further details regarding the association between H2S 
and ferroptotic activity are shown in Fig. 2. The interac-
tion pathway between H2S and ferroptosis is shown in 
Fig. 3.
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H2S AND FERROPTOSIS-ASSOCIATED MicroRNAs

MicroRNAs (miRNAs) are short RNAs of ~22 nu-
cleotides in length that lack coding ability and function 
by suppressing translation and/or promoting the deg-
radation of complementary target mRNAs. Inhibiting 
miR-30b-5p expression reportedly results in FPN1 and 
SLC7A11 upregulation in trophoblasts, while the upregu-
lation of this mRNA under hypoxic conditions leads to 
the downregulation of these two genes, causing troph-
oblast ferroptosis (Zhang et al., 2020). Members of the 

miR-30 family have also been confirmed to target CSE 
expression, thereby directly regulating the generation of 
H2S (Shen et al., 2015). By targeting GPX4, miR-15a 
can control ferroptotic induction in colorectal cancer 
cells, whereas overexpression of miR-15a suppresses 
GPX4 expression in vitro and in vivo, resulting in elevated 
ROS generation, intracellular Fe2+ accumulation, and in-
creased MDA levels (Liu et al., 2022). Fan et al. found 
that miR-15a overexpression resulted in elevated GPX4 
protein levels, with a concomitant decrease in ferroptotic 
induction associated with fewer severe myocardial inju-

Figure 2. The effect of H2S on ferroptosis.
Cystine is imported by the Xc-system and converted into cysteine, which in turn serves as a GSH precursor. GSH is a GPX4 substrate. 
Both cysteine and Hcy are also substrates for the production of H2S, and the H2S equivalent NaHS can increase GSH levels and GPX4 
activity while suppressing the activity of the lipoxygenase ALOX12, thus remediating dysregulated lipid metabolism. Overly high Fe2+ 
concentrations can contribute to ROS generation via the Fenton reaction, whereas HHcy can drive enhanced ROS production and aber-
rant mitochondrial functionality. HHP promoted ROS generation by suppressing CSE/H2S expression and reducing GSH generation. TfR1 
and FPN are important regulators of cellular iron homeostasis and NaHS can suppress their downregulation at the protein level. Hepcidin 
interacts with Fpn1 to facilitate its degradation, whereas H2S reduces hepcidin expression via JAK-STAT signaling. The deubiquitinase 
OTUB1 is capable of stabilizing the xCT Xc-system subunit via cysteine 91 persulfidation. The xCT inhibitor Era, when used to treat cells 
for an extended period of time, upregulates CBS expression and enhances the resistance of cells to ferroptosis. In contrast, the CBS in-
hibitor AOAA, when administered together with Era, downregulated cellular GSH levels and enhanced ferroptotic death.

Table 3. An overview of H2S and ferroptosis-associated proteins and miRNAs

Protein or miRNA Relation with H2S Relation with ferroptosis Disease involved

Nrf2 Enhances the anti-ferritinophagy and anti-
-ferroptotic effects of H2S Anti-ferroptotic COPD

OTUB1 H2S maintains the stability of xCT through 
persulfidation of OTUB1 at cysteine 91 Stabilizes xCT Colorectal cancer

TfR1 NaHS inhibits the downregulation of TfR1 
protein expression in vivo Regulates cellular iron balance LPS

FPN1 NaHS inhibits the downregulation of Fpn1 
protein expression in vivo Regulates cellular iron balance LPS

Hepcidin H2S reduces hepcidin expression Accelerates the degradation of 
FPN1 Anemia of inflammation

MiR-30b-5p Regulates H2S production Downregulates SLC7A11 and FPN1 Myocardial ischemia/reperfu-
sion injury

MiR-15a H2S upregulates miR-15a Positively regulates ferroptosis via 
directly targeting GPX4 Broiler thymus

MiR-194 Decreasing H2S can downregulate miR-194 Activates the Nrf2/HO-1 signaling 
pathway Cerebral injuries.
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ries (Fan et al., 2021). Exposure to H2S also results in 
miR-15a upregulation (Xueyuan et al., 2021). Additional 
evidence suggests that miR-194 can mitigate the severity 
of ischemia-reperfusion injury through the inhibition of 
Bach1 and introduction of signaling via the Nrf2 /HO-1 
pathway. Therefore, miR-194 inhibition reversed these 
effects by reducing HO-1 and Nrf2 protein levels (Li et 
al., 2021). Reduction in H2S production reduces miR-194 
expression and drives the deposition and realignment of 
collagen under diabetic conditions to attenuate fibrosis 
and renovascular constriction (John et al., 2017). The 
proteins and miRNAs associated with ferroptosis are 
summarized in Table 3.

CLINICAL POTENTIAL APPLICATION

In cancer, the clearance of H2S and the regulation of 
the enzymes involved in its pathways are essential for 
cancer therapy. A biocompatible fusiform iron oxide-
hydroxide nano-spindles nano system (FeOOH NSs) 
was designed, which could be applied to magnetic reso-
nance imaging (MRI) to monitor ferroptosis. It can ef-
ficiently scavenge endogenous H2S by a reduction reac-
tion to inhibit the growth of CT26 colon cancer cells 
(PMID:32789963). The biosafety of this nano-system has 
been verified in animal models for three months, indi-

cating its potential clinical translation. In addition, zinc 
oxide-coated virus-like silica nanoparticles (VZnO) were 
also tested to establish an H2S-responding nano-system 
to scavenge H2S to alleviate ferroptosis in colorectal can-
cer (Pan et al., 2021). Additionally, fluorescent probes 
that can be used for selective detection of hydrogen 
sulfide have been developed to explore the biological 
and pathological effects of H2S during ferroptosis (Di 
et al., 2021; Guo et al., 2022). The two-photon fluores-
cent probe (PSP) exhibited excellent photostability and 
two-photon imaging performance, and elevated levels 
of H2S were observed during ferroptosis in tumors (Di 
et al., 2021). Needless to say, these tools will enable a 
more extensive expansion of H2S-related technologies 
and knowledge for broad therapeutic applications in the 
near future. 

FUTURE DIRECTIONS

In recent decades, a broad range of physiological 
functions of H2S have been gradually recognized. Accu-
mulating evidence has indicated that H2S plays a role in 
various types of cell death. However, it is still not clear 
whether the suppression of cell death occurs simultane-
ously across cell death or is more potent toward one 
type of cell death than the others. As a relatively new 

Figure 3. The pathway of H2S interacting with ferroptosis. 
NaHS is a donor of H2S, and once entered cells, it regulates ferroptosis-associated proteins to exert protective effect. First, it can be con-
verted into cystine, increasing the content of GSH and upregulating the activity of GPX4, resulting in reduced ferroptosis via antioxidant 
effect. At the same, it maintains the stability of xCT through persulfidation of OTUB1 at cysteine 91. Second, it inhibits ferroptosis and 
ferritinophagy via upregulating Nrf2. It reduces the expression of hepcidin via the JAK-STAT pathway, preventing the downregulation of 
FPN1. Thirdly, NaHS itself upregulates the expression of FPN1 and TfR1 with or without inflammation, further regulating the metabolism 
balance of iron in vivo. 
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area, the interactive mechanisms between H2S and fer-
roptosis need to be further explored, and the implica-
tions of H2S and ferroptosis interactions in various dis-
eases, such as chronic organ fibrosis, diabetes-associated 
diseases, stroke, and other degenerative diseases, have 
not been studied. More experiments are needed to de-
velop a safety profile and treatment regimens for H2S in 
various disease models and human subjects. Currently, 
the time and dosage of H2S in animal experiments are 
being investigated, but the results are inconsistent (Wang 
et al., 2022; Zhang et al., 2023). In addition, newly devel-
oped nanoparticles or fluorescent probes have not been 
applied in clinical trials and require further validation 
and biosafety tests. Minimizing H2S-induced toxicities re-
mains a challenge and H2S associated biomarkers need 
to be identified for the better clinical use of H2S. 

CONCLUSION

In summary, H2S functions as a key gastronomist 
closely tied to ferroptosis with the substrates, enzymes, 
and donors involved in the production of H2S, all of 
which are related to ferroptosis. The metabolism of iron, 
process of lipid peroxidation, and inactivation of antioxi-
dation systems all participate in the process of ferrop-
tosis. H2S can also regulate the uptake, transport, and 
accumulation of iron, and reduce lipid oxidation by en-
hancing superoxide dismutase activity and regulating glu-
cose production. miRNAs are involved in nearly every 
biological process, and several miRNAs have been found 
to be involved in both H2S metabolism and ferroptosis. 
As the interplay between H2S and ferroptosis has only 
been explored in recent years, much work remains to be 
done to adequately understand the relationship between 
them. For example, additional research exploring the 
production, storage, and release of H2S is needed, as are 
efforts to understand how H2S affects mammals in vivo 
under a range of settings and how it shapes the process 
of ferroptosis. 
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This report describes a comprehensive approach to local random mutagenesis

of the E. coliNtn-amidohydrolase EcAIII, and supplements the results published

earlier for the randomization series RDM1. Here, random mutagenesis was

applied in the center of the EcAIII molecule, i.e., in the region important for

substrate binding and its immediate neighborhood (series RDM2, RDM3, RDM7),

in the vicinity of the catalytic threonine triplet (series RDM4, RDM5, RDM6), in

the linker region (series RDM8), and in the sodium-binding (stabilization) loop

(series RDM9). The results revealed that the majority of the new EcAIII variants

have abolished or significantly reduced rate of autoprocessing, even if the

mutation was not in a highly conserved sequence and structure regions.

AlphaFold-predicted structures of the mutants suggest the role of selected

residues in the positioning of the linker and stabilization of the scissile bond in

precisely correct orientation, enabling the nucleophilic attack during the

maturation process. The presented data highlight the details of EcAIII

geometry that are important for the autoproteolytic maturation and for the

catalytic mechanism in general, and can be treated as a guide for protein

engineering experiments with other Ntn-hydrolases.

KEYWORDS

L-asparaginase, Ntn-hydrolase, random mutagenesis, enzyme engineering, AlphaFold
prediction

Introduction

N-terminal-nucleophile amidohydrolases (Ntn-amidohydrolases) are enzymes that

hydrolyze the amide bonds of amino acids, peptides, glycopeptides, and sphingolipids

(Linhorst and Lübke, 2022), using an N-terminal residue as the primary nucleophile. Ntn-

amidohydrolases are produced as inactive precursors which develop their enzymatic

activity in an autocatalytic cleavage maturation process that releases the nucleophilic

residue (Thr, Ser, Cys) at the newly formed N-terminus of subunit β (Michalska and
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Jaskolski, 2006). The Escherichia coli EcAIII protein is an Ntn-

amidohydrolase with the L-asparaginase activity (Michalska

et al., 2005). L-asparaginases are a large group of enzymes

that convert L-Asn to L-Asp and ammonia. According to the

most recent classification, EcAIII is a potassium-independent

member of Class 2 L-asparaginases (Loch and Jaskolski, 2021; da

Silva et al., 2022), formerly called plant-type L-asparaginases

(Borek and Jaskólski, 2001).

The catalytic center of EcAIII is made of a threonine triplet:

Thr179 (the nucleophile), Thr197, andThr230. In the close vicinity

of the triplet, other residues involved in substrate stabilization are

located. Among them, the most important is Arg207, which acts as

an anchor for the substrate α-carboxylate group, and Asp210,

which stabilizes its amino group (Figure 1). The EcAIII molecule

also features a sodium-binding (stabilization) loop, which is

important for securing the proper orientation of

Thr179 nucleophile (Michalska et al., 2008).

As all known Ntn-hydrolases, EcAIII requires a maturation

step to develop its enzymatic activity. Upon maturation, the

peptide bond between Gly178 and Thr179 is cleaved by the same

Thr179 nucleophile (Michalska et al., 2008). The precursor

protein is a homodimer, while the mature form of EcAIII is a

dimer of two heterodimers, each comprised of subunit α and

subunit β. After the autocleavage process, a flexible linker of

~20 residues remains at the C-terminal part of subunit α. The
linker is naturally disordered and undergoes degradation over

time (Linhorst and Lübke, 2022).

Our recent studies of the impact of random substitutions

(series RDM1, Supplementary Table S1) on EcAIII performance

revealed that initiation of autocatalytic cleavage is a complex and

multistep process, highly sensitive to even small changes in

protein geometry and hydration pattern near the scissile

Gly178-Thr179 bond (Loch et al., 2022). Following the

previous run of local random mutagenesis, we performed

further randomization trials to probe how the selected regions

of the EcAIII molecule tolerate simultaneous multiple amino acid

substitutions. Moreover, we also hoped to identify new EcAIII

variant(s) with improved catalytic efficiency (kcat) or substrate

affinity (Km), for potential utilization in leukemia therapy (Tosta

Pérez et al., 2023).

In this work, segments of the EcAIII sequence for local

random mutagenesis (Figure 1; Supplementary Table S1) were

selected on the basis of crystal structure analysis. Residue

randomization was carried out in the center of the EcAIII

molecule, i.e., in the region important for substrate binding

and its immediate neighborhood (series RDM2, RDM3,

RDM7), in the vicinity of the catalytic threonine triplet (series

RDM4, RDM5, RDM6), in the linker region (series RDM8) and

in the sodium-binding loop (series RDM9). Although mutations

usually led to inactive precursors, we were still able to identify

several factors that affect the enzyme performance. Our report is

one of few studies (Kim et al., 2010; Karamitros and Konrad,

2016; Xu et al., 2018; Loch et al., 2022) describing mutagenetic

modification of Ntn-hydrolases.

Methods

Random mutagenesis was performed according to the

QuikChange protocol with the use of the mutagenic primers

FIGURE 1
(A)Overall crystal structure of EcAIII (PDB: 2zal, gray) with product (L-Asp, ball-and-stick) bound in the active site; the violet spheres represent
sodium ions coordinated in the stabilization loop. Panels (B, C) show detailed views (in different orientations) of the active site with color-coding of
the randomization regions (the color code is the same as in Panel (D)); randomized residues are in stick representation. (D) A fragment of EcAIII
sequence with randomization positions and numbers of the randomized residues marked below the sequence; sequence numbers of the Thr
triplet are marked in red; the full EcAIII sequence is presented in Supplementary Figure S1.
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listed in Supplementary Table S1. In the naming scheme applied

in this work, mutants are labeled as “RDMY-X,” where X is the

ordinal number of a particular bacterial colony that was screened,

and Y is the number of the mutagenesis trial (Supplementary

Table S1; Figure 1). All SDS-PAGE gels marked with names of

the mutants are presented at the end of Supplementary Material

(as Supplementary Appendix – raw experimental data).

As a matrix for PCR reaction, the EcAIII sequence cloned to

the pET11d (or pMCSG92) vector was used. After PCR reaction,

the matrix was digested using DpnI enzyme (Thermo Scientific).

Products of the PCR reaction were transformed to BL21 (DE3)

Gold cells. Clone selection procedure, L-asparaginase activity test

in cell lysate, and monitoring of autocleavage were performed

according to previously described protocol (Loch et al., 2022).

After monitoring of maturation by SDS-PAGE and testing for

activity in cell lysate, several clones (active or inactive) were

selected for plasmid DNA isolation and sequencing (Genomed

SA, Poland) to check the mutations present.

Large-scale expression and purification of selected variants

were performed according to previously described procedures

(Loch et al., 2022, 2023). L-asparaginase activity of mutants was

detected using Nessler method as describes earlier (Janicki et al.,

2023). Structure prediction for selected mutants was made using

AlphaFold2 (AF2) (Jumper et al., 2021) with the utilization of

Amber relaxation refinement to assure the correct

stereochemistry of the models.

Results and discussion

The results presented herein are a continuation and

complementation of the random mutagenesis report on

EcAIII published previously as the RDM1 series (Loch et al.,

2022). The randomization trials RDM2 - RDM9 were performed

in eight selected regions of the EcAIII sequence (Figure 1;

Supplementary Figures S1, S2). Screening was carried out

manually for relatively small numbers of clones

(Supplementary Table S2). The differences in the numbers of

analyzed clones in each series were correlated with the analysis of

the SDS-PAGE gels: if in a particular series a small number of

clones were capable of autoprocessing, we did not continue

the screening.

As the screening process was manual (not in a high-

throughput mode), not all clones were submitted to

sequencing due to a large number of plasmid isolations that

would be too laborious for manual protocol. We decided to carry

out sequencing for several clones from each series

(Supplementary Table S3). The randomization trails allowed

us to identify new EcAIII variants with interesting properties

and to make several important observations related to the

enzymatic activity of EcAIII, as well as to sequence variability

observed in bacterial proteins annotated as Ntn-amidohydrolases

(Janicki et al., 2023).

Role of residues 210 and/or 211
(RDM2 series) in EcAIII activity

In the RDM1 mutagenesis trial, four residues at the substrate

binding site, namely, Gly206, Arg207, Asp210, and Ser211, were

randomized (Loch et al., 2022). In the RDM1 series 64 new

EcAIII variants were analyzed. Most of them were not cleaved

into subunits, and those which were processed did not exhibit

L-asparaginase activity. In the RDM1 variants processed to

subunits α and β (Loch et al., 2022), L-Asn hydrolysis was

abolished by the absence of Arg207, which is crucial for

substrate binding (Figure 1). In order to analyze the behavior

of new variants with intact Arg207 (and Gly206), we decided to

run the mutagenesis trial RDM2, in which only Asp210 and

Ser211 were randomized (Supplementary Table S1).

Screening of 33 clones of the RDM2 series showed that only

11 variants were cleaved into subunits, and among them only

eight retained the L-asparaginase activity (Supplementary Table

S2). Sequencing revealed that six of the active clones had the wild

type (WT) sequence of EcAIII, while the two other active clones

carried the mutations D210A/S211P (RDM2-25) and D210P

(RDM2-27) (Supplementary Table S3). We also found in the

RDM2 series three clones that were processed to subunits but did

not show L-asparaginase activity during screening. We

sequenced two of them, and identified the following

mutations: D210A (RDM2-17) and D210A/S211V (RDM2-32)

(Supplementary Table S3).

Although variants RDM2-25 and RDM2-27 were active, they

had a very slow autoproteolysis rate. These observations indicate

that the absence of Asp210 and/or Ser211 significantly slows down

the maturation process. Although residues 210 and 211 do not

seem to be directly involved in autoprocessing, as a polar residues

they are part of an H-bond framework that assures the correct

positioning of water molecules w3, w4, and w5 near the Gly178-

Thr179 scissile bond, as visible in the crystal structure (Michalska

et al., 2008) (Figure 2A). Although the AlphaFold2 models do not

include water molecules, comparison of the predicted structures of

mutants RDM2-25, RDM2-27, RDM2-17 and RDM2-32, and the

crystal structure of the EcAIII precursor (PDB: 3c17) shows that in

the absence of side chains Asp210 and/or Ser211 the correct

network of water-mediated H-bonds near the nucleophilic

Thr179 cannot be formed (Figure 2A). These observations can

explain the slow autoproteolysis rate of the RDM2mutants, as well

as the low enzymatic performance, as Asp210 is also involved in

substrate stabilization.

For the active mutants RDM2-25 and RDM2-27, large-scale

expression and purification were carried out. We observed that

only about ~50% of the RDM2-25 and RDM2-27 mutant

proteins were processed into subunits after 48 h. When

autoprocessing progressed, we observed the development of

L-asparaginase activity of variants RDM2-25 and RDM2-27.

As it was impossible to separate the populations of mature

and immature EcAIII molecules, we were not able to
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determine the kinetic parameters for preparations of partially

cleaved proteins.

The data above suggest that mutations at positions 210 and

211 significantly reduce the autoprocessing rate, but mature

variants develop L-asparaginase activity. On the other hand,

reported earlier variants from the RDM1 series carrying

similar mutations, e.g., RDM1-3, RDM1-12 or RDM1-29, did

not exhibit any L-asparaginase activity at all (Loch et al., 2022).

However, in the RDM1 mutants the Arg207 residue was absent,

while the RDM2 mutants have intact Arg207 required as an

anchor for the α-carboxylate group of the substrate. These

observations indicate that the presence of Arg207 is absolutely

necessary to maintain substrate affinity, while stabilization of the

amino group of the substrate by a H-bond to Asp210 plays a less

important role in substrate positioning.

Random mutagenesis near the
substrate binding site
(RDM3 and RDM7)

For the RDM3 series, the SDS-PAGE analysis showed that

most of the mutants were not cleaved into subunits. The only

clones that were mature and active, RDM3-12 and RDM3-19,

had sequence identical to WT EcAIII. We also made attempts to

sequence several other immature RDM3 clones. Unfortunately,

sequencing was successful only for three mutants

(Supplementary Table S3): RDM3-9, RDM3-11, and RDM3-

34. These three variants were produced at large scale and

purified. Although at the screening stage we did not observe

autoproteolysis, the large-scale purification revealed a very slow

maturation process. Nevertheless, RDM3-9 and RDM3-11,

FIGURE 2
AF2-predicted structures of the new EcAIII variants. (A) Superposition of the RDM2-25 mutant (light pink) on the EcAIII precursor (PDB: 3c17,
gray); watermolecules (red spheres) present in the precursor structure are H-bonded (gray dashed lines) to Asp210 and Ser211; due to themutations,
this network of H-bonds is perturbed in the RDM2-25 mutant. (B) Superposition of the EcAIII structure (PDB: 2zal, gray) with bound L-Asp (black
sticks) and the RDM3-9 mutant (dark green); the presence of Arg209 in the mutant affects the position of Arg207. (C) Structural changes in
variant RDM3-11 (dark green); the side chain of Gln209 blocks the space reserved for the α-carboxylate group of the L-Asp substrate (black sticks,
PDB:2zal). (D) Superposition of the RDM3-34 model (green) and WT EcAIII (PDB: 2zal; gray); there are no significant conformational changes. (E)
Superposition of WT EcAIII (PDB: 2zal, gray) and the predicted model of mutant RDM7-12 (pink); the mutations resulted in atomic shifts and the
formation of new H-bonds (red dotted lines), not present in the WT structure. (F) Superposition of the predicted structure of the EcAIII precursor
(gray) and model of the RDM8-15 mutant (light green); major conformational changes were induced by the presence of Pro174 and Lys173; new
H-bonds are marked by red dotted lines.
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remained enzymatically inactive, while variant RDM3-34

developed L-asparaginase activity. The predicted AF2 model

of this variant did not reveal any significant conformational

changes (Figure 2D), therefore, the reduced autoproteolytic

efficiency of RDM3-34 has unknown origin.

Screening of the RDM3 mutants indicated that simultaneous

mutations in the close neighborhood of Arg207 (positions 208,

209, 211, 212) is usually fatal for the catalytic activity of EcAIII

because of conformational changes leading to incorrect positioning

of the Arg207 side chain in the active site. In the RDM3 trial we

randomized the highly conserved Gly209, while the rest of the

mutated residues have only moderate or low conservation

(Supplementary Figure S1). These observations indicate that

Gly209 is important for maintaining the correct geometry of

the active site. Gly209 is located very close to Arg207 and

incorporation of residues with large side chains, such as Arg209

(in RDM3-9) or Gln209 (in RDM3-11) results in a positional shift

of Arg207. An AF2 model of the RDM3-9 variant revealed that

Arg209 and His211 strongly affect the position of Arg207, making

substrate binding ineffective (Figure 2B). The predicted structure

of mutant RDM3-11 reveled that Gln209 disturbs substrate

binding by affecting its positioning (Figure 2C).

Most of the RDM7 clones, with randomization introduced at

positions Pro212, Leu213, Gly217 and Cys218 (Figure 1),

retained the ability to mature, but they lost their

L-asparaginase activity. Most of active RDM7 clones

(Supplementary Table S2) turned out after sequencing to be

WT EcAIII. The predicted structure of inactive mutant RDM7-

12 revealed a positional shift of the entire 207–217 loop, resulting

in the formation of new H-bonds, the most important of which

links Asp210 and Thr179 (Figure 2E). Such an interaction most

probably disturbs substrate binding and affects the nucleophilic

character of Thr179.

In the RDM7 series we detected a high proportion of WT

sequences. A simple explanationmight be an ineffective digestion

of the PCR matrix by DpnI. However, we rather exclude this

possibility as we always run control transformations in parallel.

Another explanation might be that degenerated RDM7 primers

with WT sequence were annealed in the PCR reaction to the

DNA matrix with similar frequency as the degenerated

oligonucleotides with non-complementary sequences. This

observation suggest that the efficiency of random mutagenesis

depends on the DNA sequence itself. In some (rare) cases, when

it is not possible to produce new variants using only degenerated

primers, other mutagenic approaches must be considered.

Mutagenesis in conserved sequence
regions (RDM4, RDM5,
RDM6 and RDM9)

SDS-PAGE analysis of clones from the RDM4, RDM5,

RDM6 and RDM9 series (Supplementary Table S1) revealed

that in most cases the new EcAIII variants were incapable of

splitting themselves into the α and β subunits. Absence of

L-asparaginase activity was observed for all clones of

RDM4 series. Plasmid sequencing revealed that selected

clones in the RDM5 and RDM6 series that were active had

the native WT EcAIII sequence (Supplementary Table S2). In

series RDM4, RDM5 and RDM6, sequence randomization

took place in the close vicinity of the conserved region of

the threonine triplet (Thr179, Thr197, Thr230;

Supplementary Figure S1). Mutants of the RDM9 series

possessed random mutations in the conserved region of

sodium-binding (stabilization) loop (Glu61, Cys63, Phe66,

Ala68). In this series, the one active variant had sequence

identical to WT protein (Supplementary Table S2).

These findings indicate that random mutagenesis in the

highly conserved fragments of the sequence is ineffective, and

it should be avoided or replaced by rational site-directed

mutagenesis. However, our recent analysis of residue

conservation near the catalytic triplet and the stabilization

loop (Janicki et al., 2023) revealed that in bacterial EcAIII

orthologs, substitutions in the Thr triplet and its close vicinity

are possible but very rare. For example, the most variable position

near Thr179 corresponds toMet177 in EcAIII sequence, which in

other proteins can be substituted by Phe, His or Tyr, while the

most mutation-prone position in the stabilization loop is

Cys63 which can be replaced by Asp, Asn or Ser

(Supplementary Figure S1).

Mutagenesis within the variable linker
region (RDM8)

It would seem that the chance of obtaining functional

EcAIII variants via random local mutagenesis depends on

the sequence element that is randomized: the more

conserved the designated sequence fragment (associated with

a particular function), the lower the probability of obtaining

functional clones. From this point of view, the most promising

segment is the least-conserved fragment of the EcAIII sequence,

namely the flexible Glu159-Gly178 linker immediately

preceding the nucleophilic Thr179 (Supplementary Figure

S1). The linker does not participate in substrate binding and

L-Asn hydrolysis of the mature enzyme. The role of the linker in

autoproteolysis is not clear; however, recently we reported that

correct positioning of the linker is essential for efficient

autocleavage of the scissile Gly178-Thr179 bond (Loch

et al., 2022).

The entire linker of ~20 residues is usually not fully visible

in the electron density maps, suggesting high mobility or

progressive digestion. As the only available experimental

model of EcAIII with part of the linker visible (residues

165–178) is the crystal structure of the T179A mutant (PDB:

3c17) (Michalska et al., 2008), we attempted to generate
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AF2 models of unprocessed EcAIII. The AF2 predicted

conformation of the linker was significantly different from

the 3c17 crystal structure. That structure of the inactive

T179A mutant showed that residues Glu173 and

Lys176 might be important for the stabilization of the

scissile bond (which is a part of the linker), as Lys176 is

H-bonded to Glu234 and Glu173 forms a salt bridge with

Arg149 (Supplementary Figure S3). These interactions were

absent in the predicted model of immature WT EcAIII. Instead,

we observed an H-bond between the main chain carbonyl O

atom of Glu173 and nitrogen of Lys176 (Supplementary

Figure S3), as well as an H-bond between the side chains of

these residues.

In the RDM8 series we randomized four residues: Glu173,

Lys174, Lys176 and Met177, from the linker (Supplementary

Table S1). Sequencing revealed that in the RDM8 trial four out

of the seven active variants had WT sequence (Supplementary

Table S2). However, clones RDM8-6 and RDM8-15 (and

RDM8-17) carried mutations (Supplementary Table S3).

SDS-PAGE analysis showed that in variants RDM8-6 and

RDM8-15 autoprocessing was rather slow, however,

ultimately the proteins were converted to mature αβ
subunits and attained their L-asparaginase activity (as the

active site region was not mutated). Variant RDM8-6 carried

four mutations: E173I/K174Q/K176A/M177I. The AF2 model

suggested that the K174Q substitution may lead to the creation

of new H-bonds between Gln174, Gln152 and Gln19

(Supplementary Figure S3). According to the prediction,

substitutions K174Q and E173I may result in a flip of the

171–173 side chains, affecting the Cα backbone trace of

the linker.

For the RDM8-15 variant with the E173L/K174P/K176E/

M177K mutations, the AF2 model suggested that significant

conformational changes may be introduced in the linker by

the presence of Glu176, H-bonded to Arg149 and Gln152,

and by Lys177, H-bonded to Ser274 (Figure 2F), as these

interactions are absent in the AF2 model of the WT protein.

According to the AF2 model, the substitution K174P of RDM8-

15 also contributes to the conformational changes of the linker.

The conformational changes in the linker region analyzed in this

sectionmay potentially reduce autoproteolysis rate by hampering

proper orientation of the Gly178-Thr179 scissile bond for

nucleophilic attack.

The results of mutagenesis in the linker region show that

by modifying this part of the EcAIII sequence one can tune

the efficiency of autoproteolysis without “touching” the active

site. This might be important for designing new EcAIII

variants with controlled maturation process. Also,

designing EcAIII mutants with impaired autoproteolytic

activity might be useful for crystallographic modeling of

the intact linker structure, as an important step towards

the elucidation of the mechanism of autoproteolytic

activation.

Conclusion

This report describes a comprehensive approach to

random mutagenesis of EcAIII and is a sequel to a

previously published work (Loch et al., 2022). Our studies

reveled that most of the new EcAIII variants had abolished or

significantly reduced rate of autoprocessing, and were in

consequence devoid of L-asparaginase activity. In this

respect, we have demonstrated that local random

mutagenesis of the EcAIII sequence is rather ineffective for

designing better enzymes with increased substrate affinity.

The problem lies not in the randomization itself, but is rooted

in the biochemistry of Ntn-amidohydrolases. These enzymes

are produced as inactive precursors and it is usually difficult to

predict if the introduced mutations will affect the maturation

process only, or L-Asn hydrolysis as well. Even if a given

substitution could be beneficial for the ultimate substrate

hydrolysis, this effect may not be observed if the same

mutation is fatal to enzyme maturation. The only way to

avoid such problems is to use circularly permutated genes for

Ntn-amidohydrolase mutagenesis. This approach has been

used only once, for the human HsAIII enzyme (Li et al., 2012).

We also predicted the role of several residues in the proper

orientation of the linker and the scissile bond for autoprocessing.

Moreover, we generated genes of several new active and inactive

EcAIII variants that enrich the available library of EcAIII mutants

(Michalska et al., 2008; Loch et al., 2022; Janicki et al., 2023). We

believe that our randomization studies will help to better

understand the catalytic properties of Class 2 L-asparaginases

and will guide further engineering experiments with other Ntn-

amidohydrolases as well asmechanistic studies (Andjelkovic et al.,

2023) of the new Ntn-hydrolases.
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Stability in biosensors derived
from domain map analysis of
bibliometric data

Aleksandra Klos-Witkowska* and Vasyl Martsenyuk

Department of Computer Science and Automatics, University of Bielsko-Biala, Bielsko-Biala, Poland

In the presented work, advanced methods of analysis and visualization were

used to compile trends and patterns in the scientific literature. The most

relevant information for the stability of biosensors was selected on the basis

of clusters constructed on the basis of keywords. The most significant

publications in the clusters appearing over time were analyzed. The most

explosive publications were identified, i.e., those that have had the greatest

impact on science in the area of the subject under study. The scientific trend in

the development of biosensor stability was determined on the basis of the most

frequently cited words in recent publications. A map of cooperation and

networking between countries in the field of interest of the above topic was

presented. Leaders were identified by country of origin.

Systematic Review Registration: https://ubb.edu.pl.
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Introduction

The number of scientific publications increases every year with the development of

technology and the progress of civilization. Therefore, the need for a fast and accurate analysis

of the literature to keep track of the development of existing research topics and emerging

news in the world of science was naturally born. Previously used scientific analysis based on

web reviews or studying scientific databases such asWeb of Science, Scopus, PubMed allowed

only retrospective analysis, i.e., chronological, recollective analysis without the ability to trace

connections. Domain map analysis means the use of graph network representations of the

source analysis, including the analysis of the relationships between data with the help of the

choice and appropriate distance measure, clustering, mapping the relationships into graph

nodes and edges. It allows us to determine the most significant resources analyzed temporal

development of the area determined tendencies (Liu et al., 2020; Geng et al., 2023).

One of the most popular tools for bibliometric analysis of domain maps is CiteSpace,

which is based on data mining, a process involving data extraction, pattern analysis and

sorting. It is a process that can be compared to mineral processing, where the mineral

must first be extracted, then cleaned and finally sorted. Data mining enables rapid

predictions and classifications to be made and facilitates decision making.

CiteSpace is a Java based application designed to analyze and visualize trends and

patterns in the scientific literature to present the structure and distribution of scientific
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knowledge. It focuses on finding critical points in the

development of a field or region, especially intellectual turning

points (Xu et al., 2022; Gao et al., 2023; Zhao et al., 2023). In

presented papers we used CiteSpace to group keywords and

highlight results related to biosensors stability.

The analysis is based on the theoretical trend (intellectual)

and the experimental trend. The intellectual trend is based on

articles presenting research findings or a scientific point of view,

while the experiential trend [as conceptualized by Price (1965)] is

based on collections of cited articles.

The functions of the CiteSpace application are based on three

central concepts:

1. The Kaliberg crack detection algorithm (Kleinberg, 2002),

which is used to identify test concepts.

2. The Freman intercentricity matrix, used to highlight potential

key points

3. The Heterogeneous Network, used to map between the

intellectual base and the experimental front.

Mapping can be used to identify the nature of the research

front, highlight specializations and identify emerging

trends over time.

The CiteSpace analysis are based on select single words or

phrases of up to four keywords from titles, abstracts and article

descriptions based on articles by the method LSI (Latent

Semantic Indexing) related to biosensors stability.

The research is based on a surge in citation frequency. Analysis

by cluster view and by temporal variation is possible. The CiteSpace

tool makes it possible to follow in real time the development of new

fields of knowledge and the links in the existing field of knowledge

(between institutions and countries), it also gives the possibility to

see the history of the emergence of a scientific question and the

impact of the main discoveries on the final view. The present article

analyses the stability of biosensors on the basis of experimental

studies. The analysis was carried out using the CiteSpace 6.2. R4 tool,

which selects the most important articles that cause the scientific

development of the topic, based on the keywords that appear most

frequently in the titles and abstracts. The novelty of the article is: 1)

the presentation of the latest trends, the indication of the direction of

research in the field of stability of biosensors, based on an advanced

analysis using the CiteSpace tool, 2) the identification of the scientific

leaders dealing with the studied issue, and 3) the presentation of the

mutual network of scientific links between research groups coming

from different countries.

Methods

Sources of data

In this paper we used theWeb of Science (WoS) database as a

data source and through advanced search (TS= biosensor) we

obtained 86,814 papers in the range time

(01.01.1974–01.07.2023).

Figure 1 shows the number of publications in the field of

biosensors from 1974 to 2022. We have chosen 2022 as the upper

limit of the time frame because this is the last full calendar year in

the WoS database (2023—not yet over). The graph shows a clear

increase in publications over time, indicating a growing interest

in biosensors, most likely related to the increase in environmental

pollution (Pohrebennyk et al., 2018) and the widening range of

biosensor applications [medicine (Grabowska et al., 2014),

environmental protection (Klos-Witkowska, 2016), food

industry (Dirpan et al., 2023) and the drive to improve

existing devices to achieve even better detection quality (Laad

and Ghule, 2022)]. It is worth noting the slight decrease in the

number of papers published in 2020 (5,875 papers) compared to

2019 (5,902 papers), perhaps due to the impact of the COVID-19

pandemic, which was felt all over the world.

Current research is carried out in two parallel streams:

experimental and theoretical.

In the experimental stream, work focuses on improving the

quality of detection and the stability of the device (Klos-Witkowska

andKajstura, 2020), while the theoretical stream revolves around the

development of mathematical models (Martsenyuk et al., 2021b),

often using already existing solutions for this purpose (Martsenyuk

et al., 2021a), also recently, the interest of scientists in combining

biosensors with artificial intelligence has been noted. An extremely

interesting issue is the problem of stability in biosensors, which

is a very important problem not only from a scientific point of

view, but also from a commercial point of view. The stability of

biosensors directly translates into the longevity of use and the ability

to operate the device. Therefore, following the latest scientific

trends, the issue of biosensor stability was chosen to be analysed

in biosensor development based on advanced analytics using

CiteSpace 6.2.R4;

(1) Identifying the most important (so called “explosive

articles”) that generated the most interest among

researchers based on their citability.

(2) The most relevant keywords (most cited) in the titles and

abstracts were identified and clustered, i.e., grouped

according to their relevance.

(3) The most important clusters were described.

(4) The keywords with the highest number of citations on a time

scale were visualised.

(5) Identified scientific leaders working on stability issues in the

field of biosensors and showed the network of scientific links

between research groups from different countries.

Analytical method characteristics

We conducted a literature search using the following search

strategy using Web of Science Advanced Search: Publication
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dates were from 01.01.1974 to 01.07.2023 and search criteria

were: for biosensor stability (experimental research):

[TS=(biosensor)] AND [TS=(stability)] AND [TS=(empirical)]

OR [TS=(experimental)] in the Web of Science Core Collection.

We created visual graphs of keyword co-occurrence, keyword

clustering and scientific collaboration using CiteSpace

6.2 R4 software. We investigated the current status and trends

in the stability of biosensors.

Results

Biosensor stability

Biosensors are devices that are susceptible to ageing; this

phenomenon can be characterised as a decrease in

signal over time.

Stability of biosensors is critical for commercial success as

biosensors are now used in an increasing number of different

applications. Characterisation of stability in terms of shelf life,

reusability and the ability to be used continuously is inadequate,

although much work has been done in this area. Stability is very

important as it is a major factor affecting the operation of

the device.

The mechanisms of biosensor ageing are complex and still

poorly understood. However, it is known that the loss of stability

of a biosensor is the sum of all changes affecting both the

biological material used: for example: enzymes (Fernandez-

Lopez et al., 2017), antibodies (Oyetayo et al., 2017), as well

as the signal mediator (Ricci et al., 2003; Malinauskas et al., 2004)

and the binding material of complexes in the matrix (Panjan

et al., 2017).

The analysis presented below illustrates the current state of

knowledge and trends in biosensor stability research. As shown

in Figure 2, the efforts of researchers have focused on chemically

modified electrodes, reduced graphene oxide, direct electron

transfer, magnetic microspheres, FFT cyclic voltammetry,

poly(o-phenylenediamine), LECTIMS and optimization. The

analysis presented was carried out on the basis of the most

frequently occurring keywords. These were used to create the

clusters shown in Figure 2.

The larger the cluster area, the more frequent the occurrence

of the keyword. In the analysis carried out, the keywords are also

the names of each of the most relevant clusters, those shown

in Figure 2.

Thus, it can be seen that the keyword for cluster #1 (#1) is

chemically modified electrode, similarly for the others:

#0 reduced graphene oxide, #2 direct electron transfer,

#6 magnetic microspheres, #8 fft cyclic voltameters,

#10 poly(o-phenylenediamine), #11 lectins, #12 optimisation.

The dots in each cluster represent publications; the names of

the most prominent can also be seen in the diagram.

The CiteSpace analysis allows us to select the most

significant sentences from the publications contained in

the clusters.

Thus, cluster: #0 “reduced graphene oxide” was formed on

the basis of 495 publications, of which the publications (Bai et al.,

2012; Dong et al., 2012; Wei et al., 2012; Xu et al., 2012; Bai et al.,

2013; Wang et al., 2013; Nalini et al., 2014; Zhou et al., 2014; Li

et al., 2021) are considered to be the most significant, where one

can find information on the application of gold nanoparticles and

the development of an amperometric biosensor based on gold

nanoparticles decorated with graphene nanoparticles for the

detection of clenbuterol. Also of interest are electrochemical

biosensors based on hemin-modified graphene nanoplatelets

for the determination of l-tyrosine levels. Au nanoparticles

were used as a stabilizer.

In cluster #1 “chemically modified electrode”; among the

243 publications forming it, the publications (Arkhypova et al.,

2003; Gamella et al., 2006;Mu, 2006; Rahman et al., 2006;Wang and

Zhang, 2006; Du et al., 2007; Fan et al., 2007; Fanjul-Bolado et al.,

2007; Di Fusco et al., 2010; Chalikian, 2016) are highlighted. The

main information in this cluster concerns: the optimization of the

biosensor design, as well as the influence of experimental variables

such as pH, working potential and temperature on the sensor

response. The research also focused on improving the analytical

characteristics of the fabricated biosensor, studies of direct electron

transfer reactions, optimisation of experimental conditions and

substrate affinity based on the Michaelis-Menten constant. pH,

working potential and temperature are known as stabilizing factors.

Cluster #2 “direct electron transfer” consists of

460 publications. The ten most important publications are Lai

et al. (2008), Zhang et al. (2008), Hsu et al. (2009), Kong et al.

(2009), Nenkova et al. (2009), Zhang et al. (2009), Zhu et al. (2009),

Liu et al. (2010), Lu et al. (2010), and Garay (2015). They contain

information on factors influencing electron transfer. These include

the results of studies describing the effect of pH, the preparation of

new magnetic microspheres coated with chitosan by modifying

magnetic carbon-coated iron nanoparticles. The effect of gold

nanoparticles on electron transfer was also investigated.

FIGURE 1
Number of publication in thebiosensorfield from1974 to2022.
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Cluster #6 “magnetic microspheres” consists of 215 papers.

The most important of these are papers (Liu et al., 2005; Tan et al.,

2005; Shan et al., 2006; Fan et al., 2007; Tong et al., 2007; Liu et al.,

2010; Zhen et al., 2011; Heli and Yadegari, 2014; Ltaïef et al., 2017;

Villani et al., 2018) devoted to the preparation of new magnetic

microspheres, control of sensor potential, detection limits and

response speed from the point of view of biosensor stability.

There are 62 publications in cluster #8 “fft cyclic

voltameters.” The most important are (Norouzi et al., 2010a;

Norouzi et al., 2010b; Norouzi et al., 2010c; Marinov et al., 2010;

Bohnenberger and Schmid, 2014; Cheraghi et al., 2017; Narwal

et al., 2017; Stepashkin et al., 2018; de Oliveira et al., 2023;

Kyomuhimbo et al., 2023). The key information is the application

of this method to the study of: pyruvate oxidase, multiwalled

carbon nanotubes immobilized on the surface of a glassy carbon

electrode by means of a polymer layer of Nafion, the effect of

individual components of an enzyme mixture containing gold

nanoparticles, acetylcholinesterase, bovine serum albumin and

glutaraldehyde on the current output of constructed

acetylthiocholine biosensors. The research also included a

biosensor for the detection and quantification of

organophosphorus pesticides. fft cyclic voltameters allow us to

investigate the stability of biosensors.

Cluster #10 “Poly(o-phenylenediamine)” was formed by

130 publications, of which the ten most important are

publications (Ahammad et al., 2011; Devi et al., 2013; Zhang

et al., 2014; Dervisevic et al., 2015a; Baytak et al., 2015;

Dervisevic et al., 2015b; Chen et al., 2015; Tan et al., 2015; Wang

et al., 2015), while clusters #11 “Lectins” and #12 “Optimization”

were formed by 65 and 163 publications, respectively. The most

important for cluster #11 are Bai and Shiu (2014), Gholivand et al.

(2014), Oliveira et al. (2014), Ribeiro et al. (2014), Ghanbari et al.

(2019), Bravo et al. (2022), Jalalvand (2022), Tvorynska et al. (2022),

Zalpour et al. (2022), Ramesh et al. (2023), while for cluster 12 (Hsu

et al., 2009; Kong et al., 2009; Liu et al., 2011a; Liu et al., 2011a; Liu

et al., 2011b; Pasahan et al., 2011; Yang HC et al., 2011; Yang WY

et al., 2011; Makhmudiyarova et al., 2015; Rakhi et al., 2016) with

information on operational stability as well as sensitivity,

conductivity, detection limits, response speed, detection range,

calculation of the Michaelis-Menten constant, response gain.

Diagram 3 (Figure 3) shows an analysis of the most important

publications in the cluster that emerged over time. The red circles

indicate the most explosive publications, i.e., those that have had the

greatest impact on science. These publications were selected based

on the highest number of citations of words (extracted from titles,

abstracts, descriptors, and identifiers of bibliographic records) found

in these publications in the presented time scale.

The time scale in the graph makes it possible to determine

when the explosive publication appeared. A detailed analysis is

shown in Figure 4.

Thus, in the context of the stability of biosensors, it can be

seen that in 2003 there was a publication (Wang et al., 2003,

FIGURE 2
Keyword clustering analysis network.

Acta Biochimica Polonica
Published by Frontiers

Polskie Towarzystwo Biochemiczne (Polish Biochemical Society)04

Klos-Witkowska and Martsenyuk 10.3389/abp.2024.12196

63

https://doi.org/10.3389/abp.2024.12196


267 citations) dedicated to the amperometric biosensor of

hydrogen peroxide with a sol-gel/chitosan layer as

immobilization matrix, which the authors describe as the

development of a new hybrid sol-gel/organic composite

material based on the cross-linking of the natural polymer

chitosan with (3-aoryloxypropyl) dimethoxymethylsilane. This

material was used to fabricate biosensors for H2O2 amperometry.

A composite membrane was used to immobilize horseradish

peroxidase (HRP) on a gold disc electrode. The properties of the

sol-gel/chitosan and sol-gel/chitosan-HRP layers were

thoroughly characterized by atomic force and Fourier

transform infrared microscopy. Using fluorescent tracers, the

protein density in the sol-gel/chitosan was calculated to be 3.14 ×

1012 molecules cm−2. The developed biosensor had a fast response

in less than 2 s with a linear range of 5.0 × 10−9–1.0 × 10−7 mol L−1

and a detection limit of 2 × 10−9 mol. L−1. The reaction showed a

typical Michaelis-Menten mechanism. The activation energy of

the enzymatic reaction was calculated to be 8.22 kJ mol−1. The

biosensor retained about 75% of its initial activity after about

60 days of storage in phosphate buffer at 4°C.

This was followed in 2004 by another publication (Wang and

Wang, 2004, 415 citations) on a novel hydrogen peroxide sensor

based on horseradish peroxidase immobilized on a colloidal Au-

modified ITO electrode. The authors described the development

of a novel method to fabricate a hydrogen peroxide sensor by

immobilizing horseradish peroxidase (HRP) on a colloidal Au-

modified conductive ITO glass substrate. The purified glass

substrate was first modified with (3-aminopropyl)

trimethoxysilane (APTMS) to provide an interface for the

deposition of colloidal Au. Next, 15 nm colloidal Au particles

were chemisorbed onto the amine groups of APTMS. Finally,

HRP was adsorbed onto the surface of colloidal Au. The

immobilized HRP showed an excellent electrocatalytic

response to hydrogen peroxide reduction. The performance

and factors affecting the obtained biosensor were investigated

in detail. The obtained biosensor showed a fast amperometric

response (within 5 s) to H2O2. The detection limit of the

biosensor was 8.0 μmol L−1 and the linear range was from

20.0 μmol L−1 to 8.0 mmol L−1. In addition, the obtained

biosensor showed high sensitivity, good reproducibility and

long-term stability.

This is an article that is particularly important for the

development of the issue related to the stability of biosensors.

Despite the fact that the topic of biosensor stability is developing

rapidly. An analysis conducted with the help of CiteSpace

showed that no explosive articles have appeared in the last

5 years, which formed the basis for further scientific issues

related to the topic of stability.

The next landmark publication was a paper (Qian and Yang,

2006, 284 citations) describing a composite layer of carbon

nanotubes and chitosan for the fabrication of an

amperometric hydrogen peroxide biosensor. The paper

described the development of a novel amperometric hydrogen

peroxide biosensor based on the cross-linking of horseradish

FIGURE 3
Keyword clustering analysis network in timescale.
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peroxidase (HRP) with glutaraldehyde with multi-walled carbon

nanotubes/chitosan (MWNTs/chitosan) coated in a composite

layer on a glassy carbon electrode. The MWNTs were first

dissolved in a chitosan solution. The morphology of the

MWNT/chitosan composite layer was then characterised by

field emission scanning electron microscopy. The results

showed that the MWNTs were well soluble in chitosan and

that robust layers could be formed on their surface. HRP was

cross-linked with MWNTs/chitosan by glutaraldehyde to

prepare a hydrogen peroxide biosensor. The enzyme electrode

showed excellent electrocatalytic activity and fast response for

H2O2 in the absence of mediator. The linear detection range of

H2O2 (applied potential: −0.2 V) was from 1.67 × 10−5 to 7.40 ×

10−4 M with a correction factor of 0.998. The biosensor showed

good reproducibility and stability in the determination of H2O2.

There was no interference from ascorbic acid, glucose, citric acid

and lactic acid.

The last of the four most explosive scientific publications was a

paper (Zhou et al., 2010, 441 citations) on a novel hydrogen peroxide

biosensor based on Au-graphene-HRP-chitosan biocomposites. The

paper used graphene very effectively to construct anH2O2 biosensor.

Graphene and horseradish peroxidase (HRP) were co-immobilised

in a biocompatible chitosan (CS) polymer, and then a glassy carbon

electrode (GCE) was modified with the biocomposite, followed by

electrodeposition of Au nanoparticles on the surface to form an Au/

Graphene/HRP/CS/GCE layer. Cyclic voltammetry showed that

direct electron transfer of HRP was realized, and the biosensor

had excellent performance in terms of electrocatalytic reduction

towards H2O2. The biosensor exhibited high sensitivity and speed.

In addition, the biosensor showed good reproducibility and long-

term stability.

As can be seen from the most explosive publications, the

stability of biosensors is primarily related to the generation of

optimal substrates (i.e., receptor layers).

The range of words considered to be the most explosive,

i.e., those that appear most frequently in citations, is shown

in Figure 5.

CiteSpace 6.2 R.4 software was used to highlight keywords.

The tool used performed a keyword analysis, i.e., it extracted the

most frequently cited words. The graph shows a time scale

indicating the period of the highest citation of a given

keyword. It can be seen that although the analysis covered

works from 01.01.1974 to 01.07.2023, the graph shows the

period from 1991 to 2023. It can be seen that the dominant

keyword is “glucose oxidase,” this term has also been cited the

longest, as can be seen in the figure. A similar reasoning can be

applied to the other words in Figure 5.

Analyzing the entries below, the terms that deserve special

attention are those that remain in quotation marks to this day.

Among them we can distinguish: “ Graphene oxide,” “high-

performance nanocomposite,” “nanocomposites,”

“electrochemical sensor,” “platform,” “sensitive detection,”

“surface plasmon resonance,” “amplification” and “immunosensor.”

It can be seen that these words refer both to the substances or

materials tested, e.g., non-composite, and to the test methods,

e.g., “surface plasmon resonance,” but also to the type of

biosensors, e.g., “immunosensor,” “electrochemical biosensor,”

or to research questions, e.g., “sensitive biosensor,” “platform.”

Based on the most recent citations of keywords (the above

terms are related to the stability of biosensors), we can identify

scientific trends and directions of development of a given scientific

issue. From the point of view of stability of biosensors, it can be

seen that research is growing in the direction of electrochemical

biosensors and immunosensors in search of materials that are

optimal in terms of durability. The experiments mainly use surface

plasmon resonance as a leading research method.

From the point of view of scientific development,

international cooperation in the area of development of a

FIGURE 4
Top 4 references with the strongest citation burst.
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particular issue is extremely important. Cooperation between

countries, institutions and authors is more likely to lead to

progress in related research areas.

Figure 6 shows a map of cooperation and networking

between countries in the field of biosensor stability. The

analysis showed that researchers from 69 countries were

FIGURE 5
Top 42 keywords with the strongest citation bursts.
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working on biosensor stability. The areas marked with circles

show the citation rate of representatives of a country (the

detailed number of citations of representatives of a country is

presented in Table 1). In Figure 6 you can see that the larger

the marked area, the higher the citation rate (the graph does

not show all countries, but only those whose representatives

turned out to be the most active in terms of cited works). Thus,

based on the figure below, it can be seen that the most cited

works devoted to the stability of biosensors were published by

representatives of China (437 citations), but also among the

leaders can be distinguished representatives of: Iran

(70 citations), United States (57 citations), India

(44 citations), Italy (40 citations), South Korea

(33 citations), Taiwan (28 citations), Spain (25 citations),

France (25 citations), Turkey (24 citations). In 2012, the

work of scientists from Poland was also cited.

In the diagram shown in red is the publication of the French

representative (as first author) and co-authors (from the

United States and Hungary), which generated the widest

cooperation in the area of biosensor stability issues. This

publication (Theavenot et al., 1999) is extremely important

not only in terms of international cooperation, but also in

terms of citations and content. The paper is dedicated to the

recommendation, classification and definition of electrochemical

biosensors. It contains a detailed description of guidelines for

reporting biosensor response and calibration characteristics:

sensitivity, working and linear concentration ranges, limits of

detection and limits of quantification. You will also find

information on biosensor selectivity and reliability, response

time, reproducibility, stability and device lifetime.

FIGURE 6
Map of cooperation and networking between countries in the field of biosensor stability.

TABLE 1 Number of citations by country representative.

Citation counts References

437 Peoples R China

70 Iran

57 United States

44 India

40 Italy

33 South Korea

28 Taiwan

25 Spain

25 France

24 Turkey
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Table 2 presents list of journals in which the most articles

related to biosensors have been published. It shows that the

highest ranked item in terms of number of citations are the

journals: Biosensors and Bioelectronics, Analytical Chemistry,

Sensors and Actuators B: Chemical, Analytica Chimica Acta,

Talanta and so forward as presented in Table 2.

Comparing the journals in which the most significant articles

were published (Figure 4) with the list in which the largest number of

articles related to biosensors are found (Table 2), it can be seen that

the most cited articles were published in journals: Biosensors and

Bioelectronics, Electrochimical Communication, Talanta and

Electrochimica Acta. In the table presented (Table 2), the journal

Biosensors and Bioelectronics is in the number 1 position, Talanta is

in the number 5 position, Electrochimica Acta is in the number

7 position, while Electrochimical Communication is not among the

top ten most cited journals.

Thus, it can be seen that there is a kind of correlation between

highly cited articles and their impact on the journal’s citability,

while the publications with the highest citations do not fully

reflect the journal’s cutability.

Conclusion

This article presents an analysis of the stability of biosensors.

This study provides a basic understanding and appreciation of

biosensor stability research and shows the direction of scientific

development of this topic.

Based on the CiteSpace, v.6.2.R4 tool, an analysis of

trends and patterns in the scientific literature was

performed. Based on the compilation of keywords, it was

shown that the most frequent keywords in the analysed topic

are: chemically modified electrode, reduced graphene oxide,

direct electron transfer, magnetic microspheres, fft cyclic

voltammetry, poly(o-phenylenediamine), lectims,

optimization.

This study identified the most important publications in

the development of biosensor stability. The 42 most

frequently cited words were extracted. Among them, we

can distinguish: “graphene oxide,” “high-performance

nanocomposite,” “nanocomposites,” “electrochemical

sensor,” “platform,” “sensitive detection,” “surface plasmon

resonance,” “amplification” and “immunosensor.” From

these it can be seen that research is increasing towards

electrochemical biosensors and immunosensors. Optimal

materials in terms of durability are being sought. The

experiments mainly use surface plasmon resonance and fft

cyclic voltammetry as leading research methods.

A map of collaborations and transnational networks in

biosensor stability showed that researchers from 69 countries

were working on biosensor stability. The leaders in citability by

country of origin were found to be from China.

Although the Citespace tool has significant potential and

greatly facilitates analysis it has certain limitations,

inconsistencies and irrelevancies.

CiteSpace analyzes the citations received through the

publication of the co-citation network found in the Web of

Science bibliographic database.

Web of Science indexes only part of scientific literature. Thus,

all analyses, regardless of the methods and tools used, exclude

many journals and books.

In the second case, the influence of a specific publication

concerns studies whose results are described in publications

linked by a parallel citation network, i.e., with smaller or

larger thematic links. In addition, it should also be noted that

keyword analysis on the basis of titles, abstracts, article

descriptions based on articles related to biosensors omits

important information contained in books as subsections.

However, despite the limitations of the database, which is the

basis of the analysis, CiteSpace remains a very important tool for

rapid retrospective and predictive analysis.
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Mercury is a major pollutant in the environment due to 
its high concentration in the soil. In this study, a mercu-
ric reductase was extracted from Pseudomonas aerugino-
sa. The sequence of the enzyme was retrieved from the 
literature and structural homologs were identified. The 
protein bonded with Mercuric compounds and their in-
teraction was briefly studied. Autodock Vina was used 
to perform a molecular docking with the target protein. 
Results showed that the sequence consists of most of 
the random coil 44.74% followed by α-helix and B-turns. 
Moreover, the protein was predicted to have a FAD/
NAD(P)-binding domain. The virulence factor prediction 
using different approaches of Virulentpred and VICM-
pred suggested that P00392 is non-toxic. Next, the mu-
tational analyses were performed to predict the active 
site residues in the resulting models and to determine 
mutants. The results show that the enzyme is involved 
in the bioremediation of mercury by using in-silico tech-
niques. Finally, molecular docking studies were con-
ducted on the best-selected model to find the active site 
residues and to generate a pattern of interaction to un-
derstand the mode of action of the substrate and its cat-
alytic activity which refers to the binding with mercury.
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als, molecular docking
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INTRODUCTION

The proliferation of industrial waste into the environ-
ment has led to the grave predicament of heavy metal 
contamination which has proved to be a peril to both 
the biosphere and humankind. These heavy metals can 
accumulate in the environment from various sources 
(Gworek et al., 2020). Soil, water and especially air can 
get contaminated with these heavy metal compounds 
and hence, it is causing disastrous impacts on our envi-
ronment and health. Even at low concentrations, heavy 
metals including mercury, cadmium, copper, lead and 

chromium are cytotoxic, carcinogenic and mutagenic 
in nature. The main cause of the release of such heavy 
metals into the environment is the utilization of non-bi-
odegradable materials which directly affect the biosphere 
(Mandal & Mishra, 2023). The World Health Organiza-
tion has classified four of the ten heavy metals as being 
of significant public health concern which includes: cad-
mium, arsenic, lead, and mercury (Budnik & Casteleyn, 
2019).

Mercury can be produced in the atmosphere due to 
natural eruptions i.e., volcanoes, forest fires and weather-
ing of rocks. Mercury can be found in a variety of forms 
in the inorganic state; metallic mercury, mercury vapor, 
mercuric salts, and mercury dioxide (Xu et al., 2022). The 
organic state includes the mercuric compounds in which 
the mercury is bonded to a structure containing carbon 
atoms, and inorganic mercury in the form of compounds 
like methyl, ethyl, phenyl, or similar groups. Although 
the concentration of mercuric compounds in the air is 
less concerning, it is causing more damage to the soil. 
Human mercury exposure has adverse health conse-
quences, such as headaches, insomnia, neuromuscular ef-
fects, difficulty in breathing, irritability, chest pain, stom-
achaches and cognitive or motor dysfunction. Mercury 
poisoning may also occur if the blood mercury levels ex-
ceed 100 ng/mL which will result in the malfunctioning 
of muscles (Duan et al., 2020).

There are several conventional methods to decontami-
nate an environment containing mercuric compounds. 
An alternative method to distinctively remove this heavy 
metal is by utilizing a biological technique based on the 
use of a biological enzyme mercuric reductase, extracted 
from Pseudomonas stutzeri with an ecofriendly approach 
(Al-Ansari, 2022). Bioremediation is a safe approach 
that can be utilized to decontaminate our environment 
from these heavy metal pollutants by the use of micro-
organisms. Microorganisms are considered best for these 
types of mechanisms as they are well-known for their 
resistance against heavy metals. They have the potential 
to adopt various detoxifying mechanisms which include 
biomineralization, bioaccumulation and biosorption (Al-
Ansari, 2022). Therefore, the aim behind opting for this 
topic is to use a mercury-resistant bacterium thriving in 
a mercuric environment and study the enzyme which is 
involved in the bioremediation of mercury by using in-
silico techniques. Mercury-resistant Pseudomonas stutzeri is 
found in highly contaminated soil enriched with mercu-
ric compounds. It is a gram-negative, rod-shaped, motile 
bacterium with greater metabolic diversity in the nature 
(Wan et al., 2020).
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In this study, mercuric reductase from P. stutzeri was se-
lected as a candidate for further investigations (Zheng et 
al., 2018). The sequence of mercuric reductase retrieved 
from literature and structural homologs was identified. 
Structural analysis via using bioinformatic tools was per-
formed and validated to get good-quality protein struc-
tures and models. The protein bonded with mercuric 
compounds and their interaction was briefly studied. The 
models obtained from these strategies were further re-
fined to remove steric clashes with other compounds. 
The main residue which is involved in ligand binding 
was determined based on the active sites and binding 
pockets identified in the structural homology (Bianchi 
et al., 2012). Finally, docking studies were conducted on 
the best-selected model to find the active site residues 
and generate a pattern of interaction to understand the 
mode of action of the substrate and its catalytic activ-
ity which refers to the binding with mercury. Lastly, the 
mutational analyses were performed to predict the active 
site residues in the resulting models and to determine 
mutants. According to the study conducted, P. stutzeri 
mercuric reductase is a non-virulent protein that may be 
used for cheap and environmentally acceptable bioreme-
diation of mercury (Sodhi et al., 2019).

MATERIALS AND METHODS

Sequence Analysis

Sequence Retrieval

The FASTA sequence of Mercuric Reductase protein 
was retrieved from UniProt KB (https://www.uniprot.
org) with the specifically allocated UniProt ID: P00392. 
The sequence contained a total of 561 amino acids and 
the annotation score 5/5 which confirmed it as a se-
quence of good quality and useful for all kinds of bioin-
formatics analysis.

Sequence Characterization

The sequence characterization was done by the pre-
diction of Physiochemical Parameters. The computing 
for the physiochemical parameters of the Mercuric Re-
ductase protein under study was performed by ExPAsy-
ProtParam Tool (https://web.expasy.org/protparam) 
which is an open-access online server by the Swiss Bio-
informatics Resource Portal. The sequence was submit-
ted in the FASTA format and various Physiochemical 
annotations like Molecular Weight, Theoretical pI, Ali-
phatic Index and GRAVY were calculated.

Sequence Comparison & Multiple Sequence Alignment

MSA or multiple sequence alignment is a crucial tool 
in understanding the interrelationships among sequenc-
es and identifying functionally important conserved re-
gions. To detect conserved regions in the sequences, 
the ClustalW and MEGA version X MSA tools were 
utilized. Furthermore, to determine sequence homology 
and infer evolutionary relationships, phylogenetic analysis 
was performed using MEGA version X with the neigh-
bor-joining algorithm and Poisson substitution method.

Function Prediction

The role of protein domains in protein function is es-
sential as they often determine the protein’s overall func-
tion, specificity, and interaction with other molecules. 
Protein domains can carry out various functions, such 

as binding to DNA, RNA, or other proteins, catalyzing 
chemical reactions, and transporting molecules across 
cell membranes. By containing specific sequence motifs, 
domains can also be responsible for post-translational 
modifications such as phosphorylation, glycosylation or 
ubiquitination, which can alter protein activity, stability 
or localization. Therefore, the protein domain prediction 
was performed by CATH DB (http://www.cathdb.info) 
which is an online bioinformatics tool for protein do-
main prediction. The protein sequence was inputted in 
FASTA format, and the domains were predicted.

Virulence Factors Identification

Keeping in view that the protein is planned to be 
used as a Bioremediator, it is necessary to make sure that 
the protein should not be toxic or virulent (Muhammad 
Naveed et al., 2023). Therefore, the identification of viru-
lence factors was performed with VirulentPred (http://
bioinfo.icgeb.res.in/virulent), that is an online server for 
virulent factors identification. The protein sequence was 
used as input and the results were obtained.

Secondary structure prediction

Secondary structure prediction was performed by PSI-
PRED (http://bioinf.cs.ucl.ac.uk/psipred) which uses 
position-specific matrices score that is produced by PSI-
BLAST to employ neural network methods (M Naveed, 
I Ali, et al., 2023). It predicts the secondary structure of 
the protein sequence.  In addition to identifying protein 
characteristics and recognizing folds, secondary structure 
prediction is an intermediate step in predicting three-di-
mensional structures (Mohamadi et al., 2022).

The analysis of the secondary structure sequence was 
also performed by the SOPMA online tool (https://
npsa.lyon.inserm.fr/cgi-bin/secpred_sopma.pl) which 
analyzes the number of features of secondary structure 
such as  b-turns,  a-helix and coil etc.  In addition to ana-
lyzing the amino acid sequence of a given protein, this 
tool offers information about protein secondary struc-
tures (Buchan & Jones, 2019).

Structure Prediction

Template Recognition

The PSI-BLAST program was used to carry out a 
sequence similarity search against the PDB database 
to provide a list of results that were most similar to 
the query sequence to identify the template. The se-
quence with the highest sequence identity, the larg-
est query coverage, and the score with the lowest e-
value was chosen as the reference template. Based on 
the outcomes returned by BLAST, the coordinates of 
the template structure were obtained from the Protein 
Data Bank (Bekker et al., 2022). The motif and domain 
analysis were identified by Pfam and InterProScan. In-
terProScan (https://www.ebi.ac.uk/interpro/search/
sequence-search) is an online tool used to obtain the 
functional analysis and classify the protein sequences 
into the families and domains as well as binding sites 
(Blum et al., 2021). The Pfam (https://pfam.xfam.org/) 
is a database that contains a large collection of families 
of proteins each represented by specific Markov mod-
els (HMMs) and modeling by multiple sequence align-
ment (Mistry et al., 2021).

Model Generation

The homology modeling for the three-dimensional 
structure was performed by SWISS-MODEL (https://
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swissmodel.expasy.org/templates/) which is a tool for 
automatic homology modeling and Phyre2 (http://www.
sbg.bio.ic.ac.uk/phyre2/) which is a tool that creates 3D 
structures and remote homology service as well as finds 
binding sites in the query structure to predict the 3D 
structure of the mercury reductase protein (Naveed et al., 
2023). The best-predicted structure from each tool was 
chosen and was further validated for experimental analy-
sis (Komari et al., 2020; Pasaribu et al., 2021).

Model Validation

The predicted structure from the two tools was fur-
ther validated by performing Ramachandran plot analysis 
by using the PROCHECK (http://services.mbi.ucla.edu/
PROCHECK/) via the platform of SAVES v5.0 (http://
servicesn.mbi.ucla.edu/SAVES/) (M Naveed, N Ain, et 
al., 2023), which outlines the stereochemical characteris-
tics of the structures (Reddy & Rao, 2020).

Docking Studies

Interaction Analysis

Autodock Vina, a free docking engine, allows for mo-
lecular docking. This is a collection of automated dock-
ing technologies that are integrated for the prediction 
of the interaction of small molecules with the protein 
(Eberhardt et al., 2021). The docking analysis of a cho-
sen Mercuric compound was presented by Autodock 
Vina. Protein and ligand were first prepared, then active 
sites were identified, and finally a grid box was set up 
(by default) (Naveed et al., 2023). The mercurial com-
pound with the lowest binding energies was chosen for 
docking with the target protein.

Site Directed Mutagenesis

Mutant Identification

For mutation identification, four different tools were 
used. The I-Mutant (http://gpcr.biocomp.unibo.it/cgi/
predictors/I-Mutant3.0) online tool was used to observe 
the impact of single nucleotide polymorphisms on the 
stability of the protein. It predicts the effect of SNPs 
on the tertiary structure of the protein value based on 
the free energy change. PHD-SNP (http://snps.biofold.
org/phd-snp/phd-snp.html) is based on support vector 
machines that predict whether point mutation links with 
a genetic disorder or is a neutral polymorphism. It pre-
dicts the human deleterious SNPs (Mustafa et al., 2020). 
The other mutation identification tool is SIFT (Sorting 
Intolerant from Tolerant) (https://sift.bii.a-star.edu.sg/), 
which employs sequence homology to predict the impact 
of amino acid substitution and whether it has a damag-
ing impact on protein structure or not. It gives the prob-
ability score less than or equal to 0.05 if it is deleteri-
ous or a prediction value greater than 0.05 when it is 
tolerant. Another tool MuPro (http://mupro.proteomics.
ics.uci.edu/) predicts the stability of protein decreases or 
increases and its effect on the protein structure (Naveed 
et al., 2019).

Model Generation

The 3D structure of mutant mercury reductase pro-
tein was generated by using SWISS-MODEL (https://
swissmodel.expasy.org). It is an automated tool that 
predicts the 3D structure of protein and generates the 
model based on the homology modeling (Pasaribu et al., 
2021; Komari et al., 2020).

Model Validation

The tertiary structure was validated by the PRO-
CHECK through which Ramachandran Plot was created 
for Mercuric Reductase P00391. PROCHECK checks 
the stereochemical property of protein and analyzes the 
geometry of the residues present in the protein structure. 
The Ramachandran Plot was analyzed based on Rama fa-
vored regions present in the plots (Reddy & Rao, 2020).

Mutant Docking Studies

Prediction Of Binding Sites

Computed Atlas of Surface Topography of proteins 
(CASTp) (http://cast.engr.uic.edu) is an online bioin-
formatic tool that locates, measures and delineates con-
cave surface regions on the 3D structure of the protein. 
It finds out the binding pockets of protein that locate 
or void buried in the internal of the protein surface. It 
includes a flexible interactive, interface, visualization as 
well as on the fly calculations for the input structure 
(Chandran et al., 2022).

Molecular Docking of the Mutants

After validating the best 3D mutant model, Autodock 
Vina was run to perform docking upon the protein re-
ceptor. The selective structures as ligand were taken 
from PubChem and were accounted for docking studies 
with Mercuric (Hg) compounds and complexes. Through 
this, the intramolecular interactions were evaluated in the 
final docked complex. To put it simply, PubChem is a 
repository for information about chemical compounds 
and their performance in various biological experiments 
(Eberhardt et al., 2021; Chandran et al., 2022).

RESULTS

Sequence Analysis

The protein sequence of Mercuric Reductase from 
Pseudomonas aeruginosa was obtained from UniProtKB 
with the UniProt ID P00392. Analysis of protein do-
mains and motifs revealed that its function is in the 

Table 1. Physiochemical characterization of the Mercuric reduc-
tase protein P00392

Number of amino acids 561

Molecular weight 58728.03

Theoretical pI 5.60

Negatively charged 
residues 60

Positively charged 
residues 48

Formula C2571H4171N733O796S20

Total No. of atoms 8291

Ext. coefficient 23420

Estimated half-life
30 hours (mammalian reticulocytes, 
in vitro)
>20 hours (yeast, in vivo)
>10 hours (Escherichia coli, in vivo)

Instability index 30.67

Aliphatic index 95.40

GRAVY 0.092
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reduction of mercury and that the protein family is 
predicted to have a FAD/NAD(P)-binding domain. 
Physio-chemical properties of the sequence were com-
puted and are presented in Table 1. The instability in-
dex for P00392 was found to be 30.67, indicating its 
higher stability in the test tube compared to the other 
protein, which had a slightly higher instability index. 
Virulence factor prediction using different approaches 
of Virulentpred and VICMpred suggested that P00392 
is non-toxic. Homologous sequences for P00392 were 
identified using BLASTp, and 10 sequences were re-
trieved. These sequences were suitable for multiple 
sequence alignment (MSA) to determine conserved 
regions and phylogenetic analysis to infer the evolu-
tionary relationship. The phylogenetic tree constructed 
by Neighborhood-Joining Method is given below in 
Fig. 1. A sequence similarity search was performed to 
search for crystal structures of the closest homologs 
available in the Protein Data Bank (PDB).

Structure Predication

Secondary structure prediction

As shown in Fig. 2, the predicted secondary struc-
ture of mercury reductase protein consists of a major-
ity of the coils as viewed by using PSI-PRED followed 
by a-helix. The secondary structure of a protein plays an 
important role in determining its stability, function, and 
interactions with other molecules. In the case of mer-
cury reductase, the predominance of coils in its second-
ary structure suggests that it is a flexible protein that can 
undergo conformational changes to interact with its sub-
strate and catalyze the reduction of mercury. The pres-
ence of alpha helices in the secondary structure also in-
dicates that the protein may have structural stability and 
rigidity in certain regions. It is important to note that the 
predicted secondary structure is based on computational 
methods and may not precisely reflect the actual struc-
ture of the protein. Further experimental studies such as 
X-ray crystallography or NMR spectroscopy would be 
needed to confirm the actual secondary structure of mer-
curic reductase. The analysis of secondary structure by 
SOPMA is given in Table 2.

Secondary structure analysis was performed by SOP-
MA. Results show that the mercury reductase sequence 

Figure 1. Phylogenetic tree of the Mercuric reductase P00392 
generated by MEGA-X Neighborhood-Joining Method.

Figure 2. The predicted secondary structure of Mercuric reductase by PsiPred

Table 2. Secondary structure analysis by the SOPMA tool

Alpha-helix Extended strands Beta turn Random coil

35.29 19.96 0.0 44.74

Figure 3. Predicted 3D Model of Mercuric reductase P00391 by 
Swiss-Model
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consists of most of the random coil 44.74% followed by 
α-helix and B-turns as shown in Table 2.

Generation of 3D Structure

The best model generated by Swiss-Model with the 
highest scoring was selected for further analysis. The 
generated 3D structure is given below in Fig. 3. The pre-
dicted 3D structure was further validated, and the Ra-
machandran assessment predicted the validation score of 
the predicted protein model. The Ramafavoured regions 
were observed to be 92.6% that possess the protein 
model as stable and having good quality. Therefore, the 
model was valid enough to be used for various kind of 
bioinformatic analysis.

Site Directed Mutagenesis

The FASTA sequence of the Mercuric Reductase pro-
tein was analyzed by aligning it with the sequences of 
other species. The local alignment was performed by 
BlastP tool by NCBI, and the alignments tab accessed 
all the present mutations. Top 10 mutations were select-

ed, and their effects were studied by I-Mutant, MuPro, 
PHD-SNP and SIFT tolls. The mutants having negative 
effects on the structure and function of protein were 
further selected for the mutagenesis into the actual struc-
ture of protein so the effects could be accessed. The se-
lected SNPs are given below in Table 3.

SNPs with negative effects were selected and using 
the PyMol mutagenesis was introduced into the protein 
structure. The mutated structure of the Mercuric Reduc-
tase protein is given below in Fig. 4. It was further uti-
lized for interaction studies to analyze the effects of the 
mutated structure of protein.

Docking Studies

Interaction Analysis

Autodock Vina was used to perform molecular dock-
ing between the chosen mercuric compound and the tar-
get protein. The docked model which was selected based 
on the lowest binding energy retained the binding energy 
of −7.9 kcal/mol, predicting the more efficient binding 

Table 3. Identified mutations and classification of mutants by in-silico approaches

Species Amino Acid
Substituted

Mutation 
Position

Amino Acid 
Replaced

I-Mutant 
Results

MU-PRO
Results PHD-SNP Results SIFT Results

Uncultured proteobac-
terium L 346 M Decrease Decrease Neutral Neutral

Mercury(II) reductase  
(P. aeruginosa) V 137 I Decrease Decrease Neutral Neutral

Aeromonas sp. ASNIH1 E 91 D Decrease Deleterious Neutral

S. maltophilia A 154 T Decrease Decrease Neutral Neutral

Mercury(II) reductase  
(P. aeruginosa) A 114 V Decrease Decrease Deleterious Deleterious

Mercury(II) reductase  
(C. freundii) A 192 V Decrease Decrease Deleterious Neutral

Mercury(II) reductase 
(Burkholderia sp. EMB26) P 98 S Decrease Decrease Neutral Neutral

Mercury(II) reductase  
(D. lacustris) L 32 M Decrease Decrease Neutral Neutral

Mercury(II) reductase
(S. maltophilia) V 442 A Decrease Decrease Neutral Neutral

Mercury(II) reductase 
(Proteobacteria) T 240 A Decrease Decrease Deleterious Deleterious

Figure 4. Mutated protein structure with the highlighted mu-
tant areas.

Figure 5. A docked complex of Bis[tris(p-dimethylaminophenyl) 
phosphine] mercuric chloride complex with targeted protein
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with the protein. The docked Complex of Bis[tris(p-di-
methylaminophenyl) phosphine] mercuric chloride com-
plex compound with targeted protein is shown in Fig. 5.

Validation of docked complex:

Protein-ligand interaction profiler (PLIP) provided 
interpretation of the interaction data by estimating the 
bond length. As the range of hydrogen bond is between 
2.7-3.3 angstroms, the three hydrogen bonds detected as 
2.73, 3.19, 2.91 angstroms. Due to the slightly greater 
distance of bond length of van der Waals forces (3.3-4.0 
angstroms) it was predicted that two van der Waals or 
hydrophobic bonds were present, with a length of 3.69 
and 3.54 angstroms, respectively. The interaction predict-
ed by PLIP (Protein-ligand interaction profiler) is shown 
in Fig. 6.

Prediction of binding sites

The analysis of active sites was performed by using 
CASTp online tool. This tool analyzes the proteins sur-
face topography and measures the available surface area 
of the protein as a potential active site. The 3D model 
highlights the active sites as seen in Fig. 7.

Interaction Studies of the Mutated Mercuric Reductase

Autodock Vina was utilized to produce a mutant pro-
tein docked complex, among which the best one was 
chosen to make a docking complex with the maximum 
binding affinity of -6.6. After this, a visualizer is used 
to study the interactions among the ligand (S-Mercuric-N-
dansylcysteine) and the protein (Studio, 2008). For exam-

ple; hydrogen bonds, hydrophobicity, aromaticity, charge 
distribution and ionizability etc., which confirmed the 
stability of the complex as shown in Fig. 8.

Validation of mutated docked complex:

Protein-ligand interaction profiler (PLIP) was used for 
the further interpretation of the interaction between the 
mutant protein and the ligand by measuring the bond 
length. According to the range, two hydrogen bonds 
were detected with bond length of 2.53 and 2.48 ang-
stroms between the protein and the ligand, respectively. 
Moreover, one van der wall force was detected between 
them with value falling in between the range; 3.99 ang-
stroms. The interaction predicted by PLIP (Protein-li-
gand interaction profiler) is shown in Fig. 9.

DISCUSSION

Mercury toxicity (Hg) mainly depends on the route of 
exposure and the chemical form of Hg. Its most toxic 
form is Hg+2 and its non-toxic form is Hg0. Its accumula-
tion in the food chain causes deleterious effects on hu-
man health (Gworek et al., 2020). Lohren et al., revealed 
the toxic effect of Hg accumulation on the central nerv-
ous system that harms the blood-brain barrier and fa-
cilitates the entrance of other toxicants to penetrate into 

Figure 6. Interaction complex of the Mercuric reductase with 
Mercury compound.

Figure 7. The 3-D structure and its active site. 
The red area depicts the active site, while the grey area depicts 
the rest of the structure as represented in cartoon style.

Figure 8. The docked complex of S-Mercuric-N-dansylcysteine 
with the targeted mutant protein.

Figure 9. Interaction complex of the mutated Mercuric reduc-
tase with Mercury compound
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the brain (Gworek et al., 2020; Al-Ansari, 2022; Singh & 
Kumar, 2020).

Nowadays, the prime focus of different industries is 
to abolish the effect of Hg toxicity by remediation of 
Hg-polluted soil or water. Bacteria harbor an exten-
sively studied Hg-detoxification mechanism, Mer operon 
which encodes the functional proteins for transportation 
(merT, merP and/or merC, merF), lysis of organomercu-
rial compounds (merB), reduction of mercuric ion reduc-
tase (merA) and a secondary regulatory protein (merD) 
to modify toxic Hg (II) to nontoxic elemental state Hg 
(0) (Paria et al., 2022; Nivetha et al., 2023). Structural 
studies determined a unique fold of protein, MerB, which 
is a significant conformational transformation that oc-
curred on the binding of the substrates as organomercu-
rial compounds. Structural as well as computational stud-
ies revealed that aspartic acid and two cysteine residues 
in the active site are responsible for cleaving the carbon–
mercury bond. The second enzyme, mercuric reductase 
(MerA) encoded by  the merA gene is directly involved in 
the reduction of the reactive ionic form Hg (II) to the 
volatile form Hg (0) (Rahayu et al., 2021; Somayaji et al., 
2022). MerT, a membrane-bound protein is responsible 
for the uptake of Hg (II) and is arranged on  the mer op-
eron under the control of MerR, a unique responsive 
regulator of metal. Silver and Hobman et al., reveal the 
mercury reduction process by mercury reductase (Naguib 
et al., 2019). The binding of Hg+2 to the carboxyl-termi-
nal subunit part of Cys 557- Cys 558 of mercury reduc-
tase then quickly move towards the thiol-thiol exchange 
to the monomer pain of Cys 135-Cys 140. The Cys 135-
Cys 140 pair is the active site that causes the reduction 
of Hg+2 into Hg0 by the FAD cofactor that helps in the 
electron transport (Meyer et al., 2023).

Conventional methods such as bioreactors have been 
used for the mercury cleanup of wastewater by up to 
90%. Mercury-resistant bacteria have a major advantage 
as conventional practices produce a large amount of 
mercury load biomass (Duan et al., 2020). A recent study 
on a non-pathogenic bacterial isolate of Pseudomonas 
putida SP-1, which volatilizes mercury by 89%, has 
shown the efficiency of mercury-resistant bacteria in the 
bioremediation process. However, case studies act as a 
bridge to some extent to fill the gap between field appli-
cation and laboratory research. In-silico studies identify 
the efficacy and potential of mercury-resistant bacteria 
in the bioremediation of mercury toxication. The current 
study shows that mercury reductase is the best candidate 
as a bio-remediator and mercury accumulator (Gupta et 
al., 2022; Priyadarshanee et al., 2022).

In a recent study, the screening of the mercury reduc-
tase calcium complex compound that results in highly 
competent attachment to the target protein of mercury 
reductase isolated from the bacteria source was done 
through computational analysis. Protein stability de-
pends on the instability index. The instability index of 
the protein was less than 40 as shown in Table 1. Our 
results are consistent with the statement given by Mir-
zaei et al. where protein having a stability index of less 
than 40 is stable and when greater than 40 shows that 
protein may be unstable (Gamage et al., 2019). The ali-
phatic index was predicted to be where a higher value 
of the aliphatic index shows the thermal stability of the 
protein. This is in line with the statement given by Sahay 
et al., that the aliphatic index is considered a positive fac-
tor for the increase of thermostability of globular pro-
teins. The GRAVY score was found to be positive with 
a 0.092 value, which indicated that mercury reductase is 
generally a hydrophobic protein. The reason for hydro-

phobicity may be due to the presence of large numbers 
of non-polar amino acids. Another study conducted by 
Zhou and Pang supported our results by showing that 
protein folding stability was mainly attributed to the hy-
drophobic interactions among non-polar amino acid resi-
dues. Thus, based on a few parameters of the Expasy 
ProtParam, the mercury reductase could be considered a 
stable protein (Sharma et al., 2022; Naveed et al., 2022).

The mutational analysis revealed that it affects the 
binding sites of mercury reductase protein. The muta-
tions identified from five tools as shown in Table 3. 
Docking studies have been found helpful to understand 
the protein-ligand interactions (Eberhardt et al., 2021). 
The model was then generated and docking analysis of 
both the non-mutated protein and mutant protein shows 
that binding affinity energy reduces from –7.9 to 6.6 
KJ/mol. The 3D structure of the mutant model gener-
ated from SWISS-MODEL shows the removal of two 
ligands of FAD (Flavin Adenine Dinucleotide) that were 
present in the non-mutated protein. As mutation T240A 
was introduced it acts as an active binding site as shown 
in the active site prediction Figure 7. The binding sites 
and motifs for NADPH and FAD in different MerA 
proteins vary among residues ALA, CYS, TYR, LEU, 
THR, PRO, SER, ASN, VAL, GLY, ALA, ASP, LYS, 
PHE, GLU and ARG. As the distance among binding 
residues of FAD and NADPH varies in microorganisms, 
no such correlation was observed between the protein-
ligand binding affinity and binding residues (Chandran et 
al., 2022). As a result of folding into a specific three-di-
mensional structure, the amino acids undergo conforma-
tional changes to perform the function they are designed 
to perform. Thus, the binding affinity of mutant protein 
reduces due to the conformational change of amino acid 
residues and binding active sites (Afroz et al., 2023).

Engineered proteins, particularly enzymes, are being 
used more frequently in various industries due to their 
selective ligand binding, capabilities and catalytic abil-
ity as food additives. The urge to engineer or generate 
proteins with higher specificity, activity and stability has 
increased along with the number of possible applications 
for engineered proteins (Gupta et al., 2022). As the ap-
plication of protein technology develops, exploiting the 
potential advantages of modulating remote regions will 
become imperative. The present study reveals that the 
mutation affects the binding pockets of mercury reduc-
tase, and it acts as a mercury accumulator and candidate 
for bioremediation of mercury in the field of application. 
It is a stable protein with an applicable Ramachandran 
plot which validates its stability, and virulent predictions 
show that it is non-virulent and causes no toxicity. Pro-
tein engineering bacterial mercury reductases can pro-
duce enzymes that reduce mercury more efficiently with 
no toxicity, and that will function with additional con-
taminants (Wan et al., 2020; Meyer et al., 2023).

CONCLUSIONS

In conclusion, this study provides insights into the 
molecular and structural features of mercuric reductase. 
The results suggest that the protein has a stable struc-
ture and a specific function of reducing mercury. The 
information obtained from this study could be useful 
in developing strategies to bioremediate mercury-con-
taminated sites. Additionally, the methodology used in 
this study, such as homology modeling, molecular dock-
ing, and virulence factor prediction, could be applied to 
other proteins and enzymes to further understand their 
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properties and functions. Overall, this study contributes 
to our understanding of the biochemical and molecular 
mechanisms involved in the bioremediation of mercury 
pollution in the environment.
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Abstract: Extensive pesticides (herbicides) use is nega-
tively disturbing the environment and humans. Pesticide 
bioremediation with eco-friendly techniques bears prime 
importance. This study aimed to isolate and characterize 
three different herbicides (metribuzin, clodinafop- prop-
argyl, MCPA (2-methyl, 4 chlorophenoxyacetic acids) and 
Bromoxynil) degrading bacterial strains from agricultural 
fields of Punjab University, Pakistan. Among the 12 bac-
terial isolates, 5 were metribuzin degrading, 3 were clo-
dinafop propargyl degrading and, 4 were MCPA and Bro-
moxynil degrading bacteria. Morphological, microscopic, 
and molecular characterization revealed that the major-
ity of these bacterial strains were gram-negative and be-
longed to Bacillus and Pseudomonas genera. The isolates 
A6, B3, and C1 were subjected to respective herbicide 
degradation and the data was confirmed through GC-
MS analysis. The effect of herbicide concentrations, pH, 
and temperature on bacterial growth was determined at 
OD600. The strain A6 degraded 14.8% metribuzin out of 
the provided concentration of 50 ppm by following the 
deamination pathway. While the isolates B3 and C1 de-
graded 23.2% and 33.9% clodinafop, MCPA and bromo-
xynil, respectively, at a spiking concentration of 50ppm. 
The clodinafop, MCPA & Bromoxynil were metabolized 
into less toxic products i.e., dicarboxylic acids and 2-me-
thyl phenol respectively, and metabolized via decar-
boxylation and dehalogenation mechanism. The pre-
sent study evaluates the herbicides degrading bacterial 
strains that could potentially be used for bioremediation 
of agricultural contaminated sites.

Keywords: Bacillus, Bioremediation, GC-MS analysis, herbicides, 
Pseudomonas
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INTRODUCTION

Different varieties of chemicals used to repel or de-
stroy pests including animals, insects, plants, bacteria, 
fungi, or other microbes; that are harmful to cultivated 
crops and animals are known as Pesticides (Alam et al., 
2018; Nawab et al., 2015). They are classified according 
to their chemical formulation and targeted organism, but 
the latter is more common. Based on target organisms, 
these are grouped as insecticide, weedicide and fungicide, 
rodenticide, bactericide, etc. (Richardson et al., 2019).

Pakistan is an agricultural country, and its economy 
greatly depends upon this sector in terms of labor par-
ticipation; provision of food to the whole nation, and a 
primary source of foreign exchange earnings (Khan et 
al., 2021). The share of agriculture in Gross Domestic 
Product (GDP) is 19.3% for the FY2020and it is grad-
ually shrinking in the last few decades. Different chal-
lenges like global warming, insect/pest attack, and water 
shortage hinder the overall potential of this sector (GOP 
2020; Koondhar et al., 2021). Weeds are unwanted plants 
that are not grown intentionally at a place and negatively 
impede human activities. Almost, there are 250 000 spe-
cies of plants in the world; out of which approximately 
8 000 species i.e., 3% are considered weeds. Weeds are 
problematic because of their rapid growth, long-term 
survival, and competition with normal plant growth for 
sunlight, air, water, space, and soil minerals (Storkey et 
al., 2021).

To control the growth of weeds the most extensive-
ly used form of pesticide is herbicide. Herbicides are a 
chemical used to eradicate or kill unwanted vegetation 
(weeds) that interferes with normal plant growth and re-
strain the overall yield of several crops (Clapp 2021; Ok-
ieimen et al., 2020). Although the global use of pesticides 
ensures high production yield, on the other hand, it also 
produces high levels of environmental contamination be-
cause of their excessive use (Bakshi et al., 2020). These 
deadly pollutants are directly exposing the trophic food 
web and enter into the ecosystem either by direct ap-
plication, spillage, and disposal (Khan et al., 2020; Lone 
et al., 2014).

Physicochemical methods are mostly used as an alter-
native to chemical pesticides, which are costly because 
these techniques require the excavation of polluted soil 
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from the site of contamination and transferring it to an-
other place for treatment. As pesticides can accumulate 
in food and water supplies, it is need of the time to de-
sign environmentally friendly and cost-effective technol-
ogies to replace hazardous pesticides.

Enormous biological techniques have been designed 
in which toxic organic pollutants are degraded by mi-
crobes (Bakshi et al., 2020; Oladipo et al., 2020). Biore-
mediation is one such technique in which naturally oc-
curring microbes such as bacteria and fungi are used for 
the breakdown and removal of pollutants (Huang et al., 
2018). This method is relatively cheaper in comparison 
to physicochemical methods. Without excavating the ma-
terial from the contaminated site, they have the poten-
tial to treat the polluted soil and groundwater because 
of this reason it requires very less energy input and pre-
serves the soil structure which otherwise can either be 
disturbed by excavation (Pertile et al., 2020). The present 
study is to focus on environment-friendly techniques for 
the minimization and elimination of persistent herbicide 
levels via biodegradation by using locally isolated bacte-
rial strains.

MATERIALS AND METHODS

Soil Sampling

Total 9 soil samples were randomly collected at the 
depth of 0–12 inches from wheat fields of Punjab Uni-
versity located near the fishponds; where the soil had a 
previous history of clodinafop and MCPA & Bromox-
ynil applications but had never been treated with met-
ribuzin over the last few years. The samples were taken 
to the laboratory, air dried at room temperature, sieved 
through 2  mm mesh size to remove stones and debris, 
and mixed thoroughly to make a composite soil sample 
and stored at 4°C.

Isolation and Screening of Bacterial Isolates

Four grams of soil samples were placed in 250  mL 
Erlenmeyer flasks containing 100  mL of mineral 
salt medium (Glucose 5, KH2PO4 0.5, K2HPO4 0.5, 
MgSO4.7H2O 0.2, NaCl 0.2 g/L). The stock solutions 
of three herbicides (metribuzin, clodinafop, and MCPA 
& Bromoxynil) were prepared in distilled water. Then, 
100  µL of each respective herbicide stock solution pro-
viding the final concentration of 5ppm was inoculated 
into the above sample medium. The samples were incu-
bated for one week in the dark at 30°C and 160 rpm 
shaking. Afterwards, 10  mL of each culture medium 
was transferred into 90  mL of fresh mineral salt medi-
um fortified with each of the herbicides at 10, 20, and 
50 ppm by adding 200  µL, 400 µL and 1 mL of each 
herbicide stock solution, respectively. The samples were 
again incubated for 7 days at 30°C at 160 rpm in dark. 
After 7 days, 200  µL from each subculture was spread 
on L.B plates fortified with each respective herbicide at 
a concentration of 20  ppm. The plates were incubated 
for 4 days at 30°C and different bacterial colonies were 
observed after 4 days.

Purification of Bacterial Colonies

Morphologically different bacterial colonies were 
picked and streaked on L.B plates aseptically and in-
cubated at 30°C for 24 hours to obtain pure bacterial 
colonies. The purified colonies were maintained on L.B 
slants and stored at 40°C for further use.

Identification of Bacterial Isolates

The isolated bacterial strains were identified by per-
forming morphological analysis, gram staining technique, 
and 16S rRNA gene sequencing analysis.

Morphological analysis

Bacterial isolates were morphologically analyzed based 
on color, shape, texture, and size. Morphological analysis 
was carried out visually.

Gram staining

Bacterial isolates were analyzed microscopically by 
gram staining technique and their cell shape, size, and 
arrangement were determined.

Molecular identification of herbicides degrading bacterial strains

Extraction of bacterial genomic DNA. Almost 
2–3 bacterial colonies from freshly grown cultures were 
scratched and mixed well in DNase or RNase-free water 
or elution buffer in sterilized Eppendorf tubes. Thermo 
fFisher Scientific catalogue no AM9923. The bacterial 
suspension was provided heat shock in boiling water for 
about 10 min. The tubes were then ice-cooled and cen-
trifuged at 12 000 rpm for 10 minutes. The supernatant 
containing the template DNA was taken carefully; its 
quality was observed by electrophoresis ion a 1% aga-
rose gel at 100 V and visualized under a UV-light illumi-
nator. (Daihan Scientific Model no. Wuv-L50).

Amplification of 16S rRNA Gene and Sequenc-
ing reaction. 1.5 kb DNA fragment of 16S rRNA 
gene was amplified using the following set of ribotyping 
universal primers: forward primer 27F (5’-AGAGTTT-
GATCCTGGCTCAG-3’) and reverse primer 1522R 
(5’-AAGGAGGTGATCCA(AG)CCGCA-3’) (Hasnain 
et al., 1994; Johnson et al., 1994). Reaction was carried 
out in 20  µL containing template DNA 5  µL, 10XPCR 
buffer 2  µL, 25  mM MgCl2 2  µL, 2.5  mM dNT-
Ps 2  µL, Primer-forward 2  µL, Primer-reverse 2  µL, 
5  units/µL 1  µL and ddH2O (nuclease free) 4  µL. The 
template DNA was initially denatured at94°Cfor 5 min-
utes followed by 35 cycles of denaturation at 94°C for 
30 seconds, annealing of primers at 54°C for 30 seconds, 
and elongation at 72°C for 1 minute and 40 seconds. 
The PCR reaction was finally extended for 10 minutes 
at 72°C. The PCR was then separated on 1% agarose gel 
observed under a UV light illuminator. Required DNA 
bands were precisely cut with a sterilized surgical blade 
and purified from gel and sent to Korea for sequencing 
analysis. The sequencing analysis was performed by the 
dideoxy chain termination method (Sanger et al., 1977).

Biodegradation of Herbicides by Soil Bacteria

Preparation of samples for GC-MS

L.B. broth (250  mL) was taken in each 1  litter flask 
and amended with each of the herbicide 50  ppm by 
adding 2  mL of each respective herbicide stock so-
lution. The herbicides (metribuzin, clodinafop, and 
Bromoxynil+MCPA) fortified media were then inocu-
lated with bacterial isolates A6, B3, and C1, respec-
tively, aseptically and incubated for 4 days at 30°C and 
160 rpm in dark. The controls contained the same her-
bicide concentration without bacterial culture. After 4 
days, 50  mL of each sample was transferred in sterilized 
50  mL falcon tubes. Samples were centrifuged at 12 000 
rpm for 10 minutes. The respective supernatants were 
collected carefully, transferred into new sterile falcon 
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tubes, labeled, and underwent the liquid-liquid extraction 
technique. For this 50  mL of each sample was placed 
in a glass separating funnel with equal volume (50  mL) 
of dichloromethane. The samples with dichloromethane 
were vortexed well to thoroughly mix both solvents and 
allowed for separation until the two distinct layers were 
formed. The components moved from the media phase 
to the dichloromethane layer. The upper layer consist-
ing of the medium was discarded and the lower dichlo-
romethane layer containing the components was collect-
ed from each sample carefully without any mixing with 
the above layer. Dichloromethane was evaporated and 
the final volume of each sample was adjusted with n-
hexane. Final samples were then transferred in screw cap 
glass sterile vials and stored at 40°C until preceded for 
gas chromatography-mass spectrometry (GC-MS) analy-
sis. Statistical analysis was performed to determine Pear-
son’s correlation test between herbicide response factors 
and the peak areas of herbicide residues in the sample 
by using SPSS 16.0.

Effect of different parameters on herbicides degradation and 
bacterial growth

Effect of herbicides concentrations on herbicides 
degradation. L.B. broth (50 mL) was taken in each of 
the 250  mL flasks amended with different concentra-
tions (20, 50, 80, and 100  ppm) of each of the three 
herbicides and inoculated with respective bacterial iso-
lates A6, B3, and C1 under aseptic conditions. The flasks 
were incubated at 300°C and 160 rpm in a shaker incu-
bator. After every 24, 48, 72, and 96 hours, the OD600 of 
each treatment was measured with a mass spectropho-
tometer and biodegradation in terms of bacterial growth 
(OD600) was noted. It is recommended to monitor the 
bacterial growth at 600  nm.

Effect of pH on herbicides degradation. L.B. broth 
(50 mL) was taken in each of the 250 mL flasks with 
pH values maintained at 5.0, 6.0, 7.0, and 8.0 and forti-
fied with herbicides at a concentration of 20 ppm. The 
media were inoculated with respective isolates A6, B3, 
and C1 and incubated in dark at 300°C and 160 rpm in 
a shaker incubator. The OD600 was measured every 24, 
48, 72, and 96 hours with a mass spectrophotometer.

Effect of temperature on herbicides degradation. 
L.B. broth (50 mL) was taken in each of 250  mL Er-
lenmeyer flasks with each of the three herbicides at a 
concentration of 20  ppm and inoculated with respective 
bacterial isolates. These culture media were incubated at 
different temperatures i.e., 30, 35, and 400°C and 160 
rpm in a shaker incubator. The OD600 was measured 
every 24, 48, 72, and 96 hours and the biodegradation in 
terms of bacterial growth (OD600) was noted.

Statistical Analysis

Statistical analysis was performed to determine the 
effect of different parameters on herbicide degrada-
tion with the help of a three-way Analysis of Variance 
(ANOVA) by using SPSS 16.0 (Wahla et al., 2019; Pac-
ciani et al., 2020).

RESULTS

Isolation and Screening of Herbicides Degrading 
Bacteria

Bacteria were isolated by inoculating an aliquot of soil 
sample into the mineral salt medium amended with three 

different herbicides and incubated for 7 days at 30°C 
and 160 rpm in dark. 10mL of this cell suspension was 
transferred into a fresh mineral salt medium containing 
each of the three herbicides at 10, 20 and 50  ppm and 
incubated again under the same conditions as above. 
Morphologically different bacterial colonies were puri-
fied and stored at 4°C. A total of 14 herbicides degrad-
ing bacterial colonies were isolated from soil samples. 
Among these, 6 colonies (A1–A6) were found effective 
in degrading metribuzin; 3 colonies (B1–B3) degraded 
clodinafop and 5 of these bacterial colonies (C1–C6) 
metabolized MCPA & Bromoxynil as shown in Fig.  1 
(A–C).

Identification of Herbicides Degrading Bacteria

Morphological characteristics of bacterial colonies

The morphological characters (color, shape and tex-
ture) of herbicide-degrading bacteria were observed visu-
ally. The bacterial isolates were also gram stained and 
their properties were observed under a light microscope.

Molecular characterization of herbicides degrading bacteria

The 16SrRNA gene of 12 herbicides degrading bacte-
rial strains was amplified by PCR. The amplified prod-
ucts of the 1.5 kb fragment were purified and sequenced 
for further conformation (Fig. 2).

Determination of Herbicides Degradation by GC-MS 
Analysis

Herbicides degrading bacterial isolates were inoculat-
ed in 250  mL LB broth supplemented with 50  ppm of 
each herbicide to assess their biodegradation potetial. Af-

Figure 1. Morphological characteristics herbicide degrading bac-
teria (A, Metribuzin; B, Clodinafop; C, Bromoxynil)

Figure 2. Amplification of 16S rRNA gene of bacterial strains. 
(M, DNA Marker; 10 kb 1–5 (Metribuzin degrading strains), 6–8 
(Clodinafop degrading strains), 9–12, (MCPA & Bromoxynil degrad-
ing strains)
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Effect of Different Parameters on Biodegradation of 
Herbicide and Bacterial Growth

Effect of herbicides concentration

The herbicide biodegradation at different concen-
trations (20, 50, 80, and 100 ppm) was determined by 
measuring the optical density (OD) at 600nm (Table 3, 
4, 5 and Figs 3, 4, and 5).

The metribuzin-degrading bacterium A6 showed the 
highest growth rate on the second and third days (48–72 
h) at concentrations of 20 ppm and 50 ppm. The iso-
late was able to degrade metribuzin at concentrations of 
20 and 50 ppm. Strain A6 showed a moderate growth 
pattern at (80–100 ppm) concentrations of herbicide. 
Whereas clodinafop degrading bacteria B3 showed al-
most similar growth rates at all the concentrations but 
the maximum clodinafop propargyl biodegradation was 
observed on 2nd and 3rd day with peak metabolism at 
the concentrations ranging from 50–100  ppm on the 
3rd day. The MCPA & Bromoxynil degradation behav-

Table 3. Variation in metribuzin concentration and optical density as a result of herbicide degradation by bacterial strain A6

Time period
Metribuzin concentration

20 ppm 50 ppm 80 ppm 100 ppm

Day 1 0.882 0.813 0.885 0.818

Day 2 1.804 1.78 1.77 1.705

Day 3 1.722 1.774 1.716 1.753

Day 4 1.712 1.701 1.708 1.675

Table 4. Variation in Clodinafop concentration and optical density as a result of herbicide degradation by bacterium B3

Time period
Clodinafop propargyl concentration

20 ppm 50 ppm 80 ppm 100 ppm

Day 1 0.405 0.447 0.491 0.147

Day 2 1.708 1.69 1.665 1.705

Day 3 1.726 1.792 1.767 1.806

Day 4 1.667 1.635 1.71 1.725

ter four days, the bacterial samples were further analyzed 
through gas chromatography-mass spectroscopy (GC-
MS) to study possible degradative products after her-
bicide degradation. The results showed that metribuzin 
was metabolized into deaminated metribuzin by Bacillus 
sp. A6. Clodinafop propargyl, MCPA, and Bromoxynil 
degraded into corresponding dicarboxylic acid and 2-me-
thyl phenol by strain and C1, respectively. Pearson cor-
relation between different herbicide response factors and 
the peak areas of herbicide residues in each sample was 
identified using SPSS 16.0 (Table 1 and 2).

Table 2 shows the resulting matrix of Pearson’s corre-
lation test which revealed that the co-efficient r is equal 
to –0.748 which is statistically significant at p<0.01. It 
confirmed a strong negative correlation between the re-
sponse factor and percentage degradation of all herbi-
cides. The more the response factor; the less will be the 
percentage degradation.

Table 1. Percentage degradation of experimental herbicides through peak areas and response factor

Sample name Peak area of a sample Response factor of standard Degradation %

Metribuzin 148519263 3482815.62 14.8%

Clodinafop propargyl 5753002 149808.32 23.2%

MCPA & Bromoxynil 20651611 624497.74 33.9%

Pearson’s correlation at α=0.01(2-tailed test) was used to identify the relationship between the response factor and % degradation for studied 
herbicides.

Table 2. Pearson correlations through SPSS

Response factor Degradation %

response factor

Pearson Correlation 1 –.748**

Sig. (2-tailed) .462

N 3 3

% degradation

Pearson Correlation -.748** 1

Sig. (2-tailed) .462

N 3 3

**Correlation is significant at the 0.01 level of significance (2-tailed)
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ior by strain C1 was a little bit different than the two 
herbicides i.e., the maximum degradation of MCPA & 
Bromoxynil was noticed on the fourth day (96 hours) at 
50 ppm.

Effect of pH

The biodegradation of herbicides at different pH lev-
els (5.0, 6.0, 7.0, and 8.0) was also studied (Tables 6, 7, 
8 and Figs 6, 7, and 8). Results revealed that maximum 
degradation activities in terms of bacterial growth were 

Table 5. Variation in MCPA & Bromoxynil concentration and optical density as a result of herbicide degradation by bacterial isolate 
C1

Time period
MCPA & Bromoxynil concentration

20 ppm 50 ppm 80 ppm 100 ppm

Day 1 0.902 0.81 0.757 0.842

Day 2 1.286 1.093 1.259 1.11

Day 3 1.137 1.473 1.52 1.393

Day 4 1.348 1.728 1.378 1.305

Figure 3. Growth rates of metribuzin-degrading bacteria at vary-
ing herbicide concentrations

Figure 4. Growth rates of Clodinafop degrading bacteria at vary-
ing herbicide concentrations

Figure 5. Growth rates of MCPA & Bromoxynil degrading bacte-
ria at varying herbicide concentrations

Figure 6. Growth rates of Metribuzin degrading bacteria at vary-
ing pH values

Figure 7. Growth rates of Clodinafop degrading bacteria at vary-
ing pH values

Figure 8. Growth rates of MCPA & Bromoxynil degrading bacte-
ria at varying pH values
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observed at the end of day 1 and day 2 at pH 7.0–8.0 
and minimum at pH 5.0. There was more biotic degra-
dation in alkaline ranges of pH than in acidic.

Effect of Temperatures

The biodegradation of herbicides at different temper-
atures (30°C, 35°C and 40°C) was determined and the 
results are summarized in (Tables 9, 10, 11, and Figs  9, 

10, 11). The results depicted that the optimized tempera-
ture for bacterial growth was observed at a temperature 
range of 35–37°C. The metribuzin degrading bacterium 
A6 showed maximum growth on day 2nd at 35°C and 
40°C, while at 30°C maximum growth was recorded 
on the 3rd day. On day 4th a slight decline in bacte-
rial growth rate was noticed at all temperatures. Almost 
similar trends were observed for clodinafop degrading 

Table 6. Variation in pH and optical density as a result of metribuzin herbicide degradation by bacteria A6

Time period
pH

5.0 6.0 7.0 8.0

Day 1 1.905 1.918 1.95 1.926

Day 2 1.876 1.868 1.924 1.914

Day 3 1.765 1.737 1.756 1.807

Day 4 1.752 1.726 1.736 1.765

Table 7. Variation in pH and optical density as a result of clodinafop herbicide degradation by bacteria B3

Time period
pH

5.0 6.0 7.0 8.0

Day 1 1.968 1.918 1.799 2.008

Day 2 1.869 1.903 1.968 1.952

Day 3 1.683 1.729 1.732 1.768

Day 4 1.488 1.532 1.582 1.624

Table 8. Variation in pH and optical density as a result of MCPA & Bromoxynil herbicide degradation by bacteria C1

Time period
pH

5.0 6.0 7.0 8.0

Day 1 0.813 1.006 0.976 1.124

Day 2 0.573 1.756 1.784 1.825

Day 3 0.484 1.785 1.82 1.799

Day 4 0.367 1.483 1.667 1.533

Table 9. Variation in temperature and optical density as a result of metribuzin herbicide degradation by bacteria A6

Time period
Temperature

30°C 35°C 40°C

Day 1 1.05 1.55 0.871

Day 2 1.835 1.939 1.664

Day 3 1.877 1.879 1.461

Day 4 1.613 1.747 1.271

Table 10. Variation in temperature and optical density as a result of clodinafop herbicide degradation by bacteria B3

Time period
Temperature

30°C 35°C 40°C

Day 1 0.739 1.676 0.693

Day 2 1.221 1.957 1.348

Day 3 1.67 2.068 1.426

Day 4 1.528 1.854 1.232
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bacterium B3 and Bromoxynil + MCPA degrading bac-
terium C1, with the maximum optical densities recorded 

at 35°C on 3rd day following a decline in growth on 4th 
day.

Statistical Analysis of the Effect of Different Parameters 
on Bacterial Growth

A three-way ANOVA with α=0.05 (level of signifi-
cance) was used to determine the statistically significant 
effect of herbicides, concentrations, and time intervals on 
bacterial growth. Table 12 illustrates that there is a sig-
nificant effect of the three-way interaction of herbicides, 
concentration, and time on bacterial growth at p<0.05. 
Similarly, the effect of herbicides, pH, and time intervals 
on the bacterial growth also showed significant interac-
tion at a 95% significance level i.e. p<0.05 as shown in 
Table 13. The three-way interaction of herbicides, tem-
perature, and time intervals on bacterial growth was also 
statically significant at p<0.05 (Table 14).

Table 11. Variation in temperature and optical density as a result of MCPA & Bromoxynil herbicide degradation by bacteria C1

Time period
Temperature

30°C 35°C 40°C

Day 1 0.523 0.819 0.386

Day 2 0.978 1.085 0.767

Day 3 1.382 1.516 1.258

Day 4 1.23 1.372 0.963

Table 12. Tests of between-subjects effects

Dependent variable: bacterial growth

Source Type III Sum of Squares Df Mean Square F Sig.

Herb 2.244 2 1.122 460.575 .000

Conc .086 3 .029 11.824 .000

Time 22.610 3 7.537 3.094E3 .000

Herb* Conc .054 6 .009 3.718 .002

Herb* Time 3.522 6 .587 240.957 .000

Conc* Time .261 9 .029 11.917 .000

Herb* Conc* Time .607 18 .034 13.832 .000**

Error .234 96 .002

Total 298.956 144

Corrected Total 29.618 143

**Three-way interaction is significant at 0.05 level of significance

Figure 9. Growth rates of Metribuzin degrading bacteria at vary-
ing temperatures

Figure 10. Growth rates of Clodinafop degrading bacteria at 
varying temperatures

Figure 11. Growth rates of MCPA & Bromoxynil degrading bac-
teria at varying temperatures
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DISCUSSION

The use of chemical pesticides to reduce the pest at-
tack on crops and to improve the yield has become rou-
tine in recent times. These hazardous chemicals are re-
sponsible for soil and groundwater contamination as they 
have a long persistence time and can percolate through 
the soil to the groundwater table and pose a serious 
threat to human health. There is an increasing need to 
identify different bioremediation approaches to degrade 
and detoxify these toxic pesticides. Several studies have 
demonstrated the use of bacteria, which can effectively 
degrade herbicides (Huang et al., 2018). Because of its ef-
fectiveness and low cost, bioremediation appeared as the 
most favorable alternative treatment for the removal of 
agrochemicals (Arora, 2018).

In the current study, three herbicides (metribuzin, clo-
dinafop propargyl, 2-methyl, 4-chlorophenoxyacetic acid 
and Bromoxynil) degrading bacterial strains were isolated 
and characterized. All the herbicide-degrading bacterial 
isolates were rod=shaped and belonged to the Bacillus 
genera. In a previous study conducted by Sehrawat and 
others (Sehrawat et al., 2021), it was examined that pesti-
cides in the environment are mostly mineralized and de-
toxified by bacterial genera like “Bacillus and Pseudomonas” 

because these bacteria possess a variety of enzymes that 
are helpful in the degradation of toxic compounds.

Out of fourteen bacterial isolates, six were able to me-
tabolize metribuzin. The bacterial isolate A6 was further 
used to study the metabolism of metribuzin herbicide 
and results were confirmed by GC-MS analysis. Bacterial 
isolate metabolized the metribuzin into the deaminated 
metribuzin. The results showed that the bacteria adopted 
the deamination pathway for sensor metribuzin degrada-
tion. The metribuzin herbicide was broken down into 
degradative products by the release of an amino group 
from the parental herbicide compound and convert-
ing it into a less toxic product i.e., deaminometribuzin. 
The bacterial strain A6 degraded 14.8% metribuzin out 
of the provided concentration of 50 ppm. In a similar 
study Wahla and others (Wahla et al., 2019) investigated 
the biodegradation of two pesticides metribuzin and pro-
fenofos by three bacterial isolates “Pseudomonas aeruginosa, 
Staphylococcus aureus, and Bacillus subtilis” and determined 
the effect of pH, temperature, and various carbon and 
nitrogen sources on degradation. The strains exhibited 
excellent growth at pH 6, 30°C in minimal salt broth 
amended with 25 mg/L pesticides containing dextrose as 
carbon and malt extract as nitrogen source. Bacillus subti-
lis was found active in degrading the pesticides after that 
Staphylococcus aureus and Pseudomonas aeruginosa.

Table 13. Test of between-subject effects on three-way analysis of variance

Source Type III Sum of Squares Df Mean Square F Sig.

Herb 8.731 2 4.366 1.077E3 .000

pH 3.630 3 1.210 298.548 .000

Time .980 3 .327 80.555 .000

Herb* pH 6.219 6 1.036 255.708 .000

Herb* Time 2.193 6 .365 90.175 .000

pH* Time .891 9 .099 24.433 .000

Herb* pH* Time 1.340 18 .074 18.366 .000**

Error .389 96 .004

Total 408.869 144

Corrected Total 24.477 143

**Three-way interaction is significant at 0.05 level of significance

Table 14. Tests of between-subjects effects by three-way analysis of variance

Source Type III Sum of Squares Df Mean Square F Sig.

Corrected Model 20.124a 35 .575 421.673 .000

Intercept 195.606 1 195.606 1.435E5 .000

Herb 5.843 2 2.921 2.143E3 .000

Temp 4.782 2 2.391 1.753E3 .000

Time 7.105 3 2.368 1.737E3 .000

Herb* Temp .801 4 .200 146.823 .000

Herb* Time .812 6 .135 99.236 .000

Temp* Time .558 6 .093 68.262 .000

Herb* Temp* Time .223 12 .019 13.644 .000**

Error .098 72 .001

Total 215.828 108

Corrected Total 20.222 107

**Three-way interaction is significant at 0.05 level of significance
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In this study, three Bacillus sp. were found efficient 
in the metabolism of clodinafop propargyl and the bac-
terium B3 was further selected for biodegradation study 
through GC-MS analysis. The bacterial strain B3 de-
graded 23.2% clodinafop propargyl out of the provided 
concentration of 50 ppm. The isolate B3 degraded the 
clodinafop into corresponding acids and adopted a de-
halogenation pathway for the breakdown of herbicide. 
The bacterium released the chloride ions from the com-
pound, due to which the pyridyl ring underwent further 
degradation and broken down into the corresponding di-
carboxylic acids which is an allosteric activator of acetyl 
co-enzyme-A decarboxylase (Singh et al., 2013). Aero-
monas sp. isolated from the crop field degraded 81.3% of 
clodinafop propargyl with a concentration of 80  ppm as 
the bacteria consumed it as a sole carbon and nitrogen 
source (Dong et al., 2017). The formation of 4-(4-chloro-
2-fluorophenoxy) phenol as a main degradative metabo-
lite was reported. In another study conducted by Singh 
and others (Singh et al., 2013) the degradation efficiency 
of clodinafop by Pseudomonas sp. was determined which 
consumed about 87.14% of herbicide out of the initial 
concentration of 80 ppm. The breakdown of clodinafop 
propargyl released chloride ion and confirmed the break-
down of CF into 4-(4-chloro-2-fluorophenoxy) phenol 
and clodinafop acid. The production of phenol as the 
metabolic product reveals the presence of esterase activ-
ity (Yuan et al., 2015).

Were found to metabolize the MCPA & Bromoxynil. 
The strain C1 was efficient in degrading MCPA through 
the decarboxylation mechanism and forming 2-methyl 
phenol as a major degradative metabolite. (Mierzejewska 
et al., 2016) reported three bacterial strains Xanthomonas 
maltophilia, Pseudomonas sp., and Rhodococcus globerulus that 
degraded 99% MCPA in non-contaminated soil and up 
to 61% in the contaminated soil by Xanthomonas malt-
ophilia.

CONCLUSIONS

Bioremediation has become a popular environment-
friendly approach for the decontamination of a heavy 
buildup of toxic recalcitrant compounds from the en-
vironment. Microbial degradation plays a pivotal role 
to endorse a clean and sustainable environment. In this 
study three bacterial isolates namely, A6, B3, and C1 
were found efficient for degrading metribuzin, clodina-
fop, and Bromoxynil & MCPA herbicides respectively, 
and their respective degradation capacities recorded as 
14.8% for metribuzin, 23.2% for clodinafop and 33.9% 
MCPA & Bromoxynil. The optimum temperature and 
pH for the biodegradation of herbicides was 35°C and 
pH ranging from 7.0–8.0. These bacterial strains were 
found efficient in the metabolism of herbicides and can 
be utilized for the bioremediation of polluted sites in the 
future.

Declarations

Supplementary Materials. The following supporting 
information can be downloaded: Table S1: Morphologi-
cal characterization of herbicides degrading bacteria at 
https://ojs.ptbioch.edu.pl/index.php/abp/

Ethical approval. This article does not contain any 
studies with animals performed by any of the authors.

Data availability. All major data generated and ana-
lyzed in this study are included in this manuscript and its 
supplementary information files.

Conflict of interest. The authors declare no con-
flict of interest.

REFERENCES

Alam MS, Gorman-Lewis D, Chen N, Safari S, Baek K, Konhauser 
KO, Alessi DS (2018) Mechanisms of the removal of U(VI) from 
aqueous solution using biochar: a combined spectroscopic and 
modeling approach. Environ. Sci. Technol. 52: 13057–13067. https://
doi.org/10.1021/acs.est.8b01715

Arora NK (2018) Bioremediation: a green approach for restoration 
of polluted ecosystems. Environ. Sustain. 1: 305–307. https://doi.
org/10.1007/s42398-018-00036-y

Bakshi P, Chouhan R, Sharma P, Mir BA, Gandhi SG, Landi M, 
Zheng B, Sharma A, Bhardwaj R (2021) Amelioration of chlorpy-
rifos-induced toxicity in  Brassica juncea  L. by combination of 24-epi-
brassinolide and plant-growth-promoting Rhizobacteria. Biomolecules 
11: 877. https://doi.org/10.3390/biom110608

Clapp J (2021) Explaining growing glyphosate use: The political econ-
omy of herbicide-dependent agriculture. Global Environ. Change 67: 
102239. https://doi.org/10.1016/j.gloenvcha.2021.102239

Dong W, Liu K, Wang F, Xin F, Zhang W, Zhang M, Wu H, Ma J, 
Jiang M (2017) The metabolic pathway of metamifop degradation 
by consortium ME-1 and its bacterial community structure. Biodegra-
dation 28: 181–194. https://doi.org/10.1007/s10532-017-9787-8

GOP (2020) Economic survey of Pakistan 2019–2020. Government of 
Pakistan

Hasnain S, Thomas CM (1996) Two related rolling circle replication 
plasmids from salt-tolerant bacteria. Plasmid 36: 191–199. https://
doi.org/10.1006/plas.1996.0046

Huang Y, Xiao L, Li F, Xiao M, Lin D, Long X, Wu Z (2018) Mi-
crobial degradation of pesticide residues and an emphasis on the 
degradation of cypermethrin and 3-phenoxy benzoic acid: a review. 
Molecules 23: 2313. https://doi.org/10.3390/molecules23092313

Johnson JL (1994) In Methods for General and Molecular Bacteriol-
ogy. Gerhardt P, Murray RGE, Wood WA, Krieg NR, eds, pp 655–
700. Am. Soc. Microbiol. Washington DC. https://www.ncbi.nlm.nih.
gov/pmc/articles/PMC206792/pdf/jbacter00063-0002.pdf

Khan ZA, Koondhar MA, Khan I, Ali U, Tianjun L (2021) Dynamic 
linkage between industrialization, energy consumption, carbon emis-
sion, and agricultural products export of Pakistan: an ARDL ap-
proach. Environ. Sci. Pollut. Res. Int. 28: 43698–43710. https://doi.
org/10.1007/s11356-021-13738-4

Khan SH, Pathak B (2020) Zinc oxide based photocatalytic degrada-
tion of persistent pesticides: A comprehensive review. Environ. 
Nanotechnol. Monitori. Manag. 13: 100290. https://doi.org/10.1016/j.
enmm.2020.100290

Koondhar MA, Udemba EN, Cheng Y, Khan ZA, Koondhar MA, 
Batool M, Kong R (2021) Asymmetric causality among carbon 
emission from agriculture, energy consumption, fertilizer, and 
cereal food production – a nonlinear analysis for Pakistan. Sus-
tain. Energy Technol. Assess. 45: 101099. https://doi.org/10.1016/j.
seta.2021.101099

Lone AH, Raverkar K, Pareek N (2014) In-vitro effects of herbicides on 
soil microbial communities. Bioscan 9: 11–16

Mierzejewska E, Baran A, Tankiewicz M, Urbaniak M (2019) Removal 
and ecotoxicity of 2,4-D and MCPA in microbial cultures enriched 
with structurally-similar plant secondary metabolites. Water 11: 1451. 
https://doi.org/10.3390/w11071451

Hadi F, Aziz T (2015)A Mini review on lead (Pb) toxicity in plants. J. 
Biol. Life Sci. 6: 91–101. https://doi.org/10.5296/jbls.v6i2.7152

Okieimen FE, Ogeleka DF, Peretiemo-Clarke BO (2020) Ecotoxico-
logical risk evaluation of herbicides on nontarget environmental re-
ceptors. Environ. Ecosystem Sci. (EES) 4: 92–99. https://ideas.repec.
org/a/zib/zbnees/v4y2020i2p92-99.html

Oladipo AA, Gazi M, Ifebajo AO, Oladipo AS, Ahaka EO (2020) 
Photocatalytic degradation of toxic pesticides: mechanistic insights. 
Photocatal. Adv. Oxi. Proc. Wastewater Treat. 93–138. https://doi.
org/10.1002/9781119631422.ch4

Pacciani-Mori L, Giometto A, Suweis S, Maritan A (2020) Dynamic 
metabolic adaptation can promote species coexistence in competi-
tive microbial communities. PLoS Comp. Biol. 16: e1007896. https://
doi.org/10.1371/journal.pcbi.1007896

Pertile M, Antunes JEL, Araujo FF, Mendes LW, Van Den Brink PJ, 
Araujo ASF (2020) Responses of soil microbial biomass and en-
zyme activity to herbicides imazethapyr and flumioxazin. Sci. Rep. 
10: 1–9. https://doi.org/10.1038/s41598-020-64648-3

Richardson JR, Fitsanakis V, Westerink RH, Kanthasamy AG (2019) 
Neurotoxicity of pesticides. Acta Neuropathol. 138: 343–362. https://
doi.org/10.1007/s00401-019-02033-9

Sanger F, Nicklen S, Coulsen AR (1977) DNA sequencing with chain-
terminating inhibitors. Proc. Natl. Acad. Sci. U S A 74: 5463–5467. 
https://doi.org/10.1073/pnas.74.12.5463

89

https://ojs.ptbioch.edu.pl/index.php/abp/
https://doi.org/10.1021/acs.est.8b01715
https://doi.org/10.1021/acs.est.8b01715
https://doi.org/10.1007/s42398-018-00036-y
https://doi.org/10.1007/s42398-018-00036-y
https://doi.org/10.3390/biom110608
https://doi.org/10.1016/j.gloenvcha.2021.102239
https://doi.org/10.1007/s10532-017-9787-8
https://doi.org/10.1006/plas.1996.0046
https://doi.org/10.1006/plas.1996.0046
https://doi.org/10.3390/molecules23092313
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC206792/pdf/jbacter00063-0002.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC206792/pdf/jbacter00063-0002.pdf
https://doi.org/10.1007/s11356-021-13738-4
https://doi.org/10.1007/s11356-021-13738-4
https://doi.org/10.1016/j.enmm.2020.100290
https://doi.org/10.1016/j.enmm.2020.100290
https://doi.org/10.1016/j.seta.2021.101099
https://doi.org/10.1016/j.seta.2021.101099
https://doi.org/10.3390/w11071451
https://doi.org/10.5296/jbls.v6i2.7152
https://ideas.repec.org/a/zib/zbnees/v4y2020i2p92-99.html
https://ideas.repec.org/a/zib/zbnees/v4y2020i2p92-99.html
https://doi.org/10.1002/9781119631422.ch4
https://doi.org/10.1002/9781119631422.ch4
https://doi.org/10.1371/journal.pcbi.1007896
https://doi.org/10.1371/journal.pcbi.1007896
https://doi.org/10.1038/s41598-020-64648-3
https://doi.org/10.1007/s00401-019-02033-9
https://doi.org/10.1007/s00401-019-02033-9
https://doi.org/10.1073/pnas.74.12.5463


334											           2023M. Zameer and others

Sehrawat A, Phour M, Kumar R, Sindhu SS (2021) Bioremediation 
of pesticides: an eco-friendly approach for environment sustain-
ability. Microb. Rejuv. Poll. Environ. Vol 25. Springer. https://doi.
org/10.1007/978-981-15-7447-4_2

Singh B (2013) Degradation of clodinafop propargyl by Pseudomonas sp. 
strain B2. Bull. Environ. Contamin. Toxicol. 91: 730–733. https://doi.
org/10.1007/s00128-013-1124-2

Storkey J, Neve P (2018) What good is weed diversity? Weed Res. 58: 
239–243. https://doi.org/10.1111/wre.12310

Wahla AQ, Iqbal S, Anwar S, Firdous S, Mueller JA (2019) Optimizing 
the metribuzin degrading potential of a novel bacterial consortium 
based on Taguchi design of experiment. J. Hazard Mater. 366: 1–9. 
https://doi.org/10.1016/j.jhazmat.2018.11.054

Yuan Y, Weitzel P, Schäffer A, Schmidt B (2015) Metabolic fate of 
the 14C-labeled herbicide clodinafop-propargyl in a sediment–water 
system. J. Environ. Sci. Health B. 50: 533–543. https://doi.org/10.108
0/03601234.2015.1028825

90

https://doi.org/10.1007/978-981-15-7447-4_2
https://doi.org/10.1007/978-981-15-7447-4_2
https://doi.org/10.1007/s00128-013-1124-2
https://doi.org/10.1007/s00128-013-1124-2
https://doi.org/10.1111/wre.12310
https://doi.org/10.1016/j.jhazmat.2018.11.054
https://doi.org/10.1080/03601234.2015.1028825
https://doi.org/10.1080/03601234.2015.1028825


Regular paper

The relationship between EMG high frequency and low 
frequency band amplitude changes correlates with tissue 
inorganic phosphate levels
Malgorzata Habich1#, Bartosz Pawlinski2#, Kamil Lorenc2, Maria Sady2, Katarzyna Siewruk2, 
Piotr Zielenkiewicz1, Zdzislaw Gajewski2, Jaroslaw Poznanski1, Leszek Paczek1,3 and  
Pawel Szczesny1✉

1Institute of Biochemistry and Biophysics Polish Academy of Sciences, Warsaw, Poland; 2Department of Large Animals with Clinic, Warsaw 
University of Life Sciences, Warsaw, Poland; 3Department of Immunology, Transplantology and Internal Diseases, Medical University of Warsaw, 
Warsaw, Poland

Assessing inorganic phosphate levels seems crucial in 
deciphering the biochemical state of organisms or tis-
sues. The concentration of inorganic phosphate in blood 
is an order of magnitude smaller than in tissues and, on 
top of that, it is dynamically used to fill temporary gaps 
in tissues. This is the reason blood inorganic phosphate 
level is considered a poor proxy for tissue levels. There-
fore, tissue biopsy seems to be the dominant method 
when assessing inorganic phosphate levels for instance 
in muscles. In this study, we attempted to derive a non-
invasive biomarker for phosphate tissue levels. We ana-
lyzed surface electromyography signals taken during 
31P spectroscopy of leg muscles in five adult pigs. We 
induced hypophosphatemia via 20 minutes-long hyper-
ventilation. It turned out that the proportion of the am-
plitude of the low frequency band and the high frequen-
cy band is significantly (p=0.002) correlated with the rel-
ative phosphate levels. The electromyographic signal did 
not correlate significantly with pCO2 levels in the blood, 
suggesting that the changes in the signal are a result of 
inorganic phosphate levels, not hyperventilation. The re-
sults might lead to the development of a real-time phos-
phate fluctuations measurement procedure.

Keywords: EMG, phosphate, biomarker, MRI, hyperventilation, hy-
pocapnia

Received: 20 June, 2023; revised: 07 August, 2023; accepted:  
13 September, 2023; available on-line: 18 October, 2023

✉e-mail: szczesny@ibb.waw.pl
#Both authors equally contributed to that study
Acknowledgements of Financial Support: This research was fund-
ed by The National Centre for Research and Development, grant 
number LIDER/028/565/L-5/13/NCBR/2014.

INTRODUCTION

Disturbance in phosphate levels is an electrolyte dis-
order associated with many diseases, but hypophos-
phatemia is more common than hyperphosphatemia. 
Hypophosphatemia is typically diagnosed when serum 
phosphate levels drop below 2.0 mg/dl. The most com-
mon causes of hypophosphatemia are infection, refeed-
ing, and Fanconi syndrome (Saito et al., 2014). It also 
manifests as a complication in critically ill patients in the 
postoperative phase, hypothermia, or trauma (Geerse et 
al., 2010). Symptoms of hypophosphatemia are potential-
ly life-threatening but at the same time nonspecific - it 
includes muscle weakness, arrhythmias, respiratory fail-

ure, hypercalciuria, and others (Assadi, 2010). The dis-
turbance in phosphate levels is associated with increased 
morbidity (Felsenfeld & Levine, 2012; Sin et al., 2021). 

The relationship between phosphate levels in com-
partments is tightly regulated and complicated. As only 
1% of total phosphate in the body is in the extracel-
lular compartment, the changes of concentration in 
serum are dynamic and a poor indicator of total-body 
phosphorus level (Felsenfeld & Levine, 2012). Rou-
tine phosphate monitoring is uncommon in patients 
admitted to intensive care units (ICU), and hypophos-
phatemia is often not corrected (Berger et al., 2021). 
31P spectroscopy is rarely a viable solution due to 
equipment requirements. 

As hypophosphatemia is associated with disturbanc-
es in muscle function and ATP synthesis (Pesta et al., 
2016), the aim of this study was to determine if mus-
cle activity could be a non-invasive, real-time indicator 
of phosphate level. The studies performed on cows 
showed that phosphate deprivation could induce ab-
normalities in muscle activity that can be detected by 
electromyography, but there is no data about transient 
and immediate effects, which could have clinical impli-
cations in human studies (Pesta et al., 2016; Grünberg et 
al., 2019, 2015). The approach of combining 31P with 
surface EMG for studying muscle disorders and fatigue 
has been used many times since 1993 (Roy, 1993; Gi-
annesini et al., 2003; Rzanny et al., 2006). But again, ex-
periments using this approach did not investigate fast 
fluctuations of inorganic phosphate in healthy and un-
fatigued muscle. Our study fills this gap and might lead 
to the development of a novel phosphate biomarker.

MATERIALS AND METHODS

Major protocol

The experiments were approved by the II Local Ethi-
cal Committee on Animal Testing in Warsaw, Poland 
(permit number: 20/2015 from 23 April 2015) on behalf 
of the National Ethical Committees on Animal Testing. 
Three preliminary experiments were conducted: two ani-
mals under normo- and hyperventilation were performed 
outside the MRI scanner chamber and one in the MRI 
chamber under normoventylation (animal 0). In the main 
part of this study, four female healthy piglets (animals 
1–4) with an average body weight of 20 kg and an aver-
age age of 2 months were first sedated with azaperone 
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(Stresnil, 3 mg/kg body weight (b.wt.), Janssen Phar-
maceutica, Turnhoutseweg, Belgium). Each animal was 
then orotracheally intubated with an endotracheal tube 
and mechanically ventilated with room air. The respira-
tion rate was set to zero (free respiration) during nor-
moventylation and 20/min during hyperventilation. To 
evaluate muscle activity, the surface EMG electrodes 
were placed on the trapezius and triceps (front leg), and 
biceps femoris (rear leg) muscles. During the experi-
ment, a swine was placed inside the MRI scanner. Each 
measurement lasted 4 min 26 seconds. In four cases, 
between the measurements, the pig’s blood was drawn 
to evaluate gasometry. After the first two control scans, 
the next four were made in a hyperventilated state, fol-
lowed by another seven scans under normoventylation. 
A schematic of the main experiment is shown in Fig. 1. 
The well-being of animals was closely monitored by an 
anesthesiologist and in case of suspected risk to animal 
health, the experiment was terminated. In addition to 
experiments with 31P spectroscopy, EMG measurements 
for two other animals upon normo- and hyperventilation 
were performed outside of the MRI scanner chamber.

31P MRS data analysis
31P-MRS data was acquired using an MR750w 3T MRI 

scanner (GE Healthcare, USA) with 31P/1H surface coil 
(Rapid Biomedical, Germany). Data was acquired with 
parameters: TR 1s, Navg 256, spectral bandwidth 5kHz, 
acquisition time 102.4 ms, slice thickness 40 mm. No 
shimming was applied for the 31P-MRS acquisition. Data 
were acquired before, during, and after hyperventilation. 
Localization was done through coil sensitivity. The coil 
was located on the biceps femoris. Raw data were quan-
tified with jMRUI software (Naressi et al., 2001; Stefan 
et al., 2009) using the AMARES algorithm (Vanhamme 
et al., 1997) according to published procedures and para-
metrization (de Graaf, 2019). Signal location and assign-
ment were done for each spectrum individually to ac-
count for pH-induced changes in the spectra.

Electromyography data analysis

The electromyography record was running continu-
ously throughout the whole experiment. Because be-
tween spectroscopy measurements the pigs were touched 
by a technician for blood extraction, the analysis of elec-
tromyography measurements has been made only on 
fragments of record that were recorded during spectros-
copy. The first part of the analysis was made using the 
“signal” library from Python 3. The “spectrogram” func-
tion was used to create a signal spectrogram which then 
has been converted into dB. To extract the spectroscopy 
parts of the signal the sum of signal power in the 210 
dB – 249 dB range has been taken and then the frag-

ments where the summed signal power went above the 
average for the known spectroscopy time – 4 minutes 
and 26 seconds – were chosen. Further signal analysis 
has been done using the R language “psd” library. The 
signal was further cleaned up, a spectrogram was cre-
ated, and then the relation between high and low fre-
quency bands was calculated according to the equation:

This approach to the analysis of EMG signals was al-

ready used in clinical research (Allison & Fujiwara, 2002; 
Badier et al., 1993; Krogh-Lund & Jørgensen, 1993).

Gasometry data analysis

Between 31P-MRS measurements, blood samples 
were collected and further using a critical points ana-
lyzer RAPIDPoint 500 (Siemens, Erlangen, Germany). 
The measured parameters were: pH, pCO2 (mmHg), p02 
(mmHg), cHCO3-(mmol/L), BE (ecf) (mmol/L), cSO2 
(%), Na+ (mmol/L), K+ (mmol/L), Ca++(mmol/L), Cl-
(mmol/L), cTCO2 (mmol/L), Anion gap (mmol/L), 
Anion gap K+ (mmol/L), Hct (%), cHgb (g/dL), BE (b)
(mmol/L), Glucose (mg/dL), Lactate (mmol/L), Creati-
nine (mg/dL) (Supplementary Table 1 at https://ojs.pt-
bioch.edu.pl/index.php/abp/). 

RESULTS

Hyperventilation induces hypophosphatemia in most 
animals

Four hyperventilated animals were put in an MRI 
chamber. Two measurements were done with nor-
moventilation and then animals were hyperventilated for 
4 consecutive scans (see Materials and Methods for ex-
act protocol). Analysis of the 31P-MRS signal indicates 
that inorganic phosphate content in muscles drops by as 
much as 30% after 5 steps of the experiment (about 20 
minutes of hyperventilation) (Fig. 2). Not all cases had a 
drop in phosphate levels following hyperventilation, but 
when blood gasometry analysis was performed, hyper-
ventilation robustly induces a drop in pCO2 levels (Sup-
plementary Fig. 1 at https://ojs.ptbioch.edu.pl/index.
php/abp/).

Figure 1. Schematic of the main experiment - dashed and filled 
rectangles indicate which fragments of data were taken into 
further analysis. 
Additionally, the range of hyperventilation and moments of blood 
gasometry were shown as vertical lines and circles respectively. 
Each spectroscopy measurement lasted 4 min 26 seconds. The 
time between measurements slightly varied but the mean time 
between blood tests was 5 min.

Figure 2. Inorganic phosphate levels in muscles before, during 
and after hyperventilation. 
The total number of points per animal depended on its condition 
– some experiments were decided to finish earlier. Phosphate lev-
els are normalized against the first measurement.
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EMG signal correlates with inorganic phosphate but not 
with pCO2 levels

The distribution of the collected EMG signal was 
symmetrical, and values ranged typically between -100mV 
and 100mV (Supplementary Fig. 2 at https://ojs.ptbioch.
edu.pl/index.php/abp/). The ratio of the power spec-
trum between high and low frequencies was calculated 
for a window spanning 4 minutes during MRI acquisi-
tion (4 min 26 seconds). The window for EMG analysis 
was taken slightly smaller to remove artifacts caused by 
switching on/off of MRI scanning. Pearson correlation 
between this calculated ratio (called “normalized score”) 
and normalized phosphate levels is negative and signifi-
cant: R is –0.45, and the p-value is 0.002 (Fig. 3A). We 
made the same comparison between the score and nor-
malized pCO2 levels, and the Pearson test indicated an 
insignificant correlation (Fig. 3B). Detailed trajectories 
for each animal are in Supplemental Fig. 3 at at https://
ojs.ptbioch.edu.pl/index.php/abp/.

Fast reaction to hyperventilation seen in EMG

The EMG signal collected during MRI scans is, de-
spite shielding and usage of carbon electrodes, quite 
noisy. We repeated the hyperventilation experiment 
outside of the MRI chamber. Phosphate measurement 
wasn’t possible but the goal was to obtain a clear pic-
ture of changes in EMG following hyperventilation. It 
turned out that the reaction of EMG to hyperventilation 
is pretty fast - the changes in the EMG spectrum can be 
observed tens of seconds after hyperventilation is started 
(Fig. 4). To remove the possibility that the interaction 
with a ventilating machine was the cause of EMG re-
sponse, another animal was put on ventilator but with 
respiration rate set to 12 breaths. No significant changes 
in EMG score (other than artifacts from body move-
ment) were detected (Supplemental Fig. 4 at at https://
ojs.ptbioch.edu.pl/index.php/abp/).

DISCUSSION

In this study, we presented the results of an at-
tempt to derive a non-invasive biomarker of hypophos-
phatemia. We showed that hyperventilation induces hy-
pophosphatemia and that the level of inorganic phos-
phate in muscles correlates with changes in the power 
spectrum density of a surface electromyographic signal. 
The observed correlation is significant despite the limited 
number of animals used for the research.

Animals appeared healthy, but we cannot rule out pre-
existing conditions (one animal needed a longer recov-
ery time after the experiment was concluded). This could 
potentially explain why, not in all cases, we were able to 
notice hypophosphatemia.

An interesting aspect of EMG response to hyperven-
tilation is the time needed to elicit it. MRI scans affect 
the EMG signal, so we could not see when exactly the 
EMG started to drift. Experiments outside of the MRI 
chamber showed that a response is faster than 30 sec-
onds. Existing hypotheses about how hyperventilation 
influences phosphate levels (O’Brien & Coberly, 2003) 
support a fast response rate. O’Brien and Coberly pro-
posed a model where an increased rate of glycolysis and 
ATP production in response to respiratory alkalosis is 
responsible for a sudden drop in inorganic phosphate 
levels. However, this study doesn’t provide evidence if 
that is the mechanism that occurs.

Figure 3. Correlation between EMG score (see Materials and 
Methods) and phosphate levels (panel A) and pCO2 (panel B). 
Values on all axes were normalized against the first measure-
ment per animal. 

Figure 4. Experiment with hyperventilation repeated outside of 
the MRI chamber. 
The start and end of hyperventilation are denoted as vertical lines. 
Dots are the EMG score calculated every 1s.

 A

 B
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The role of TGF-β in the
electrotactic reaction of mouse
3T3 fibroblasts in vitro
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Endogenous electric fields (EFs) serve as a crucial signal to guide cell movement

in processes such as wound healing, embryonic development, and cancer

metastasis. However, the mechanism underlying cell electrotaxis remains

poorly understood. A plausible hypothesis suggests that electrophoretic or

electroosmotic forces may rearrange charged components of the cell

membrane, including receptors for chemoattractants which induce

asymmetric signaling and directional motility. This study aimed to explore

the role of Transforming Growth Factor Beta (TGFβ) signaling in the

electrotactic reaction of 3T3 fibroblasts. Our findings indicate that inhibiting

canonical and several non-canonical signaling pathways originating from the

activated TGF-β receptor does not hinder the directed migration of 3T3 cells to

the cathode. Furthermore, suppression of TGF-β receptor expression does not

eliminate the directional migration effect of 3T3 cells in the electric field.

Additionally, there is no observed redistribution of the TGF-β receptor in the

electric field. However, our studies affirm the significant involvement of

Phosphoinositide 3-Kinase (PI3K) in electrotaxis, suggesting that in our

model, its activation is likely associated with factors independent of

TGFβ action.

KEYWORDS

electric field, electrotaxis, cell migration, TGFβ signaling, 3T3 fibroblasts

Introduction

The existence of endogenous electric fields in diverse anatomical locations within

living organisms has been extensively documented across various research accounts [for a

comprehensive overview, refer to the work of McCaig et al.( 2005)]. These electric fields

emerge from polarized ion transport across epithelial tissues, resulting in the formation of

a transepithelial potential. Following the disruption of the epithelial layer, such as by

injury, this potential collapses at the center of the wound, while remaining stable in distal

regions where ion transport is unaffected. This creates a voltage gradient, forming a direct

current electric field (dcEF) with a vector parallel to the epithelial surface, and the wound

center acting as the cathode (McCaig et al., 2009). Evidence increasingly highlights the

pivotal role of electric signals in guiding cell migration during processes such as wound

OPEN ACCESS

EDITED BY

Bozena Bruhn-Olszewska,
Uppsala University, Sweden

REVIEWED BY

Anna Polak,
Independent Researcher, Katowice,
Poland
Iga Hołyńska-Iwan,
Nicolaus Copernicus University in
Toruń, Poland

*CORRESPONDENCE

Slawomir Lasota,
slawomir.lasota@uj.edu.pl

Zbigniew Madeja,
z.madeja@uj.edu.pl

†These authors have contributed equally
to this work

RECEIVED 15 March 2024
ACCEPTED 13 June 2024
PUBLISHED 25 June 2024

CITATION

Ciesielska P, Lasota S,
Bobis-Wozowicz S andMadeja Z (2024),
The role of TGF-β in the electrotactic
reaction of mouse
3T3 fibroblasts in vitro.
Acta Biochim. Pol 71:12993.
doi: 10.3389/abp.2024.12993

COPYRIGHT

© 2024 Ciesielska, Lasota, Bobis-
Wozowicz and Madeja. This is an open-
access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permittedwhich does
not comply with these terms.

Acta Biochimica Polonica
Published by Frontiers

Polskie Towarzystwo Biochemiczne (Polish Biochemical Society)01

TYPE Original Research
PUBLISHED 25 June 2024
DOI 10.3389/abp.2024.12993

95

https://crossmark.crossref.org/dialog/?doi=10.3389/abp.2024.12993&domain=pdf&date_stamp=2024-06-25
mailto:slawomir.lasota@uj.edu.pl
mailto:slawomir.lasota@uj.edu.pl
mailto:z.madeja@uj.edu.pl
mailto:z.madeja@uj.edu.pl
https://doi.org/10.3389/abp.2024.12993
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/abp.2024.12993


healing, embryonic development, and the metastasis of cancer

(Djamgoz et al., 2001; McCaig et al., 2005; Zhao, 2009). This

phenomenon is referred to as electrotaxis and is defined as an

active directional movement toward the cathode or anode.

While electrotaxis is well-documented in various cell types,

the molecular mechanisms employed by cells to sense electric

fields remain largely elusive. It is hypothesized that

electrophoretic or electroosmotic forces redistribute the

charged components of the cell membrane, including

receptors for chemoattractants. This redistribution could lead

to a higher concentration of these receptors on the side of the cell

facing the cathode (or anode), potentially driving asymmetric

signaling that underlies directional movement (McCaig et al.,

2005; Allen et al., 2013).

The role of chemoattractant receptor redistribution on the

cell membrane during electrotaxis is critically important. In

particular, the Epidermal Growth Factor (EGF) receptor has

been identified as a key player in the electrotactic responses of

various cell types, including corneal epithelial cells, keratinocytes,

and breast cancer cells (Fang et al., 1999; Zhao et al., 2002; Pu

et al., 2007). Small direct current electric fields not only

upregulate the expression of EGF receptors but also induce

their asymmetrical distribution within the cell membrane.

Nevertheless, it has been proposed that the electrotaxis

process depends on the redistribution of receptors specific to

additional chemotactic factors such as Basic Fibroblast Growth

Factor (bFGF), acetylcholine, Vascular Endothelial Growth

Factor (VEGF), and Transforming Growth Factor Beta (TGF-

β) (Orida and Poo, 1978; Zhao et al., 1996; Zhao et al., 1999; Zhao
et al., 2012). However, the mechanism of receptor translocation

does not sufficiently explain the nature of the first rapid reactions

of cells to dcEF (Korohoda et al., 2000; Djamgoz et al., 2001;

Zimolag et al., 2017). Another significant hypothesis posits that

the mechanism underlying electrotaxis could stem from uneven

activation of different ion channels within the cell membrane.

Several ion channels have been implicated in the electrotactic

responses of diverse cell types. These include calcium channels

(Mycielska and Djamgoz, 2004), voltage-gated sodium channels

(Djamgoz et al., 2001), voltage-gated potassium Kv1.2 channels

(Zhang et al., 2016), inwardly rectifying potassium channels

(Kir4.2) (Nakajima et al., 2015), and ion transporters such as

Na, K-ATPase (NaKA) and Na+/H+ exchanger isoforms

(NHE1 and 3) (Özkucur et al., 2011). Additionally, Liu et al.

documented the activation of Na+ and K+ pumping modes of

(Na,K)-ATPase by an oscillating electric field (Liu et al., 1990).

Furthermore, large-scale screeningmethods identified several ion

channel genes as potential key players in electrotaxis (Nakajima

et al., 2015; Lasota et al., 2024).

In our previous investigation (Lasota et al., 2024), we

demonstrated that in slowly migrating 3T3 cells, the response

to a direct current electric field (dcEF) occurs quite swiftly, with

initial signs becoming apparent after just 1 min of exposure. This

strongly suggests that the primary mechanism governing the

electrotactic response is linked to the activation of ion channels

rather than the translocation of cell membrane receptors. Indeed,

through comprehensive screening, we identified several ion

channel genes as potentially involved in 3T3-cell electrotaxis.

Notably, the electrotactic response of 3T3 cells was significantly

reliant on inwardly rectifying potassium channels (Kir4.2). Since

inhibiting the Kir4.2 channel only diminishes the directional

movement of 3T3 cells for approximately 1–2 h, followed by the

reappearance of electrotaxis, we proposed a biphasic mechanism

for the electrotaxis of mouse 3T3 fibroblasts. According to this

model, the activation of ion channels triggers the initial rapid

cellular response to an electric field, while the redistribution of

membrane receptors is responsible for the sustained

directionality of cell movement over the long term. Our

preliminary findings indicated that the prolonged response

might be attributed to the relocation of the EGF receptor in

the membrane of 3T3 cells. On the other hand, we have proven

the involvement of TGFβ signaling in the electrotaxis of another

cell type – human bronchial fibroblasts (Pavlenko et al., 2023).

Building on these findings, the current study delves into the role

of TGFβ signaling in the long-term reaction of 3T3 fibroblasts to

an electric field.

Materials and methods

Cell culture

Mouse 3T3 fibroblasts (ATCC CRL-1658) were cultured in

DMEM HG (Dulbecco’s Modified Eagle’s Medium High

Glucose) medium (Sigma‒Aldrich, St. Louis, MO,

United States), supplemented with 10% FBS (Fetal Bovine

Serum) (Gibco, Waltham, MA, United States), penicillin

(100 IU/mL), and streptomycin (100 μg/mL) (herein referred

to as the ‘complete culture medium’) under standard conditions

at 37°C and 5% CO2. Cells were passaged using 0.25% trypsin/

EDTA (Gibco, Waltham, MA, United States) approximately

every third day to maintain confluency below 80%.

Cell seeding and application of
electric field

To apply a direct current electric field (dcEF) to the cells, we

used a custom electrotactic chamber based on a previously

described protocol with minor modifications (Sroka et al.,

2018). The scheme depicting the methodology of electrotaxis

examination is presented in Supplementary Figure S1.We seeded

1×104 cells onto a sterile 60 × 35 × 0.2 mm cover glass using

400 μL of complete culture medium, achieving a final cell density

of approximately 2.5×103 cells/cm2. Before the experiment, the

second part of the observation chamber was assembled using

another cover glass and two additional 60 × 10 × 0.2 mm glass
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pieces, connected with double-sided adhesive tape (tesa SE,

Hamburg, Germany). This assembly, once completed, was

filled with fresh complete culture medium or serum-free

medium and inserted into an external electrotactic chamber

made of PVC. Ag|AgCl electrodes (each 6 cm2) immersed in

PBS were connected to a power supply. These electrodes were

linked to the observation chamber using salt bridges made of

glass pipes filled with agar (2% in 0.5 M KCl). Applying a dcEF

with an intensity of 3 V/cm completed the setup. In the case of

experiments without a dcEF, cells were seeded onto 24-well plates

with glass bottoms (Eppendorf, Hamburg, Germany) in the

quantity of 5 × 103 per well.

Registration and analysis of cell migration

Time-lapse imagingwas conducted using integratedmodulation

contrast (IMC). For electrotaxis studies, a Leica DM IL LED

microscope (Leica, Wetzlar, Germany) equipped with a Moticam

3.0 camera controlled byMotic Images Plus 3.0 software (bothMotic,

Xiamen, China) was used. For the registration in isotropic conditions

(w/o dcEF), we employed a Leica DMI6000B motorized microscope

with a Leica DFC360FX camera operated via LAS X 3.4 software (all

Leica, Wetzlar, Germany). A temperature of 37°C was maintained

inside the observation chamber using an environmental chamber and

a heating unit. To offset the lack of CO2 control, HEPES buffer

(15 mM) was added to the complete culture medium before each

recording session. The images were captured every 5 min for 4 h

(with the cathode on the right-hand side).

Analysis of single-cell migration was performed using Hiro

1.0.0.4 software (Krecioch et al., 2015; Sroka et al., 2016; Sroka

et al., 2018), where cell migration trajectories were constructed

from manually identified cell centroids. To obtain circular

diagrams, the initial point of each trajectory was placed in the

origin of the coordinate system. The following quantitative

parameters were calculated: (a) the speed of cell migration

(µm/min)—the total length of the cell trajectory divided by

the time of recording; (b) cell displacement (µm)—the length

of the line segment from the first to the last position of a cell; (c)

average directional cosine γ—γ is the angle formed by the line

that connected the initial point of trajectory to subsequent cell

positions and the X-axis (parallel to the vector of EF); (d) CME

(Coefficient of Movement Efficiency)—representing the ratio of

displacement to the total length of the cell trajectory. It

approaches 1 when cell migration is persistent and decreases

toward 0 when the direction of movement changes frequently.

Pharmacological modification of
signaling pathways

To investigate the role of TGFβ signaling in the electrotaxis of
3T3 fibroblasts, we utilized inhibitors targeting both the

canonical and noncanonical TGF-β pathways. Specifically, to

block the canonical Smad-dependent signaling pathway,

SB431542 (10 μM) was introduced into the complete culture

medium during the preparation of the chamber. This inhibitor

was applied 30 min prior to recording cell migration and was

present throughout the duration of the experiment. To inhibit the

noncanonical signaling pathways, the following inhibitors were

added: U0126 (10 μM) for MEK1/2, SB203580 (10 μM) for p38,

Y-27632 (10 μM) for ROCK, and LY-294002 (20 μM) for PI3K,

following the protocol for the SB431542 inhibitor (all inhibitors

from Sigma-Aldrich, St. Louis, MO, United States). In

experiments without the presence of serum, the serum-free

medium was additionally supplemented with TGF-β1 at a

concentration of 5 ng/mL.

Knockdown of the TGF-β receptor gene

To verify the involvement of Tgfbr2 in the electrotaxis of

3T3 fibroblasts, the receptor was knocked down with a specific

siRNA. Briefly, 5 × 104 cells/well were seeded into a 12-well plate

the day before. Cells were transfected with 25 nM siRNA

targeting mouse Tgfbr2 (#AM16708, siRNA ID: 64894,

Ambion, Austin, TX, United States) or non-targeting control

(#AM4611, Ambion) using DharmaFECT 1 (Dharmacon,

Lafayette, CO, United States) as the transfection reagent. The

procedure was performed according to the manufacturer’s

instructions. Approximately 24 h after transfection, cells were

harvested and seeded into an electrotactic chamber to allow for

adherence. Electrotaxis was analyzed 24 h later as

described above.

Western Blot analysis

Cells transfected with siRNA were harvested 48 h after

transfection and lysed with RIPA lysis buffer (Sigma-Aldrich)

supplemented with protease and phosphatase inhibitors

(Thermo Fisher Scientific, Waltham, MA, United States). The

lysates were then sonicated (3 × 10 s) with intermediate

incubations on ice and centrifuged at 16.000 g for 10 min at

4°C to isolate the protein fraction. Protein concentration was

measured using a BCA assay (Thermo Fisher Scientific)

according to the manufacturer’s instructions. Samples were

then mixed with 4x Loading Protein Buffer Plus (Eurx,

Gdańsk, Poland) and boiled at 95°C for 5 min 10 μg protein

samples were separated by SDS-PAGE using Miniprotean TGX

Gel, 4%–15% (Bio-Rad, Hercules, CA, United States) and

transferred onto a polyvinylidene fluoride (PVDF) membrane

using a Trans-Blot Turbo Transfer Pack Midi Format 0. 2 μM

PVDF (Bio-Rad) in a semi-dry transfer at 25 V, 1.3 A for 7 min in

the Trans-Blot Turbo Transfer System (Bio-Rad). Membranes

were incubated in 3% BSA in TBST (0.05% (v/v) Tween 20 in
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Tris-buffered saline) for 90 min to block nonspecific binding

sites. The membranes were then incubated with primary

antibodies against TGFBR2 (#GTX55814, GeneTex, Irvine,

CA, United States) or GAPHD (#MA5-15738, Invitrogen/

Thermo Fisher Scientific) as a loading control overnight at

4°C with gentle shaking. The next day, the membranes were

washed three times with TBST and incubated with horseradish

peroxidase (HRP)-conjugated secondary antibodies: goat anti-

rabbit IgG, horse anti-mouse IgG (#7074 and #7076, respectively,

both from Cell Signaling Technology, Danvers, MA,

United States) in 3% BSA in TBST for 50 min at room

temperature. After washing the membranes 3 times with

TBST, the signal was detected with the chemiluminescent

HRP substrate (Merck, Rahway, NJ, United States) in a

ChemiDoc XRS + imager (BioRad). Densitometric analysis

was performed using Quantity One software (Bio-Rad).

TGF-β receptor distribution

3T3 fibroblasts were seeded into a 24-well plate at a density of

2.5×104 cells per well and incubated overnight under standard

conditions. The next day, cells were transfected in accordance

with the manufacturer’s protocol (Thermo Fisher Scientific,

Waltham, MA, United States) using 0.75 µL of Lipofectamine

3000 reagent and 0.5 µg of a plasmid vector encoding the

TGFBR1 (ALK5) receptor fused to an mEmerald Green

fluorescent protein (Addgene, Watertown, MA, United States,

#62751) for each well. Twenty-four hours post-transfection, cells

were reseeded onto 60 × 35 × 0.2 mm glass slides for the

electrotaxis chamber as outlined in the preceding section.

Given the rapid reduction in the expression of the protein,

transient transfection was scheduled 48 h before the planned

imaging of the receptor redistribution. Imaging was done

utilizing a Leica DMI8 inverted fluorescence microscope

equipped with a DFC7000 GT monochromatic CCD camera,

dry HCX APO U-V-I 40x/0.75 DRY UV objective, a GFP-

optimized filter set (all Leica, Wetzlar, Germany), and a

CoolLED pE-4000 LED illuminator (CoolLED Ltd., Andover,

Great Britain). Following the application of the electric field, as

previously described, images of fluorescent cells across various

fields of view were recorded. These images were then processed

with ImageJ Fiji software (National Institute of Health, Bethesda,

MD, United States) (Schindelin et al., 2012), i.e., the images were

shading corrected and used for designation of plot profiles along

lines with a thickness of 5 pixels, with the intention of

reducing noise.

Statistical analysis

The statistical significance of variances in cell migration

speed, cell displacement, and CME was evaluated using the

Student’s t-test. In contrast, for directionality, these differences

were examined using a non-parametric U–Mann–Whitney test

due to the nature of this parameter and its inherent lack of a

normal distribution (confirmed by the Shapiro-Wilk test). All

FIGURE 1
Movement of 3T3 fibroblasts in an isotropic environment and
under the influence of a direct-current electric field (dcEF) of
physiological strength. Circular diagrams depict the combined
trajectories of individual cell migration (A) in the absence of
dcEF and (B) with a dcEF of 3 V/cm. The starting point for each
trajectory (formed by tracking 48 consecutive positions of the cell
centroid, recorded every 5 min) was repositioned to the origin of
the coordinate system. The dcEF cathode, when applicable, is
situated to the right in the illustration. Scale is provided in
micrometers (μm). The directional cos γ values below (referring to
the directionality of the cell migration), are provided as the mean
(for the cell population; n = 30 and 60, respectively) ± the standard
error of the mean (SEM). *Statistically significant difference
between compared conditions (dcEF 3 V/cm vs. w/o dcEF)
(p < 0.05).
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statistical analyses were conducted using GraphPad Prism

version 8.0.1 (GraphPad Software, Boston, MA,

United States), with a threshold for statistical significance set

at p < 0.05.

Results

The impact of inhibiting canonical and
non-canonical TGF-β signaling pathways
on 3T3 cell electrotaxis in the presence of
a serum

As previously communicated, 3T3 fibroblasts in a medium

with 10% FBS exhibit robust electrotactic activity (Lasota et al.,

2024). Indeed, as shown in Figure 1A, in the absence of an electric

field, the 3T3 cells displayed random movements (cos γ = 0.018 ±

0.109). However, following the application of an electric field (3 V/

cm), the cell migration became distinctly directional, with cells

moving toward the cathode (cos γ = 0.799 ± 0.029) (Figure 1B).

To determine the role of TGFβ in directing the migration of

3T3 cells in an electric field, we assessed the effects of inhibiting

both canonical and non-canonical signaling pathways activated by

TGFβ, using specific pharmacological inhibitors at concentrations

validated in our previous studies (Paw et al., 2021; Pavlenko et al.,

2023). As presented in Figure 2 and Figure 3D, inhibition of the

canonical Smad-dependent pathway with SB431542 did not alter

the electrotaxis of 3T3 cells. Similarly, inhibitors of noncanonical

TGFβ signaling pathways, specifically MEK1/2 (U0126), p38

(SB203580), and ROCK (Y-27632), did not affect the

directional migration of 3T3 cells in the electric field. However,

the PI3K signaling pathway stood out as its inhibition with LY-

294002 significantly reduced the directional cosine from 0.799 ±

0.029 under the control conditions to 0.347 ± 0.092 with the

inhibitor present (Figure 3D; Table 1), pointing to a critical role of

PI3K in migration directionality. Notably, while U0126 (MEK1/

2 inhibitor) and Y-27632 (ROCK inhibitor) significantly

influenced the speed of migration and cell displacement,

suggesting the importance of these signaling pathways for

motile activity, they did not affect the directionality of cell

movement (Figure 3; Table 1). A similar effect of these

inhibitors on the migration of 3T3 cells was found under

control conditions without the application of an electric field

(Supplementary Figure S2).

FIGURE 2
The role of TGF-β signaling in the electrotaxis of 3T3 fibroblasts examined in the presence of a serum. Circular diagrams illustrating composite
cell trajectories under various conditions: (A) control conditions (dcEF 3 V/cm, FBS 10%), and in the presence of (B) Smad inhibitor - SB-431542
(10 μM), (C)MEK1/2 inhibitor - U0126 (10 μM), (D) p38 inhibitor - SB-203580 (10 μM), (E) ROCK inhibitor - Y-27632 (10 μM), and (F) PI3K inhibitor -
LY-294002 (20 μM). The methodology for constructing and displaying these diagrams follows that of the previous figure (refer to Figure 1).
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The presented results underscore that among the TGFβ-
activated signaling pathways we explored, only the PI3K-

dependent pathway is crucial for electrotaxis. Nonetheless,

given that this pathway can also be activated by additional

factors within the FBS (e.g., EGF), we conducted additional

experiments to investigate the impact of the tested inhibitors

on the electrotaxis of 3T3 cells in a serum-free medium,

supplemented with exogenously added TGFβ.

The impact of inhibiting canonical and
non-canonical TGF-β signaling pathways
on 3T3 cell electrotaxis in a serum-
free media

In serum-free conditions, 3T3 cells demonstrated a distinct

electrotactic response, migrating toward the cathode in an

electric field of 3V/cm (Figures 4A,C). The directional cosine

in these conditions was only marginally lower than in the

presence of 10% FBS (0.636 ± 0.050 and 0.799 ± 0.029,

respectively). However, both the speed of cell migration and

their final displacement were reduced in the absence of serum

compared to conditions with 10% serum (0.169 ± 0.006* μm/min

vs. 0.233 ± 0.017 μm/min and 20.098 ± 1.364* μm vs. 42.879 ±

3.391 μm, respectively). Notably, adding exogenous TGFβ (5 ng/
mL) did not alter the directionality of cell movement (Figure 4F),

yet significantly enhanced their migration speed and final

displacement (Figure 4E; Table 2).

As depicted in Figure 5 and Figure 6, in serum-free media at

the presence of TGFβ (5 ng/mL), SB431542, an inhibitor

targeting the canonical Smad-dependent signaling pathway,

did not impact the electrotaxis of 3T3 cells. Similarly,

inhibitors of noncanonical TGFβ signaling pathways such as

p38 (SB203580) and ROCK (Y-27632) exhibited no discernible

FIGURE 3
The impact of TGF-β signaling inhibition on the electrotaxis of 3T3 fibroblasts in the presence of a serum– quantitative analysis. (A) Speed of cell
migration, (B) displacement, (C) coefficient of movement efficiency (CME), and (D) directionality of cell migration (presented as the average
directional cosine γ), presented as themean (for the cell population) ± standard error of themean (SEM). The number of cells (n) is detailed in Table 1.
*Statistically significant differences compared to the control (dcEF 3 V/cm, 10% FBS) (p < 0.05).

TABLE 1 The impact of TGF-β signaling inhibition on the electrotaxis of 3T3 fibroblasts in the presence of a serum.

Serum, dcEF 3 V/cm

Control (serum,
dcEF 3 V/cm)
(n = 60)

Smad inh.- SB-
431542 (10 μM)
(n = 30)

MEK 1/2 inh.-
U0126 (10 μM)
(n = 30)

p38 inh.- SB-
203580 (10 μM)
(n = 30)

ROCK inh.- Y-
27632 (10 μM)
(n = 40)

PI3K inh.- LY-
294002 (20 μM)
(n = 30)

Speed of
migration
[μm/min]

0.233 ± 0.017 0.277 ± 0.015 0.166 ± 0.011 0.271 ± 0.016 0.341 ± 0.018a 0.233 ± 0.010

Displacement
[μm]

42.879 ± 3.391 49.657 ± 3.333 27.285 ± 2.493a 47.910 ± 4.025 56.967 ± 3.693a 16.227 ± 1.754a

CME 0.758 ± 0.015 0.739 ± 0.022 0.673 ± 0.030a 0.720 ± 0.025 0.692 ± 0.024a 0.312 ± 0.035a

Cosine γ 0.799 ± 0.029 0.800 ± 0.042 0.785 ± 0.043 0.871 ± 0.020 0.724 ± 0.040 0.347 ± 0.092a

aStatistically significant differences relative to control (serum, direct current electric field 3 V/cm) (p < 0.05).
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effect on the directional migration of 3T3 cells in the electric field.

Intriguingly, even the inhibition of the PI3K signaling pathway

did not significantly diminish electrotaxis under these

experimental conditions. It is worth emphasizing that the

inhibitor of MEK1/2 (U0126) completely halted the migration

of 3T3 cells (Figure 5C). It is important to note that data from

non-migrating cells were excluded from further analysis, as

movement parameters could not be determined. The effects of

all these inhibitors on the migration of 3T3 cells in the absence of

an electric field are detailed in Supplementary Figure S3.

FIGURE 4
The impact of TGF-β1 on the electrotaxis of 3T3 fibroblasts in serum-freemedia. (A–D)Circular diagrams illustrate the combined trajectories of
individual cell migrations (A,B)without dcEF and (C,D) in the presence of a dcEF of 3 V/cm. All experimentswere performed in serum-free conditions,
with the culture media in (B,D) further enriched with TGF-β1 (5 ng/mL). The approach for chart creation and presentation is consistent with that
described previously (see Figure 1). (E,F) Graphs showing quantitative parameters summarizing the effect of TGF- β1 (5 ng/mL) addition to the
culture medium. (E) Speed of cell migration normalized to corresponding control (-TGFβ1) and (F) directionality of cell migration (shown as the
average directional cosine γ), presented as themean (for the cell population) ± the standard error of themean (SEM). The number of cells (n) is 30, 30,
60, and 30, respectively. *Statistically significant differences compared to the corresponding control (serum-free, w/o TGF-β1) (p < 0.05).

TABLE 2 The impact of TGF-β signaling inhibition on the electrotaxis of 3T3 fibroblasts in the serum-free medium containing TGF-β1.

Serum-free + TGFβ1 (5 ng/mL), dcEF 3 V/cm

Control (serum-free
+ TGFβ1 5 ng/mL,
dcEF 3 V/cm) (n = 30)

Smad inhibitor -
SB-431542
(10 μM) (n = 30)

p38 inhibitor - SB-
203580 (10 μM)
(n = 40)

ROCK inhibitor -
Y-27632 (10 μM)
(n = 35)

PI3K inhibitor-
LY-294002
(20 μM) (n = 30)

Speed of
migration
[μm/min]

0.243 ± 0.015 0.233 ± 0.014 0.251 ± 0.014 0.190 ± 0.012a 0.191 ± 0.013a

Displacement
[μm]

35.990 ± 3.265 41.918 ± 3.457 33.711 ± 3.912 27.825 ± 2.853 19.756 ± 3.029a

CME 0.608 ± 0.030 0.736 ± 0.029a 0.518 ± 0.039 0.586 ± 0.035 0.396 ± 0.044a

Cosine γ 0.666 ± 0.045 0.767 ± 0.035 0.517 ± 0.072 0.539 ± 0.073 0.506 ± 0.081

aStatistically significant differences relative to the control (serum-free + Transforming Growth Factor Beta 1, direct current electric field 3 V/cm) (p < 0.05).
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The obtained results suggest that although the PI3K pathway

emerges as a crucial component in the response of 3T3 cells to an

electric field, its activation in this context does not appear to be

directly related to TGFβ. Instead, it is likely associated with other

factors present in the serum that stimulate this pathway.

Given that our findings do not affirm a substantial role of

TGFβ in driving electrotaxis, we endeavoured in subsequent

experiments to validate the hypothesis concerning the

translocation of the TGFβ receptor within the cell membrane

under the influence of an applied electric field.

FIGURE 5
The role of TGF-β signaling in the electrotaxis of 3T3 fibroblasts examined in the serum-free medium containing TGF-β1. Circular diagrams
illustrating composite cell trajectories under various conditions: (A) control conditions (dcEF 3 V/cm, serum-free, TGF-β1 (5 ng/mL)), and in the presence
of (B) Smad inhibitor - SB-431542 (10 μM), (C)MEK1/2 inhibitor - U0126 (10 μM), (D) p38 inhibitor - SB-203580 (10 μM), (E) ROCK inhibitor - Y-27632
(10 μM), and (F) PI3K inhibitor - LY-294002 (20 μM). The methodology for constructing and displaying these diagrams follows that of Figure 1.

FIGURE 6
The impact of TGF-β signaling inhibition on the electrotaxis of 3T3 fibroblasts in the serum-free medium containing TGF-β1 – quantitative
analysis. (A) Speed of cell migration, (B) displacement, (C) coefficient ofmovement efficiency (CME) and (D) directionality of cell migration (presented
as the average directional cosine γ), presented as the mean (for the cell population) ± the standard error of the mean (SEM). The number of cells (n) is
detailed in Table 2. *Statistically significant differences compared to the control (dcEF 3 V/cm, serum-free, TGF-β1 (5 ng/mL)) (p < 0.05).
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TGFβ receptor redistribution in an electric
field and its implication in 3T3 fibroblast
electrotaxis

To test this hypothesis, we investigated the kinetics of TGFβR
redistribution within the cell membrane of the 3T3 cells exposed

to a direct current electric field (dcEF) of 3 V/cm, focusing on

potential receptor displacement within a specified time frame.

The results, illustrated in Figures 7A,B, reveal that after

15–60 min of exposure to a 3 V/cm dcEF, there was no

detectable accumulation of TGFβ receptors on the cathode- or

anode-facing side of the cell.

As this result aligned with our earlier observations, we

proceeded to investigate the impact of TGFβ receptor

silencing (Figure 7C) on the electrotaxis of 3T3 fibroblasts in

a medium containing 10% FBS. As depicted in Figure 7D, the

silencing of the receptor led to only a minor reduction in the

average directional cosine, with values slightly lower than the

control (cos γ = 0.616 ± 0.058* compared to 0.799 ± 0.029).

Discussion

The understanding of the intricacies of electrotaxis remains

incomplete, with two main hypotheses competing to explain this

phenomenon. The first hypothesis predominantly concentrates

on the asymmetrical activation of ion channels within the cell

membrane, triggered by hyperpolarization of the cell membrane

at the anodal side and depolarization at the cathodal side of the

cell in response to an external electric field, or induced by

mechanical effects from dcEF (Mycielska and Djamgoz, 2004;

Gao et al., 2011; Allen et al., 2013). Although effective in

elucidating the initial rapid responses of cells to dcEF

(Korohoda et al., 2000; Djamgoz et al., 2001), this hypothesis

FIGURE 7
The distribution and role of TGF receptors during the electrotaxis of 3T3 fibroblasts. (A,B) Fluorescence images of cells expressing TGFBR1
(ALK5) fused to a fluorescent protein (green) both in the absence of an electric field (A) and following a defined period of stimulation by a dcEF of 3 V/
cm (B). The scale bar in (A), representing 50 μm, applies to all images. When applicable, the dcEF’s cathode is positioned on the right side of the field
of view. Each image is accompanied by a corresponding plot profile that illustrates the normalized intensity of green fluorescence along the
indicated white line. (C) Western blot analysis demonstrates reduced levels of TGFBR2 protein in cells transfected with specific siRNA compared to
wild-type cells and those transfected with non-targeting siRNA. (D) A circular diagram shows the combined migration trajectories of individual cells
(with Tgfrb2 silenced) in a dcEF of 3 V/cm. The approach for diagram creation and presentation is consistent with that described in a prior figure (see
Figure 1). Quantitative parameters: V - speed of cell migration, D– displacement and directional cos γ (referring to the directionality of cell migration),
are provided as themean (for the cell population n = 30) ± the standard error of themean (SEM). *Statistically significant differences compared to the
control (dcEF 3 V/cm, 10% FBS) (p < 0.05).
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does not effectively explain the unclear mechanism responsible

for the asymmetrical activation of these ion channels by the

electric field (Mycielska and Djamgoz, 2004).

On the other hand, the second plausible hypothesis posits

that electrophoretic or electroosmotic forces alter the distribution

of charged components on the cell membrane, including

receptors for chemoattractants. It is proposed that an

increased concentration of these receptors on the side of the

cell facing the cathode (or anode) triggers asymmetric signaling

and directional motility (McCaig et al., 2005; Allen et al., 2013).

However, this hypothesis does not fully explain the swift initial

reactions of cells to dcEF (Korohoda et al., 2000; Djamgoz et al.,

2001). Nevertheless, it should be acknowledged that both

mechanisms, whether activation of the ion channel or

receptor redistribution, are not mutually exclusive and may

synergistically contribute to the process of

electrotactic migration.

In our previous study (Lasota et al., 2024), we demonstrated

the rapid response of 3T3 cells to a direct current electric field

(dcEF), manifesting within the first minute of exposure. This

response was notably reliant on inwardly rectifying potassium

channels, particularly Kir4.2. Inhibiting these channels led to a

transient reduction in the directional movement of 3T3 cells

lasting approximately 1–2 h, followed by a reappearance of

electrotaxis. We proposed a biphasic mechanism for the

electrotaxis of mouse 3T3 fibroblasts, suggesting that ion

channel activation underlies the initial rapid cellular response

to an electric field, while the long-term maintenance of

directional movement is facilitated by the redistribution of

membrane receptors. Notably, we observed a distinct

accumulation of EGF receptors on the side of the cell facing

the cathode after 30–60 min in a dcEF (3 V/cm). Moreover,

inhibition of the EGF receptor signaling pathway partially

impeded the electrotaxis of 3T3 fibroblasts. Given that the

relocation of EGF receptors has been established as a crucial

factor in electrotaxis for various cell types (Fang et al., 1999; Zhao

et al., 1999; Zhao et al., 2002), we postulated that the EGF

pathway may underlie the sustained electrotactic response

in 3T3 cells.

However, beyond the EGF receptor, the importance of

receptor redistribution in the electrotaxis process has been

suggested for additional chemotactic factors (Orida and Poo,

1978; Zhao et al., 1996; Zhao et al., 1999; Zhao et al., 2012),

including Transforming Growth Factor β (TGFβ). Zhao et al.

(1996), Zhao et al. (1999) reported that TGFβ restored cathodal-

directed migration of corneal epithelial cells (CECs) under

serum-free conditions. However, these studies did not

examine how the inhibition of TGFβ-activated signaling

pathways might affect CEC electrotaxis.

Nevertheless, our research (Pavlenko et al., 2023) has shown

that adult human bronchial fibroblasts respond to external

electric fields by orienting themselves perpendicular to the

field lines and exhibit efficient electrotaxis toward the anode.

These processes depended on both canonical and non-

canonical TGF-β pathways. This observation suggested the

possibility that the electrotaxis of 3T3 fibroblasts might also

be dependent on TGFβ.
Transforming growth factor beta (TGF-β) is a cytokine

known to activate a variety of signaling pathways, leading to

diverse biological effects including the stimulation of cell

migration (Hao et al., 2019; Tie et al., 2022; Massagué and

Sheppard, 2023). Within TGF-β-induced migratory signaling,

two main types of pathways are recognized: canonical and

noncanonical. The canonical pathways are Smad-dependent,

where TGF-β receptor activation leads to phosphorylation

and activation of Smad2 and Smad3 proteins. These

phosphorylated Smad proteins then form a complex with

Smad4 to move into the cell nucleus, regulating the

expression of genes associated with cell migration

(Costanza et al., 2017; Tie et al., 2022). On the other hand,

the noncanonical MAPK pathway, comprising ERK, JNK, and

p38 MAPK, can be activated by TGF-β, affecting cytoskeletal

dynamics, cell adhesion, and migration. Additionally,

noncanonical pathways include the Rho GTPase pathway

(involving RhoA, Rac1, and Cdc42) and the PI3K/Akt

pathway, each playing a role in cell migration regulation

(Ridley et al., 2003; Costanza et al., 2017; Tie et al., 2022).

Nevertheless, there is a lack of genetic evidence and a

structural foundation supporting the notion that MAPKs

and PI3K directly act as mediators in TGF-β receptor

signaling. Moreover, these pathways already have

established agonists which are commonly present in the

microenvironment of TGF-β target cells in vivo, prompting

inquiries into the significance of TGF-β as an activator of these

pathways (Tie et al., 2022).

Unexpectedly, in our hands, inhibiting both the canonical

and several non-canonical signaling pathways from the activated

TGF-β receptor did not hinder the directional migration of

3T3 cells toward the cathode. Notably, the only statistically

significant reduction in electrotaxis occurred with the

inhibition of PI3K kinase (Figure 2; Figure 3).

This observation aligns with previous reports

highlighting the essential role of PI3K activity in

electrotaxis. For instance, Zhao et al. (2006) found that

the genetic disruption of phosphatidylinositol-3-OH

kinase-γ (PI(3)K γ) diminished electric-field-induced

signaling and abolished electrotaxis of healing epithelium

in response to electric signals. Similarly, Meng et al. (2011)

demonstrated the significance of the PI3K pathway in the

electrotaxis of neural progenitor cells (NPCs) driven by

electric fields in the presence of growth factors.

However, given that PI3K activity can also be induced by

additional factors in FBS (such as EGF) (Zhao et al., 2006; Meng

et al., 2011), subsequent experiments were conducted to

examine the influence of the tested inhibitors on the

electrotaxis of 3T3 cells in a serum-free medium,
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supplemented with exogenously added TGFβ. This approach

aimed to minimize the influence of PI3K-activating

chemoattractants other than TGFβ. In this simplified model,

none of the inhibitors used, including LY-294002 (PI3K

inhibitor), affected electrotaxis. This suggests that while

PI3K plays a crucial role in the induction of directional

migration of 3T3 cells in an electric field (as evidenced by

the inhibition of electrotaxis in the presence of FBS after the

addition of LY-294002), its activation in our experiments was

probably related to the action of factors other than TGFβ
present in the serum. Literature reports, including our own

(Zhao et al., 1996; Zhao et al., 1999; Meng et al., 2011; Lasota

et al., 2024), suggest EGF as a possible activator.

The negligible effect of TGF signaling on the electrotaxis of

3T3 fibroblasts is further confirmed by the observation that the

addition of TGFβ in serum-free conditions does not substantially

influence the directionality of cell movement (Figure 4).

However, it is important to note that the presence of TGFβ
does induce a significant increase in the velocity of 3T3 cell

movement (Figure 4E).

Our findings of TGFβ′s limited role in the regulation of

electrotaxis in 3T3 cells were further supported by experiments

investigating the redistribution of TGFβ receptors in an electric

field. After 60 min in a dcEF of 3 V/cm, we did not observe any

discernible accumulation of TGFβ receptors on the cathode-

facing side of the cells (Figure 7B). This is in line with Zhao et al.

(1999), who also reported no clear asymmetry in TGFβ receptor
distribution under a 1.5 V/cm electric field, even after 3 h.

Substantial accumulation was only noticeable after 12–16 h

in the electric field. Although TGFβ partially restored

cathodal-directed migration of corneal epithelial cells (CECs)

in a serum-free medium over a 5-h period, the mechanism

responsible for the observed electrotaxis remained unclear

(Zhao et al., 1999). Interestingly, the relatively low

electroosmotic mobilities of the TGFβ receptor also align

with the theoretical model proposed by Sarkar et al. (2019).

The non-involvement of TGFβ in the regulation of electrotaxis

in 3T3 fibroblasts was further validated through experiments

where the silencing of TGFβ receptors in 3T3 cells led to only a

marginal reduction in the average directional

cosine (Figure 7D).

By systematically inhibiting both canonical and non-

canonical TGF-β signaling pathways, we demonstrated that

TGF-β signaling does not play a major role in the directional

migration of 3T3 fibroblasts in an electric field. The use of both

serum-free and FBS-supplemented conditions further

strengthens the reliability of our findings. Simultaneously, our

study highlights significant insights into the role of PI3K kinase

in the electrotaxis of 3T3 fibroblasts. However, our in vitromodel

has limitations, as it may not fully replicate the complex in vivo

environment. Moreover, the findings, based on the 3T3 fibroblast

cell line, may not represent the behavior of all fibroblast types.

Notably, as mentioned before, we previously found that human

bronchial fibroblasts, which exhibit electrotaxis towards the

anode, contrasting with the cathodal migration observed in

3T3 cells, rely on the TGF-β signaling pathways (Pavlenko

et al., 2023).

While we focused on TGF-β and PI3K pathways,

alternative signaling mechanisms such as ion channels and

other growth factor receptors require further exploration. Our

recent publication on ionic mechanisms and EGFR

involvement in 3T3 electrotaxis has begun to explore these

additional pathways (Lasota et al., 2024). Further

investigations will focus on the dynamics of membrane

receptors redistribution, aiming to validate the biphasic

model proposed in our work.

Although specific in vivo experiments concerning the

detailed cellular mechanisms of electrotaxis may be

challenging, the application of electrostimulation in treating

hard-to-heal wounds underscores the clinical relevance of

understanding these mechanisms (Martin-Granados and

McCaig, 2013). A deeper comprehension of electrotaxis could

significantly enhance the efficacy of combining

electrostimulation with pharmacological interventions in

wound care. This integrated approach could lead to more

targeted and effective treatments, paving the way for

innovative therapeutic strategies in wound management.

Conclusion

Our study has shown that inhibition of both canonical and

several non-canonical signaling pathways associated with the

activated TGF-β receptor did not impede the directional

migration of 3T3 cells to the cathode. Furthermore, silencing

the expression of the TGF-β receptor failed to eliminate the

directional migration of 3T3 cells in the electric field.

Additionally, there was no redistribution of the TGFβ receptor

under electric field conditions. Nonetheless, our research

confirms an important role for PI3K kinase in electrotaxis,

but its activation in our model was probably related to the

action of factors other than TGFβ.
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Background: Postoperative delirium (POD) is a common 
complication after anesthesia and surgery, especially in 
the elderly. RNF146 has neuroprotective effects in cer-
ebral ischemia, hypoxia, and chronic neurological dis-
eases. However, whether RNF146 expression is related 
to the occurrence and development of POD remains 
unclear. Therefore, in this study, we aimed to deter-
mine whether RNF146 is involved in the occurrence of 
POD. Methods: (Sprague-Dawley) male rats (18 months 
old) were splenectomized under sevoflurane anesthe-
sia. The cognitive function of rats at 1, 3, and 7 d after 
anesthesia and surgery was evaluated. Changes in the 
expression of neuroinflammatory cytokines, IL-6 and IL-
10, and RNF146 were measured in the hippocampus in 
both control group (con) and anesthesia (AS) group. We 
examined cognitive outcomes and expression of inflam-
matory factors and RNF146 in con and AS mice using 
cluster analysis. Results: The cognitive ability and mobil-
ity of rats after anesthesia and surgery at day 1, 3, and 
7 decreased, especially at day 3. Similarly, the expres-
sion of neuroinflammatory factors and RNF146 increased 
after anesthesia and surgery at day 1, 3, and 7, and the 
increase was highest at day 3. The clustering and corre-
lation analysis of RNF146 expression in the hippocampi 
of elderly rats revealed a correlation between POD and 
neuroinflammation resulting from anesthesia and sur-
gery. Conclusion: Anesthesia and surgery can lead to 
POD and neuroinflammation. The expression of RNF146 
correlates with delirium and neuroinflammation caused 
by anesthesia and surgery.

Keywords: RNF146, anesthesia, surgery, postoperative delirium, hip-
pocampus, neuroinflammation

Received: 25 April, 2023; revised: 24 May, 2023; accepted: 24 May, 
2023; available on-line: 26 October, 2023

✉e-mail: xinlini6@nyfy.com.cn
#Equal contribution
Acknowwledgements of Financial Support: This study was sup-
ported by the Key Research & Developing Program of Ningxia Hui 
Autonomous Region (2021BEG02036)and the Ningxia Natural Sci-
ence Foundation Project (2020AAC03218).
Abbreviations: ANOVA, One-way analysis of variance; IL-1, 0Inter-
leukin 10; IL-6, Interleukin 6; POD, Postoperative delirium

INTRODUCTION

With the progress of modern medicine and the aging 
of the population, the number of elderly patients under-

going surgery and anesthesia is increasing (H et al., 2017; 
Lin et al., 2020). Postoperative delirium (POD) is a com-
mon complication of anesthesia and surgery in elderly 
patients. POD is characterized by mild cognitive impair-
ment, impaired memory, decreased ability to process in-
formation, and reduced attention accompanied by a se-
ries of negative outcomes, including changes in mood, 
personality, and loss of labor ability (Evered et al., 2018). 
Having POD may result in increased morbidity and 
mortality, deteriorating quality of life, and causing other 
physical and psychological diseases, which negatively af-
fect social stability (Carr et al., 2018; Deiner et al., 2017). 
A study reported that patients with POD were nearly 
twice as likely to die within 1 year within 3 months of 
surgery compared with patients without POD (Fodale et 
al., 2010). According to the International Postoperative 
Delirium Study, the incidence of POD in elderly patients 
(>60 years old) is approximately 25.8% within 7 days of 
surgery and 10% within 3 months of surgery (Moller et 
al., 1998). The incidence of POD within 3 months and 
1 year after surgery is approximately 29% and 33.6%, re-
spectively (Deiner et al., 2017; Liu et al., 2022). However, 
the mechanism of POD is unclear. POD occurs due to 
the combined action of susceptibility and predisposing 
factors, and aging is the only independent risk factor 
for the occurrence of POD (Evered et al., 2018). The 
pathogenesis of POD is believed to be mainly caused by 
central nervous system inflammation (Feng et al., 2017), 
oxidative stress (Chen et al., 2020), dysregulations of the 
cholinergic system (Zuo et al., 2018), increased neuronal 
apoptosis (Zhang et al., 2020), and decreased neuronal 
regeneration and synaptic plasticity caused by amyloid 
deposition (Evered et al., 2018). However, neuroinflam-
mation is an important pathological basis for the occur-
rence of POD (Li et al., 2022).

The E3 ubiquitin ligase RNF146 is present in the 
brain, spleen, heart, kidney, and testis (Matsumoto et al., 
2017). Neuronal cytoplasm mainly expresses RNF146 
at a relatively high level in the cortex and hippocampus 
(Yang et al., 2017). Studies have confirmed that RNF146 
has a neuroprotective effect in cerebral ischemia, hy-
poxia, and chronic nervous system diseases (Kim et al., 
2017; Mu et al., 2020) and mediates DNA damage repair 
through PAR-dependent ubiquitination to degrade PAR-
mediated proteins (Andrabi et al., 2011; Koo et al., 2018). 
Cells overexpressing RNF146 exhibited higher survival 
rates after γ-irradiation (Andrabi et al., 2011; Bensih et 
al., 2023). In vitro and in vivo experiments have revealed 
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that RNF146 expression in nerve cells is significantly in-
creased after exposure to low-dose n-methyl-d-aspartic 
acid (NMDA) receptor and sublethal glucose-oxygen 
deprivation or transient bilateral common carotid ar-
tery occlusion in mice, protecting nerve cells from in-
jury (Belayev et al., 2017; Mu et al., 2020). The presence 
of higher RNF146 expression in the brains of patients 
with early Alzheimer’s disease supports a neuroprotec-
tive role for RNF146 (von Rotz et al., 2005). The oc-
currence and clinical manifestations of POD are similar 
to neuroinflammation-related degenerative diseases, such 
as Alzheimer’s disease (Belayev et al., 2017; Evered et al., 
2018). However, whether RNF146 is involved in the oc-
currence and development of POD is unknown. In this 
study, elderly rats were used to induce delirium-like be-
havior during anesthesia and surgery to evaluate changes 
in RNF146 expression in the occurrence of POD. The 
purpose of this paper is to investigate the changes of 
RNF146 expression during POD development, whether 
RNF146 can be a biomarker of POD development, and 
to improve new insights for studying the pathogenesis, 
treatment, and prevention of POD.

MATERIALS AND METHODS

The animal program was approved by the Animal 
Care and Use Committee of Ningxia Medical University 
Medical Center. All animal experiments were conducted 
following the National Institutes of Health Guidelines 
for the Care and Utilization of Laboratory Animals (No. 
2016-124), revised in 2016.

Animals

A total of 72 healthy male SPF (Specific pathogen 
Free) SD rats, aged 18–20 months and weighing 450–
600 g, were provided by the Laboratory Animal Center 
of Ningxia Medical University (IACUC Animal Use Li-
cense number: SCXK (Ning) 2020-0001). The rats were 
randomly divided into six groups (12 animals in each 
group): con group 1, 3, and 7 d without exposure to 
anesthesia and AS group 1, 3, and 7 d after anesthesia 
and surgical intervention. Each cage, measuring 27.94 
cm×15.24 cm×11.43 cm, contained 3–4 animals under a 
12-h light–dark cycle. The rats were provided free access 
to food and water.

Anesthesia and Surgery

Splenectomy was performed under anesthesia with 
sevoflurane in the AS group. In brief, rats were anes-
thetized in an airtight chamber prefilled with 3% sevo-
flurane in 100% O2. Anesthesia was induced by continu-
ous inhalation of 3% sevoflurane in 100% O2 at a rate 
of 1.5 L/min. As soon as the correct reflex disappeared, 
the rats breathed spontaneously after being fixed on the 
operating table. In order to maintain the depth of an-
esthesia, rats were given 100% pure oxygen mixed with 
3% sevoflurane. Splenectomy was performed in the AS 
group according to the methods described in the litera-
ture (Kong et al., 2017; Wang et al., 2017). The operation 
was performed on a heating table and the temperature 
was maintained at 37°C. Skin disinfection was performed 
routinely. First, an incision of 1cm was made, and a sur-
gical field was created. The spleen was bluntly separated 
from the surrounding tissue. Then the blood vessel was 
ligated with 6-0 thread, and the distal blood vessel was 
cut after the spleen was taken out. Abdominal muscles 
and skin were sutured with 4-0 silk thread. The incision 

was locally infiltrated with ropivacaine (1%, 1 mL), and 
erythromycin ointment was applied to the incision. The 
rats were kept at 37°C±0.5°C from anesthesia until they 
woke up. The entire operation was completed in 30 min, 
and a sine individual performed all the surgical opera-
tions. The rats in the con group were placed in the air-
containing induction chamber for 30 min.

Morris water maze test

The Morris water maze (MWM) test of spatial memo-
ry and cognitive ability was performed in splenectomized 
rats. The MWM consists of a circular pool of 120 cm 
in diameter and 50 cm in height. The pool was divided 
into four quadrants. A circular platform with a diameter 
of 15 cm was fixed in the middle of the second quad-
rant. The platform was immersed 1 cm underwater, with 
a water temperature of 22°C±2°C. A camera was placed 
above the maze to record the rats’ movements. The test 
included the following: (1) Positioning navigation experi-
ment: The experiment was conducted at the same time 
every day, once a day for 5 consecutive days. The time 
for rats to find the platform was recorded as escape la-
tency. The automatic camera system and computer analy-
sis and processing system recorded escape latency. If the 
rat could not find the platform within 60 s after entering 
the water, it was led to the platform and allowed to stay 
on it for 15 s to guide its spatial learning and memory. 
In such cases, the escape incubation period was recorded 
as 100 s; (2) Space exploration experiment: The platform 
was removed on the second day after the positioning 
navigation experiment, and the rat was placed into the 
water facing the pool wall at the entry point of 1/2 arc 
in the fourth quadrant. The computer recorded the time 
it took the rat to reach the original platform position, 
the number of times it crossed the platform position, 
and the total swimming distance within 60 s. The sam-
ples were collected after the behavioral experiment.

IntelliCage test (automated IntelliCage testing)

The IntelliCage test (TSE Systems GmbH, Germany; 
http://www.newbehavior.com) assessed spontaneous be-
havior and spatial learning in rats raised in groups. Af-
ter surgery, the rats in each experimental group were 
put in the IntelliCage box before adding water and feed 
and changing the padding regularly. A miniature signal 
transceiver was injected into the neck of the rats (used 
to record activity) (Wu et al., 2017). The labels of each 
group of rats injected were input in the IntelliCage test 
software (IntelliCage plus). The experimental test could 
detect when the rats entered the corner, and the system 
recorded it as a “visit”. Two water bottles were placed 
in each corner, and the system records a “nose-poke” 
when rats touch their noses. When a rat licks a water 
bottle for a drink, the system records it as a lick. The 
IntelliCage test was designed in four stages: (1) Free ex-
ploration: The number of corner visits and nose contacts 
of each rat was recorded to assess the ability of the rat 
to adapt to the new environment for 3 d. (2) Nose-poke 
learning: The times of corner visits and a nasal touch 
of each rat were recorded to evaluate the learning and 
memory ability of the rat for 5 d. POD modeling was 
performed after nose contact learning. (3) Position learn-
ing: The correct access ratio of each rat was recorded to 
evaluate the spatial position learning ability for 3 d. After 
the end of the learning behavior, all rats had access to 
all corners and vial vents. (4) Position reversal learning: 
the diagonal corner of the “correct” area in the previous 
spatial position learning stage was defined as “correct” 
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and the rest as “wrong.” The number of times each rat 
visited the correct corner was recorded to evaluate the 
learning ability of spatial position for 3 d.

Nesting test

The nesting experiment is used to evaluate the be-
havior and habits of rats. Before the experiment, each 
rat was placed in a new sterilized cage, facial tissue was 
added (the thickness of the cage was ~1.5 cm), and 10 
pieces of clean, unscented tissue paper were placed in 
the cage (close to the side wall of the cage, and not right 
below the water bottle). The rectangular paper measured 
10×6 cm. After the rats were put in, the cage was cov-
ered, and the room lights were turned off. The experi-
ment generally started from 16:00 to 18:00, and all rats 
were placed within 1 h to reduce experimental errors. 
The nesting situation of the rats was scored at 24 h.

Score with reference to the literature: 1 = no obvi-
ous bite marks on the paper; 2 = partial shredding of 
the paper; 3 = scrap most of the paper; 4 points = flat 
nest can be identified; 5 = perfect nest. The experiment 
was double-blind, scored by more than three trained ex-
perimenters, and each experimenter’s rating of a rat was 
evenly divided into the rat’s nesting score.

Western blotting

After MWM, six animals in each group were injected 
with cold PBS (phosphate buffered saline) and normal 
saline through the cardiac vein under deep anesthesia, 
and their brains were quickly removed. Brain tissue was 
homogenized in a mixture of RIPA lysis buffers, phos-
phatase, and protease inhibitors and incubated in ice for 
30 min. The lysates were then ultrasonicated and cen-
trifuged at 13 000×g at 4°C for 30 min. Protein samples 
were quantified using a BCA protein determination kit 
(Thermo Scientific, Waltham, MA, USA) and concentra-
tions were determined using a spectrophotometer (MUL-
TISKAN MK3, Thermo Scientific). Subsequently, the 
samples were mixed with 5× sample buffer, balanced with 
double distilled water, and heated at 100°C for 5  min. An 
equal amount of protein in each sample was separated by 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
on a 10% gel and then electrophoretically transferred to 
a polyvinylidene fluoride membrane (Bio-Rad, Hercules, 
CA, USA). Blocking was performed with 10% skim milk 
in Tris-buffered saline and Tween-20 (0.1%) (TBST) for 
2 h. Then the membranes were immunoblotted with pri-
mary antibodies (RNF146, 1:1000, ab2736529, Invitrogen, 
USA; IL-6, 1:1000, ab9324, Abcam, USA; IL-10, 1:1000, 
DF6894, Affinity Biosciences, China) overnight. After 
being incubated with secondary antibody (1:5000, anti-
rabbit antibody, ab150077, Abcam), signal detection was 
performed by Odyssey infrared laser imaging system, fol-
lowed by gray intensity analysis.

RT-PCR

Total RNA of the hippocampus was extracted using 
TRIzol reagent according to the manufacturer’s protocol 
(TransGen Biotech). The reaction system was config-
ured with a real-time quantitative PCR kit using 2 μL 
DNA as a template, and the reaction was amplified in 
vitro by quantitative PCR. The expression level of miR-
RNF146 (internal reference GAPDH) was analyzed us-
ing the 2–∆∆CT method. The primers used for real-time 
fluorescent quantitative PCR are shown in Table 1. The 
primers and sequencing reactions were sent to Shanghai 
Sangong Bioengineering Co., Ltd.

ELISA

The hippocampus was homogenized with an extrac-
tion buffer containing 5 mol/L guanidine hydrochloride 
in 50 mmol/L Tris-HCl and a protease inhibitor cocktail 
containing a serine protease inhibitor AEBSF, according 
to the manufacturer’s instructions (Jiang Lai, China). In 
brief, the samples were centrifuged at 16 000×g for 20 
min at 4°C and the supernatant was diluted from 1:2 
to 1:10, added to ELISA plates coated with anti-mouse 
IL-6 or IL-10 antibody, respectively, and then incubated 
for 2 h at RT. After the samples were washed, they were 
incubated with 100 μL of IL-6 or IL-10 detection an-
tibody for 1 h at RT, washed, and incubated with 100 
μL of horseradish peroxidase labeled anti-rabbit antibody 
for 30 min at RT. Then the stop solution was added, 
and absorbance was measured at 450 nm with a spec-
trophotometer (Nanodrop2000C, ThermoScientific). The 
protein samples were quantified using an ELISA assay 
kit (Jiang Lai, China) and the concentration was deter-
mined with a spectrophotometer. The concentration of 
IL-6 and IL-10 was expressed in pg/mg tissues.

Immunofluorescence

All six animals in each group were deeply anesthe-
tized with 5% chloral hydrate, infused with normal saline 
through the cardiac vein, and bled simultaneously in the 
right atrium. The animals were given 4% paraformalde-
hyde in 0.1 mol/L phosphate buffer (pH of 7.4) 24 h af-
ter MWM. The brain was removed and stored overnight 
in 4% paraformaldehyde at 4°C. Continuous 30-μm cor-
onal sections were cut from the frozen samples using a 
cryoslicer (Thermo Scientific HM430, Microm, Germa-
ny). The frozen sections were warmed at RT for 30 min 
and washed three times with TBS for 5 min each. The 
sections were blocked with 5% BSA and incubated with 
antibodies overnight at 4°C (RNF146, 1:200, ab2736529 
Invitrogen, USA; IL-6, 1:200, ab9324, Abcam, USA; IL-
10, 1:200, DF6894, Affinity Biosciences, China). Then 
the samples were washed three times with TBS, incu-
bated with CY3-labeled goat anti-rat IgG (H+L) (1<500) 
at RT for 3 h, and washed with TBS three times for 10 
min each. The tablets were sealed with anti-fluorescence 
quenching tablets containing DAPI (4’,6-diamidino-
2-phenylindole) and photographed using a fluorescence 
microscope (The Chongqing Optical Instrument Fac-
tory). Average fluorescence intensity was analyzed us-
ing the image analysis software ImageJ1.48. The coronal 
plane of brain tissue in the hippocampus was included 
in the samples of three rats in each group for observa-
tion and analysis. The middle piece was selected to be 
photographed, and the average fluorescence intensity of 
CA1 in the hippocampus of each sample was calculated 
to compare differences between groups.

Statistical analysis

Data were analyzed using the SPSS21.0 software 
(SPSS Inc., Chicago, IL, USA). Measurement data were 
expressed as mean ± standard deviation (mean ± S.D.). 
Table 1. Primers used for real-time fluorescent quantitative PCR

Primer name Primer sequence (5’–3’)

RNF146-sense ATAAGAAGGCGAGTGAGACC

RNF146-anti AGGGCAGACTGACTGGATGA

GAPDH-sense ACAACTTTGGCATTGTGGAA

GAPDH-anti GATGCAGGGATGATGTTCTG
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One-way analysis of variance (ANOVA) was used to 
compare means between groups, SNK-q test (Student-
Newman-Keuls) was used for pairwise comparison, and 
repeated measures analysis of variance was used for the 
water maze test. P<0.05 was considered statistically sig-
nificant, and the test level of homogeneity of variance 
was 0.1.

RESULTS

Learning and memory ability before anesthesia and 
surgery

The water maze and IntelliCage experiments were 
conducted to evaluate the learning and spatial memory 
ability of rats before anesthesia and surgery. The repre-

sentative tracking’s of rats’ movement in the test session 
were shown in Fig. 1A. During the positioning naviga-
tion stage of the water maze experiment, no statistical-
ly significant differences were observed in the learning 
abilities of the rats in the AS and con groups (Fig. 1B, 
1C). During the free exploration and nose-poke learning 
stage in the IntelliCage system, no statistically significant 
differences were observed in the total number of cor-
ner visits and lickings between the AS and con groups 
(Fig.  1G, 1H). The results showed that the two groups’ 
cognitive learning ability was the same under normal 
conditions. The test was performed at the end of spatial 
learning on day 5. The learning ability level of the two 
groups was the same, with no statistically significant dif-
ference (Fig. 1B). The influence of individual differences 
and groups on the experiment was excluded.

Figure 1. Behavioral changes in aged rats after anesthesia and surgery
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Anesthesia and surgery induced decrease in learning 
and memory and decreased purposeful behavior.

The rats underwent behavioral evaluation after anes-
thesia and surgery. In the water maze experiment, com-
pared with the con group, the escape latency of rats 1, 
3, and 7 d after surgery in the AS group was longer 
(Fig.   1D) and the number of platform crossings was 
smaller (Fig.  1E). In the AS group, the escape laten-
cy time was the longest (Fig. 1D) and the number of 
platform crossings was the lowest (Fig. 1E) on day 3 af-
ter surgery compared with days 1 and 7 after surgery, 
whereas the parameters in the con group were not sta-
tistically different (Fig. 1F). During the spatial learning 
exploration in the IntelliCage experiment, the number of 
correct accesses and licks was significantly lower in the 
AS group than the con group (Fig. 1I), suggesting that 
learning and spatial memory decreased within 3 d after 

the operation. In the inverse spatial learning exploration 
stage, the correct visits and licks of the AS group were 
significantly lower than those of the con group (Fig. 1J), 
suggesting that the learning and spatial memory ability of 
rats decreased within 7 d after anesthesia and operation. 
At the end of the experiment, the three groups of rats 
did not lose weight, excluding the interference of post-
operative pain.

The nesting experiment was performed at the end of 
the water maze experiment 3 d after surgery. The con 
group rats tore most of the pieces of paper and the piec-
es were orderly stacked to build a complete nest, result-
ing in high nesting scores. Rats in the AS group tore a 
few pieces of paper, stacked a few pieces of paper or did 
not stack to build nests, with only embryonic nests or 
no nests, and the nesting scores decreased significantly 
(Fig. 1K). Compared with the con group, the difference 

Figure 2. Neuroinflammatory response was induced in aged rats after anesthesia and surgery
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was statistically significant (Fig. 1L). The results indicated 
that the executive function and daily activity ability of 
rats undergoing anesthesia and operation decreased.

Anesthesia and surgery induced changes in the levels 
of neuroinflammatory factors

To evaluate central nervous system inflammation in 
rats after anesthesia and surgery, we tested the expres-
sion of IL6 and IL-10 in the CA1 region of the hip-
pocampus (Fig. 2A, 2E). Results from western blot anal-
ysis and immunofluorescence showed that the expres-
sion and fluorescence intensity of IL6 and IL-10 in the 
hippocampus of the AS group increased at 1, 3, and 7 
d after surgery compared with those of the con group 
(Fig.  2B, 2D, 2F, 2H). In the AS group, the protein 
content and fluorescence intensity of IL-6 and IL-10 at 
3 d after surgery were higher than those at 1 and 7 d 
after surgery (Fig. 2B, 2D, 2F, 2H). ELISA results were 
consistent with western blot and immunofluorescence 
tests (Fig. 2C, 2G).

Anesthesia and surgery induced changes in RNF146 
expression

We detected changes in the expression of RNF146 
in CA1 region after anesthesia and surgery (Fig. 3A). 
It shows that compared with the con group, the pro-
tein expression and fluorescence intensity of RNF146 
in the hippocampus of the AS group increased 1, 3, 
and 7 d after surgery (Fig. 3B, 3D). Compared within 
the AS group, the protein expression and fluorescence 
intensity of RNF146 in the hippocampus of the AS 
group at 3 d after surgery were higher than those at 
1 and 7 d after surgery. These results confirmed the 
high expression of RNF146 protein content and flu-
orescence intensity in neurons induced by anesthesia 

and surgical stimulation in aged rats. The results of 
RT-PCR experiment showed that compared with the 
con group, the expression of miR-RNF146 in the hip-
pocampus of the AS group was higher at days 1, 3, 
and 7 (Fig. 3C). In the AS group, miR-RNF146 in the 
hippocampi of rats 1 day after surgery was lower than 
that in rats 3 d after surgery (p < 0.05), and miR-
RNF146 in the hippocampal region of rats 3 d after 
surgery was lower than that in rats 7 d after surgery 
(Fig. 3C).

Correlation analysis of RNF146 with behavioral and 
neuroinflammatory factors

Experimental data parameters were analyzed by hi-
erarchical clustering and correlation testing. Figure 4 
shows the correlation between RNF146, inflammatory 
cytokines IL-6, IL-10, and behavioral data. The rela-
tive expression of RNF146 was positively correlated 
with the relative expression of inflammatory factors 
IL-6 and IL-10 (Fig.  4) and was negatively correlated 
with the escape latency in the water maze experiment, 
which showed significant correlation (p<0.05). It is 
indicating that after anesthesia/surgery, the expres-
sion of endogenous brain protective protein RNF146 
is associated with hippocampus-dependent cognitive 
impairment and central nervous system inflammation. 
The expression of RNF146 was negatively correlated 
with the number of times that rats crossed the plat-
form in the water maze, again demonstrating its cor-
relation with hippocampus-dependent cognition. In 
addition, the correlation coefficients between RNF146 
expression and cognition-related indicators in the In-
telliCage system were concentrated between 0.1 and 
0.4, but the correlation was not significant.

Figure 3 Expression of RNF146 in aged rats after anesthesia and surgery
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DISCUSSION

The study investigated the involvement of RNF146 
induced by anesthesia and surgery in aged rats and dis-
sected the molecular mechanism underlying this regula-
tion. Ho Chul Kang stated that RNF146 regulates cell 
survival and DNA repair by ubiquitinating PAR and 
blocking AIF nuclear translocation to inhibit parthana-
tos cell death (Kang et al., 2011). In the oxygen and 
glucose deprivation/reoxygenation (OGD/R) model, 
NPD1 induces activation of the Wnt/β-catenin pathway 
through upregulation of RNF146, enhanced cell surviv-
al, decreased oxidative stress markers, and a lower level 
of autophagy (Mu et al., 2020). With reference to Ismail 
Nurul Iman and others (Iman et al., 2021), this study 
combined the IntelliCage experiment and the traditional 
water maze experiment and nesting evaluation of elderly 
rats to assess learning and memory and ability to care 
for themselves. The findings revealed that learning and 
memory and ability for daily living of aged rats after an-
esthesia decreased on days 1, 3, and 7 after surgery, and 
the abnormal neurobehavioral function recovered on day 
7 after surgery. Clinical evidence also shows that POD 
occurs mostly within 24–72 h after surgery. Most pa-
tients heal within 1 week, but some patients may devel-
op long-term cognitive dysfunction. Animal experiment 
studies have shown that the appropriate time period for 
observing delirium-like behavior changes in rodents after 
anesthesia is 24–48 h, and neurobehavioral changes are 
the most obvious at this time. These results are consist-
ent with our findings. Neuroinflammation causes deliri-
um after general anesthesia in rodents (Cao et al., 2010; 
Dong et al., 2016). In animal models, the synthesis and 
release of proinflammatory factors can damage nerve 
formation and synaptic plasticity and nerve repair func-
tion (Belarbi et al., 2012; Liu et al., 2018). Studies have 
shown that anesthesia and surgery increase the level of 
IL-6 in the hippocampi of aged wild-type mice, result-
ing in cognitive dysfunction in aged mice. The use of 
the IL-6 antibody can improve cognitive dysfunction af-
ter peripheral trauma in aged wild-type mice. In addition, 
anesthesia did not affect the level of IL-6 in the hip-
pocampi of IL-6 gene knockout rats, nor did it lead to 
cognitive impairment in aged IL-6 gene knockout rats, 
suggesting that the increase of IL-6 may be involved in 

the cognitive dysfunction caused by anesthesia surgery 
(Dong et al., 2016; Naveed et al., 2022; Muhammad AS 
et al., 2023; Waseem et al., 2023). After anesthesia sur-
gery, aged rats exhibited impaired spatial memory and 
significantly higher expression of inflammatory factor 
IL-6 within 1 and 3 d after surgery. Spatial memory is 
improved, and the expression of inflammatory factors is 
downregulated 7 d after surgery (Cao et al., 2010). Stud-
ies have indicated that IL-10 is not only closely related 
to autoimmune diseases and infectious diseases, but also 
has neuroprotective effects in cerebral ischemia, hypoxia, 
and chronic nervous system diseases (Morris et al., 2018; 
Sudheimer et al., 2014; Wang et al., 2019). Furthermore, 
in in vitro experiments, M2-type microglia produced 
IL-10 and TGF-β to reduce the neuronal cell damage 
caused by OGD, and this response was downregulated 
when the damage or pathogen was removed (Ahmad et 
al., 2023; Zhao et al., 2017). Li et al. reported that in the 
rat model of acute cerebral ischemia, IL-10 increased 
sharply 6 h after surgery, suggesting the activation of the 
anti-inflammatory system (Li et al., 2001). In clinical stud-
ies, IL-10 in acute cerebral infarction began to rise at 24 
h after surgery, reached a peak at 3 d after surgery, and 
then gradually decreased (van Exel et al., 2002) IL-10 has 
similar biological activities in humans and mice (Moore 
et al., 2001). In our study, the expressions of IL-6 and 
IL-10 in the hippocampi of aged rats at 1, 3, and 7 d af-
ter anesthesia were higher than that in the control group, 
and the expressions increased most significantly on day 
3 after anesthesia. Our findings coincide with the results 
of other studies, suggesting that inflammatory and anti-
inflammatory effects exist simultaneously in the nervous 
system after anesthesia and surgery.

RNF146, also known as Iduna, has two important 
functional regions in its N terminus: E3 ubiquitin ligase 
active region and PAR binding region, and the C3HC4 
RING finger domain in amino acids 35–77 showed E3 
ubiquitin ligase activity (Belayev et al., 2017; Koo et al., 
2018). When glutamate excitatory toxicity, oxygen glu-
cose deprivation, and other sublethal stimuli caused 
neuronal damage, RNF146 could recognize PARP1 to 
ubiquitinate and degrade axin/tankyrase through WWE 
domain-mediated PARP1, positively regulate Wnt/β-
catenin signaling pathway, and inhibit autophagy-induced 
death. It can reduce the excitatory toxicity of glutamate 
and damage of neurons induced by oxygen and sugar 
deprivation, and play a role in protecting neurons from 
damage (Mu et al., 2020). In addition, RNF146 binds to 
apoptosis-inducing factor, a key death molecule in the 
parthanatos death pathway, and prevents the nuclear 
translocation of apoptosis-inducing factor in the mi-
tochondria (Andrabi et al., 2011). Thus, glutamate and 
NMDA receptor excitotoxicity-mediated cell parthanatos 
death is inhibited and brain protective effect is generated 
(Yang et al., 2017). The Wnt signaling pathway plays an 
important role in POD. A study showed that treatment 
with 3.6% sevoflurane for 6 h inhibited the Wnt/b-
catenin signaling pathway, thereby increasing GSK-3 
β- and decreasing β-catenin. By inhibiting this pathway, 
sevoflurane downregulates annexin A1, thereby breach-
ing the blood–brain barrier and inducing POD. How-
ever, it is unclear whether increasing the expression of 
RNF146 can activate the Wnt/β-catenin pathway and in-
crease the concentration of β-catenin, thus inhibiting the 
occurrence of POD (Hu et al., 2016). However, our find-
ings revealed that the expression of RNF146 in the hip-
pocampi of aged rats increased 1, 3, and 7 d after sur-
gical anesthesia, especially on day 3, when the increase 
was the most obvious. This change was consistent with 

Figure 4. Heat maps of RNF146 and parameters of anesthesia 
and surgical induction in rats
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neurobehavioral changes and expression of neuroinflam-
matory factors IL-6 and IL-10 in the brain. Correlation 
analysis showed that the relative expression of RNF146 
was positively correlated with the relative expression 
of inflammatory factors IL-6 and IL-10, as well as the 
escape latency in the water maze experiment, with the 
correlation coefficients being 0.90 and 0.99, respectively, 
and the correlation was significant.

RNF146 is an endogenous protective protein. When 
the body receives injury, RNF146 increases its reactiv-
ity and defends against external injury. Studies have con-
firmed this phenomenon. After exposure to low-dose 
NMDA and sublethal OGD or transient bilateral com-
mon carotid artery occlusion, the expression of RNF146 
in mice nerve cells significantly increased to protect the 
nerve cells from injury. RNF146 may play the same role 
as anti-inflammatory factors such as IL-10 in the occur-
rence of POD.

CONCLUSION

Our findings reveal that after anesthesia and surgery, 
rat spatial learning and memory ability decreases and 
RNF146 expression increases and the level of IL-6 and 
IL-10 increases. Hierarchical cluster analysis showed that 
the expression of RNF146 was related to the degree of 
central nervous system inflammation and spatial learning 
and memory impairment. RNF146 may play a neuropro-
tective role similar to that of the anti-inflammatory fac-
tor IL-10. However, the mechanisms involved need to 
be investigated. In addition, the limitation of this study 
is that RNF146 was not knocked down or overexpressed 
in rats to verify the mechanism of action of RNF146 in 
POD. This will be a topic of research for the future.
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Understanding mitochondrial
potassium channels: 33 years
after discovery

Adam Szewczyk*
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Sciences, Warsaw, Poland

Mitochondrial investigations have extended beyond their traditional functions,

covering areas such as ATP synthesis and metabolism. Mitochondria are now

implicated in new functional areas such as cytoprotection, cellular senescence,

tumor function and inflammation. The basis of these new areas still relies on

fundamental biochemical/biophysical mitochondrial functions such as

synthesis of reactive oxygen species, mitochondrial membrane potential,

and the integrity of the inner mitochondrial membrane i.e., the passage of

variousmolecules through themitochondrial membranes. In this view transport

of potassium cations, known as the potassium cycle, plays an important role. It is

believed that K+ influx is mediated by various potassium channels present in the

inner mitochondrial membrane. In this article, we present an overview of the

key findings and characteristics of mitochondrial potassium channels derived

from research of many groups conducted over the past 33 years. We propose a

list of six fundamental observations and most important ideas dealing with

mitochondrial potassium channels. We also discuss the contemporary

challenges and future prospects associated with research on mitochondrial

potassium channels.

KEYWORDS

mitochondria, potassium channels, reactive oxygen species, cytoprotection,
potassium channel openers

Introduction

When investigating the fundamentals of mitochondrial function within cells, we can

identify several simple cations that form the basis of many processes (Szabo and Zoratti,

2014). It is well known that the proton gradient serves as the driving force for ATP

synthesis in mitochondria. The Ca2+ cations entering the mitochondria not only buffer the

cytosolic pool of these ions but can also contribute to some physiological situations such

as the mitochondrial mega-channel activation (Carraro and Bernardi, 2023; Zoratti et al.,

2024). The effects of Mg2+ on mitochondrial functions such as energy metabolism,

mitochondrial Ca2+ handling, and apoptosis are well established (Liu and Dudley, 2020).

Mitochondrial Na+ have been discovered as a new second messenger regulating inner

mitochondrial membrane (IMM) fluidity and reactive oxygen species (ROS) generation

by respiratory chain complex III (Hernansanz-Agustín and Enríquez, 2022). In this study,

we will focus on the properties and the role of K+ transport, via potassium channels
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(mitoK channels) present in IMM (Szewczyk, 1996; Kicinska

et al., 2000; Debska et al., 2001; O’Rourke, 2007; Singh et al., 2012;

Szabo and Szewczyk, 2023) (Figure 1).

In general, proper mitochondrial function is based on the

integrity of mitochondrial membranes. Peter Mitchell in his

Nobel Lecture delivered in 1978 underlined the importance of

the low permeability of the IMM to ions (Mitchell, 1985).

Consequently, the discovery of multiple potassium channels in

the IMM was for many years considered to be an experimental

artifact. Nowadays, mitoK channels present in the IMM are

recognized as crucial players for regulating some

mitochondrial function (Kravenska et al., 2021; Szabo and

Szewczyk, 2023). The mitoK channels have attracted attention

for many years, especially in the context of the regulation of life/

death processes in the various cell types (Garlid, 2000). For

example, the activation of mitoK channels may induce

cytoprotective phenomena in cardiac tissue and in neurons

(O’Rourke, 2007). On the contrary, inhibition of mitoK

channels may cause cell death (Checchetto et al., 2021).

In this paper, we will present what we consider to be the most

significant discoveries/ideas in the field of mitoK channels over

the past 33 years. These subjective, proposed by author, list of six

the most important observations are as follows: 1). Discovery of

mitoK channels in various tissues and identification of their

molecular identity; 2). Cytoprotection (cardioprotection,

neuroprotection) induced by mitoK channels activation; 3).

Cancer cell death by mitoK channels inhibition; 4). Role of

mitoK channels in aging/senescence/life span; 5). Interactions

of mitoK channels with respiratory chain; 6). Druggability of the

mitoK channels.

Mitochondrial potassium
channel discovery

In 1991, an ion channel selective for K+ was discovered in the

IMM of rat liver mitochondria (Inoue et al., 1991), confirming

previous findings on channels in mitochondria by Catia Sorgato

(Sorgato et al., 1987). However, what significantly altered the

interpretation of this experimental data was the revelation that

the channel exhibited not only K+ selectivity but also

susceptibility to inhibition by ATP and the antidiabetic

sulfonylurea, glibenclamide (Inoue et al., 1991). This discovery

situatedmitoK channels within a similar family to ATP-regulated

potassium channels found in the plasma membrane of pancreatic

beta-cells, cardiomyocytes, neurons, and others (Szewczyk, 1996;

O’Rourke, 2007). Undoubtedly, this observation served as a

pivotal starting point for numerous experiments identifying

ATP-regulated mitochondrial potassium (mitoKATP) channels

across various tissues, notably cardiomyocytes (Szewczyk et al.,

2009; Szabo and Szewczyk, 2023). Following several years of

intensive investigation across multiple laboratories into the

functional role of these channels, it was demonstrated that the

activation of mitoKATP channels (by potassium channel openers)

induces a cardioprotective phenomenon (Liu et al., 1999; Garlid,

2000; Szteyn and Singh, 2020; Lukowski et al., 2022).

Subsequently, similar findings in neural tissue suggested the

involvement of these channels in neuroprotection (Busija

et al., 2004; Bednarczyk, 2009). In summary, the association

of mitoKATP channels with cytoprotection marked a significant

milestone in the rapid development of the mitochondrial

potassium channel field. Moreover, other mitoK channels

FIGURE 1
Potassium channels identified in the inner mitochondrial membrane. All these types of channels were described in themanuscript. Additionally,
the biophysical role in mitochondria and physiological role within the cell is summarized. VDAC, voltage dependent anion channel (porin).
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(such as large conductance calcium-activated

potassium—mitoBKCa channels) were later implicated in

cytoprotection across various cell types (Xu et al., 2002).

Despite a plethora of observations, however, the biochemical

mechanisms underlying these events remain unclear. It is

probable that the indirect modulation of ROS generation by

mitoK channels (via depolarization of mitochondria) contributes

to this phenomenon.

In recent years, researchers have demonstrated that the

family of mitoK channels constitutes one of the most

numerous classes of mitochondrial channel proteins. They are

also present in plants and in simple organisms (Koszela-

Piotrowska et al., 2009; Matkovic et al., 2011; Laskowski et al.,

2015). It includes not only mitoKATP and mitoBKCa channels but

also intermediate conductance (mitoIKCa), and small

conductance (mitoSKCa), voltage-regulated potassium

(mitoKv1.3, mitoKv7.4) channels, mitochondrial

hyperpolarization-activated cyclic nucleotide-gated (mitoHCN)

channels, mitochondrial sodium-activated potassium (mitoSlo2)

channel and two-pore domain potassium (mitoTASK-3) channel

(Szabo and Szewczyk, 2023). The activity of potassium channels

are regulated by various stimuli, such as pH, Ca2+ and ROS

(Szabo and Szewczyk, 2023). The mitoK channels have been

identified in many tissues but at the same time their number of

molecules in mitochondrial membranes is relatively small

compared to other mitochondrial transport proteins. Probably

low density of mitoK channels and channel run down

phenomenon were reasons for questioning in the 90’s the

presence of these channels at all.

Another issue regarding mitoK channels is the following:

why is such a simple process, like K+ influx into a matrix,

facilitated by a wide variety of potassium channels? For

example, in cardiac mitochondria, six mitoK channels have

been identified: mitoKATP, mitoBKCa, mitoSKCa, mitoSlo2,

mitoHCN channels and mitoKv7.4 channels (Szabo and

Szewczyk, 2023). What is the physiological benefit of using

many different ligands and factors to regulate these channels?

Probably, potassium channels present in cardiomyocyte

mitochondria are activated under specific physiological

circumstances (Kulawiak et al., 2021). An early event

during cardiac ischemia is ATP depletion. This is followed

by mitochondrial membrane depolarization. Moreover,

because of ATP depletion, ion pumps cannot function,

leading to an increase in the cellular Ca2+ concentration.

The rise in Ca2+ during ischemia and reperfusion leads to

an overload of mitochondrial Ca2+, during reperfusion when

oxygen is reintroduced. The decrease in intracellular

pH during severe ischemia promotes the imbalance of

other cations and leading to cellular Na+ overload

(Kulawiak et al., 2021). These complex changes may lead to

channel activation/inhibition possibly explains why there are

few potassium channels in cardiac mitochondria. Most likely,

the timing of ATP, pH, Ca2+, and Na+ concentration changes is

critical to control K+
flux in mitochondria stabilizing structure

of mitochondria.

Molecular identity of mitoK channels for many years was a

mystery. Lack of molecular mitoK identity was an argument

questioning the presence of potassium channels in mitochondria.

Let’s summarize this long way of channel molecular identity

recognition. Today we believe that mitoBKCa channel is one of

the splice variants of KCNMA1 (Slo1) gene (Singh et al., 2013;

Galecka et al., 2021). Properties of mitoBKCa suggest that the

pore-forming subunit is encoded by the same gene coding for

plasma membrane BKCa. Several studies suggested that the

VEDEC BKCa isoform is located in the IMM. With the

mitoKATP channel there is a more complex situation. It can

not be excluded that K+ influx is catalyzed by 2-3 various proteins

in various tissues. Recently, it was shown that the pore-forming

subunit of the mitoKATP channel is a product of the

CCDC51 gene (Paggio et al., 2019). The mitoKATP is inhibited

by the antidiabetic sulfonylurea glibenclamide. Therefore, it was

speculated that the glibenclamide receptor (product of ABC8/

MITOSUR gene) is an integral part of the mitoK channel. Indeed

the mitoKATP channel formed by these two proteins has the

established pharmacological properties of the mitoKATP channel

(Paggio et al., 2019). Previous studies showed that also the

ROMK2 potassium channel isoform of the renal outer

medullary potassium channel could be the component of the

mitoKATP channel (Bednarczyk et al., 2018; Laskowski et al.,

2019). Detailed discussion on mitochondrial potassium channel

molecular identity was recently reviewed (Szabo and

Szewczyk, 2023).

The presence of various auxiliary β subunits in mitoBKCa

channels and sulfonylurea receptors in the mitoKATP channel

causes that, despite undoubted progress in the identification of

channel proteins, the problem of their detailed identification is

still a challenge for the future (Piwonska et al., 2008).

From cytoprotection to cell death

The mitoK channels have been described as an important

player in cellular pro-life and death signaling. The activation of

mitoK channels (by potassium channel openers), such as ATP-

regulated or calcium-activated large conductance potassium

channels, may have cytoprotective effects in cardiac or

neuronal tissue (Liu et al., 1999; Busija et al., 2004). This

concept was a strong driving force of studies in many

laboratories. Potassium channel opener induced cytoprotection

is also induced by endogenous signaling via protein kinases

(Frankenreiter et al., 2017).

It has also been shown that inhibition with channel blockers

of the mitochondrial Kv1.3 channel may lead to pancreatic

cancer cell death (Leanza et al., 2014). But still there is an

open question to what extent mitoK channels are promising

drug targets in various organs and tissues? Future prospects of
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the druggability concept of mitoK channels was evaluated

recently (Wrzosek et al., 2020).

Searching for new functions of
mitochondrial potassium channels

The putative functional roles of these channels involve

alterations in mitochondrial matrix volume, mitochondrial

respiration, and protonmotive force (membrane potential)

(Czyz et al., 1995). Furthermore, the activity of these channels

influences the generation of ROS by mitochondria (Kulawiak

et al., 2008; Kulawiak et al., 2023). The activity of mitochondrial

potassium channels is subject to modulation by various intrinsic

signals, including Ca2+ concentration, membrane potential,

phosphorylation, and membrane stretching (Szabo and

Szewczyk, 2023).

It was demonstrated that BKCa channels are present in

Drosophila melanogaster mitochondria, and channel mutants

induce structural and functional defects in mitochondria

leading to an increase in ROS (Gururaja Rao et al., 2019). It

was found that the absence of BKCa channels reduced the lifespan

of Drosophila, and overexpression of human BKCa channels in

flies extends their life. This suggested a potential role of mitoK

channels and ROS in regulating mitochondrial functional

integrity, and lifespan (Gururaja Rao et al., 2019). Probably

mitoBKCa play a role in cellular senescence induced by

oxidative stress (Gluchowska et al., 2023).

Mitochondrial context of potassium
channel regulation

The mitochondrial respiratory chain comprises a series of

complex organized redox reactions generating a protonmotive

force and, consequently, ATP synthesis. Certain redox centers,

such as complexes I and III of the mitochondrial respiratory

chain are sources of ROS. Mitochondrial generated ROS can

influence remotely the activity of mitoK channels. But there are

some indications proposing an alternative, a direct mechanism

for the regulation of mitoK channels by the respiratory chain.

It is well-known that mitoK channels interact with various

mitochondrial proteins, some of which are involved in the

respiratory chain. These observations were recently

summarized (Lewandowska et al., 2024). For instance, it has

been suggested that mitoKATP channels interact with succinate

dehydrogenase. In cardiac mitochondria, it was found that the

β1 subunit of the mitoBKCa channels interacts with Cytochrome

c Oxidase (COX) subunit I. Furthermore, studies have

demonstrated that other respiratory chain protein complexes

interact with mitoBKCa channels in both cardiac and brain

mitochondria. Additionally, mitochondrial tandem pore

domain K+ channels TASK-3 interact also with the respiratory

chain. A recent report revealed a similar interaction between the

mitoKv1.3 channel and respiratory chain complex I (for review

see Lewandowska et al., 2024).

We found that the activity of mitoBKCa channels in

glioblastoma cells is regulated by substrates and inhibitors of

the respiratory chain (Bednarczyk et al., 2013). This study

suggested that COX is a key element of this kind of channel

regulation (Bednarczyk et al., 2013). Moreover, given that COX is

the primary infrared-absorbing protein, it raises questions about

the potential light regulation of mitoK channels (Szewczyk and

Bednarczyk, 2018).

Further research will be important to clarify the functional

consequences of these interactions. Undoubtedly, this form of

regulation may prove to be unique for mitoK channels. The exact

nature and functional implications of these interactions remain

unclear. This kind of direct functional coupling between the

energy generating system (respiratory chain) with the energy

dissipation system (potassium channels) may lead to an

interesting putative regulatory mechanism in mitochondria.

Recently other functional/structural coupling within the

mitochondrial potassium channel was observed. It was found

that mitochondrial potassium channel ROMK2 may interact

with two lipid kinases: acylglycerol kinase (AGK) and

diacylglycerol kinase ε (DGKE), which are localized in

mitochondria (Krajewska et al., 2024). Additionally, it was

found that the products of AGK and DGKE, lysophosphatidic

acid (LPA) and phosphatidic acid (PA), stimulated the activity of

ROMK2 potassium channels reconstituted in planar lipid

bilayers (Krajewska et al., 2024).

The structure/function interplay of mitoK channels

alongside other mitochondrial proteins suggests a new

dimension in mitoK channels regulation. The exceptionally

high membrane potential of the IMM and its potential for

ROS generation may characterize significant signaling

pathways within cells.

The troublesome pharmacology of
mitochondrial potassium channels

In order to influence activity of various mitoK channels,

numerous research groups continually explore novel compounds

hoping to findmolecules with high specificity for mitoK channels

(Szewczyk and Marban, 1999; Augustynek et al., 2017; Leanza

et al., 2019). The existing literature already reports positive

protective effects on ischemia/reperfusion processes through

the activation of mitoKATP channels by the potassium channel

opener - diazoxide, and the mitoBKCa channels by potassium

channel opener NS1619 and its follower NS11021 (Szewczyk

et al., 2006). Nevertheless, it is noteworthy that these compounds

exhibit limited specificity towards mitoK channels. Application

of these substances in the micromolar concentration range

unmasks a variety of side effects (Wrzosek et al., 2022). It is
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important to remember that molecules with some

hydrophobicity of positive charge (in physiological pH) will

be accumulated by mitochondria. It is due to very high

membrane potential (up to—180 mV) on the IMM, with

negative polarization of the mitochondrial matrix. For

example, a 10 nM drug present in cytosol could accumulate

up to 10 µM concentration in a matrix (Kowaltowski and

Adbulkader, 2024). At this concentration range the probability

of nonspecific interaction with some of ~1,500 mitochondrial

proteins is very high. In contrast, toxins isolated from the

venom of various scorpion species such as iberiotoxin

specifically (at low concentration) inhibit the activity of

mitoBKCa channels (Augustynek et al., 2017). But

application of this peptide to block mitoBKCa channels on

intact cells is practically impossible.

Developing very selective channel blockers and potassium

channel openers targeting mitoK channels is a significant

challenge in this field. Recently it was shown that selective

targeting of mitoIKCa channel (Bachmann et al., 2022),

mitoTASK channel (Bachmann et al., 2021) and mitoKv

channel (Severin et al., 2022) is possible.

Discussion

Over the past 33 years since the identification of the first

potassium channel in the IMM, research in this field has

made significant progress (Kulawiak and Szewczyk, 2022).

This pathway started from identification of the mitoK

channels that met with skepticism by the bioenergetics

community to current research placing these channels in

the phenomena of cytoprotection, cellular senescence, and

neoplastic cell death. What limits further development of

this field?

First, access to good pharmacology is the “dark side” of this

field (Szewczyk et al., 2010; Olszewska and Szewczyk, 2013;

Leanza et al., 2019). Because mitoK channels are similar to

those located in plasma membranes, it is very difficult to

identify pharmacological modulators specific only for mitoK

channels (Szewczyk and Wojtczak, 2002; Citi et al., 2018). The

unique high membrane potential of mitochondria may help to

discriminate targeting of some drugs to mitoK channels (Testai

et al., 2015; Wrzosek et al., 2020).

The second limiting factor for further progress is the

development of new techniques to measure channel activity

in situ, that is, within an intact cell. Majority of techniques

currently applied in the studies are based on cell fractionation

and mitochondria isolation (Walewska et al., 2022). By

definition in this process we lose a network of signaling

pathways where mitoK channels are potentially involved

(Walewska et al., 2018). Probably progress in synthesis of

potassium specific fluorescent probes may solve this problem.

Unfortunately, there are other potassium transport proteins in

mitochondria.

The third challenge for the future involves further identifying

the molecular identity of various mitoK channels. This aim will

not only expand our understanding of the system but also will

start new avenues of research, such as in vitro translation with

lipid nanodiscs and the application of various biophysical

techniques. Additionally, it will aid in the identification of

protein neighborhoods, clarification of the import

machinery, and more.

In summary, mitoK channels, considered the “younger

siblings” of the potassium channels found in plasma

membranes, play a crucial role in some cellular signaling

pathways. The mitoK location within mitochondria, which

serve as hubs for fundamental metabolic and signaling

functions, highlight their significance. The author believes that

the future of this field holds exciting prospects.
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PELP1 and SRC kinase as important molecules in the estrogen-
mediated pathway in human testis and epididymis
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Background: Estrogens have pleiotropic mechanisms 
of action, and their cellular transduction pathways can 
modulate various proteins with differential tissue expres-
sion. Proline-, glutamic acid-, and leucine-rich protein 1 
(PELP1) is one such protein whose role seems important. 
However, very little is known about the expression of 
modulators involved in the estrogen-mediated pathways 
in the tissues of the male reproductive tract. Methods: 
In this study, we obtained autopsy specimens of testis 
and epididymis from 13 men of Caucasian descent. Ex-
pression levels were analyzed for both estrogen recep-
tors (ESR1 and ESR2) and their co-regulators, including 
PELP1 and kinase c-Src (SRC). Results: Protein expres-
sion was confirmed with western blot and immunocyto-
chemistry techniques. The expression of both SRC and 
PELP1 was significantly higher in the testis compared 
to the epididymis (p=0.040 and p=0.002, respectively). 
Furthermore, a significant, positive correlation was ob-
served between SRC and PELP1, regardless of tissue type 
(p<0.0001, R=0.78). In the testis, PELP1 expression posi-
tively correlated with ESR1 expression (p=0.0367, R=0.6). 
Conclusions: Our study suggests a possible relationship 
between PELP1, SRC, and ESR1 in the human testis and 
epididymis. This study makes a valuable contribution to 
the field of estrogen-mediated pathways in the male re-
productive tract and describes trends of analyzed genes’ 
expression and presence. We think our results may open 
some new research directions in the study of estrogen 
signaling in the male reproductive system.
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INTRODUCTION

The predominant paradigm concerning the influence 
of steroid hormones in the regulation of the male repro-
ductive tract’s functions was primarily focused on andro-
gens such as testosterone. However, in 1990 knock-out 
animal models began to be extensively used and dem-
onstrated that estrogens play an important role in male 
reproductive health (Carreau et al., 2011a; Akingbemi, 
2005; Carreau et al., 2011b; Chimento et al., 2020; Hess 
& Cooke, 2018). These commonly considered female 
hormones are indispensable for the proper develop-
ment of certain structures within the male reproduc-
tive tract, such as the prostate, epididymis, and efferent 
ductules. Estrogens are synthesized in the testis, and 
17β-estradiol is highly expressed in the rete testis fluid. 
Studies have shown that the male reproductive tract has 
extensive expression of both estrogen receptors (ESRs), 
namely ESR1 and ESR2, starting from the neonatal pe-
riod through puberty to adulthood. However, expression 
level differs with regard to tissue type and age (Cooke 
et al., 2017; Cunha et al., 2021; Hess & Cooke, 2018). 
Several findings also confirmed an association between 
estradiol and a handful of physiological events such as 
erectile function, spermatogenesis, Leydig cell self-reg-
ulation, testosterone production control, and auto- and 
paracrine effects on germ cells (Hess & Cooke, 2018; 
Solakidi et al., 2005; Carreau et al., 2011a; Cooke et al., 
2017; Hammes & Levin, 2019; Lazari et al., 2009). Fur-
thermore, the identification of an aromatase function has 
been a tremendous breakthrough in defining the role of 
estrogens in males (Carreau et al., 2006; Otto et al., 2009; 
Akingbemi, 2005; Rago et al., 2007; Carreau et al., 2010; 
Aquila et al., 2003) and has directed the attention of 
many researchers around the world to the influence on 
the male reproductive tract of estrogen-like compounds 
present in the environment (referred to as “xenoestro-
gens”). Previously, the idea of the potential negative 
influence of estrogens and their role in disrupting the 
function of the male reproductive system has become 
widespread (Rahman et al., 2015; Mohamed et al., 2011; 
Sikka & Wang, 2008; Hess et al., 2011; Bertolla, 2020). 

The commonly identified pathways that control the 
functional influence of estrogens on the tissues/cells of 
interest (including those in the male reproductive tract) 
classically involve either ESR or G protein-coupled es-
trogen receptors (GPER, GPR30). It cannot be exclud-
ed that recently discovered novel proteins, referred to 
as putative ESRs (estrogen-related receptor, saxiphilin-
binding protein, ER-X, and ER-x), may play a similar 
role in mediating estrogen signals in males (Barut et al., 
2020; Li et al., 2015; Eyster, 2016; Micevych & Dewing, 
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2011; Toran-Allerand et al., 2002; Cooke et al., 2017; Ak-
ingbemi, 2005). It is also essential to highlight the role 
of certain co-regulators in mediating estrogen signals 
in tissues/cells of interest. One of them is the scaffold 
protein proline-, glutamic acid-, and leucine-rich protein 
1 (PELP1), also known as MNAR (modulator of non-
genomic action of estrogen receptor). PELP1 was shown 
to interact not only with nuclear receptors and transcrip-
tion factors (such as activator protein 1, specificity pro-
tein 1, or nuclear factor kappa B) but also with several 
key modulators of cell cycle progression, such as proto-
oncogene tyrosine-protein, epidermal growth factor re-
ceptor, phosphoinositide-3 or c-SRC kinases (Vadlamudi 
& Kumar, 2007; Sareddy & Vadlamudi, 2016; Vadlamudi 
et al., 2001). This previous literature has shown PELP1 
to be an important mediator of steroid hormone regula-
tion of cell or tissue functions. Moreover, our previous 
studies demonstrated that the percentage of PELP1+ 
sperm cells is correlated with decreasing sperm quality 
(Skibińska et al., 2018).  Also, our investigation revealed 
weak, negative ESR2/PELP1 correlations in patients 
with abnormal sperm values. Interestingly, SRC/PELP1 
was moderately and positively correlated with all pa-
rameters within the WHO reference range in the sub-
group of patients (Skibińska et al., 2022). The literature 
has identified that SRC-mediated signaling is coordinated 
by binding PELP1 and ESR to SRCs SH3 and SH2 do-
mains, which is then stabilized by the ESR-PELP1 in-
teraction through PELP1’s LXXLL motifs (Xiao et al., 
2019; Shupe et al., 2011; Barletta et al., 2004). SRC has 
been characterized as the downstream protein kinase of 
the non-classical testosterone signaling pathway involved 
in the release of sperm at spermiation. It cannot be ex-
cluded that close interactions between these two proteins 
have implications for estrogen signaling in males.

Despite the broad availability of animal models for re-
search purposes, this is not the case for human tissues. 
Therefore, data regarding estrogens and estrogen-medi-
ated pathways in humans do not currently provide clear 
answers concerning the presence, localization, and inter-
actions between proteins involved in estrogen-mediated 
signaling. It appears crucial in determining the potential 
clinical repercussions of estrogens in the male reproduc-
tive tract, also in the context of impaired male fertility. 
Where and when estrogen and/or an estrogen/androgen 
balance might play a role in the development and func-
tion of the male reproductive tract needs to be deter-
mined. It is expected that with recent advances in mo-
lecular and cell biology techniques, many questions about 
estrogen-mediated signaling in men will be answered 
within the next decade. The aim of this study was to 
analyze the potential links between ESRs, PELP1, and 
SRC in human testis and epididymis, as these proteins 
are considered important factors involved in estrogen-
mediated signaling in the male reproductive system.

MATERIALS AND METHODS

Testes tissue samples

Autopsy specimens of testis and epididymis were ob-
tained from 13 men of Caucasian descent at the Chair 
and Department of Forensic Medicine of PUMS. The 
mean age of participants was 45±15 years (range: 23–76) 
with a 45% coefficient of variation. Tissues qualified for 
the study came from men with no significant spermato-
genesis disorders. The assessment of tissues stained with 
the standard hematoxylin and eosin method was based 

on the microscopic evaluation, accordingly to Cerilli et 
al. (Cerilli et al., 2010). Each testis and epididymal caput 
sample was split into three fragments (equal in mass). 
For RT-qPCR analyses, the tissues were immersed in 
RNA protective medium (Englert-Golon et al., 2021; 
Camacho-Sanchez et al., 2013), and for protein isolation 
were placed in phosphate-buffered saline (PBS, Chem-
pur; Piekary Ślaskie, Poland). In both cases, the tissues 
were stored at –80°C until further procedures. The third 
portion, intended for immunohistochemistry, was fixed 
in 4% paraformaldehyde (Chempur; Piekary Śląskie, Po-
land) and processed for standard formalin-fixed paraffin-
embedding.

METHODS

Nucleic acid isolation and validation

Before nucleic acid isolation, the samples were thawed 
to room temperature. The RNA protective medium was 
removed, and testis and epididymis tissue samples were 
patted dry with a paper towel. The tissues were imme-
diately placed in a chilled mortar and pulverized with a 
pestle. Aliquots of 25 mg of tissue were immersed in 
800 μL fenozol reagent to deactivate endogenous RNas-
es (A&A Biotechnology, Gdynia, Poland). The samples 
were dissolved by vortexing (15 sec, 1200 rpm, room 
temperature) and incubated in a thermal mixer to per-
mit complete dissociation of the nucleoproteins (5 min, 
300 rpm, 56°C). Then, 200 μL of chloroform (Avantor 
Performance Materials Poland S.A., Gliwice, Poland) was 
added to each aliquot, mixed by inversion, incubated 
(3  min, room temperature), and centrifuged (15 min, 
12 000×g, 4°C). The aqueous upper phase containing to-
tal cellular RNA was carefully transferred to a new tube, 
avoiding transferring the interphase. 

The aqueous phases were subjected to high molecular 
weight RNA extraction, without microRNA fractiona-
tion, using the double-column system for microRNA 
and RNA isolation according to the manufacturer’s pro-
tocol (A&A Biotechnology, Gdynia, Poland) as described 
previously (Englert-Golon et al., 2021). The quality, 
quantity, and purity of extracted RNA were analyzed as 
described previously (Andrusiewicz et al., 2016) with the 
use of NanoPhotometer NP-80 (IMPLEN, München, 
Germany), and the integrity was evaluated by electropho-
retic separation under denaturing conditions (Andrusie-
wicz et al., 2016).

Reverse transcription and quantitative polymerase 
chain reaction

Three-step reverse-transcription reactions were per-
formed as described previously (Andrusiewicz et al., 2016). 
In brief, a mixture of 0.5 M universal oligo(d)T10 primer, 
1 mM random hexamer primer (Genomed; Warsaw, Po-
land), 1 μg RNA, and water (Thermo Fisher Scientific; 
Waltham, MA, USA) were incubated for 10 mins at 65°C, 
and samples chilled on ice. Then, 10 U transcriptor re-
verse transcriptase, 5 U RNasin ribonuclease inhibitor, 
1× reaction buffer (Roche; Manheim, Germany), 0.1 U/
µL E. coli poly(A) polymerase, 100 nM adenosine triphos-
phate (New England BioLabs; Ipswich, MA, USA), and 
100 mM deoxyribonucleotide triphosphates (Novayzm; 
Poznan, Poland) were added with water to a final reaction 
volume of 20 μL. The subsequent steps of cDNA synthe-
sis were followed as described previously (Englert-Golon 
et al., 2021). The cDNA was synthesized in duplicate for 
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each sample and subsequently served as a template for 
qPCR reactions. The threshold cycles mean values derived 
from replicated samples were used for further analysis.

To determine primer sequences and hydrolysis Univer-
sal Probe positions for ESR1, PELP1, and SRC, the UPL 
Assay Design Center was used (http://qpcr.probefinder.
com, last accessed on September 28, 2017, product dis-
continued on December 30, 2020) (Skibińska et al., 2018). 
Probe numbers and primers’ sequences are as follows: 
ESR1 F: CCTTCTTCAAGAGAAGTATTCAAGG; R: 
ATTCCCACTTCGTAGCATTTG; probe #69 (Roche 
cat. no.: 04688686001; GenBank AC: NM_001122740.2, 
NM_001122741.2, NM_001385571.1, NM_001291241.2, 
NM_001385568.1, NM_001385572.1, NM_001385570.1, 
NM_001385569.1, NM_000125.4, NM_001328100.2, 
NM_001291230.2), PELP1 F: CAAGGAGGAGACT-
CACAGGAG; R: CAAGGAGGAGACTCACAGGAG; 
probe #24 (Roche cat. no.: 04686985001; NM_014389.3, 
NM_001278241.2), and SRC F: GCCATGTTCACTC-
CGGTTT; R: CAGCGTCCTCATCTGGTTTC; probe 
#21 (Roche cat. no.: 04686942001; NM_005417.5). Either 
the forward or the reverse primers were designed for the 
exon-exon junction of the analyzed mRNAs. The ampli-
con lengths were similar. With regards to ESR2, we ap-
plied a ready-to-use assay (PrimePCR, qHsaCEP0052206, 
BioRad; Hercules, CA, USA). The hypoxanthine-gua-
nine phosphoribosyltransferase (HPRT1) gene assay 
(UPL102079, Roche; Manheim, Germany) was used as a 
reference gene. 

The quantitative PCR reactions were carried out ac-
cording to the MIQE guidelines (Bustin et al., 2009) 
(Supplementary Materials: MIQE checklist and data set). 
All qPCR reactions were made in a total volume of 20 
μL. Standard cycling and acquisition steps were per-
formed with adjusted and standardized reaction mixtures 
for Roche UPL probes in the LightCycler 2.0 glass-
capillary thermal cycler (Roche Diagnostics International 
AG; Rotkreuz, Switzerland) (Englert-Golon et al., 2021; 
Andrusiewicz et al., 2016). The expression level of each 
gene, expressed as concentration ratios (Cr), was de-
rived from reaction efficiencies (obtained from the rel-
evant standard curves) compared with the appropriate 
mean of two-reaction threshold values and normalized 
to reference gene expression (Englert-Golon et al., 2021; 
Skibińska et al., 2018). 

Western blot analysis

Tissue samples immersed in PBS were used for pro-
tein isolation, followed by western blot. After mechani-
cal pulverization in liquid nitrogen, tissue samples were 
suspended by pipetting in RIPA Lysis Buffer (Merck 
Millipore, Darmstadt, Germany). Then, total sample ex-
tracts were shaken in an orbital shaker (1 600 rpm, 60 
min, 4°C) and centrifuged (14 000×g, 20 min, 4°C). The 
supernatant was transferred into a fresh tube and centri-
fuged again (3 000×g, 10 min, 4°C), and then the super-
natant containing purified proteins was used in further 
analyses. 

Western blot analyses were conducted as described 
previously (Englert-Golon et al., 2021). In short, protein 
concentration was measured colorimetrically with Quick-
Start Bradford 1 × Dye Reagent (BioRad, Hercules, CA, 
USA). Protein lysates (20 µg) diluted with Laemmli buffer 
(BioRad, Hercules, CA, USA) were denatured at 70°C 
for 10 min, loaded onto a 10% SDS-polyacrylamide gel 
(TGX FastCast Acrylamide Kit 10%, BioRad, Hercules, 
CA, USA), and separated by electrophoresis. After wet-
transfer, PVDF membranes (Merck Millipore, Darmstadt, 

Germany) were incubated on an orbital shaker at 200 
rpm for 60 min at room temperature in TBS-T blocking 
buffer (TBS with 0.1% Tween-20 and 5% bovine serum 
albumin, pH 7.5; LabEmpire; Rzeszow, Poland). After 
blocking, the membranes were incubated with primary an-
tibodies on an orbital shaker at 200 rpm overnight at 4°C. 
The antibodies used are as follows: anti-ESR1 (1:1000, 
LS-C88420, Lifespan Biosciences, Seattle, WA, USA), 
ESR2 (1:1000, ab3576, Abcam, Cambridge, UK), PELP1/
MNAR (1:1000, A300-180A, Bethyl, Montgomery, TX, 
USA), SRC (1:1000 orb379229, Biorbyt, Cambridge, UK), 
pSRC (1:500, orb14869, Biorbyt, Cambridge, UK), and 
GAPDH (1:2500, sc-25778, Santa Cruz Biotechnology, 
Dallas, TX, USA). Subsequent visualization processing 
steps were performed as described previously (Englert-
Golon et al., 2021). Immunoreactive bands were compared 
with the mass standard (3-Colour Prestained Protein 
Marker; Blirt, Gdansk, Poland). For protein density analy-
sis ImageJ Software version 1.53r was used (https://im-
agej.nih.gov/ij/download.html, accession date 22.04.2022). 
The high-resolution TIFF images obtained with G:BOX 
(Syngen, Cambridge, UK) from chemiluminescent-visual-
ized western blots were converted into JEPG 255 gray-
scale format. A defined frame size was used to measure 
the optical density of analyzed proteins, the background, 
and the GAPDH protein as the reference. The pixel den-
sity for all data was inverted and expressed as 255 – re-
corded by ImageJ value. Next, the net values for analyzed 
proteins and controls were calculated (by subtracting the 
value obtained for the background). Finally, the ratios of 
net band values for analyzed proteins and corresponding 
references were obtained and expressed as optical density 
in arbitrary units.

Immunohistochemical protein localization 

The protein localization in tissue samples was as-
sessed using immunohistochemistry as described previ-
ously (Waligórska-Stachura et al., 2017; Englert-Golon et 
al., 2021). In brief, 3 µm thick tissue sections were im-
mersed in antigen retrieval solution (0.1 mM citric acid 
and 0.1  mM sodium citrate; pH 6.0; Avantor Perfor-
mance Materials Poland S.A., Gliwice, Poland) and then 
microwaved, and this process repeated. Endogenous 
peroxidase activity was blocked in a 3% hydroperoxide 
solution (Avantor Performance Materials Poland S.A., 
Gliwice, Poland). The slides were blocked in a TBS-T 
blocking buffer for 60 min at room temperature. Im-
munohistochemical reactions were performed using the 
primary antibodies specified in the western blot analy-
sis description at a 1:100 dilution in TBS-T buffer and 
visualized and assessed as described previously (Englert-
Golon et al., 2021). The specificity, dilutions and immu-
nohistochemical reactions’ conditions for positive con-
trols were also adopted from the methodology referred 
above. The primary antibodies were substituted with a 
blocking buffer in the appropriate negative controls.

Statistical analyses

Results were evaluated using Statistica version 13.5.0 
software for Windows (TIBCO Software Inc., Palo Alto, 
CA, USA). All continuous variables were checked for 
outliers. Min-Max normalization was used to describe 
and present the final data. All genes were analyzed for 
not only normalized Cr values but also gene-to-gene 
Cr values. Results were described by the median [inter-
quartile range] (Me [IR]) values. The Shapiro-Wilk test 
was applied for the normality of continuous variables 
distribution assessment. The non-parametric two-tailed 
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Mann-Whitney U test was used for statistical analyses. 
The Spearman rank correlation test was applied to evalu-
ate the strength of the correlation coefficient (R). The 
strength of the correlation coefficient was assessed ac-
cording to Guilford’s classification. Data were consid-
ered statistically significant when p<0.05.

RESULTS

ESRs, PELP1 and SRC mRNA expression

The normalized expression level of both SRC and 
PELP1 differ significantly between testis and epididy-
mal tissue (p=0.040 and p=0.002, respectively), with 
both genes having higher expression levels in the testis 
(Fig. 1). We did not observe significant differences in 
the expression level of ESR1 and ESR2 in either tes-
tis or epididymal tissue in any of the analyzed samples 
(p>0.05) (not shown).

With respect to the tissue of origin, both SRC and 
PELP1 expression was significant and very strongly pos-
itively correlated in both testis and epididymis (R=0.66, 
p=0.014, and R=0.80, p=0.0019, respectively). Addition-
ally, PELP1 expression was strongly positively corre-

lated with the expression of ESR1 in the testis (R=0.6; 
p=0.0367) (Fig. 2). We did not observe this correlation 
in the case of the epididymis (p>0.05).

We observed a moderate positive correlation between 
the tissue donors’ age and ESR1 normalized expression 
in the testis (R=0.59; p=0.0322) and a moderate nega-
tive correlation of the age and PELP1 expression in the 
epididymis (R=-0.61; p=0.0354) (Fig. 3). The expres-
sion levels of other genes were not correlated with age 
(p>0.05).

Considering the expression ratio of analyzed genes, 
the ESR2/PELP1 ratio differed significantly between the 
testis and epididymis (p=0.0068). The expression ratio 
was lower in the testis (Fig. 4). There was no significant 
difference in the expression ratios of other genes be-
tween the tissue types. 

Considering tissue-origin-dependent division, ESR1/
ESR2, ESR1/SRC, and ESR1/PELP1 expression ratios 
were moderately and positively correlated in the testis. 
ESR2/SRC was moderately positively correlated with 
ESR2/PELP1, and strongly negatively correlated with 
SRC/PELP1. We observed very strong positive cor-
relations of ESR1/ESR2 with ESR1/SRC, ESR1/SRC 
with ESR1/PELP1, and ESR2/SRC with ESR2/PELP1 
in the epididymis. Additionally, a moderately positive 

Figure 1. Normalized expression of SRC and PELP1 in testis and epididymis.
*p<0.05, **p<0.01 (two-tailed Mann-Whitney U test).

Figure 2. Dot-plot of normalized PELP1 expression correlation with SRC and ESR1 in testis and epididymis. 
Spearman’s rank correlation coefficient (R) is indicated as significant *p<0.05, **p<0.01.
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correlation was established for the expression ratios of 
ESR1/ESR2 and ESR1/PELP1. ESR2/SRC and SRC/
PELP1 in the epididymis were not correlated (Table 1). 

Protein presence and localization

The presence of the analyzed proteins in the testis and 
epididymis was confirmed by western blotting to identify 

the presence of immunoreactive bands at the expected 
sizes (ESR1: 36 kDa; ESR2: 55 kDa; PELP1: 170 kDa; 
SRC: 60 kDa and pSRC: 61 kDa). The GAPDH refer-
ence protein bands (37 kDa) were present in all samples 
(Fig. 5).

The protein density of both pSRC and PELP1 differ 
significantly between testis and epididymal tissue (p=0.015 
and p<0.001, respectively), with both proteins having a 
higher density in the testis (Fig. 6).

Figure 3. Dot-plot of the participants’ age and correlation in testis and epididymis of ESR1 and PELP1 normalized expression. 
Spearman’s rank correlation coefficient (R) is indicated as significant *p<0.05.

Figure 4. Normalized ratio of the expression of ESR2/PELP1 in 
testis and epididymis. 
**p<0.01 (two-tailed Mann-Whitney U test).

Table 1. Spearman rank order correlations of the analyzed gene ratios in testis and epididymis.

Pair of Variables
Testis Epididymis

N R p-value N R p-value

ESR1/ESR2 & ESR1/SRC 13 .61 .0269 9 .90 .0009

ESR1/ESR2 & ESR1/PELP1 12 .58 .0479 10 .82 .0038

ESR1/ESR2 & ESR2/SRC 13 –.54 .0546 9 –.33 .3807

ESR1/ESR2 & ESR2/PELP1 12 –.45 .1377 10 –.04 .9074

ESR1/ESR2 & SRC/PELP1 13 .25 .4154 10 –.18 .6272

ESR1/SRC & ESR1/PELP1 12 .65 .0220 10 .96 <.0001

ESR1/SRC & ESR2/SRC 13 .26 .3943 10 –.14 .7009

ESR1/SRC & ESR2/PELP1 12 .01 .9828 10 .08 .8287

ESR1/SRC & SRC/PELP1 13 –.37 .2159 10 –.39 .2600

ESR1/PELP1 & ESR2/SRC 12 .15 .6331 10 .07 .8548

ESR1/PELP1 & ESR2/PELP1 12 .36 .2551 11 .33 .3259

ESR1/PELP1 & SRC/PELP1 12 –.39 .2081 11 –.35 .2981

ESR2/SRC & ESR2/PELP1 12 .66 .0185 11 .95 <.0001

ESR2/SRC & SRC/PELP1 13 –.86 .0001 11 –.32 .3403

ESR2/PELP1 & SRC/PELP1 12 –.53 .0754 12 –.27 .3911

Legend: N, number of paired cases; R, Spearman’s rank correlation coefficient; p-values <0.05 are indicated in bold.

Figure 5. Western blot analysis of analyzed proteins in selected 
samples from different patients. 
Lane 1 and 2 – testis, lane 3 and 4 – epididymis. Note that the 
blots displayed were cropped; see Supplementary Information for 
the original blots.

128



452											           2023I. Skibińska and others

Immunohistochemical staining enabled the identifi-
cation of all studied proteins in tissues of interest. The 
ESR1 and ESR2 expression showed similar localization 
as observed by other authors (Fietz et al., 2014; Rago 
et al., 2018). In the testis, ESR1 was observed in some 
primary spermatocytes and spermatids but not in the 
spermatogonia, Sertoli, or interstitial cells. The ESR2 was 
localized in spermatogonia, primary spermatocytes, sper-
matids, and Sertoli cells but not in the interstitial com-
partment. On the other hand, in the epididymis, ESR1 
was expressed in non-ciliated cells and ESR2 in the cili-
ated and non-ciliated cells of the epithelium and the ba-
sal cells (Supplementary Fig. S1 at https://ojs.ptbioch.
edu.pl/index.php/abp). We observed PELP1 localization 
in the Sertoli cells, primary spermatocytes, and single 
spermatogonia in the testis. We did not observe positive 
staining in Leydig cells or spermatids (Fig.  7A). In the 
magnification of Fig. 7A, positive immunostaining was 
indicated in primary spermatocytes and spermatogonia. 
On the other hand, SRC was extensively expressed in the 
cytoplasm of Sertoli cells and the cells of the seminifer-
ous epithelium. SRC was also weakly expressed in the 

cytoplasm of Leydig cells (Fig. 7C). A similar but weaker 
reaction was observed for the cells of the seminifer-
ous epithelium for pSRC (Fig. 7E). In the epididymis, a 
strong PELP1 expression was demonstrated in the nu-
clei of the ciliated and non-ciliated cells of the epididy-
mal ductal epithelium. Weak cytoplasmic staining was 
also observed in these cells. The vast majority of basal 
cells were PELP1 negative. There was no expression of 
PELP1 in smooth muscle cells of the ductal wall or in-
terstitial tissue cells. In the magnification, the ciliated and 
non-ciliated cells were indicated (Fig. 7B). SRC was ex-
pressed in the basal cells’ nuclei, spermatozoa, and the 
ciliated and non-ciliated cells of the epididymal ductal 
epithelium. In the magnification, the non-ciliated and 
ciliated cells and spermatozoa were indicated (Fig. 7D). 
A  similar but slightly weaker reaction was observed in 
the case of pSRC (Fig. 7F).

DISCUSSION

There are distinct roles of ESRs throughout the en-
tire reproductive tract in males. However, there is a lack 
of consensus on their detection and localization in the 
published literature (Hess et al., 2021; Fietz et al., 2014; 
Cooke et al., 2017; Li et al., 2015). There are several stud-
ies indicating that estrogen signaling may use a variety of 
different pathways where, for example, gene transcrip-
tion may be induced by either direct binding of certain 
receptors to estrogen response elements (ERE) in the 
promotors of target genes or can involve transcription 
factor complexes that are able to activate transcription 
in the promoter regions of genes directly and without 
the use of EREs (Klinge, 2001). Conversely, an alterna-
tive non-genomic mechanism was also described. It uses 
other signaling pathways, such as growth factors, kinases, 
or associated co-regulators, which may activate ESRs in 
the absence of a ligand (Hess & Cooke, 2018). It was 
established that aromatase is expressed in human epi-
thelial cells of ductuli efferentes and proximal caput of 
the epididymis. It suggests a putative role of estrogens 
produced locally in the epididymal function. Moreo-
ver, epididymal caput and cauda differed in ESR1 and 
ESR2 presence in humans and animals. Additionally, 
the possible involvement of ESR2 in estrogen modula-
tion of the epididymal function is suggested, as ESR2 
expression was confirmed in the epithelial cells of hu-
man epididymis indicates (Bilińska et al., 2006; Carpino et 
al., 2004a; Carpino et al., 2004b; Kolasa et al., 2003). Our 
study suggests that the specific ESR-mediated pathway 
in the male reproductive system might result from the 
different local interactions of estrogens with estrogen re-
ceptors and their co-regulators. Even though the tissues 

Figure 6. Protein density analysis of pSRC and PELP1 in testis and epididymis. 
*p<0.05, ***p<0.001 (two-tailed Mann-Whitney U test).

Figure 7. Immunohistochemical localization of PELP1 (A), SRC 
(C), pSRC (phospho-Tyr529) (E) in testis, and PELP1 (B), SRC (D), 
and pSRC (phospho-Tyr529) (F) in the epididymis. 
Legend: BC, basal cells; CC, ciliated cells; nCC, non-ciliated cells; IT, 
interstitial tissue; LC, Leydig Cells; Psp, primary spermatocytes; S, 
spermatozoa; SC, Sertoli cells; SEC, seminiferous epithelium cells; 
Sd, spermatids; Sg, spermatogonia. (+), positive immunostaining; 
(–), negative immunostaining. Scale bar: 200 µm.
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are of the same type, we observed significant differences 
in the expression levels of the studied genes, especially 
PELP1 and SRC kinase in both mRNA and protein lev-
els. This paper confirmed the presence of ESR1, ESR2, 
and their co-regulators, including PELP1 and SRC ki-
nase, in human testis and epididymis. Furthermore, we 
analyzed potential links between them, as their inter-
actions may have a particular impact on physiological 
phenomena in these tissues. However, further analyses 
exploring estrogen-mediated signaling supported by colo-
calization studies are essential to determine the nature of 
these interactions and the potential clinical repercussions 
of estrogens in the male reproductive tract. 

Our study suggests that there may be a dependence 
between PELP1 and SRC in human testis. Our study 
established the significant differences in normalized ex-
pression levels of both SRC and PELP1 in the testis and 
epididymis, with significantly higher expression and pro-
tein density in the testis. Furthermore, our study indicat-
ed that SRC and PELP1 expression levels were moder-
ately positively correlated in the testis (R=0.66, p=0.014). 
Moreover, PELP1 expression was positively correlated 
with the expression of ESR1 (R=0.6; p=0.0367). It may 
imply the role of ESR1 in testis, as well as the involve-
ment of PELP1 and SRC in estrogen-mediated signaling 
(e.g., ligand-independent signaling to induce specific ef-
fects via ESR1). As we observed PELP1 being localized 
in Sertoli cells and spermatocytes, it could not be ex-
cluded that PELP1 may be involved in certain stages of 
spermatogenesis or may somehow modulate Sertoli cells’ 
function in this regard.

It has been confirmed that ESR1 expression is differ-
ent through certain stages of development (Hess et al., 
2011). In 1994, the first man lacking a functional ESR1 
was reported, and subsequently, other men lacking aro-
matase were identified, with 13 reported cases of loss 
of function mutations in CYP19A1 (Cooke et al., 2017). 
Regardless of species or investigators, ESR1 has been 
shown to be highly expressed in the efferent ductule 
epithelium, which suggests its contribution to fluid reab-
sorption (Fietz et al., 2014). Interestingly, the most severe 
histopathological changes following the disruption of 
ESR1 function occur in the testis and efferent ductules, 
likely due to its high expression, which is approximately 
3.5-fold greater than in the female uterus or any other 

organ independent of biological sex (Fietz et al., 2014). 
Furthermore, ESRs involvement was suggested in the 
development of sperm cells (Hess, 2014). We observed 
age-related increasing ESR1 and decreasing PELP1 ex-
pression. Due to the limited number of published papers 
on the topic of PELP1 expression in the male reproduc-
tive tract, and because the ESR1 and ESR2 expression 
alters with age (in different tissues, not only in the male 
reproductive tract), it would be challenging to propose 
strong conclusions. Considering that we analyzed the 
specimens from males not only of reproductive age, fur-
ther studies need to be conducted to elaborate on this 
topic. Moreover, a recent report confirmed the ESR1 
and PELP1 presence in the human reproductive tract, 
including in the nuclei of ciliated and non-ciliated cells 
for ESR1 and principal cells of proximal epididymis for 
PELP1 (Rago et al., 2018). As our results highlight the 
SRC/PELP1 correlation in testis, it cannot be ruled out 
that these proteins may potentially be involved in ESR1-
mediated processes surrounding rete fluid resorption in 
the testis, influence the composition of seminal fluids, 
or anyhow in the regulation of spermatogenesis. Inter-
actions between PELP1-SRC-ESR1 seem feasible in the 
above-mentioned processes, especially due to the fact 
that the binding of PELP1 and ESR coordinates SRC-
mediated signaling to SRC’s SH3 and SH2 domains. It 
is known that the SRC family kinases (SFKs), including 
SRC (but also Yes, Fyn, and Lck among others) play a 
role in cell polarity, in the testis spermatogonial stem cell 
proliferation, cell adhesion or to influence the dynamics 
of the blood-testis barrier in the seminiferous epithelium. 
Even though the effects of c-SRC and c-Yes kinases 
may considerably overlap, and their action is thought to 
be limited to the cell matrix at the focal contacts, their 
role in the testis cannot be denied (Xiao et al., 2013; 
Xiao et al., 2019; Rago et al., 2018). It is also suggested 
that SRC plays a crucial role in the 17β-estradiol-induced 
translocation of estrogen receptors from the nucleus to 
the cell membrane (Lucas et al., 2008). Furthermore, the 
ability of ESRs to simultaneously bind SRC and PELP1 
results in the activation of a non-genomic pathway such 
as cSRC/MAPK-pathway, which leads to enhanced, 
phosphorylation-dependent ESR1 transcriptional activity 
(Nieto et al., 2015; Barletta et al., 2004). 

Figure 8. Map of interactions in PELP1 modulation of estrogen receptor activity (cpb.molgen.de/CPDB/cyVis).
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The PELP1 biochemical interactions with other pro-
teins are complex and involve other kinases, such as 
ATM, ATR, CDK2, CDK4, and PRKDC, in addition to 
SRC (Fig. 8). The biochemical/enzymatic reactions with 
these proteins directly influence PELP1 and, other pro-
tein complexes involved in estrogen signal transduction. 
It seems that ESR1, but not ESR2 plays a crucial role in 
the PELP1-mediated pathway.

Upon phosphorylation by SRC, certain cellular events 
may be influenced by the specific cellular localization of 
PELP1, SRC, and ESR1. Furthermore, it is important to 
mention that the extent of SRC-PELP1-ESR1 interac-
tions in human testis may influence the availability of an-
other estrogen receptor GPER. However, it was not an-
alyzed in this study. These dependencies could modulate 
the microenvironment for spermatozoa maturation in 
different sites of the male reproductive tract, depending 
on the availability of certain receptors and their co-reg-
ulators in the tissue area of interest. It was shown that 
SRC phosphorylation at Tyr529 deactivates the protein 
function (Gonfloni et al., 2000). The Tyr529 phospho-
rylation status is closely related to the autophosphoryla-
tion of Tyr418, which determines the SRC activity (Xiao 
et al., 2017), leading to complex conformational changes 
(Gonfloni et al., 2000). As a consequence SH3 domain of 
SRC ceases to be strongly associated with the linker of 
the SH2 domain and the catalytic domain and becomes 
more accessible to other ligands (Xiao et al., 2017). Con-
sistent with this idea would be the fact that we observed 
differences in the SRC and pSRC expression pattern, as 
this protein works bidirectionally upon phosphorylation 
status (Gonfloni et al., 2000). Differentiated expression 
patterns of SRC and pSRC in testis and epididymis, ob-
served in our study, could be reflected in the modulation 
of cell events, such as cell maturation and migration, 
mediated by other signaling pathways (Xiao et al., 2017). 
Therefore, investigations of the molecular consequences 
and the role of these phenomena in the male reproduc-
tive tract should be further conducted. 

Regarding ESR2 expression in the testis, ESR2/
SRC correlated positively with ESR2/PELP1. Moreo-
ver, ESR2/SRC had a strongly negative correlation with 
SRC/PELP1. Until 2018, common knowledge regard-
ing ESR2 indicated its ubiquitous expression in the male 
reproductive tract. However, more recent investigations 
have questioned antibody specificity for immunohisto-
chemical localization of the receptor (Hess & Cooke, 
2018), and therefore data concerning ESR2 distribution 
needs to be re-evaluated. Furthermore, it is worth point-
ing out that ESR2 knock-out animal models are more 
limited than ESR1 ones. Recent studies confirmed ESR2 
expression only in ciliated cell nuclei of the efferent 
ductules and in a few epithelial layer cells in proximal 
epididymis (Rago et al., 2018).

Additionally, it cannot be excluded that PELP1, SRC, 
and ESR2 also take part in maintaining the function of 
the efferent ductule epithelium, especially as it was re-
ported that some of the expressed genes contain both 
EREs. The PELP1 function may depend on other pro-
teins’ tissue-specific availability, including ESR1, ESR2, 
and SRC. The expression level of these proteins may be 
one of the limiting elements of the entire PELP1-medi-
ated signal transduction pathway. As shown in Figure 8, 
some more proteins, enzymes, and factors influence this 
signaling network. Our results showed a differentiated 
expression ratio of analyzed genes, which could result 
from tissue-specific availability of, e.g., transcription fac-
tors. However, since androgen response elements were 
also identified in this location, it is clear that a hormo-

nal milieu (estrogens vs. androgens) is likely required for 
maintaining the proper epithelial function. For example, 
the testosterone metabolite 5α-androstane-3β-17β-diol 
(3β-diol) was shown not to bind the androgen recep-
tor but bind ESR2 with higher affinity than it does for 
ESR1. Therefore it could mediate ESR2 activity in the 
testis and maintain epithelial function (Hess et al., 2021). 
We speculate that SRC and PELP1 could be somehow 
involved in this phenomenon.

In the epididymis, we noted very strong positive cor-
relation ratios of ESR1/ESR2 with ESR1/SRC and 
ESR1/SRC with ESR1/PELP1. These observations 
could suggest SRC kinase and PELP1’s more intense 
involvement in ESR1 function in the epididymis. Im-
munohistochemical staining in our study indicates strong 
PELP1 expression in the nuclei of the principal cells 
of the efferent ductules epithelium. Other studies have 
shown that acute morphological changes, such as epi-
thelial degeneration, may occur due to disrupting ESR1 
function in the efferent ductules. As SRC and PELP1 
seem to play an important role in modulating epididy-
mal epithelial function, it cannot be excluded that im-
paired SRC-PELP1 interaction caused by, for example 
antiestrogens, may lead to a blockage of ESR activity 
in the efferent ductules, and consequently to the inhibi-
tion of fluid reabsorption (Hess et al., 2021). PELP1 is 
a scaffolding protein that enhances transcriptional activ-
ity by assembling crucial protein partners. We localized 
its presence in the principal cells of proximal epididymis. 
Thus, its function may depend on the availability of co-
occurring factors in the local environment. That being 
said, the activity of PELP1 and other estrogen pathway-
related proteins should be considered holistically (Rago 
et al., 2018). It is worth pointing out that previous lit-
erature focuses on the exploration of ESR1 expression 
patterns in the epididymis.

On the other hand, difficulties in establishing ESR2 
expression are most likely caused by methodological 
obstacles concerning the ESR2 distribution in the male 
reproductive tract, and a literature review examining the 
expression of both ESRs in the epididymis has brought 
contradictory results (Cunha et al., 2021; Davis & Pearl, 
2019; Aprea et al., 2021; Hess, 2014; Hess et al., 2021). 
Most studies in mammals report that ESR1 distribu-
tion is species-dependent, while ESR2 expression can be 
found the entire length of the efferent ductules (Hess 
et al., 2021; Hess & Cooke, 2018). Animal models have 
shown that ESR1 may play a prominent role in the spe-
cific cell types of the epididymis, likely during fetal devel-
opment. However, the epididymal epithelium is reported 
to have a much lower expression of ESR1, which would 
likely have more significant direct estrogen and dual es-
trogen/androgen regulation in efferent ductules (Joseph 
et al., 2011). Several studies suggest that estrogens play 
a very important role in maintaining fluid resorption by 
the epithelium of the efferent ductules, mostly via ESR1 
(Joseph et al., 2011; Hess et al., 2011; Hess, 2014). How-
ever, recent studies have not confirmed the presence of 
ESR1 in the human epididymis, stating that it is ESR2 
that is more prominent in this tissue (Rago et al., 2018). 
It appears doubtful, considering several studies that have 
confirmed the presence of ESR1 in this tissue. There are 
also papers indicating that the loss of ESR2 in knock-
out mice demonstrates no major effects on the devel-
opment of testes, efferent ductules, and epididymis. In-
terestingly, important long-term effects were seen in the 
prostate and an increase in neonatal gonocytes, but not 
in the adult testis (Cunha et al., 2021; Davis & Pearl, 
2019; Hess, 2014; Aprea et al., 2021; Hess et al., 2021).
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Despite the contradictory findings regarding the ex-
pression of ESRs in the testis and epididymis, and 
considering our results, we suggest that an ESR-SRC-
PELP1 relationship may be anywise important in con-
trolling some functions of these tissues. However, our 
study proved the abundance of these proteins only and 
not their interactions. It seems that not only the level of 
gene expression and post-translational events influencing 
protein expression in a specific tissue compartment are 
important, but also the locally determined interaction be-
tween certain proteins and their expression ratios.

Finally, we acknowledge that our study also had some 
limitations. Firstly, our investigation was limited by the 
sample size. However, we did not find comparable data 
in the literature investigating the expression of modula-
tors involved in the ESR-mediated pathways in the tis-
sues of the male reproductive tract. This study was lim-
ited by sample size, so conclusions should be interpreted 
with caution. It is important to establish the proteins’ 
presence, localization, and interplay with other proteins 
involved in estrogen-mediated signaling in a larger group. 
However, since these proteins have many different part-
ners and functions, further analyses exploring estrogen-
mediated signaling and/or estrogen signaling stimula-
tion/inhibition analyses supported by colocalization stud-
ies are essential to determine the nature of these interac-
tions and the potential clinical repercussions of estrogens 
in the male reproductive tract in the context of impaired 
male fertility.
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Various high-efficiency hemodialysis techniques exist, including different

online high- volume hemodiafiltration (HDF) modes and expanded

hemodialysis (HDx) utilizing dialyzers with medium cut-off (MCO)

membranes. This study aimed to evaluate the efficacy of uremic toxin

removal among four modalities: (I) HDx, (II) pre-dilution HDF (PRE-HDF), (III)

mixed-dilution HDF (MIX-HDF), and (IV) post-dilution HDF (POST-HDF), each

applied for 1 week in a randomized order. This research was a single-center,

prospective, open-label, exploratory crossover study. The reduction ratio (RR)

for small molecular toxins (urea and phosphate), a middle molecular toxin

(beta-2-microglobulin, β2M), a large-middle molecular toxin (Chitinase-3-like

protein 1, YKL-40), and a protein- bound uremic toxin (indoxyl sulfate, IS) was

evaluated during a single mid-week dialysis session. Twelve patients were

included, with an average age of 52.5 ± 15.47 years and an average dialysis

duration of 42.05 ± 31.04 months. The dialysis parameters, including; post-

dialysis weight, session duration, dialysate composition, blood and dialysate

flow; rates, dialysate temperature, and anticoagulation dosage, were

maintained consistently across all modalities. No significant differences in RR

for urea, phosphate, β2M, YKL-40, and IS were observed between the

treatments. Although the highest IS clearance, though not statistically

significant, was observed with POST-HDF and HDx, the differences were not

substantial enough to favor any particular modality as the most effective.

KEYWORDS

dialysis, hemodialysis, uremic toxins, extended hemodialysis, protein-bound
uremic toxins
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GRAPHICAL ABSTRACT

Introduction

Hemodialysis has seen substantial advancements, evolving

from low-flux to high-flux membranes, which are now standard

in chronic dialysis therapies (Palmer et al., 2012; Himmelfarb

et al., 2020). These technological improvements have led to the

development of advanced dialysis methods, such as

hemodiafiltration (HDF) in pre-dilution (PRE-HDF), post-

dilution (POST-HDF), and mixed-dilution (MIX-HDF)

modes, as well as expanded hemodialysis (HDx) employing

MCO membranes. These new methods have enhanced

clearance profiles, significantly improving the removal of a

wider range of uremic toxins, especially larger middle

molecules, which traditional high-flux dialysis failed to

eliminate effectively (Pedreros-Rosales et al., 2023; Zhang

et al., 2022). The CONVINCE trial demonstrated that high-

volume POST- HDF, delivering at least 23 Liters per session, was

associated with a reduced risk of all-cause mortality compared to

conventional high-flux hemodialysis, especially among older,

non-diabetic patients with arteriovenous fistulas and no

history of cardiovascular disease (Blankestijn et al., 2023). In

Asian countries, PRE-HDF has also shown a potential for

improved survival rates over conventional high-flux

hemodialysis. A Japanese cohort study involving 5,000 patient

pairs treated with either standard hemodialysis or pre-dilution

HDF indicated that PRE-HDF might offer better overall and

cardiovascular survival, particularly with high substitution

volumes (>40.0 L per session) (Kikuchi et al., 2019).

Smaller studies have suggested HDx might improve patient

quality of life and reduce symptoms such as restless leg syndrome

and pruritus (Zhang et al., 2022). However, a randomized

controlled trial by Lee et al. found no significant

cardiovascular differences between HDx and POST-HDF (Lee

et al., 2021). HDx remains technically simple, similar to

conventional hemodialysis, which makes it increasingly

popular, especially in patients with high comorbidity, long

dialysis duration, or who are not candidates for kidney

transplantation. Although numerous studies have compared

different HDF techniques or HDx with individual HDF

modes, comprehensive comparisons among all high-efficiency

dialysis methods are scarce (Mitchell et al., 2023; Zakrzewska

et al., 2024). This study aimed to evaluate the efficacy of all

available high-efficiency dialysis techniques at our center in

terms of solute clearance across a broad spectrum of

uremic toxins.

Materials and methods

Study design

This study was a single-center, prospective, exploratory,

open-label, crossover trial. The objective was to compare the

removal of uremic toxins across four high-efficiency dialysis

methods: (I) HDx, (II) online pre-dilution HDF (PRE-HDF),

(III) online mixed-dilution HDF (MIX-HDF), and (IV) online

post-dilution HDF (POST-HDF). Patients underwent each

modality for a week in a randomized sequence. The

effectiveness of toxin removal was determined by calculating

the reduction ratio (RR) for small molecular toxins such as urea

(MW 60 Da) and phosphate (MW 95 Da); a middle molecular

toxin, beta-2-microglobulin (β2M, MW 11,800 Da); a large
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middle molecular toxin, Chitinase-3-like protein 1 (YKL-40,

MW 40,000 Da); and a protein-bound uremic toxin (PBUT),

indoxyl sulfate (IS, MW 213 Da). Toxin reduction was evaluated

during a single mid-week dialysis session. The study followed the

Declaration of Helsinki’s guidelines and was approved by the

Medical University of Gdansk’s Ethical Committee (NKBBN/

479-759/2022; 18 November 2022).

Patients

Participants included adult patients with end-stage renal

disease (ESRD) who had been receiving standard high-flux

hemodialysis or online HDF (either pre- or postdilution)

three times per week for a minimum of 6 months. Eligible

patients had a single-pool Kt/V for urea (spKt/Vurea) greater

than 1.2, weighed between 60 and 89 kg, and had a dialysis

blood flow of at least 350 mL/min through a fistula or

arteriovenous catheter. Exclusion criteria included single-

needle dialysis, the use of temporary non-tunneled catheters,

poor compliance with dialysis procedures, hemodynamic

instability during dialysis sessions, life expectancy of less

than 6 months, hospitalization within the last 30 days, active

inflammation or cancer, liver cirrhosis, and hypoalbuminemia

(albumin <30 g/L).

Dialysis prescription and equipment

All dialysis treatments were performed using the Fresenius

5008 machine with the AutoSub Plus system (Fresenius

Medical Care, Bad Homburg, Germany). Online HDF

sessions were carried out with FX 100 high-flux dialyzers

(surface area: 2.2 m2; UF coefficient: 73 mL/h × mmHg;

Fresenius Medical Care). HDx treatments utilized

Terranova 400 MCO dialyzers (surface area: 1.7 m2; UF

coefficient: 48 mL/h × mmHg; Baxter, Alliston, ON,

Canada). Each dialysis session lasted 4 h, with a dialysate

temperature of 36.5°C. Blood flow and dialysate flow rates

were set to 350 and 500 mL/min, respectively. Dry weight was

verified using bioimpedance spectroscopy prior to the study.

Ultrafiltration for each session was adjusted based on the

patient’s interdialytic weight gain and fluid intake, along with

bloodline priming volume. Neither ultrafiltration nor sodium

profiling was employed. The dialysate composition was: Na

138–140 mmol/L; K 2.0–3.0 mmol/L; HCO₃ 32 mmol/L; Ca

1.25–1.5 mmol/L; Mg 0.5 mmol/L; Cl 110 mmol/L; glucose

1.0 g/L. Most patients (83.3%) used a potassium concentration

of 2.0 mmol/L, and 91.7% used a calcium concentration of

1.25 mmol/L. Heparin was administered as a bolus and a

continuous infusion according to current practices. Sterile,

non-pyrogenic substitution fluid was generated online via

ultrapure dialysate filtration. The AutoSub Plus system

automatically adjusted the substitution and convection

rates based on pressure pulse attenuation and

transmembrane pressure, optimizing ultrafiltration while

preventing excessive hemoconcentration. Dialysis settings,

such as post-dialysis weight, session length, dialysate

composition, and anticoagulation, were kept consistent

across all modalities. Medications remained unchanged

throughout the study.

Monitoring of uremic toxins
concentration

Blood samples for assessing toxin RR were collected before

and after mid-week dialysis session. Post-dialysis sample

collection was done at the dialysis session end from the

arterial needle after decreasing the blood flow rate to 50 mL/

min for 15s to avoid recirculation. RR of toxins was calculated by

the following equation:

RR %( ) � 1 − cCpost

Cpre
( )[ ] x 100

Cpre and Cpost refer to toxin concentration of pre- and post-

dialysis session, respectively while BWpost is the body weight at

the end of the session. Cpost was corrected for

hemoconcentration as follows:

cCpost � cCpost

1 + BW
0.2 BWpost( )( )[ ]

Laboratory measurements

Urea and phosphate in serum were quantified using routine

colometric methods (Abbott GmbH and Co.

Wiesbaden, Germany).

Serum beta-2-microglobulin levels were determined with a

reagent kit (Abbott GmbH and Co. Wiesbaden, Germany). The

Alinity c β2-microglobulin reagent utilizes latex particles

coated with IgG antibodies specific to human β2M, and

agglutination is measured via a turbidimetric method. The

detection limit was 0.110 mg/L, with an inter-assay CV of 4.1%

and an intra-assay CV of 4.2%. The measurement range was

0.97–2.64 mg/L.

Serum YKL-40 (CHI3L1) was quantified using the YKL-40

Human Sandwich ELISA Kit (Thermo Fisher Scientific Inc.).

This assay involves an anti-human YKL-40 antibody that binds

to YKL-40 in the sample, followed by the addition of a biotin-

conjugated detection antibody. The sensitivity was 10.83 pg/mL,

with an assay range of 78–5,000 pg/mL, an inter-assay CV of

7.2%, and an intra-assay CV of 2.3%. Serum YKL-40 (CHI3L1)

was quantified using the YKL-40 Human Sandwich ELISA Kit
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(Thermo Fisher Scientific Inc.). This assay involves an anti-

human YKL-40 antibody that binds to YKL-40 in the sample,

followed by the addition of a biotin- conjugated detection

antibody. The sensitivity was 10.83 pg/mL, with an assay

range of 78–5000 pg/mL, an inter-assay CV of 7.2%, and an

intra-assay CV of 2.3%.

Serum indoxyl sulfate (IS) levels were determined using a

competitive ELISA kit (Fine Test1). In this method, IS in the

sample competes with the IS coated on themicrotiter plate for the

binding sites of a biotinylated detection antibody. The resulting

colorimetric reaction was measured at 450 nm. The detection

range for the assay was 1.563–100 ng/mL, with an intra- assay

precision of 5.1% (low concentration: 3.16 ± 0.16) and inter-assay

precision of 5.4%.

Statistical analysis

Continuous variables were expressed as means with standard

deviations (SD), while categorical data were represented as

percentages. The Shapiro–Wilk test was used to evaluate the

normality of continuous variables. The Wilcoxon signed-rank

test or ANOVA was utilized for repeated measures comparisons.

Statistical significance was considered at p < 0.05. All analyses

were performed using Statistica 13.3 (TIBCO Software Inc.; Palo

Alto, CA, United States).

Results

Characteristics of patients

12 patients met inclusion criteria and were enrolled to the

study, 11 men (92%) and 1 woman, in mean age of 52.5 ±

15.47 years. Hypertension was diagnosed in 10 (83%) patients. A

description of the study group is presented in Table 1.

Dialysis parameters

Dialysis session time, blood flow rate, and dialysate flow rate

were constant during all modalities. All patients achieved the

minimum level of convection for high volume online HDF. Mean

(standard deviation) total convection for post-HDF, pre-HDF

and mix-HDF were 25.6 (3.8), 61.5 (7.2) and 47.1 (11.4) L,

respectively. The arterial and venous dialysis pressure did not

differ between tested treatments. Detailed delivered dialysis

parameters are presented in Table 2. All patients in all

sessions have achieved high-volume convection defined

as ≥23 L of substitution fluid.

Effectiveness in the removal of toxins

No difference was seen in RR between treatments for small

middle and large molecules, neither for the protein bound uremic

molecule (Table 3). The best degree of IS clearance, although

statistically insignificant, was obtained during POST-HD and HDX.

The impact of studied blood purification modalities on the

removal of the toxins is displayed on Figure 1.

Figure 2 compares each treatment modality’s capacity to

remove a whole profile of molecules. Again, there was no

difference between modalities.

Discussion

The main purpose of all blood purification techniques is to

remove uremic toxins from the patient’s blood. Our study

showed no significant differences in uremic toxin removal

between the compared methods of high-efficiency dialysis.

Ensuring high-volume convection, i.e., 23 Liters (POST-HDF),

60 Liters (PRE) and 45 Liters (MIX-HDF) on average, these

methods do not differ from each other in the clearance efficiency,

nor do they differ from hemodialysis using MCO membranes.

We analyzed a broad spectrum of uremic toxins, including

small-molecule toxins (urea), medium-molecule toxins (β2M),

large medium-molecule toxins (YKL-40), and toxins bound to

and proteins (IS). The proposed cross-over design study excluded

the influence of patient-related variability on the obtained results

and ensured the same technical parameters of dialysis, including

TABLE 1 Characteristics of the study group.

Gender (Men/Women) 11/1

Causes of ESRD (n/%)

Autosomal Dominant Polycystic Kidney Disease 4/33

Glomerulonephritis (primary or secondary) 3/25

Hypertensive nephropathy 2/17

Renal malformation 1/8

Interstitial nephropathy 1/8

Other 1/8

Age (years) 52.5 (15.5)

AACI (points) 4.5 (2.2)

Dialysis vintage (months) 42.5 (31.0)

Body Mass Index (kg/m2) 23.8 (3.6)

Weight (kg) 73.7 (14.2)

spKt/V urea 1.5 (0.3)

Hemoglobin (g/dL) 10.9 (0.9)

Albumin (g/L) 33.1 (4.9)

ESRD, end-stage renal disease; AACI, Age Adjusted Charlson Comorbidity Index. Data

are presents as mean (SD) or number (%).

1 http://www.fn-test.com
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its time, blood and dialysis fluid flow rate limited bias in

this regard.

The technical development of dialysis mainly resulting from

the introduction of high-flux dialyzers, dialyzers with MCO

membranes and dialysis methods based on high-volume

convection has led to very effective removal of most uremic

toxins. This is especially true for small water-soluble compounds

with lowmolecular mass (<500 Da) whose reduction ratio during

TABLE 2 Delivered dialysis parameters during the study treatments.

PRE-HDF MIX-HDF POST-HDF HDX

Real Time min 240 240 240 240

Blood flow mL/min 350 350 350 350

Dialysate flow mL/min 500 500 500 500

Ultrafiltration L/session (SD) 2.45 (0.8) 2.29 (0.74) 2.19 (0.52) 2.33 (0.62)

Total convection L 61.5 (7.2) 47.1 (11.4) 25.6 (3.8) NA

Note: Ultrafiltration refers to the fluid removed from the patient during the dialysis session. Total convection is the total volume of fluid moved by convection during the session, which

includes both the patient’s dehydration volume and the volume of replacement fluid administered.

TABLE 3 Molecules reduction ratio, according to size and treatment modality, Data expressed as means (SD).

Molecule Size (Da) HDF-pre HDF-mix HDF-post HDx P-value

Urea 60 0.73 (0.1) 0.72 (0.06) 0.75 (0.07) 0.72 (0.06) 0.67

Phosphate 95 0.54 (0.16) 0.56 (0.08) 0.59 (0.11) 0.56 (0.12) 0.86

Beta-2-microglobulin 11.000 0.62 (0.15) 0.69 (0.13) 0.7 (0.1) 0.67 (0.06) 0.41

YKL-40 40.000 0.31 (0.12) 0.32 (0.12) 0.32 (0.14) 0.36 (0.19) 0.92

Indoxyl sulfate 213 0.36 (0.23) 0.40 (0.17) 0.40 (0.17) 0.49 (0.17) 0.51

FIGURE 1
Mean reduction ratio of uremic toxins during the study treatments.
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the dialysis is very high for most commonly used methods. The

ability to remove larger uremic toxins relies largely on the

convection amount. The high-flux dialyzer, when applied in

the standard hemodialysis, has a molecular mass cutoff of

25 kDa, being boosted up to 30 kDa in HDF mode. In our

study, we did not show significant differences between studied

treatments in the removal of urea, phosphate and β2M. The

degree of purification was high, exceeding 70% for urea. Previous

studies have shown slightly better clearance rate for small

molecules during POST-HDF compared to PRE-HDF, which

was explained by the smaller concentration gradient of these

toxins across the dialysis membrane in the later mode. These

toxins are removed during dialysis primarily by the diffusion

mechanism. In some studies, slightly better clearance was

observed during POST-HDF compared to PRE-HDF also for

medium size toxins (500–25,000 D) such as β2M or alfa-1

microglobulin (Duval-Sabatier et al., 2023; Meert et al., 2008).

The purification potential of MIX-HDF has been investigated

only in few studies, indicating that the removal of β2M is also

slightly better than in PRE-HDF and similar to POST-HDF (Park

et al., 2021; de Sequera et al., 2013). In our study, β2M removal

during PRE-HDF was the lowest among the tested methods, but

the differences did not reach statistical significance. In previous

studies, HDF patients in the highest β2M tertile tended to have

lower replacement fluid volume than patients in the middle and

lowest tertiles (Kanda et al., 2021). This points to an important

advantage of our protocol in which all techniques were applied to

the same patient. Careful selection of the study group allowed for

optimal convection in each applied method. Therefore we were

able to control important clinical confounders and our

conclusions on comparability between single sessions of all

used modalities are more reliable.

Large-middle uremic toxins (25–58 kDa) are important

molecules, the accumulation of which is associated with

numerous complications of chronic kidney disease and an

increased risk of cardiovascular complications. They are

poorly removed during hemodialysis using high-flux

dialyzers; some but unsatisfactory improvement has been

achieved in online HDF methods with high-volume

convection (Rosner et al., 2021). The new class of MCO

membranes with a large pore radius of 5 nm and high

internal convection using in so called extended hemodialysis

were intended to provide more efficient clearance for these

toxins. Clinical studies in this area to date has yielded

inconclusive results. Some studies showed better removal of

large molecules involving λ free light chains and YKL-40 as

compared to PRE-HDF (Kim et al., 2019), MIX-HDF

(Eiamcharoenying et al., 2022), and POST-HDF (Kirsch

FIGURE 2
Comparative efficacy profiles of dialysis methods against specific toxins. This figure illustrates mean reduction ratio of uremic toxins during the
study treatments.
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et al., 2017; Hadad-Arrascue et al., 2022). On the other hand,

other studies do not show differences between HDx and POST-

HDF in this regard (Garcia-Prieto et al., 2018; Maduell et al.,

2019a). Moreover, Maduell et al. showed no differences in

removal efficacy between HDx and POST-HDF analyzing the

global removal score, taking into account 6 different uremic

toxins (Maduell et al., 2019b). In our study, HDx showed

slightly better removal of YKL-40 compared to other

methods, achieving a clearance rate of 36%, though the

differences were not statistically significant.

Protein-bound uremic toxins (PBUTs) like indoxyl sulfate

(IS) and p-cresol sulfate are crucial prognostic markers.

Elevated serum levels of these toxins are linked to

cardiovascular events and contribute to vascular diseases

such as arteriosclerosis, endothelial inflammation, oxidative

stress, and vascular calcification (Lin et al., 2015; Opdebeeck

et al., 2019). Despite their relatively small molecular weight,

PBUTs are poorly cleared during conventional hemodialysis,

even with high-flux dialyzers. Their removal is hindered by

their strong binding to plasma albumin, as only the unbound

fraction can pass through the dialysis membrane. In the

kidneys, PBUTs are primarily eliminated via tubular

secretion (Masereeuw et al., 2014). The efficiency of PBUT

removal during hemodialysis may depend on several factors,

including dialyzer size, protein loss, dialysis duration, dialysate

flow rate, protein adsorption to the dialysis membrane, and the

extent of PBUT-albumin dissociation during contact with the

membrane (Sanchez-Ospina et al., 2024; Huang et al., 2009).

There was initial hope that high-volume HDF and HDx might

improve PBUT removal. However, prior studies have produced

mixed results regarding whether high- volume HDF is superior

to conventional HD (Abad et al., 2016; Panichi et al., 2017;

Krieter et al., 2010; Snauwaert et al., 2020; van Gelder et al.,

2020), and no substantial evidence has shown that HDx

increases PBUT clearance (Deltombe et al., 2015; Ronco

et al., 2017). No comparative studies exist that assess PBUT

removal across all high-efficiency modalities. In our research,

the highest IS clearance was observed with POST-HD and

HDx, although the difference was not statistically significant.

The novelty of our study lies in the fact that no previous

research has compared the efficacy of all forms of online HDF

and HDx in a single analysis. Our study also has several

strengths: 1) the crossover design was chosen to mitigate

interpatient variability; 2) basic dialysis parameters were

standardized across all treatment methods; 3) all HDF

modalities were performed at high volumes, which is

known to offer the best long-term outcomes; 4) the

removal rate was adjusted for hemoconcentration during

dialysis. Our findings have practical implications,

suggesting that treatment selection should consider the

characteristics of uremic toxins. However, we acknowledge

the limitations of our study. The study population may not

reflect a typical European dialysis cohort, as we only included

one woman, potentially affecting the homogeneity of the

group, though the crossover design should minimize this

issue. Another limitation is the small sample size, which

may have prevented some differences from reaching

statistical significance. Additionally, we analyzed the

reduction ratio during only a single dialysis session. Future

research could benefit from assessing the long-term effects of

these modalities on toxin concentrations. A valuable

complement to the analysis would be a comparison of the

treatment effectiveness of the tested high-efficiency methods

to the results obtained during standard hemodialysis. The

influence of hemoconcentration on the concentration of all

toxins and their reduction ration was taken into account in the

study. For this purpose, toxin concentrations were corrected

taking into account the change in the patient’s weight during

dialysis but an important limitation of the analysis is the lack

of hematocrit-based hemoconcentration calculations.

Considering these limitations, the findings should be

viewed as exploratory.

In conclusion, this study found no significant differences

in the clearance of a broad range of uremic toxins across four

high-efficiency dialysis methods—PRE-HDF, MIX-HDF,

POST-HDF, and HDx. While some trends were observed,

particularly in PBUT removal, these differences were not

substantial enough to recommend any one modality as the

most effective.
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The chemiluminescence (CL) methods unlike the other 
methods of determining free radicals (FR) allow investi-
gating the kinetics of the derivation and recombination 
of radicals/antioxidants, and thus the development and 
attenuation of the process/processes after excitation in 
time. However, these methods are of limited application 
because the knowledge of the explored parameters is 
insufficient (maximum intensity and integrated area un-
der the kinetics plot). The kinetics is studied by the CL 
methods and a new parameter (IR-criterion) of analysis 
of damping of the initiated CL dynamics has been intro-
duced. The IR-criterion parameter: identifies the relation-
ship between the rates of initiation and recombination 
of peroxide radicals in blood-serum samples; allows the 
full straightening of the CL curves; provides new infor-
mation in the considered pathological processes; can 
serve as an additional universal characteristic of FR activ-
ity of blood serum in pathological processes.
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INTRODUCTION

Causal connectivity between pathological states and 
lipid peroxidation has been analyzed in the scientific lit-
erature for a long time and serves as the subject of re-
search by many scientists.

The studies are performed in several directions. Some 
of them are quantitative content analysis of oxidation 
products such as diene conjugates and malondialdehyde 
(Varesi et al., 2022; Eggen et al., 2022; Chen et al., 2022). 
Other methods include spectral (Rubio et al., 2021) and 
photometric analysis (Reidy et al., 2023). In this case, one 
cannot ignore the research methods of the antioxidant 
status (Bojarczuk et al., 2022), because antioxidants inhib-
it oxidation processes. All the above-mentioned methods 
are methods for testing the end-products of oxidation. 
Only the chemiluminescence methods provide opportu-
nities to study the oxidation dynamics and branching of 
the oxidation chain (Mas-Bargues et al., 2022). The re-
combination of radicals R•, R•

2, leads to light (Damle et 
al., 2022). The electrons of these substances are in an 
excited energy level during the transition to the basic 
state and the substance is emitting the excess energy as 
a photon. Exactly this emission is called CL (Li et al., 
2022). Studying this process can provide much informa-

tion about the processes occurring in the body (Oliynyk 
2022).

Considering the benefits of the CL method highlights 
the following aspects

The first aspect is sensitivity. The recombination of 
radicals is responsible for the intensity of CL (Romodin 
2022; Colowick et al., 1986). Therefore recombination of 
radicals will determine the intensity of the glow of the 
process and the presence of oxidative stress (OS) in the 
body (Colowick et al., 1986) and the CL methods are 
sensitive. They reveal the influence of drugs on the body 
and the quality of screening and monitoring therapeutic 
manipulation (Kohno et al., 2008).

The second aspect is equally important; it is the speed 
of analysis. CL analyzers provide information for three 
minutes, and do not require expensive and specific rea-
gents. In this case, bioliquids analysis as an estimation of 
the oxidative status of the whole organism is meant, not 
the surface CL methods of studies of a surface and local 
detection of problems and areas of defeat (Teruyama et 
al., 2022; Syed et al., 2021; Deepa et al., 2022).

The usage of luminol and metals of variable valence 
greatly enhances the potential for utilizing and imple-
menting CL methods in laboratory research. One of the 
applications is the investigation of the kinetics of initiat-
ed CL. The CL kinetics are initiated by adding hydrogen 
peroxide to the bioliquid, followed by the occurrence 
of glow kinetics. As with any typical laboratory analy-
sis, such studies should have quantitative characteristics 
(Freyer et al., 2008). There are several such characteristics 
identified:
	– the intensity of the maximum peak Imax – defines 

the maximum concentration of peroxide radicals 
formed in the sample after the introduction of hydro-
gen peroxide;

	– the area under the plot S – determines the total num-
ber of radicals formed during peroxidation processes.
These are two main features of the study. Also, there 

are two additional numerical characteristics of kinetics: 
the maximum angles of the increase and the glow re-
cession. They characterize the maximum rates of forma-
tion and recombination of radicals (Oldham et al., 2000; 
Rizzo et al., 2022; Kaczmarek, 2011; Wang et al., 2016). 
Yet, all these quantitative characteristics do not allow 
conducting a qualitative analysis without studying the ki-
netics curves.

The initial use of the methods of investigation of ini-
tiated CL kinetics for the analysis of lipid peroxidation 
was promising. However, they have not been widely in-
troduced into diagnostic laboratory practice due to some 
issues:
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	– the variability of curves of initiated CL
	– these parameters (Imax, S) do not allow a quantitative 

diagnosis of pathology ( Muller et al., 2013)
	– at pathological stages, these parameters often overlap
	– deviation of one of them does not always indicate pa-

thology
	– getting two or more parameters in normal limits does 

not ensure the absence of a pathological condition.
The present article is devoted to the finding of such 

an additional quantitative clinical diagnostic criterion for 
analyzing initiated CL kinetics.

MATERIALS AND METHODS

The method of initiated CL requires using FeSO4  to 
study blood serum. Ions of variable valence make it pos-
sible to increase the intensity of CL by oxidation chain 
branching. The temperature of the experiment was 38°C.

In experiments, we used fibrinogen-free BS of healthy 
people and also patients with different pathological pro-
cesses. Blood samples for the experiments were taken in 
the morning on an empty stomach. The initiated H2O2 
(2%) CL BS in the solution (BS + FeSO4)  (0.02 mM) 
+ phosphate buffer) was investigated. We did not utilize 
any additional radiation to initiate the luminescence. The 
glow resulting from the chemical reaction was captured 
using an FEU-79 photomultiplier. The electrical signal 
obtained was then amplified and processed by a PC (re-
fer to Fig. 1).

More details on the experiment methodology and 
equipment are available below in this article (Oliynyk, 
2016; Chaichi et al., 2016).

Free radical oxidation involves three stages: initiation 
with speed wi, propagation, and termination (free radicals 
combine to form stable molecules (with radiation of 
excess energy) and prevent their further reaction with 
other molecules (without light emission).

Overall, free radical oxidation can cause damage to 
cells and tissues in the body, leading to various diseases 
and conditions such as cancer, cardiovascular disease, 
and aging. Antioxidants can help to prevent or reduce 
the damage caused by free radicals by neutralizing them 
and breaking the chain reaction.

The most significant influence on the CL process with 
a lack of branching is introduced by the recombination 
of radicals. Consequently, the emission intensity is pro-
portionate to the speed of that recombination:
		  I=ηk[rdicals]2	  													            (1)

where:
η – the CL quantum efficiency
k – the constant of the speed of the peroxy radicals recombi-
nation
[rdicals] – the radicals concentration.

Since the recombination of FR mainly leads to ra-
diation. Initiation is characterized by a sharp flash, and 
transition into the stationary condition is characterized 
by a decrease in the CL intensity.

In Non-Stationary mode:

where wi is the constant of the rate of the radicals for-
mation.
t – time moment.

We ignored all the intermediate reactions of peroxida-
tion therefore in the future we will use the above defini-
tion.

Integration of the given formula leads to the follow-
ing result:

In Stationary mode, when our system stabilizes 
, so:

then we get

substitute into (see Eqn 5):

the final result:

where:
– the time from the moment when hydrogen peroxide 
was introduced
I – the emission intensity for the t time moment
I∞ – the emission intensity at the moment when intensity 
becomes stationary (in our case after 70 seconds ).

So in , rectification of the initiated CL ki-
netics coordinates should take place.

BS is a complex heterogeneous environment and 
therefore the process of oxidation and recombination 
will be much more difficult for several reasons. Primar-
ily, the heterogeneity and presence processes of radical 
hydration radicals. This will be shown in forthcoming 
studies on spectrum analysis during the reaction of re-
combination of peroxide radicals.

Note that the kinetics of fluorescence and phosphores-
cence spectra often exhibit similar kinetic curves. Howev-
er, in the case of chemiluminescence, the glow occurs due 
to the recombination of free radicals, such as peroxides, 
which are formed as a result of a chemical reaction. The 
subsequent process involves relaxation to the ground state 
of the recombination products. In contrast, in fluores-
cence and phosphorescence kinetics (without observing a 

Figure 1. Chemiluminometer.
1: Suvette with the sample; 2: Parabolic mirror; 3: Collective lens; 
4: Photodetector device, which includes a system of detection, 
amplification, conversion, analysis and signal output.
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chemical reaction), only relaxation to the ground state oc-
curs, as the molecule is excited during light irradiation of 
the sample. If fluorescence and phosphorescence are uti-
lized to enhance the glow in the chemiluminescence reac-
tion, the proposed approach carries the same significance.

All the samples of BS at pathological conditions 
were taken before medical treatment. The main task 
of this study is to refute or confirm the theory that 
chemiluminograms will be straightened in the specified 
coordinates. That the tangent of the straightening angle 
(IR-criterion) may vary depending on the pathology.

More than 774 chemiluminograms were analyzed, 
but only a few pathological conditions were selected. 
The criterion for choosing pathological conditions to be 
analyzed was an attempt to combine viral, bacterial, and 
fungal infections, and diseases of unknown etiology – 
sarcoidosis. We did not include cancer – they will be the 
subject of a forthcoming study.

Note: On each BS sample, we conducted a minimum 
of three independent parallel experiments and made an in-
teresting discovery. When it came to Imax and S, we had 
to discard results that deviated by more than 5% to avoid 
false-positive outcomes. However, for the angle tangent, 
such exclusion was unnecessary as the results did not dif-
fer by more than 5%. Thus, the relationship between the 
rates of initiation and recombination of peroxide radicals 
in the samples appears to be a more stable characteris-
tic than the area under the plot and the maximum inten-
sity of ICL. This suggests that in the analysis of 
, we have a more reliable parameter than Imax and S. 
Nonetheless, chemiluminograms displaying a deviation of 
more than 5% across all these parameters were rejected 
since we also analyzed the average values for Imax and S. 
Please refer to Fig. 2 for the calculation scheme.

Below we describe the division of patients suffering 
from different forms and diseases into six groups:

1. Active forms of pulmonary tuberculosis 14 (four-
teen) people, the tuberculosis was diagnosed for the first 
time (disseminated forms of tuberculosis).

2. Sarcoidosis 8 (eight) people.
3. Hepatitis 21 (twenty-one) people. Viral hepatitis 

is not divided into subgroups. The group includes viral 
hepatitis of the group А, В, С.

4. Influenza 20 (twenty) people. The blood sampling 
was done after hospitalizing, the strain was not classified.

5. Asperhiloma 5 (five) people. Asperhiloma of the 
lungs was investigated against the background of pulmo-
nary tuberculosis.

6. The control group of 51 (fifty-one) people.

RESULTS AND DISCUSSION

The differences in the results for Imax and S between 
the control group and pathological conditions were not 

always clear although these parameters were well corre-
lated between themselves within a group.

The group correlation coefficients:
1. Active forms of pulmonary tuberculosis – 0.944
2. Sarcoidosis – 0.88
3. Hepatitis – 0.84
4. Influenza – 0.95
5. Asperhiloma – 0.76
6. Control – 0.93.
This means that within a group the parameters Imax 

and S are interrelated. The weakest correlation between 
Imax and S values was observed in aspergilloma. This 
could be due to the fungal infection and its stage, which 
can cause changes in the ratio between primary and sec-
ondary radicals in the middle of the group. Similar devia-
tions were also observed in the middle of the group with 
sarcoidosis and hepatitis. Chemiluminescence is a highly 
sensitive parameter, and even the phase of the lesion can 
affect the relationship between Imax and S values, and 
thus the correlation between them.

Figure 3 shows a typical view of a chemiluminogram 
of one of the samples of the control group. The first 
maximum appeared at 0.6–1 sec after the introduction of 
H2O2. After this, the intensity of luminescence sharply 
decreased.

In the control group and in all pathological processes, 
there was no difference in the chemiluminogram view 
(except the group of chemiluminograms for certain types 
of cancer). All the chemiluminograms have an exponen-
tial character.

The confidence intervals of the main parameters for 
each pathology (the maximum intensity and the area un-
der the plot) overlap with the confidence intervals of the 
parameters for the control group. This indicates selective 
sensitivity to the disease and low specificity of the cor-
responding criteria (see Table 1).

The analysis of chemiluminograms as to the coordi-
nates  (see Fig. 4) showed the straightening of 
chemiluminograms for the control group and in all patho-
logical conditions in coordinates .

Let’s write the equation  in the form 
y=at, where . The coefficient for the variable 
(angle coefficient) , is nothing but the tangent 
of the angle of inclination of the straight line to the ab-
scissa axis. The  (IR-criterion) differs from the 
control group under pathological conditions. Note that 
we have not analyzed chemiluminograms of other bio-
logical fluids; the obtained results we can design only for 
the blood serum tests (Table 1).Figure 2. Scheme of conducting experiments and calculations in 

each group.

Figure 3. Typical view of a chemiluminogram of one of the sam-
ples of the control group.
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A significant increase in the parameters Imax and 
S relative to the control group was observed only in 
groups 1 (tuberculosis) (Imax at 76.14% (p<0.05), S at 
103.17% (p<0.01)) and 2 (sarcoidosis) (Imax at 54.55% 
(p<0.05), S at 147.17% (p<0.01)). Such an increase in-
dicates a significant increase of FR in the organism. We 
know that a quick flash is responsible for the number 
of primary FR formed in the organism. The primary 
radicals include semihions, superoxides, and nitroxides. 
The FR formed during the oxidation are consumed by 
recombination with emissions of light. Note that under 
the introduction of hydrogen peroxide into the samples, 
in the control group and in all pathologies, it was ob-
served a significant level of CL 0.05–0.08 mV. When we 
came to the plateau of chemiluminograms (in the simula-
tion, we considered this level as a steady state), this level 
was higher than the original level – 0.1–0.7 mV. The 
secondary oxidation processes that occur in the system 
correspond to this level. The high level of the plateau 
at tuberculosis and sarcoidosis indicates the significant 
number of secondary radicals formed in the serum sam-
ples. These radicals include hypochloride, hydroxyl radi-
cals, and lipid radicals. The parameter S which indicates 

the total number of recombinant radicals in the sample 
by eliminating the quanta of light is also much higher 
than the norm.

A large number of primary radicals is also observed 
with diseases such as hepatitis and influenza. Imax=2.154 
mV – at hepatitis and 1.946 mV – at influenza, however, 
the situation changes when we consider the total num-
ber of radicals recombinated by light emission («Hepa-
titis» S =28.45 mV×sec, «Influence» S=23.84 mV×sec). 
At the same time, under these pathologies we sometimes 
observed results falling into the normal range on these 
parameters.

A totally different case was with tuberculosis compli-
cated by asperhiloma. In this case, both the number of 
primary radicals and secondary radicals recombined by 
light emission was below the norm. These effects can 
be caused by the four ways of reaction evolution in the 
sample:
1. the low level of radicals;
2. the high level of antioxidants;
3. non-radiative recombination of radicals;
4. the luminescence quenching molecules’ environment.

All these four ways and mechanisms are equally pos-
sible and require further study.

The results for the angles tangents of straightening are 
not homogeneous. In particular – in the IR-criterion, no 
significant increase in tuberculosis and sarcoidosis was 
observed. Also, there is an overlapping of the confi-
dence intervals in these diseases (Fig. 5).

A significant overlap of the confidence intervals is ob-
served between tuberculosis and control groups (p>0.75), 
and between the sarcoidosis and control groups (p>0.75). 
At the same time, no overlapping of confidence intervals 
at hepatitis (p<0.01), influenza (p<0.01), and asperhiloma 
(p<0.01) were found.

A significant and sustained increase of IR-criteria  at 
influenza, hepatitis, and asperhiloma was observed, 
which indicates that in these diseases deviations towards 
the initiation/recombination of peroxide radicals occur. 
So, we can confidently apply this parameter as an ad-
ditional criterion to improve chemiluminogram analysis 
in various pathological conditions, as well as the investi-
gation of processes of free radical oxidation (FRO) and 
OS.

In modern biology, the activation of lipid peroxida-
tion is considered a universal response of living systems 
to extreme factors. In general, the proxidant-antioxidant 
status of the organism reflects the balance between the 
two opposite actions, namely the antioxidant properties 
(defence) and the formation of FR (damage). The influ-
ence of extreme factors (viruses, bacteria, xenobiotics, 
radiation, etc.) leads to the rejection of their balance in 
the prooxidant direction and the development of the so-
called OS (Paulsen et al., 2013). On the one hand, FRO 
at all stages of the course forms a series of products re-

Table 1. Average measured values for different groups.

Pathological conditions Іmax ± m (mV) S ± m (mV*sec) IR-criterion± m

Control group 1.76±0.07 18.91±1.21 0.081±0.021

Рulmonary tuberculosis 3.10±0.59 38.42±4.69 0.099±0.021

Sarcoidosis 2.72±0.57 46.98±3.85 0.099±0.023

Hepatitis 2.154±0.34 28.45±2.18 0.123±0.014

Influense 1.946±0.37 23.84±2.22 0.122±0.013

Asperhiloma 0.677±0.08 12.73±1.14 0.122±0.014

Figure 4. Dependence of  on the time for the ICL 
curves.

Figure 5. The confidence intervals of parameter .
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sulting from the interaction of FR with each other and 
with biological macromolecules (Rahman, 2013). On the 
other hand, the analysis of the kinetic profile has not ap-
peared as a universal factor in the process progress anal-
ysis. Important is the fact that the results of our investi-
gation comply with the data published in literary sources. 
For example, the authors in (Wilson et al., 2009) point to 
the fact that the FR play a significant role in the forma-
tion of lung fibrosis in pulmonary tuberculosis. This is 
confirmed by our results, in particular, we observed the 
increased levels of FR which caused an increase in both 
CL intensity maximum and S parameter.

For tuberculosis, the rate constants of initiation-
recombination reactions are slightly different from the 
norm. Pulmonary tuberculosis is a serious and conta-
gious illness that results from infection with Mycobac-
terium tuberculosis. It was studied in research the levels 
of free radicals, antioxidant capacity, and lipid profile 
in individuals who are afflicted with pulmonary tuber-
culosis (Vidhya et al., 2019). When macrophages engulf 
Mycobacterium tuberculosis, the bacterium prevents the 
phagosome from maturing and fusing with lysosomes. 
This allows the pathogen to survive and multiply inside 
the phagocytic vacuoles, despite the hostile environment 
created by reactive oxygen and nitrogen intermediates 
produced by the macrophages. These highly toxic mol-
ecules, which include hydrogen peroxide, nitric oxide, 
and peroxynitrite, are normally produced at low levels 
during metabolic processes and are neutralized by anti-
oxidant systems in the cell. However, during infection, 
their concentrations increase and cause damage to the 
cell’s lipids, nucleic acids, proteins, and metal cofactors, 
leading to mutagenesis, necrosis, and apoptosis (Dalvi et 
al., 2013) This may be due to a proportional increase in 
both the primary and secondary FR (Meulmeester et al., 
2022) in the body.

Sarcoidosis also causes the OS. Our results reflect an 
increase of the same parameters (Imax and S), therefore 
the content of FR. Other authors (Boots et al., 2009) 
point to the reduction of the blood serum antioxidant 
status. The dependence of the rate of initiation of oxida-
tion and recombination of radicals in this case has not 
changed, therefore the ratio of primary and secondary 
radicals in this case corresponds to the norm.

Hepatitis has slightly different parameters. The sig-
nificantly increased level ( ) of primary radicals 
against the background of reducing the secondary oxi-
dation processes reveals the fact that the virus itself in-
duces reactive forms of oxygen (Farinati et al., 2007). So, 
we can predict an increase in oxidation rate constants 
of oxidation initiation. Furthermore, the mitochondrial 
dysfunction, observed in work (Moezzi et al., 2022), is 
induced by the hepatitis C virus and decreases the oxida-
tion of fat acids and accelerates the formation of reac-
tive oxygen forms causing fat accumulation in the liver. 
This indicates that the number of secondary radicals is 
reduced, as well as the total number of FR, which fully 
confirms our results.

Influenza is also characterized by increasing of prima-
ry radicals against the background of reducing the total 
number of radicals in the organism. The indicator IR-
criterion increased at this pathological state to which we 
also find the confirmation in the literature. In particular, 
in (Andrés et al., 2022), the increase in reactive oxygen 
forms under this pathological condition was emphasized.

 Asperhiloma was the last interesting subject of our 
study. Again, we observed a decrease in both primary 
and secondary radicals. Literature source (Ryoo et al., 
2009) provides an interesting fact concerning the synthe-

sis of connections based on the fermentation broth of 
Aspergillus sp. FN070449 (KCTC 26428) with antioxi-
dant properties. So, the aspergillus infection as a com-
plication of tuberculosis may lead to a reduction of the 
total number of FR. But at the same time, it increases 
relative to the control group, that is the ratio of primary 
and secondary radicals increases. The above considera-
tions prove, that the introduced criterion, quantitatively 
and informatively shows the evolution of oxidative pro-
cesses in the organism and can serve as an additional 
clinical diagnostic criterion for the quantitative analysis 
of chemiluminograms.

Although the analysis of chemiluminograms did not 
demonstrate selective specificity and sensitivity towards 
pathologies, it is still a useful and relevant method for 
evaluating the level of free radical processes in patients 
and monitoring their dynamics (for the purpose of as-
sessing treatment effectiveness). Additional justification 
is required for the analysis of fluorescence and phos-
phorescence kinetics. However, preliminary analysis sug-
gests that the fluorescence and phosphorescence kinetic 
curves also align within these coordinates.

CONCLUSIONS

As a result of the analysis of chemiluminograms, we 
introduced an additional quantitative criterion (IR-crite-
ria/ ). The parameter introduced displays the angle 
tangent of straightening chemiluminograms in the coor-
dinates . This straightening was observed in  
 chemiluminograms under normal conditions and in path-
ological processes, with the exception of with the excep-
tion of chemiluminograms characterized by two peaks. 
The basic assumption in the simulation was the absence 
of a degenerate chain FRO.

Through a comparative analysis of available publica-
tions, we found significant consistency between the data 
of peroxide oxidation/free radicals and obtained by us 
the new parameter. This suggests that this criterion can 
be considered a complementary and independent param-
eter for estimating FRO.

Therefore, the investigation of the straightening of 
chemiluminograms in the coordinates  reveals 
promising perspectives for comparative monitoring of 
pathological states and creates a new paradigm in the 
study of the kinetics of initiated CL. This analysis will 
enable the combination of parameters such as intensity 
and area under the graph, providing an additional de-
scription of the rapid chemical transformations accompa-
nied by light emission.
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Candida glabrata is an important opportunistic human pathogen well known to

develop resistance to antifungal drugs. Due to their numerous desirable

qualities, antimicrobial lipopeptides have gained significant attention as

promising candidates for antifungal drugs. In the present study, two

bioactive lipopeptides (AF4 and AF5 m/z 1071.5 and 1085.5, respectively),

coproduced and purified from Bacillus subtilis RLID12.1, consist of seven

amino acid residues with lipid moieties. In our previous studies, the reversed

phased-HPLC purified lipopeptides demonstrated broad-spectrum of

antifungal activities against over 110 Candida albicans, Candida non-albicans

and mycelial fungi. Two lipopeptides triggered membrane permeabilization of

C. glabrata cells, as confirmed by propidium iodide-based flow cytometry, with

PI uptake up to 99% demonstrating fungicidal effects. Metabolic inactivation in

treated cells was confirmed by FUN-1-based confocal microscopy. Together,

the results indicate that these lipopeptides have potentials to be developed into

a new set of antifungals for combating fungal infections.

KEYWORDS

antifungal, bioactive, Bacillus subtilis, Candida glabrata, lipopeptides, membrane
permeabilization

Introduction

After Candida albicans, the most prevalent yeast species reported to have been

isolated from humans is Candida glabrata (C. glabrata). The past two and a half decades

have witnessed C. glabrata becoming one of the most predominant Candida species,

causing fungal infections (Chakrabarti et al., 2009; Lockhart et al., 2012; Benaducci et al.,

2014; Cleveland et al., 2015; Pappas et al., 2018; Naicker et., 2023). The reason behind this

steep upward trend ofC. glabrata infections may be associated with geographical variation

and the rampant overuse of azoles (Richardson and Lass-Flörl, 2008). Given the

prevalence of C. glabrata as the second leading cause of candidiasis infections,
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including oral candidiasis, candidemia, invasive candidiasis, and

urinary candidiasis (Esfandiary et al., 2012; Nash et al., 2016), it is

essential to understand the alarming 40% mortality rate

associated with C. glabrata infection underscores the

seriousness of this opportunistic human pathogen, especially

in immunocompromised hosts (Rodrigues et al., 2014; Mota

et al., 2015; Nagayoshi et al., 2017). It has been recently reported

that C. glabrata has developed several strategies to survive and

thrive in its host cells and found ways to overcome antifungal

resistance to commonly used antifungals, which also contribute

to increased virulence (Pappas et al., 2018; Salazar et al., 2018).

Flow cytometry (FCM) has been one of the major techniques that

has successfully demonstrated its utility in determining the effect

of antimycotics on yeast cells, cell membranes, or mechanisms of

action when used with appropriate dye or fluorescent probes and

experimental conditions (Pore, 1994). In our previous study

(Ramachandran et al., 2018b), the antifungal susceptibility test

(AFST) analyses of the two lipopeptides were done according to

the CLSI guidelines. In this current investigation, the two

lipopeptide fractions (AF4 and AF5) coproduced by Bacillus

subtilis RLID 12.1 were purified, and the main objective of the

study was to determine their membrane-permeabilizing effects

on the yeast cell membrane and metabolic activity at two

different peptide concentrations using the membrane-

impermeant propidium iodide (PI) dye and two-colour FUN-

1 stain.

Materials and methods

Microorganisms

The test strain C. glabrataATCC 2001 was obtained from the

National Culture Collection of Pathogenic Fungi (NCCPF), Post

Graduate Institute of Medical Education and Research

(PGIMER) Chandigarh, India and maintained as 20% glycerol

stock at −80°C. The producer strain was also maintained as

glycerol stock at −80°C.

Extraction and purification of
antifungal compounds

For the purification of antifungal lipopeptides, cell-free

supernatant (CFS) was obtained after 60 h at 30°C of incubation

under stirring conditions of cells of the strain B. subtilis RLID 12.1.

TheCFSwas subjected to a three-step purification that includedHCl

precipitation, solvent extraction using n-butanol, and silica gel

(mesh size 230–400) based adsorption chromatography using

proper ratios of methanol and chloroform. After the adsorption

chromatography, all the collected fractions were tested for antifungal

activity by spot-on-lawn assay against freshly grownC. glabrata cells

spreading on Sabourad dextrose agar (SDA) plates. The 5 μL

aliquots of fractions which showed the clear zones of inhibition

after 24 h of incubation were considered as bioactive fractions. These

bioactive fractions AF4 and AF5 were fractionated using the reversed

phased-HPLC system (Agilent Technologies, United States) at a

semi-preparative scale equipped with a variable wavelength detector

and an Agilent C18 column (10 mm × 250 mm, 5 μm)

(Ramachandran et al., 2018a; Ramachandran et al., 2018b). The

analytical scale HPLC profiles of AF4 and AF5 and their m/z values

are shown in Supplementary Figure S1.

Antifungal susceptibility testing (AFST)
against Candida glabrata

The minimum inhibitory concentrations (MICs) of the

purified antifungal lipopeptides AF4 and AF5 were tested

against C. glabrata ATCC 2001, according to CLSI guidelines

(M27-A2) (Clinical and Laboratory Standards Institute, 2008).

For antifungal assays, two-fold serial dilutions of each

drug were prepared in RPMI-1640 (pH 7.0 ± 0.1) (with

L-glutamine and phenol red without sodium bicarbonate)

was buffered with 0.165 M MOPS (morpholinepropanesulfonic

acid) (Himedia) and supplemented with 0.2% glucose. As

reference yeast strain for the AFST, C. albicans ATCC

24433 and the positive control amphotericin B (AMB)

(HiMedia, India) were used.

PI uptake assay by flow cytometry (FCM)

To study the impact of novel antifungal lipopeptides on

membrane integrity, lipopeptides AF4 and AF5 (8 and 16 mg/

L), and AMB (×1 and ×2 MIC) were added to Candida cell

suspension (1 × 106 CFU/mL) in RPMI 1640 and incubated at

37°C for 18 and 5 h, respectively, in shaking conditions

(Gokahmetoglu et al., 2003; Seyedjavadi et al., 2020). Two

types of controls were used in the study: negative controls

consisting of untreated cells, and PI positive controls, treated

with 70% ethanol for 30 min. Post-incubation, the cells were

harvested, washed with 1× phosphate buffered saline (PBS), and

stained with PI at a concentration of 7.5 μg/mL for 20 min.

Unstained and untreated cells were sampled and analysed in

the beginning. Flow cytometry analysis was performed on

30,000 events using a FACSMelody flow cytometer with a

488 nm laser line and a 586 nm filter with PI detection.

Viability (CFU) assays

Prior PI staining, aliquots of yeast cultures (both untreated and

treated) were collected, serially diluted in sterile 1×PBS, and plated in

duplicate on SDA plates (Chaturvedi et al., 2004; Ramesh et al.,

2023). The plates were incubated for 24 h at 37°C, colonies were
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counted, and findings were represented as the percentage reduction

in CFU/mL compared to the growth in the untreated sample.

Confocal laser scanning
microscopy (CLSM)

The CLSM analysis was performed using PI (ThermoFisher,

United States) and [2-chloro-4-(2, 3-dihydro-3-methyl-(benzol-

1, 3-thiazol-2-yl)-methylidene)-1-phenylquinolininum iodide]

FUN-1 (ThermoFisher, United States) (Chan et al., 2011;

Zhang et al., 2018). Cells were treated with AF4/AF5 (8 and

16 mg/L) for 18 h, AMB (1 mg/L) for 5 h, and untreated cells

were used as control. Post-treatments, cells were harvested and

resuspended in 1×PBS, following which staining with PI (7.0 μg/

mL) for 20 min in the dark and washing with 1×PBS were done.

FUN-1 at a final concentration of 5 μM was prepared in 10 mM

glucose-HEPES (GH) buffer, and cells were incubated in (GH)

FIGURE 1
The effect of the lipopeptide AF4 on the cell membrane permeability ofC. glabrata 2001, measured by PI uptake. Experiments recorded forward
scatter, side scatter, and the percentage of PI-stained cells, and the data was analyzed using the software FlowJo version 10.8.1. The
histograms related to PI fluorescence intensity were split into two quadrants, i.e., one with PI negative cells (viable cells), and another with PI-
positive cells (membrane compromised cells). (A) Flow cytometry analysis of membrane permeabilization assay by PI uptake. (B) The side
scatter versus PI plot shows the shift of population of PI-positive cells along the x-axis. (C,D) Confocal images of C. glabrata cell membrane
integrity treated with AF4, AF5 and AMB monitored by PI uptake (Left panel, magnification 60 × 2 and, right panel 100 × 2, respectively). A few
cells in the field as indicated by white arrows are non-viable.
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FIGURE 2
The effect of the lipopeptide AF5 on the cell membrane permeability of C. glabrata 2001, determined by PI uptake. (A) Flow cytometry analysis of
membrane permeabilization assay. Cells were treated with AF5 (8) and (16) mg/L compared with the control (untreated). (B) The side scatter versus PI
plot shows the shift of population of PI-positive cells along the x-axis. Density plot of PI uptake by C. glabrata cell populations of a) unstained, b)
control, and c) and d) AF5 (8) and (16)mg/L treated cells, respectively, alongwith e) 70% ethanol. Ethanol-treated cells exhibited a high permeability to
PI (99.99% cells stained). (C) Confocal image (×200 magnification) showing cells stained with FUN-1, the AF4, AF5 and AMB treated cells are without
discernible and red fluorescent CIVS and show yellow-green fluorescence in the merged channel, representing metabolically inactive cells
compared to untreated cells. The inset images show non-viable cells from another field.
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buffer with FUN-1 stain for 30 min (Pina-Vaz et al., 2001;

Kwolek-Mirek and Zadrag-Tecza, 2014; Yan et al., 2019).

Treated and untreated cells were imaged with an Olympus

FV3000 (Japan) microscope at 60 × 2 and 100 × 2

magnifications for PI-stained cells and 100 × 2 for FUN-1

stained cells.

Statistical analysis

Experiments were performed in three individual times

with two technical replicates. Data are presented as the

means ±SD values and, One-way ANOVA statistical

analysis was done in the Graph-pad prism Software

version 9.3.1.

Results and discussion

The MICs of two lipopeptides and AMB (used as the

standard antifungal) against C. glabrata were determined to

be 4 mg/L and 1 mg/L, respectively. The results agree with the

previously determined MIC values (Ramachandran et al.,

2018b; Ramchandran et al., 2020). To gain more insights

into lipopeptides’ membrane permeabilizing potential, we

performed PI uptake assays using 8 mg/L (×2) and 16 mg/L

(×4) MICs as determined by the AFST for C. glabrata ATCC

2001. FC results were expressed as the fluorescence intensity

(FI) of PI-stained yeasts. AF4 and AF5 treatments caused cell

membrane disruption in C. glabrata cells, as seen by the

enhanced fluorescence that resulted from PI uptake. In cells

treated with AMB, AF4, AF5, and 70% ethanol, the increase in

PI-fluorescence is manifested as a distinct shift of the peak

along the x-axis (Figures 1A, B) and (Figures 2A, B). The

histograms pertaining to all flow cytometry assays where C.

glabrata ATCC 2001 cells were stained with PI after being

exposed to AMB for 5 h (Gokahmetoglu et al., 2003) at 1 and

2 mg/L and AF4/AF5 (8 and 16 mg/L) for 18 h have been shown

in Figures 1A, 2A. All the events of FC population density plots

have been shown in Figures 1B, 2B.

Significant congruence was found when comparing the

proportion of PI uptake with the drop in CFU/mL among

AF4 treatments. A substantial association was observed between

the percentage PI uptake estimated in flow cytometry and the

percentage reduction in plate counts, presented in tabular form

(Table 1) to summarize the findings. Cells unexposed to

lipopeptides showed very negligible fluorescence, as

evidenced by the PI uptake percentage graph (Figure 3). At

8 mg/L, the AF4-treated C. glabrata showed an average of

81.92% PI-positive cells and 99.90% CFU reduction, better

was the observation in AF4-(16 mg/L)-treated C. glabrata

cells, where 99.51% PI-positive cells were noted and a CFU

reduction of 99.97% recorded (Figure 3; Table 1). At 8 mg/L, the

AF5-treated C. glabrata showed an average of 92.14% PI-

positive cells and 99.4% CFU reduction. However, AF5-

(16 mg/L)-treated C. glabrata cells showed 81.35% PI-

positive cells, and the CFU reduction of 99.92% was

recorded, indicating that AF5 even at a 2-fold concentration,

did not show more membrane permeabilization and increased

fungicidal effects. This may be due to the hydrophobic

aggregation of AF5 lipopeptide at higher concentrations

(Ramchandran et al., 2020). In AMB (1 and 2 mg/L)-treated

cells for 5 h, only 20.02% and 26.06% PI-positive cells were

detected, respectively. The increase in the fluorescence intensity

percentage observed in yeast cells treated with higher AF4 and

AF5 (8 mg/L) concentrations agreed with the positive control

values, indicating potential antifungal activity. In comparison,

untreated cells showed negligible fluorescence.

Candida cells exposed to AF4/AF5 (8 mg/L) displayed PI

uptake as evident from red fluorescence, indicating cell

membrane damage and hence permeabilization [Figure 1C

(×120) and Figure 1D (×200)] magnifications. Since the

formation of cylindrical intravacuolar structures (CIVS)

needs metabolically active cells with undamaged plasma

membrane, the presence of yellow-green fluorescence

(Figure 2C) in FUN-1 stained cells instead of red

TABLE 1 Correlation between PI uptake percentage from flow cytometry and plate count.

Drug (concentration) PI uptake (%) Plate count

Log reduction Reduction (%)

AF4 (8 mg/L) 81.92 ± 8.7 SD 3.03 99.90 ± 0.79 SD

AF4 (16 mg/L) 99.51 ± 0.07 SD 3.64 99.97 ± 0.59 SD

AF5 (8 mg/L) 92.14 ± 6.8 SD 2.25 99.44 ± 0.82 SD

AF5 (16 mg/L) 81.35 ± 12.8 SD 3.10 99.92 ± 2.1 SD

AMB (1 mg/L) 20.02 ± 6.7 SD 4.12 99.99 ± 0.53 SD

AMB (2 mg/L) 26.06 ± 6.02 SD 4.43 99.99 ± 0.56 SD
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fluorescence in lipopeptide-treated cells clearly indicates the

loss of membrane integrity, metabolic activity, and cell death

(Millard et al., 1997). The cell deaths are quite evident from the

log reductions of 3.03 and 3.64 CFU/mL by AF4 (8 and 16 mg/

L). In the lipopeptide-treated and AMB-treated cells CIVS were

not observed. Collectively, it may be surmised that the prime

targets of AF4 and AF5 might be the components of the cell

membrane (Ramesh et al., 2023). The presence of a long acyl

chain in antifungal cyclic lipopeptides such as iturin and

fenzycin enables oligomer formation and subsequent

insertion into the plasma membrane (Malina and Shai, 2005)

and the organisation of aggregates in biological membranes

triggering early membrane damage and membrane

disintegration was also reported by Horn et al. (2013). The

preliminary mechanism of action on the yeast cell membrane

has been schematically depicted in the Supplementary Figure

S2. Taken together, the results revealed that two lipopeptides

demonstrated remarkable fungicidal effects on C. glabrata cells

with enhanced cell membrane permeability, and damage.

Consequently, the findings positively indicate that the

lipopeptides AF4 and AF5 hold considerable promise as

prospective antifungal agents.
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Intrauterine development is a key period in human life. 
The foetal progress largely depends on the function of 
the placenta, whose responsibility is transportation and 
biosynthesis of fatty acids. Desaturation enzymes play a 
key role in placental fatty acid metabolism. Expression 
of genes coding for desaturases may be associated with 
pregnancy abnormalities. The objective of this study 
was to determine the transcriptional activity of the pla-
cental genes Fatty Acid Desaturases 1, 2 and 3 (FADS 
1, 2 and 3) in women who gave birth to the infants ap-
propriate for gestational age, large for gestational age, 
small for gestational age, with intrauterine growth re-
striction and born preterm. 34 pregnant women aged 
21–37 years old participated in the study. The placental 
samples were taken from a site located 2–3 cm away 
from the umbilical cord attachment. The collected tissue 
sections were stored in RNAlater according to the manu-
facturer’s protocol, until required for molecular analysis. 
The expression profiles of FADS1, FADS2 and FADS3 were 
determined with RT-qPCR. There was no difference in 
FADS1 and FADS2 expression between the groups. How-
ever, the differences in the expression of the FADS3 were 
found. Analysis of the FADS1, FADS2 and FADS3 tran-
scription showed significant differences between most 
of the examined groups. Our findings suggest that the 
transcriptional activity of FADS genes changes with the 
severity of intrauterine disorders and is associated with 
foetal lipid disorders linked to a greater accumulation of 
fat in the foetal tissues.

Keywords: placenta, foetal development, desaturases, fatty acids, 
gene expression
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Abbreviations: AA, arachidonate; AC, abdomen circumference; 
AGA, appropriate for gestational age; ALA, alpha-linolenic acid; 
BPD, bi-parietal diameter; D13D, Delta (13) Desaturase; D5D, Del-
ta-5 Desaturase; DGLA, dihomo-gamma-linoleoate; EFAs, essen-
tial fatty acids; EPA, eicosapentaenoate; ETA, eicosatetraenoate; 
FA, Fatty acids; FADS1, Fatty Acid Desaturase 1; FADS2, Fatty Acid 
Desaturase 2; FADS3, Fatty Acid Desaturase 3; FL, femur length; 
GLA, gamma-linoleate; HC, head circumference; IUGR, intrauterine 
growth restriction; LA, linoleic acid; L-CPUFA, long-chain polyunsat-
urated fatty acids; LGA, large for gestational age; MCFA, medium-
chain fatty acids; PTB, preterm birth; SGA, small for gestational age

INTRODUCTION

Intrauterine foetal development is a critical period in 
human development. Subsequent health, susceptibility to 
diseases, intelligence, and many other factors are depend-
ent on this foetal stage (Bobiński & Mikulska, 2015). 
The placenta plays a key role during pregnancy. It con-
trols metabolic processes on the hormonal pathway be-
tween the organisms of the mother and child – includ-
ing oxygenation and supplying the foetus with building 
and energy substrates (Bobiński et al., 2013; Bobiński & 
Mikulska, 2015). Placental abnormalities lead to prema-
ture births with varying degrees of foetus malnutrition 
(e.g., intrauterine growth restriction, IUGR), as well as 
the birth of small for gestational age (SGA) or large for 
gestational age (LGA) babies. Fatty acids (FA) are one 
of the most important ingredients that determine proper 
intrauterine development. They are responsible for the 
structure of the child’s nervous system, development 
of cell membranes, structure and function of the retina 
as well as fulfilling many other metabolic and struc-
tural functions (Helland et al., 2003; Gale et al., 2008). 
The diversity of FA functions results from the high het-
erogeneity of their structure, determined by the number 
of carbon atoms and the number and location of un-
saturated bonds in the carbon chain. The source of FAs 
for the developing foetus is the mother’s diet (Herrera, 
2002; Cetin et al., 2009a), the release of FA from depos-
its in maternal tissue (Prentice & Golberg, 2000), the 
endogenous biosynthesis of FA by the mother and later 
– foetal FA synthesis (Clandinin et al., 1981). The pla-
centa is primarily responsible for the maternal-foetal me-
tabolism of FA; this includes transportation of the FA 
from mother to foetus, as well as placental FA biosyn-
thesis and modification. Placental transfer is determined 
by numerous factors, such as the mother’s health, condi-
tion of the foetus, transport efficiency of the placenta 
and diet during pregnancy (Cetin et al., 2002; Haggarty 
2002; Cetin et al., 2009a). Some placental disorders can 
impair FA metabolism, and this may lead to intrauter-
ine foetal developmental disorders and a predisposition 
to numerous diseases after birth. Changes in the activ-
ity of the enzymes responsible for the desaturation of 
essential fatty acids (EFAs) seem to be particularly im-
portant in the maternal-foetal homeostasis. The first 
of these is delta-5 desaturase (D5D) [EC 1.14.19.44], 
encoded by the fatty acid desaturase 1 (FADS1) gene. 
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This gene is clustered with its family members at 11q12-
q13.1 (Lattka et al., 2010). This desaturase plays one of 
the key roles in the biosynthesis of long-chain polyun-
saturated fatty acids (L-CPUFA) of both the n-3 and n-6 ​​
families. D5D introduces a cis double bond at carbon 
5 into dihomo-gamma-linoleoate (DGLA) (20: 3n-6) and 
eicosatetraenoate (ETA) (20: 4n-3) to generate arachido-
nate (AA) (20: 4n-6) and eicosapentaenoate (EPA) (20: 
5n-3), respectively. The second important enzyme in the 
biosynthesis pathway of L-CPUFA is delta-6-desaturase 
[EC 1.14.19.3]. It introduces a double cis bond at carbon 
6 in linoleic acid (LA) (18: 2n-6) and alpha-linolenic acid 
(ALA) (18: 3n-3). As a result of this reaction, gamma-
linoleate (GLA) (18: 3n-6) and stearidonate (18: 4n-3) 
are formed, respectively (GeneCards The Human Gene 
Database, Weizmann Institute of Science, Israel., 2020a). 
The third representative of desaturases is the delta (13) 
desaturase (D13D) enzyme (EC 1.14.19.-) encoded by 
the FADS3 gene. D13D introduces a cis double bond in 
(11E)-octadecenoate (trans-vaccenoate) at carbon 13 to 
generate (11E, 13Z)-octadecadienoate, likely participating 
in the biohydrogenation pathway of LA (GeneCards The 
Human Gene Database, Weizmann Institute of Science, 
Israel., 2020b). Under normal conditions, the activity of 
these enzymes remains in a delicate dynamic balance, 
maintaining the biosynthesis of L-CPUFA n-3 and n-6 ​​at 
the appropriate level. Disturbance of enzymatic activity, 
which may be caused by altered transcriptional activity 
of FADS genes, may contribute to the loss of control 
over the biosynthesis of the membrane phospholipids 
and DHA – the key lipids for the development of the 
foetal nervous system (Otto et al, 1997), as well as the 
loss of control over the metabolism of inflammatory li-
pids, such as prostaglandin E2 ,which is critical for acute 
inflammatory response, maintenance of epithelial homeo-
stasis (Challis et al., 2002) and metabolic disorders, such 
as diabetes, lipid disorders, cardiovascular diseases, etc. 
(Cetin et al., 2002). The processes controlled by these 
desaturases are extremely important for the intrauterine 
development of the foetus, especially for the structure of 
its nervous system. Therefore, the aim of the study was 
to analyse the expression (at transcription level) of the 
FADS1, fatty acid desaturase 2 (FADS2), and fatty acid 
desaturase 3 (FADS3) genes.

MATERIALS AND METHODS

Study population

The research was conducted with the approval of the 
Ethics Committee in Bielsko-Biala under approval no: 

2016/02/11/4. All relevant guidelines and regulations 
were adhered to, and informed consent was obtained in 
writing from all the participants. The study population 
consisted of 34 women who gave birth at the Provincial 
Specialist Hospital No. 1 in Tychy, Poland. The preg-
nant women were recruited for the study during their 
first visit to the hospital. The women were between 21 
and 37 years of age. A description of the study popula-
tion is provided in Table 1.

To obtain a homogeneous group of women, the fol-
lowing inclusion criteria were applied (Bobiński et al., 
2013; Waksmańska et al., 2017):

– Polish nationality (excluding naturalised Polish citi-
zens); single pregnancy; pregnancy I-III (parity consid-
ered);

– Stable socioeconomic status; married, secondary 
level or higher education; living in a highly industrialised 
urban region, both the women and their husbands hav-
ing a steady job;

– Consenting to participate in the study.
The following exclusion criteria were applied (Bobiński 

et al., 2013; Waksmańska et al., 2017):
– Chronic diseases occurring before pregnancy, such 

as pre-gestational diabetes; pathologies during the course 
of pregnancy such as infections during pregnancy (any 
kind of infection in the perinatal period, such as fever, 
respiratory infections, urinary infections, etc.); miscarriag-
es and/or premature birth resulting in the death of the 
child or developmental anomalies in the foetus;

– AIDS and sexually transmitted diseases;
– Adherence to a vegetarian diet, Mediterranean diet, 

or any other special diet;
– Lack of consent by the mother to take part in the 

research programme or withdrawal of consent during the 
study.

Women who participated in the research programme 
were classified into five groups according to the follow-
ing criteria:

– AGA Group (AGA – appropriate for gestational 
age, n=9): healthy mothers, routine and uneventful preg-
nancy, full-term delivery neonates (bw 10–90th percen-
tile). Age (y) 27.5±4.3; BMI (kg/m2) 22.6±4.2; delivery 
(week) 39.6±1.1; neonatal weight (g) 3542.1±387.7; pla-
cental weight (g) 503.4±108; mode of delivery 8n/1cs; 
Apgar score 9–10. AGA served as the control group.

– LGA Group (LGA – large for gestational age, 
n=10): healthy mothers who gave birth to large for 
gestational age neonates (bw>90th percentile). Age 
(y) 29.2±5.2; BMI (kg/m2) 35.6±4.5; delivery (week) 
41.8±1.3; neonatal weight (g) 4056.8±411.2; placental 
weight (g) 693.3±124.9; mode of delivery 1n/8cs; Apgar 
score 8–9.

Table 1. Characteristics of the study population.

AGA LGA SGA IUGR PTB

Age (Y) 27.5±4.3 29.2±5.2 29.1±5.1 25.6±5.7 27.8±4.1

BMI (kg/m2) 22.6±4.2 35.6±4.5 23.8±4.7 37.3±7.2 23.3±4.4

Delivery (week) 39.6±1.1 41.8±1.3 38.2±1.1 34.5±1.9 36.8±1.0

Neonatal weight (g) 3542.1±387.7 4056.8±411.2 2297.5±149.9 1975.6±258.9 2398±432.8

Placental weight (g) 503.4±108 693.3±124.9 356.4±108 423.4±88.8 323.8±102

Mode of delivery 8n/1cs 1n/8cs 6n 6cs 3n

Apgar Score 9/10 8/9 9/10 6/7/8 9/10

n=natural delivery, cs=caesarean section. Apgar Score measured after 1, 3 and 5 minutes. 
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– SGA Group (SGA – small for gestational age, n=6): 
healthy mothers who gave birth to full-term, but small 
for gestational age, neonates (neonatal weight <10th per-
centile). Age (y) 29.1±5.1; BMI (kg/m2) 23.8±4.7; deliv-
ery (week) 38.2±1.1; neonatal weight (g) 2297.5±149.9; 
placental weight (g) 356.4±108; mode of delivery 6n; 
Apgar score 9–10.

– IUGR Group (IUGR – intrauterine growth restric-
tion, n=6): mothers who gave birth to babies showing 
characteristics of intrauterine growth restriction. In this 
group, all ultrasound studies showed foetal growth re-
striction (bw <10th percentile). Age (y) 25.6±5.7; BMI 
(kg/m2) 37.3±7.2; delivery (week) 34.5±1.9: neonatal 
weight (g) 1975.6±258.9; placental weight (g) 423.4±88.8; 
mode of delivery 6cs; Apgar score 6–8.

– PTB Group (PTB – preterm birth age, n=3): moth-
ers who gave birth prematurely at 32–36 weeks’ gesta-
tion to neonates whose weight fell in the 10–90th per-
centile. Age (y) 27.8±4.1; BMI (kg/m2) 23.3±4.4; deliv-
ery (week) 36.8±1.0; neonatal weight (g) 2398±432.8; 
placental weight (g) 323.8±102; mode of delivery 3n; 
Apgar score 9–10.

Women eligible for the study underwent three ultra-
sound examinations. The first ultrasound test was per-
formed between the 12th and 14th weeks of gestation, 
the second between the 20th and 22nd weeks of gesta-
tion and the third one between the 32nd and 33rd weeks 
of gestation.

Using ultrasound scans, the foetal weight and length 
were determined primarily according to the gestational 
age. The dimensions obtained at the 27th gestational 
week were crucial and determined the appropriate way 
to proceed with the delivery. Although usually the re-
sults of Doppler flow are not considered significant  
for foetuses younger than 30-weeks, this test was per-
formed too on the foetuses at the 27th week. The foe-
tal dimensions were taken every 6–7 days and marked 
on a growth chart. If the foetus was between the 10th 
and 3rd percentile and its gestational age was above 27 
weeks further ultrasound scans were conducted to as-
sess hypotrophy or intrauterine foetal growth inhibition 
(IUGR) according to the radiological criteria. The ultra-
sound was used to measure the standard parameters of 
so-called basic foetal biometry, including the bi-parietal 
diameter (BPD), head circumference (HC), abdomen cir-
cumference (AC), and femur length (FL). The ultrasound 
estimation of foetal weight and length were converted 
into a growth chart.

Collection of the placentas

The placental samples were collected from a site ap-
proximately 2–3 cm away from the umbilical cord at-
tachment. For the research, we wanted to standardise 
the site of collection to the place where blood supply to 
the placenta was the highest, ensuring the highest meta-
bolic activity and a strong RNA expression. In our opin-
ion, taking samples from a different site would not give 
a full picture of the expression of the genes tested. The 
samples were collected immediately after birth and trans-
ported on ice to the laboratory. The transport time did 
not exceed one hour. The samples were then weighed, 
immersed in 1 ml RNAlater for 48 hours at 4°C and 
then snap frozen.

RT-qPCR

Collected tissue sections were stored in RNAlater ac-
cording to the manufacturer’s protocol (Sigma-Aldrich, 
St Louis, MO, USA) until required for molecular analy-

sis. Total RNA was extracted using TRIzol reagent (In-
vitrogen Life Technologies, Carlsbad, CA, USA) accord-
ing to the manufacturer’s instructions. The concentration 
and purity of the obtained extracts were assessed using 
a MaestroNano MN-913 nano-spectrophotometer (Maes-
troGen, Inc., USA). The expression profiles of FADS1, 
FADS2 and FADS3 were determined in the presence 
of β-actin as an endogenous control by RT-qPCR using 
SensiFAST SYBR No-ROX One-Step kit (Meridian Life 
Science Inc., Memphis, TN, USA) and Opticon DNA 
Engine Sequence Detector (MJ Research Inc., Water-
town, MA, USA) according to the manufacturer’s instruc-
tions. The reaction was carried out using primer pairs 
specific for the sequence of each gene tested: FADS1 
(forward: 5’ ATGATTACCTTCTACGTCCG 3’, re-
verse: 5’ TCAATGTGCATGGGAATATG 3’, amplicon 
length – 149 bp), FADS2 (forward: 5’ GATGAATCA-
CATCGTCATGG 3’, reverse: 5’ GTGCTCAATCTG-
GAAGTTAAG 3’, amplicon length – 139 bp), FADS3 
(forward: 5’ CAACATCTTCCACAAAGACC 3’, re-
verse: 5’ CTGGTTGTAGGGTAGGTATC 3’, amplicon 
length – 109 bp), ACTB (forward: 5’ TCACCCACACT-
GTGCCCATCTACGA 3’, reverse: 5’ CAGCGGAAC-
CGCTCATTGCCAATGG 3’, amplicon length – 295bp) 
purchased in Sigma-Aldrich (St Louis, MO, USA). The 
thermal profile of the RT-qPCR reaction included the 
following steps: reverse transcription (45°C for 10 min-
utes), activation of the polymerase (95°C for 2 minutes), 
41 cycles consisting of denaturation (95°C for 5 sec-
onds), annealing (60°C for 10 seconds), and elongation 
(72°C for 5 seconds). A standard curve was plotted for 
every run, based on which the Opticon DNA Engine 
Sequence Detector (MJ Research Inc., Watertown, MA, 
USA) calculated the mRNA copy numbers of studied 
genes in each sample. The curves were drawn based on 
the quantitative standard – β-actin (TaqMan DNA Tem-
plate Reagent kit, Applied Biosystems, Foster City, CA, 
USA) at five different concentrations (400, 800, 2000, 
4000, 8000 copies of ACTB cDNA). Each run included 
positive and negative controls and was completed by 
melting curve analysis of each sample to confirm the 
specificity of the reaction. The endogenous control as-
sessment together with the melting curve analysis were 
the basis for including the results of the studied genes in 
the comparative analysis. The results are presented as the 
number of mRNA copies per 1 μg of total RNA.

The calculations were made in the statistical environ-
ment R ver.3.6.0, PSPP program and MS Office 2019. 
Parametric tests (analysis of variance ANOVA) or their 
non-parametric equivalents (Kruskal-Wallis test) were 
used to analyse the quantitative variables broken down 
into groups. The T-test and Wilcoxon pairs test were 
also used. The selection of tests was based on the dis-
tribution of variables, which was verified by the Shapiro-
Wilk test.

There were no significant differences in β-actin 
mRNA copy number between the control and study 
groups, which indicates that β-actin can be used as an 
endogenous control in this experiment.

RESULTS

FADS1 and FADS2

After checking the assumptions of normality, a non-
parametric Kruskal-Wallis test was performed to com-
pare the median in individual groups. In terms of the 
FADS1 and FADS2 genes, the groups did not differ 
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significantly (p>0.05). The AGA, LGA, SGA, IUGR and 
PTB groups were therefore similar in terms of the distri-
bution of FADS1 and FADS2.

FADS3

After checking the assumptions of normality of the 
distribution, it turned out to be possible to use the para-
metric analysis of variance ANOVA, to compare the av-
erage of the dependent variable in the individual groups. 
In the FADS3 range, the groups significantly differed 
statistically (p<0.05). Tukey’s post hoc test was per-
formed to determine the groups whose means differed 
significantly.

Significant statistical differences (p<0.05) were ob-
served between the following groups: AGA and IUGR, 
AGA and PTB, LGA and PTB, SGA and PTB, and 
IUGR and PTB (shown in Fig. 1). In the AGA group, 
the average values of FADS3 M were: 9149.67 in 
the AGA group; 4713.50 for IUGR; 967.33 for PTB, 
8487.60 for LGA; and 8580.83 for SGA.

In the next part of the analysis, the transcription lev-
els of the FADS1, FADS2 and FADS3 genes were ana-
lysed within each of the research groups (AGA, LGA, 
SGA, IUGR, PTB) using Friedman’s test and Bonfer-
roni’s post hoc test.

AGA Group

Friedman’s test showed statistically significant differ-
ences (p<0.05) between FADS1, FADS2 and FADS3 
expression levels within the AGA group. The mean 
mRNA levels were M=2640.8 mRNA copies/1 µg RNA 
for FADS1, M=494.9 mRNA copies/1 µg RNA for 
FADS2, and M=9149.7 mRNA copies/1 µg RNA for 
FADS3 (shown in Fig. 2).

Bonferroni’s post hoc test was conducted to determine 
which of the comparisons between groups were statisti-
cally significant (p<0.05). Such differences were detected 
between FADS1 and FADS3 and between FADS2 and 
FADS3 groups.

LGA Group

Friedman’s test showed statistically significant differ-
ences (p<0.05) between FADS1, FADS2 and FADS3 
expression levels within the LGA group.

The mean mRNA level for FADS1 was M=2663.2 
copies/1 µg, for FADS2 8090.9 copies/1 µg RNA, and 
for FADS3 M=8487.6 copies/1 µg RNA (shown in 
Fig.  3).

The Bonferroni test identified that statistically signifi-
cant (p<0.05) comparisons were between FADS1 and 
FADS2, and between FADS1 and FADS3 groups.

SGA Group

Friedman’s test showed statistically significant differ-
ences (p<0.05) between FADS1, FADS2 and FADS3 
expression levels within the SGA group. Tukey’s post 
hoc test was performed to determine which of the 
comparisons between groups were statistically signifi-
cant (p<0.05). Such differences were detected between 
FADS1 and FADS3.

The mean mRNA level for FADS1 was M=2587.2 
copies/1 µg, and M=8580.8 copies/1 µg RNA for 
FADS3 (shown in Fig. 4).

IUGR Group

Friedman’s test showed statistically significant differ-
ences (p<0.05) between FADS1, FADS2 and FADS3 
expression levels within the IUGR group.

The mean mRNA levels were M=671.8 copies/1 µg 
for FADS1, 2123 copies/1 µg RNA for FADS2, and 

Figure 1. Box plot for FADS3 expression. 
The y-axis represents the number of mRNA copies/1 µg RNA.

Figure 2. Expression of FADS1, FADS2 and FADS3 in the AGA group presented as:
(a) a box plot where the y-axis represents the number of mRNA copies/1 µg RNA and (b) a line graph of the average expression values, 
where the y-axis represents the number of mRNA copies/1 µg RNA

159



Vol. 70 						      141Fatty Acid Desaturases 1, 2 and 3 in selected pregnancy pathologies

Figure 3. Expression of FADS1, FADS2 and FADS3 in the LGA group presented as:
(a) a box plot where the y-axis represents the number of mRNA copies/1 µg RNA and (b) a line graph of the average expression values, 
where the y-axis represents the number of mRNA copies/1 µg RNA

Figure 4. Expression of FADS1, FADS2 and FADS3 in the SGA group presented as:
(a) a box plot where the y-axis represents the number of mRNA copies/1 µg RNA and (b) a line graph of the average expression values, 
where the y-axis represents thmRNA copies/1 µgRNA

Figure 5. Expression of FADS1, FADS2 and FADS3 in the IUGR group presented as:
(a) a box plot where the y-axis represents the number of mRNA copies/1 µgRNA and (b) a line graph of the average expression values, 
where the y-axis represents the number of mRNA copies/1 µg RNA
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for M=4713.5 copies/1 µg RNA for FADS3 (shown in 
Fig.  5).

The Tukey’s post hoc test identified that statistically 
significant (p<0.05) comparisons were between FADS1 
and FADS3, and between FADS2 and FADS3.

PTB Group

The Friedman’s test showed no statistically signifi-
cant differences (p<0.05) between FADS1, FADS2 and 
FADS3 expression in the PTB group. Tukey’s post hoc 
test confirmed there were no differences.

DISCUSSION

Fat is one of the key ingredients necessary for proper 
foetal development. During pregnancy, a mother’s body 
deposits fat in an amount which corresponds approxi-
mately to the baby’s weight (3500 g) (Hytten & Cham-
berlain, 1974). These processes occur most vigorously in 
the first and second trimester and will happen even if the 
mother is malnourished (Prentice & Golberg, 2000; Her-
rera, 2002; Herrera et al., 2006). In the second trimester 
(the anabolic period), the concentration of phospholip-
ids, non-esterified FAs and triglycerides increases in the 
mother’s circulation. This mechanism is associated with 
an insulin-dependent decrease in lipoprotein lipase activi-
ty in adipose tissue and subsequent insulin resistance. As 
a result of these processes, part of the accumulated fat 
is transferred to the foetus via the placenta. In contrast, 
the third trimester is a catabolic period for the mother. 
Increased lipolysis in the mother’s adipose tissue is as-
sociated with decreased sensitivity of insulin receptors, 
which are hormonally controlled by progesterone, cor-
tisol, prolactin and leptin (Cousins, 1991; Herrera et al., 
2006; Catov et al., 2007). As a result, in comparison to 
the anabolic period, even greater amounts of fat, includ-
ing FAs, reach the placenta. The dynamics of changes 
in fat content in the foetus is different from that found 
in the mother. First, there is no catabolic period in the 
foetus, and second, the anabolic period begins much 
later than the mother’s – between 20 and 22 weeks of 
pregnancy. Complicated maternal-placental-foetal fat me-
tabolism, especially of FAs and their derivatives, con-
tinues to be controlled by numerous factors, including 
enzymes whose expression is regulated, inter alia, at the 
level of transcription. This paper presents the analysis of 
expression of three genes encoding the strategic desatu-
rases, which control the formation of n-3 and n-6 FA. 
In the AGA, LGA, SGA, PTB and IUGR groups that 
were studied, no significant differences in mRNA levels 
of the FADS1 and FADS2 were observed. This could 
imply that LC-PUFA biosynthesis and the function of 
pro- and anti-inflammatory cytokines are unaffected in 
neither group. However, since we have not studied the 
polymorphism of the FADS1 and FADS2 genes as a 
factor that could influence foetal development, this con-
clusion is not irrefutable. Our studies have shown dif-
ferences in the placental mRNA expression level of the 
FADS3. Women who gave birth to healthy children in 
due time (AGA) and women who gave birth to children 
with only minor problems (SGA and LGA), had higher 
FADS3 mRNA expression levels in the placenta than 
women in the PTB and IUGR (higher level of prob-
lems) groups. This result is difficult to interpret because 
FADS3 and the desaturase encoded by it have not yet 
been sufficiently researched. It is known that FADS3 
transcriptional activity in tissues is significantly different 
between male and female mice and rats. FADS3 encod-

ed desaturase can introduce a double bond into the FA 
chain like any other desaturase but other potential func-
tions of the enzyme should be considered as well. Desat-
urases are known to perform hydroxylation (Mizutani et 
al., 2004; Blanchard et al., 2011), acetylenation and epoxi-
dation (Lee et al., 1998). Substances such as etherlipid 
(Paltauf & Holasek, 1973), sphingolipid (Mizutani et al., 
2004) and cholesterol (Nusblat et al., 2005) can also be 
substrates for desaturases. Therefore, FADH3 potential 
physiological role can be broad, especially considering 
that D13D exists in at least three isoforms (Blanchard 
et al., 2011). One concept that could explain the lower 
transcription activity of FADS3 in the PTB and IUGR 
groups is the specific structure of the gene promoter. It 
contains target sites for NF-κB (Szczesna-Skorupa et al., 
2004; Yan et al., 2007), MYCN (Alaminos et al., 2003) 
and p63 protein (Blanchard et al., 2011), suggesting that 
FADS3 expression can be regulated by these factors. It 
is known that NF-κB, MYCN and p63 are the compo-
nents of intracellular pathways associated with prolifera-
tion and apoptosis. Several studies have demonstrated 
the relatedness of IUGR and these pathways. For exam-
ple, in IUGR, the NF-κB-regulated proangiogenic targets 
in foetal pulmonary artery endothelial cells are disrupted, 
which leads to the abnormal metabolism of extracellular 
matrix components and, as a result, interferes with pul-
monary angiogenesis (Dodson et al., 2018). In pregnan-
cies complicated with IUGR, the processes of apoptosis 
in placenta are stronger than in a healthy placenta (Erel 
et al., 2001) and a significantly higher NF-κB expression 
can be observed (Aban et al., 2004). It is not known 
why the increase in NF-κB expression does not cause 
an increase in the expression of FADS3 in the IUGR 
placenta; in fact, exactly the opposite is observed. High-
er NF-κB expression is accompanied by lower FADS3 
transcriptional activity. It is possible that NF-κB inhibi-
tors increase during IUGR, or the chromatin is remod-
elled in such a way that the FADS3 promoter becomes 
inaccessible for NF-κB. Changes in FADS 3 activity in 
the course of IUGR may also be related to the function-
ing of the membrane transport system, which is respon-
sible for maintaining the correct FA ratio in the maternal 
(M) and foetal (F) circulation. Changes in the F/M ratio 
were observed in IUGR, SGA and PTB children (Cetin 
et al., 2002; Bobiński et al., 2013).

This work also analyses FADS genes expression 
within the AGA, LGA, SGA, PTB, and IUGR groups. 
Except for the PTB group, which had the lowest num-
ber of samples, and in which no differences in FADS 
gene expression were observed, there were differences 
in expression between FADS1, FADS2 and FADS3 in 
the remaining groups. In the LGA group there were no 
differences between FADS2 and FADS3 transcript lev-
els Comparing the average FADS mRNA expression 
between the AGAs and LGAs, it can be assumed that 
the lack of differences in the LGA group was due to an 
increased FADS2 and slightly reduced FADS3 transcript 
levels. LGAs are a group of children who, in addition 
to the increased body weight (>90 percentile), have also 
increased body fat. Both are involved in fat metabolism, 
so with the increased fat mass of the child, changes in 
D6D and D13D activity are highly likely, although the 
case of the FADS3 gene product is surprising. It has 
been previously shown that the increased expression of 
FADS3 in adipose tissue is characteristic of hyperlipi-
demia (Plaisier et al., 2009). Our research shows that this 
is the opposite for the placenta. Perhaps, the reduced 
placental expression of FADS3 in LGA pregnancies is a 
type of compensatory mechanism that regulates foetal fat 
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metabolism. From a clinical point of view, however, it 
would be more interesting to see a significant increase in 
the transcriptional activity of the FADS2 gene encoding 
desaturase 6, catalysing the reactions of the n-3 and n-6 
main biosynthesis pathway. One of the factors (although 
not studied in this research) that could affect FADS2 
expression is the pregnant woman’s diet. With an am-
ple supply of plant oils, which contain high proportion 
of LA, such as sunflower seed oil, safflower oil or corn 
oil, less DHA is produced from ALA as a result of n-6 
desaturase inhibition leading to a decreased EPA biosyn-
thesis. The n-6 FA pool then increases, which could be 
a risk factor for the development of LGA (Llanos et al., 
2005; Bobiński & Mikulska, 2015). Furthermore, it may 
have an influence on the metabolism of medium-chain 
fatty acids (MCFA), especially myristic acid (C14: 0) and 
lauric acid (C12: 0), which have a significant impact on 
the conversion of EPA to DHA (Legrand et al., 2020). 
This, in turn, in addition to placental biosynthesis of LC-
PUFA, can disturb the specified hierarchy DHA>AA> 
LA>ALA defining the order of transport of the acids 
across the placental barrier (Cetin et al., 2009a; Cetin and 
Alvino, 2009b).

CONCLUSION

The placenta fulfils hormonal, nutritional and meta-
bolic roles. Its task is to control the development of the 
foetus, but the hormonal-metabolic placental processes 
affect, to a large extent, also the body of a pregnant 
woman. Fatty acids play a key role in these mechanisms. 
Some of them are transported through the placental bar-
rier, others undergo biosynthesis in the placenta. Often, 
placental biosynthesis involves the elongation and de-
saturation processes of the pre-existing FAs with shorter 
carbon chains, which either lack or have fewer double 
bonds. Desaturases are involved in these processes. This 
important group of enzymes maintain the balance of 
n-3 and n-6 FAs levels, has a significant role in the de-
velopment of the nervous system and cell membranes, 
and affect general maternal-placental-foetal homeostasis. 
Our studies have shown that the transcriptional activity 
of the FADS1 and FADS2 genes remain at similar lev-
els in the pregnancy groups we examined. It was only 
in the FADS3 gene expression that the differences were 
discovered. FADS3 lowest mRNA levels were observed 
in the placenta of women who gave birth to premature 
babies. In this group, also no differences were observed 
in the FADS1, FADS2 and FADS3 mRNA levels. In 
the SGA group, expression differences were observed 
between the FADS3 and FADS1 genes only. The AGA, 
LGA and IUGR groups had a similar expression pro-
file, in which the FADS3 gene had the highest and the 
FADS1 gene had the lowest expression except for the 
difference between FADS2 and FADS3 expression, 
which was observed in AGA and IUGR, but not LGA. . 
The IUGR group had the lowest expression of all tested 
genes, while maintaining differences between their ex-
pression. The largest number of differences in FADS 
mRNA levels were observed in the placenta of women 
who gave birth to children with a mild degree of disor-
der, i.e., PTB and SGA.

Considering the number of FAs undergoing maternal-
placental-foetal transformation and the complexity of 
their metabolism, it is difficult to unequivocally interpret 
changes in the transcriptional activity of genes encoding 
desaturases in selected pregnancy pathologies. Many fac-
tors regulate these processes and one of the most im-

portant is - not studied in this work - the expression of 
genetic variants of the FADS1, FADS2 and FADS3. 
Their analysis would provide further data for the assess-
ment of maternal-placental-foetal FA changes, crucial for 
the proper development of the foetus, the emergence of 
metabolic or genetic risk factors and an improvement in 
the profile of prevention and treatment of foetal devel-
opmental abnormalities.
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Effective therapeutic strategies are urgently required to 
enhance the prognosis of patients suffering from KRAS 
mutations. Owing to the undruggable nature of KRAS, 
targeting downstream signaling pathways, namely PI3K/
AKT/mTOR, shows antiproliferative and apoptotic effects. 
Unfortunately, targeting this pathway upregulates au-
tophagy, contributing to reduced drug efficacy. There-
fore, it was reasonable to use a combination of kinase 
inhibitors and autophagy inhibitors to achieve a higher 
therapeutic benefit. The impact of Dactolisib, a dual 
PI3K/mTOR inhibitor, and Lys05, a dimeric chloroquine, 
was tested on the survival of breast cancer MCF-7 and 
lung cancer A549 cells. The dose selection for the opti-
mal effect of the Dactolisib/Lys05 combination was de-
termined using CompuSyn software. This combinatorial 
effect was evaluated using various methodologies, such 
as expression profile analysis for autophagic, prolifera-
tive, and apoptotic markers. These effects were corrobo-
rated by ELISA, Western blot, and flow cytometry using 
the Annexin V-FITC apoptosis detection kit. A549 cells 
treated in a 2:1 ratio of Lys05 and Dactolisib demon-
strated a synergistic effect on cell death, proliferation, 
and apoptotic gene markers, in addition to its effect on 
autophagic gene and protein markers, showing an en-
hanced effect compared to monotherapy. Therefore, the 
PI3K/AKT kinase inhibitor/autophagy inhibitor combi-
nation establishes higher therapeutic benefits on A549 
cells compared to kinase inhibitor monotherapy.
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INTRODUCTION

Epidemiologically, lung cancer represents the lead-
ing cause of cancer-related deaths among both men and 

women (Barta et al., 2019; Sun et al., 2021). Our increas-
ing understanding of cancer biology has revealed numer-
ous causes for therapeutic failures (Rizzo, 2008). Re-
search on signaling pathways has uncovered a complex 
network of cross-regulatory interactions, connecting re-
ceptors, enzymes, transducing systems, and transcription 
factors that regulate cell fate (Sever & Brugge, 2015).

Resistance to apoptosis, continuous proliferation, eva-
sion from cell cycle suppressors, angiogenesis, invasion, 
and metastasis are the five features that characterize car-
cinoma (Hanahan & Weinberg, 2011). Autophagy, a fur-
ther level of adaptation, is known to increase under con-
ditions of cellular stress, particularly in cancer (Haider et 
al., 2020; White & DiPaola, 2009).

Currently, non-small cell lung cancer (NSCLC) ac-
counts for up to 85% of all lung cancers (El Osta et al., 
2019). Kirsten Rat Sarcoma Viral Oncogene Homolog 
(KRAS) is a gene that codes for a protein involved in 
cell signaling pathways. It is a well-known oncogene, 
meaning that mutations in the KRAS gene can contrib-
ute to the development of cancer. These mutations re-
sult in constant activation of the KRAS protein, leading 
to abnormal cell growth and division. KRAS mutation is 
among the most predominant mutations in NSCLC and 
shows little variation between early-stage and metastatic 
NSCLC (Ghimessy et al., 2020; Lohinai et al., 2017). The 
undruggable nature of KRAS, attributed to the inability 
to develop direct inhibitors that can effectively compete 
with its high affinity for GTP, and the lack of selectiv-
ity with wild-type RAS resulting in toxicity, has hindered 
the design of selective inhibitors targeting mutant KRAS 
(Chen et al., 2020; Luo et al., 2022). Inhibition of post-
translational modifications by farnesyltransferase inhibi-
tors has also demonstrated minimal clinical activity (Ad-
jei et al., 2003; Heymach et al., 2004).

A promising approach now is to target KRAS down-
stream signaling pathways, particularly PI3K/AKT/
mTOR, as evidence suggests their upregulation in lung 
cancer, promoting cell survival, growth, proliferation, and 
migration (Huang et al., 2021). The PI3K/Akt/mTOR 
pathway also plays a role in tumors with other activat-
ing mutations (Yu et al., 2021), and increased PI3K or 
Akt activity regulates mTOR activity in lung cancer (Li-
ang et al., 2019). Treatment of NSCLC cells with mTOR 
inhibitors has been reported to significantly decrease 
cancer cell proliferation (Huang et al., 2021). This signal-
ing pathway plays a crucial role in the occurrence and 
progression of tumors by regulating autophagy and ap-
optosis of tumor cells (Lee et al., 2021; Zou et al., 2020).

Unfortunately, targeting the PI3K/Akt/mTOR path-
way with various kinase inhibitors results in the up-
regulation of autophagy (Y. Liu et al., 2021; Zhao et al., 
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2015). Autophagy, as a cellular process in cancer, can 
both suppress and promote tumor growth, depending 
on the tissue and timing (Hanahan & Weinberg, 2011; 
Lim et al., 2021). Furthermore, autophagy addiction char-
acterizes KRAS-driven cancers, including NSCLC, as it 
replenishes mitochondria substrates required for acetyl-
CoA synthesis (Eng et al., 2016; White, 2012).

Given that the inhibition of the PI3K/Akt/mTOR 
pathway leads to the upregulation of autophagy, it was 
reasonable to consider a combination of kinase inhibi-
tors and autophagy inhibitors to achieve a higher thera-
peutic benefit.

MATERIALS AND METHODS

Cell viability assay

Cancer cells MCF-7 and A549 were plated in 96-
well plates at a density of 7000 cells/well in 100 µl of 
DMEM high glucose medium (4.5 g/L) supplemented 
with only 1% FBS overnight and 1% penicillin/strep-
tomycin at 37°C and 5% CO2. After serum starvation, 
cells were treated with Dactolisib (LC Laboratories, 
USA), and Lys05 (Sigma-Aldrich, China) at different 
concentrations for 48 h. For cytotoxicity assay using 
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl- 2H-tetrazolium 
bromide (MTT), MTT (5 mg/mL in 1×PBS) was added 
to the cells and incubated for 3 h at 37°C in 5% CO2. 
A volume of 100 μL of DMSO was added to the cells 
to solubilize the formed formazan crystals with shaking. 
Finally, the absorbance was measured at 490 nm and the 
percentage of cell viability was calculated compared to 
the control (Kumar et al., 2018).

Identification of synergism and antagonism in drug 
combination

Drug concentrations used in combination studies were 
selected from the dose–response data for individual 
agents in 1% FBS starved A549 cells. Fraction affected 
(Fa) values were calculated as the percentage inhibition 
of cell viability, relative to control, as described by Chou 
(Chou, 2006). Synergism, additivity, or antagonism of 
drug combinations was identified using the Chou Tala-
lay Combination Index (CI) method (Chou, 2006) and 
CompuSyn software (http://www.combosyn.com) based 
mainly on the following equation:
CI=(D)1/(Dx)1+(D)2 /(Dx)2

where (D)1 and (D)2 represent the concentrations of 
Drug 1 and Drug 2 in the combination that produce a 
Fa value of x. (Dx)1 and (Dx)2 represent the concentra-
tions of Drug 1 and Drug 2 that produce the same ef-
fect (x) when applied as single agents. CI values <1, =1, 
and >1 indicate synergism, additivity, and antagonism, 
respectively.

Protein determination and analysis by Sodium dodecyl 
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 
and western blotting

Protein concentration was determined according to 
Bradford using bovine serum albumin as a standard 
(Bradford, 1976). The total protein extract (50 μg) was 
mixed with a 5× sample application buffer, boiled for 
5 min, and resolved on 14% SDS-PAGE. LC3B was 
detected through western blotting using anti-LC3B 
monoclonal antibody (Molecular weight 17.5 KDa) 
(Cell signaling, USA) at a dilution of 1:1000. The sec-

ondary antibody used was goat anti-mouse IgG la-
beled with horse radish peroxidase (Invitrogen, USA) 
at a 1:1000 dilution. The nitrocellulose membrane was 
developed using enhanced chemiluminescence (ECL, 
Sigma-Aldrich, China)(Liu et al., 2014). Beta-actin 
(ACTB) (Molecular weight 42 KDa) was used as a 
loading control.

Apoptosis detection by flow cytometry

Apoptosis was analyzed using Annexin V-FITC ap-
optosis detection kit (Miltenyi Biotec.). A549 cells were 
treated with Lys05, Dactolisib and the synergistic com-
bination dose for 48 h. After incubation, cells were 
harvested by centrifugation, re-suspended in binding 
buffer, and incubated with fluorescein isothiocyanate 
(FITC)-labeled with Annexin V for 15 min in the dark 
at room temperature. Cells were then washed twice 
with 1×PBS and resuspended in binding buffer, pro-
pidium iodide was added, and cells were incubated for 
15 min in the dark at room temperature (Lakshmanan 
& Batra, 2013). The stained cells were analyzed using 
BD FACS flow cytometer (BD Biosciences) at the flow 
cytometry service core facility at the Center of Excel-
lence for Research in Regenerative Medicine and its 
Applications (CERRMA), Faculty of Medicine, Alexan-
dria University.

Quantitative RT-PCR

Total RNA was isolated and purified from the treated 
and untreated A549 cells using TRIzol reagent (Qiagen, 
Germany) following the manufacturer’s protocol (Rio et 
al., 2010). The concentration and purity of RNA were 
determined using Nanodrop. One microgram of the to-
tal RNA was reverse transcribed into the first strand 
cDNA using a High-Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems) using random hexamer 
primers according to the manufacturer’s instructions. 
Quantitative real-time PCR was carried out in tripli-
cates using Maxima SYBR Green qPCR Master Mix 
(ThermoFisher). Primers used were as follows: HPRT 
forward primer, 5′-TGACACTGGCAAAACAAT-3′; 
reverse, 5′-GGTCCTTTTCACCAGCAA-3′; LC3A for-
ward primer, 5′-GGATTTTGAGGAGGGGACTC-3′; 
reverse, 5′-CATCTGCAAAACTGAGACAGTG-3′; 
ATG4B forward primer, 5′-GCAAGTCAAAAAGCT-
GTCTCT-3′; reverse, 5′-CAGTCGCTCTACATCA-
GAAGAA-3′; LC3B forward primer, 5′-CGAGA-
GCAGCATCCAACCAA-3′; reverse, 5′-GAGCTGTAA-
GCGCCTTCTAA-3′; KI67 forward primer, 5′-GAG-
GTGTGCAGAAAATCCAAA-3′; reverse, 5′-CTGTCC-
CTATGACTTCTGGTTGT-3′; CASP3 forward primer, 
5′-TTTTTCAGAGGGGATCGTTG-3′; reverse, 5′-CG-
GCCTCCACTGGTATTTTA-3′. Primers were added 
to the reaction mixture at a final concentration of 250 
nM. The reaction was prepared in a final volume of 20 
μL by mixing 5 μL of each cDNA sample (diluted 1:5), 
12.5 μL of SYBR Green, 0.5 μL of each primer, and 
the final volume was adjusted through the addition of 
RNase/DNase free water. The reaction conditions used 
were as follows: 5 min at 95°C for 1 cycle followed by 
40 cycles of 15 s at 95°C, 30 s at 58°C, and 30 s at 
72°C. The specificity of each primer pair was verified 
by the presence of a single melting curve peak. Results 
were analyzed for the relative expression of mRNA 
normalized against hypoxanthine guanine phosphori-
bosyl transferase (HPRT) as a housekeeping gene. Fi-
nally, the results were analyzed, and expressed as fold 
change(Rao et al., n.d.).

165

http://www.combosyn.com


Vol. 70 						      617Dactolisib/Lys05 combination on autophagy in A549 cells

ELISA assay

Coated 96-well strip plate has been pre-coated with 
target-specific capture antibody LC3A (LifeSpan Biosci-
ence, Inc.), LC3B (LifeSpan Bioscience, Inc.) and P62/
SQSTM1 (MyBioSource, Inc.). A volume of 100 µL of 
the samples was added to the wells and incubated for 
2  hours at 37°C. The liquid was aspirated and 100 μl 
of Biotin-labeled antibody working solution was added 
and incubated for 1 hour at 37°C. The liquid was as-
pirated then the wells were washed 3 times with wash 
buffer. The HRP-Streptavidin Conjugate working solu-
tion was added and incubated for 60 minutes at 37°C. 
The liquid was aspirated, and wells were washed 5 
times with a wash buffer. The reaction was visualized 
by the addition of 90 μl of TMB Substrate solution and 
incubated for 15–30 minutes at 37°C. The reaction was 
stopped with 50 μl of sulfuric acid stop solution (1N 
H2SO4) to complete the color development reaction 
and then the ELISA plates were measured at a wave-
length of 450 nm using a micro-plate Spectrophotom-
eter.

Statistical analysis

Data were presented as mean ± standard deviation 
and were evaluated by a univariate analysis of variance 
(ANOVA) Tukey’s multiple comparisons test at p<0.05 
using GraphPad Prism version 7.00, GraphPad, Soft-
ware, San Diego California, USA. The IC50 values and 
Combination analysis were conducted as described by 
Chou using CompuSyn software (http:// www. combo 
syn. com).

RESULTS

The effect of the individual administration of dactolisib 
and Lys05 on MCF-7 and A549 cells

To evaluate the cell growth inhibitory effect of Dac-
tolisib and Lys05 individually, the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was 
performed. The impact of both drugs on the survival 
of MCF-7 and A549 cells was examined to determine 
the IC50 values using GraphPad Prism version 7.0 and 
CompuSyn software version 1.

Increasing concentrations of Dactolisib and Lys05, 
as well as a clear culture media (control), were adminis-
tered to MCF-7 and A549 cells. Figure 1 illustrates the 

dose-dependent reduction in cell viability caused by the 
individual administration of Dactolisib in MCF-7 cells 
compared to the control (untreated cells). The cytotoxic 
effect of Dactolisib was observed at a concentration of 
1.1 µM (n=5) in MCF-7 cells.

Similarly, Fig. 2 shows the dose-dependent reduction 
in cell viability caused by the individual administration of 
Lys05 in A549 cells compared to the control. The cyto-
toxic effect of Lys05 was observed at a concentration of 
0.375 µM (n=5) in A549 cells.

In summary, the individual administration of Dac-
tolisib and Lys05 resulted in a dose-dependent reduction 
in cell viability in MCF-7 and A549 cells, respectively. 
Dactolisib exhibited cytotoxic effects at concentrations 
of 1.1 µM (n=5) in MCF-7 cells, while Lys05 showed 
cytotoxic effects at concentrations of 0.375 µM (n=5) in 
A549 cells.

A synergistic effect results from dactolisib/Lys05 
combination on A549 cells

To investigate the combined cytotoxic effect of Dac-
tolisib and Lys05, starved A549 cells were exposed to 
various combination ratios. The IC50 value of the 2:1 
ratio (2L/1D) (0.05 µM Dactolisib + 3.19 µM Lys05) 

was determined, and it showed a significant effect below 
the additive line, indicating a synergistic effect. The com-
bination index (CI) for this ratio was calculated as 0.4.

This finding suggests that the combination of Dac-
tolisib and Lys05 at the specified ratio has a stronger 
cytotoxic effect on A549 cells compared to what would 
be expected if the effects of the two drugs were merely 

Figure 1. MTT cytotoxicity assay of Lys05 (L) and Dactolisib (D) 
on MCF-7.
Cells were treated with different concentrations of Lys05 and 
Dactoilisb for 48h. Data were normalized and IC50 values were 
12.6  µM and 1.1 µM (n=5). The fraction affected “Fa” was calcu-
lated as 1 – (% Cell viability/100)

Figure 2. MTT cytotoxicity assay of Lys05 (L) and Dactolisib (D) 
on A549 cells.
A549 cells were treated with different concentrations of Lys05 and 
Dactolisib for 48h. Data were normalized and IC50 values on A549 
for Lys05 was 11.8 µM and for dactolisib was 0.375 µM (n=5). The 
fraction affected (Fa) was calculated as 1 – (% Cell viability/100)

Figure 3. Combination index plot.
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additive. The synergistic effect indicates that the combi-
nation is more effective than individual treatments alone.

Treatment of starved A549 cells with Lys05 plus dac-
tolisib with various combination ratios, the IC50 value of 
the 2:1 ratio (2L/1D) (0.05 µM Dactolisib + 3.19 µM 
Lys05) showed a significant effect below the additive 
line, indicating a synergistic effect with combination in-
dex “CI” 0.4.

Dactolisib and Lys05 individually and in combination 
altered the expression of autophagic, proliferative, and 
apoptotic gene markers

Using quantitative real-time PCR, the gene expression 
levels of the autophagic markers ATG4B, LC3A, and 
LC3B were determined. In Dactolisib-treated cells, the 
levels of ATG4B, LC3A, and LC3B were found to be 
elevated compared to control cells. Conversely, in Lys05-
treated cells, only LC3A showed a significant increase in 
expression compared to control cells (Fig. 4a).

Interestingly, in the mix-treated cells (combination of 
Dactolisib and Lys05), while ATG4B and LC3B were 
downregulated, LC3A exhibited a significant increase in 
expression compared to control cells (Fig. 4a).

These results indicate that Dactolisib treatment leads 
to the upregulation of ATG4B, LC3A, and LC3B, sug-
gestingthe induction of autophagy. In contrast, Lys05 
treatment primarily upregulates the expression of LC3A. 
Notably, in the mix-treated cells, the combination of 
Dactolisib and Lys05 resulted in the downregulation of 
ATG4B and LC3B, but a significant increase in LC3A 
expression compared to control cells.

These findings suggest that the combination treatment 
may have a distinct effect on autophagic markers com-
pared to individual treatments alone.

The expression levels of CASP3 and KI67 were 
examined in different treatment groups compared to 
control cells

Firstly, it was observed that CASP3, a marker of ap-
optosis, showed a considerable elevation in mix-treated 
cells compared to control cells (Fig. 5a). This suggests 
that the combination treatment of Dactolisib and Lys05 
induced a higher level of CASP3 expression, indicating 
an increased apoptotic response. Additionally, CASP3 
was also found to be upregulated in cells treated with 
Dactolisib alone and Lys05 alone, indicating that both 
individual treatments could induce apoptosis to some ex-
tent.

Secondly, the expression KI67, a marker of cellular 
proliferation, was significantly downregulated in cells 
treated with Dactolisib, Lys05, and the mix of Dactolisib 
and Lys05 (Fig. 5b).

This suggests that Dactolisib, Lys05, and the combi-
nation treatments inhibited cellular proliferation, as evi-
denced by the reduced expression of KI67.

Overall, these results indicate that the mix-treated cells 
had a notable elevation in CASP3 expression, indicating 
an enhanced apoptotic response compared to control 
cells. Additionally, both Dactolisib, Lys05 and the mix of 
Dactolisib and Lys05 resulted in the downregulation of 
KI67, suggesting inhibition of cellular proliferation.

Figure 4. Expression levels of the autophagic markers.
(a) ATG4B, (b) LC3A and (c) LC3B genes in A549 control cells, Dactolisib-treated cells (0.375 µM), Lys05-treated cells (11.8 µM) and mix-
treated cells (0.05 µM Dactolisib + 3.19 µM Lys05).

Figure 5. Expression levels of apoptotic and proliferative mark-
ers.
(a) CASP3 and (b) KI67 genes in A549 control cells, Dactolisib-treat-
ed cells (0.375 µM), Lys05-treated cells (11.8 µM) and mix-treated 
cells (0.05 µM Dactolisib + 3.19 µM Lys05).

Table 1. The combination index “CI” of IC50 values of various 
combination ratios.

Ratio

(2L/1D) L/D (1L/2D)

Combination  
Index: ”CI“ 0.4 0.91 1.2
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Dactolisib/Lys05 combination enhances killing in A549 
cells

Flow cytometry was employed to evaluate the induc-
tion of apoptosis in starved A549 cells following treat-
ment with Dactolisib, Lys05, or a combination of both. 
The percentage of cells undergoing early apoptosis was 
determined for each treatment group.

The results showed that Dactolisib treatment led to 
an early apoptosis percentage of 16.9%. Lys05 treatment 
exhibited a significantly higher early apoptosis percent-
age of 82.6%. Notably, when the two drugs were com-
bined (mix), the early apoptosis percentage dramatically 
increased to 96.3%. In comparison, the control group of 
untreated A549 cells had an early apoptosis percentage 
of 1.3% (Fig. 6).

These findings indicate that both Dactolisib and 
Lys05 treatments can induce apoptosis in starved A549 
cells. However, the combination of Dactolisib and Lys05 

(mix) resulted in a much higher early apoptosis percent-
age compared to either treatment alone or the control 
group. This suggests a synergistic effect between Dac-
tolisib and Lys05 in promoting apoptosis in A549 cells.

Dactolisib and Lys05 individually and in combination 
alter the expression of autophagic protein markers on 
A549 cells

The expression levels of P62/SQSTM1, LC3A, and 
LC3B were assessed in different treatment groups com-
pared to control cells.

Firstly, it was found that the expression of P62/
SQSTM1, a protein involved in autophagy, was signifi-
cantly increased in Lys05-treated cells and mix-treated 
cells compared to control cells (Fig. 7a). This suggests that 
both Lys05 treatment and the combination treatment led 
to an upregulation of P62/SQSTM1 expression, indicating 
a potential disruption in the autophagic process.

Figure 6. Apoptosis detection through flow cytometry.
(a) A549 control cells, Dactolisib-treated cells (0.375 µM), Lys05-treated cells (11.8 µM ) and mix-treated cells (0.05 µM Dactolisib + 3.19 
µM Lys05). Apoptosis was analyzed through double staining with Propidium iodide and Annexin V-FITC. The lower left quadrant repre-
sents control cells, the lower right quadrant represents cells in early apoptosis, the upper right quadrant represents cells in late apoptosis 
and the upper left quadrant represent cells in necrosis. (b) Quantitative analysis of cell population in early, late apoptosis, and necrosis in 
control A549 cells, Dactolisib-treated cells, Lys05-treated cells and mix-treated cells.

Figure 7. ELISA assay of autophagic protein markers.
(a) P62 protein, (b) LC3A protein and (c) LC3B protein on control A549 cells, Dactolisib-treated cells (0.375 µM), Lys05-treated cells (11.8 
µM) and mix-treated cells (0.05 µM Dactolisib + 3.19 µM Lys05)
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Secondly, the levels of LC3A, an autophagy-related 
protein, were significantly higher in mix-treated cells 
compared to control cells (Fig. 7b). This indicates that 
the combination treatment resulted in an increased ex-
pression of LC3A, suggesting the induction of au-
tophagy. Similarly, LC3B showed a significant increase in 
expression in Lys05-treated cells (Fig. 7c). Interestingly, 
the same pattern was observed in cells treated with the 
combination of both drugs, indicating a consistent effect.

Overall, these results demonstrate that the Lys05 
treatment and the combination treatment (mix) led to an 
upregulation of P62/SQSTM1 expression. Furthermore, 
the combination treatment resulted in higher levels of 
LC3A expression compared to control cells, while Lys05 
treatment specifically increased LC3B expression. These 
findings suggest a potential modulation of autophagy-
related proteins by the treatments, indicating a complex 
interplay between autophagy and the therapeutic effects 
of Lys05 and the combination treatment.

In the experiment, a semi-quantitative analysis of 
LC3B expression was conducted using Image J software. 
Figure 8 illustrates the results of this analysis, showing 
the upregulation of LC3B in Lys05-treated cells and mix-
treated cells compared to the untreated control A549 
cells.

The upregulation of LC3B in Lys05-treated cells and 
mix-treated cells suggests an increase in autophagy activ-
ity. LC3B is a well-known marker for autophagosomes, 
which are structures involved in the autophagy process. 
The upregulation of LC3B indicates an accumulation of 
autophagosomes, suggesting an enhancement of the au-
tophagic response in the treated cells.

The semi-quantitative analysis performed using Image 
J software allows for the quantification and comparison 
of LC3B expression levels between different treatment 
groups. The results clearly demonstrate the higher ex-
pression of LC3B in Lys05-treated cells and mix-treated 
cells, highlighting the impact of these treatments on au-
tophagy induction.

DISCUSSION:

Indeed, the PI3K/mTOR signaling pathway plays a 
crucial role in various aspects of cancer development 

and progression, including cell proliferation, angiogen-
esis, invasion, cell survival, and motility. Dysregulation of 
this pathway has been frequently observed in many types 
of cancer, making it an attractive target for developing 
novel anticancer agents (Samuels et al., 2004).

Targeting the PI3K/mTOR pathway has shown 
promise as a therapeutic approach in cancer treatment. 
By inhibiting specific components or key signaling mol-
ecules within this pathway, it is possible to disrupt the 
aberrant signaling cascade and potentially halt or slow 
down cancer progression (Herrera et al., 2011).

Several studies have investigated the development of 
novel anticancer agents that target the PI3K/mTOR 
pathway. These agents aim to selectively inhibit the ac-
tivity of specific enzymes or molecules within the path-
way, thereby modulating its downstream effects on cell 
proliferation, angiogenesis, invasion, and survival (Her-
rera et al., 2011).

Previously, it has been revealed that inhibition of the 
PI3K/mTOR pathway induces autophagy as a mecha-
nism of cell death or drug resistance (Fujiwara et al., 
2007; Yang et al., 2011). Therefore, the inhibition of au-
tophagy in addition to targeting the PI3K/Akt/mTOR 
pathway may enhance cancer cell death.

In our study, we examined the cytotoxic effect of 
the two drugs on MCF-7 and A549 cells. The IC50 val-
ues for each cell line were determined and presented in 
Fig.  1 for MCF-7 cells and Figure 2 for A549 cells. The 
results revealed that A549 cells exhibited greater sensitiv-
ity to the two drugs compared to MCF-7 cells.

Additionally, we investigated the effect of combining 
Lys05 and Dactolisib on starved A549 cells using differ-
ent ratios. Among the combination ratios tested, the 2:1 
ratio (2 parts Lys05 to 1 part Dactolisib) demonstrated 
a significant effect below the additive line, indicating a 
synergistic effect. The combination index (CI) value of 
0.4, as shown in Figure 3, further supports the synergis-
tic interaction between the two drugs.

Furthermore, we investigated the gene expression lev-
els of autophagic markers, namely ATG4B, LC3A, and 
LC3B, using quantitative real-time PCR. ATG4B is an 
autophagic cysteine protease responsible for cleaving the 
pre-protein ATG8, specifically LC3, resulting in the for-
mation of the non-lipidated soluble form (LC3A). The 
cleaved LC3A can then interact with phosphatidyletha-
nolamine to form the lipidated form (LC3B), which is 
anchored to the autophagic membrane (Xia et al., 2022).

Our gene expression analysis revealed significant up-
regulation of ATG4B, LC3A, and LC3B in Dactolisib-
treated cells compared to the control cells, indicating 
autophagic induction (p values = 0.0009 for ATG4B, 
0.0001 for LC3A, and 0.0003 for LC3B) (Fig. 4a, 4b, and 
4c, respectively). Similarly, in Lys05-treated cells, we ob-
served a significant upregulation of LC3A (p = 0.0001) 
(Fig. 4a) as a compensatory mechanism in response to 
Lys05-induced autophagic inhibition. However, ATG4B 
and LC3B showed obvious downregulation, suggesting 
autophagosome inhibition.

In mix-treated cells, we found that LC3A was sig-
nificantly upregulated compared to the control cells (p 
= 0.0032) (Fig. 4a). However, both ATG4B and LC3B 
were downregulated, likely due to the combined effect of 
the two drugs. These findings indicate that the combina-
tion of Dactolisib and Lys05 exerted a significant effect 
on A549 cells, modulating autophagic processes through 
differential regulation of autophagic markers.

Furthermore, we examined the gene expression levels 
of a proliferative marker, KI67, and an apoptotic mark-
er, CASP3. CASP3 is an executioner caspase involved 

Figure 8. Western blot analysis of LC3B expression in A549 cells.
After treatment with Dactolisib and Lys05 individually and in com-
bination. (a) Lane 1 represents A549 control cells, lane 2 repre-
sents Dactolisib-treated cells (0.375 µM), lane 3 represents Lys05-
treated cells (11.8 µM) and lane 4 represents mix-treated cells 
(0.05 µM Dactolisib + 3.19 µM Lys05). (b) Chart represents LC3B 
expression level.
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in apoptosis that coordinates the degradation of cellular 
structures (Ma et al., 2021). KI67 is an antigen associ-
ated with nuclear proliferation and is expressed during 
the growth and synthesis phases of the cell cycle (G1, 
S, G2, and M), but not during the resting phase (G0) 
(Gerdes et al., 1991).

Our results demonstrated that Ki-67 was significantly 
downregulated in Dactolisib-treated cells and mix-treated 
cells compared to control cells (p=0.0244 and 0.0001, 
respectively) (Fig. 5b). This suggests that the treatment 
with Dactolisib and the combination of the two drugs 
resulted in a suppression of proliferation in A549 cells.

In contrast, CASP3 was upregulated in Dactolisib-
treated cells and Lys05-treated cells. Notably, it was sig-
nificantly upregulated in mix-treated cells compared to 
control cells (p=0.0007) (Fig. 5a). These findings indicate 
that the combination of Dactolisib and Lys05 had a sig-
nificant impact on promoting apoptosis in A549 cells.

Taken together, our results demonstrate the significant 
effects of the drug combination on both the proliferative 
and apoptotic levels in A549 cells, as evidenced by the 
downregulation of the proliferative marker KI67 and the 
upregulation of the apoptotic marker CASP3.

It is well-established that the evasion of regulated 
modes of cell death is a hallmark of cancer (Sharma et 
al., 2019). In our study, we further supported our find-
ings regarding apoptotic and proliferative levels using 
flow cytometry analysis. Annexin V/PI staining of A549 
cells treated with dactolisib, Lys05, and the combination 
(Mix) revealed percentages of early apoptosis at 16.9%, 
82.6%, and 96.3%, respectively (Fig. 6). In comparison, 
the control untreated A549 cells exhibited an early ap-
optosis rate of 1.3%. These results clearly demonstrate 
that our combination treatment has a significant effect 
on both proliferation and apoptosis in A549 cells.

Furthermore, to support our gene expression findings, 
we performed additional analyses using ELISA for p62/
SQSTM1 and LC3s (MAP1-LC3A and B), and West-
ern blot for LC3B. P62/SQSTM1 acts as a receptor for 
cargo destined to be degraded by autophagy, including 
ubiquitinated protein aggregates targeted for clearance. 
The p62 protein can bind to both ubiquitin and LC3, 
facilitating the targeting of cargo to autophagosomes for 
degradation (Berkamp et al., 2021). LC3s (MAP1-LC3A 
and B) are structural proteins found in autophagosomal 
membranes and are widely used as biomarkers of au-
tophagy (Koukourakis et al., 2015).

Our results revealed that p62/SQSTM1 was signifi-
cantly upregulated in both Lys05- and mix-treated cells 
(p=0.0305 and 0.0011, respectively) compared to the 
control (Fig. 7a). This upregulation indicates autophag-
ic inhibition. Additionally, LC3A was significantly up-
regulated in mix-treated cells (p=0.0044) (Fig. 7b). On 
the other hand, LC3B was significantly upregulated in 
Lys05-treated cells (p=0.0482) (Fig. 7c) due to its accu-
mulation resulting from autophagic inhibition. Similarly, 
mix-treated cells exhibited the same pattern of upregu-
lation in LC3B due to the combined effect of the two 
drugs (p=0.0017). The semi-quantified Western blot 
analysis of LC3B aligned with the ELISA results (Fig. 8). 
These findings strongly support the efficacy of our drug 
combination.

Considering the comprehensive findings from our 
study, it is evident that the combination of kinase inhibi-
tor and autophagy inhibitor led to increased cell killing, 
as demonstrated by enhanced annexin V/PI staining, 
upregulation of the apoptotic gene marker CASP3, and 
downregulation of the proliferative gene marker KI67. 
This combination exhibited a synergistic effect on A549 

cells compared to each drug used alone. Therefore, we 
can confidently conclude that the kinase inhibitor/au-
tophagy inhibitor combination provides greater thera-
peutic benefits for A549 cells compared to monotherapy 
with kinase inhibitors alone. This synergistic effect has 
also been observed in other studies involving glioma 
(Cerniglia et al., 2012) and malignant peripheral nerve 
sheath tumors (Ghadimi et al., 2012), further supporting 
the significance of our findings.
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Fatty acid profiles are crucial for the functionality and viability of lactobacilli used

in food applications. Tween 80™, a common culture media additive, is known

to influence bacterial growth and composition. This study investigated how

Tween 80™ supplementation impacts the fatty acid profiles of six mesophilic

lactobacilli strains (Lacticaseibacillus spp., Limosilactobacillus spp.,

Lactiplantibacillus plantarum). Analysis of eleven strains revealed 29 distinct

fatty acids. Tween 80™ supplementation significantly altered their fatty acid

composition. Notably, there was a shift towards saturated fatty acids and

changes within the unsaturated fatty acid profile. While some unsaturated

fatty acids decreased, there was a concurrent rise in cyclic derivatives like

lactobacillic acid (derived from vaccenic acid) and dihydrosterculic acid (derived

from oleic acid). This suggests that despite the presence of Tween 80™ as an

oleic acid source, lactobacilli prioritize the synthesis of these cyclic derivatives

from precursor unsaturated fatty acids. Myristic acid and dihydrosterculic acid

levels varied across strains. Interestingly, palmitic acid content increased,

potentially reflecting enhanced incorporation of oleic acid from Tween 80™

into membranes. Conversely, cis-vaccenic acid levels consistently decreased

across all strains. The observed fatty acid profiles differed from previous studies,

likely due to a combination of factors including strain-specific variations and

growth condition differences (media type, temperature, harvesting point).

However, this study highlights the consistent impact of Tween 80™ on the

fatty acid composition of lactobacilli, regardless of these variations. In

conclusion, Tween 80™ significantly alters fatty acid profiles, influencing

saturation levels and specific fatty acid proportions. This work reveals key

factors, including stimulated synthesis of lactobacillic acid, competition for

oleic acid incorporation, and strain-specific responses to myristic and

dihydrosterculic acids. The consistent reduction in cis-vaccenic acid and the

presence of cyclic derivatives warrant further investigation to elucidate their

roles in response to Tween 80™ supplementation.
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Introduction

The fatty acid composition of bacterial cells of the

lactobacilli determines their survival and depends on many

environmental factors (Johnsson et al., 1995; Partanen et al.,

2001; Corcoran et al., 2007; Montanari et al., 2010; Li et al.,

2011; Tan et al., 2012; Terraf et al., 2012; Al-Naseri et al., 2013;

Hansen et al., 2015; Reitermayer et al., 2018). Corcoran et al.

(2007) proved this by showing that oleic acid (C18:1,cis-9) and

cis-vaccenic acid (C18:1,cis-11) have a protective effect on

Lacticaseibacillus rhamnosus GG cells suspended in artificial

gastric juice. These researchers have shown that only in the case

of these two fatty acids, the number of bacterial cells was greater

than the number of cells in the control sample. Other tested

fatty acids, including stearic (C18:0), elaidic (C18:1,trans-9),

linoleic (C18:2,cis-9,cis-12), cis-9,trans-11-octadecadienoic,

and trans-10,cis-12-octadecadienoic, caused a decrease in the

number of viable cells (to a level of 3.89 log CFU/mL in case of

trans-10,cis-12-octadecadienoic acid and to 4.75 log CFU/mL

for stearic and elaidic acids). This phenomenon can be

explained by the fact that oleic (C18:1,cis-9) and cis-vaccenic

(C18:1,cis-11) acids are the substrates for the synthesis of fatty

acid in various ways required for cell survival and modification

of cell membrane fluidity. Lactic acid bacteria (LAB),

lactobacilli including, are equipped with the mechanisms for

transforming these fatty acids in their cyclic, polyunsaturated,

or conjugated forms (Henderson andMcNeill, 1966; Weeks and

Wakil, 1970; Partanen et al., 2001; Corcoran et al., 2007; Tan

et al., 2012). Transformation of linoleic (C18:2,cis-9,cis-12) or

conjugated acids to oleic acid (C18:1,cis-9) requires the action

of specific enzymes if LAB cells lack access to external sources of

oleic acid. In the absence of external oleic acid, some LAB

strains may resort to this conversion pathway to maintain a

certain level of oleic acid, potentially leading to a decrease in the

overall protective action of these polyunsaturated fatty acids.

One of the external sources of fatty acids for bacterial cells is

their living environment, including culture media. A key example

is oleic acid, a fatty acid found in many natural sources. However,

bacteria can also utilize oleic acid provided in the form of Tween

80™. Tween 80™ is a nonionic surfactant, commonly used in the

food industry as an emulsifier, dispersant, and stabilizer. It finds

application in microbiology as a common additive to media for

cultivating lactobacilli (Johnsson et al., 1995; Partanen et al.,

2001; Montanari et al., 2010; Li et al., 2018). It could be also

employed in food fermentation processes for its beneficial effects

on microbial growth and product quality (Li et al., 2018).

Chemically, Tween 80™ is a synthetic molecule derived from

sorbitan (a cyclic polyol) and esterified with oleic acid (C18:1,cis-

9). This combination results in a molecule with a hydrophilic

head (sorbitan) and a hydrophobic tail (oleic acid), allowing

Tween 80™ to act as a surface-active agent. Tween 80™ improves

the solubility and bioavailability of nutrients, promoting

microbial growth and fermentation efficiency. By facilitating

nutrient uptake and metabolism, Tween 80™ can lead to

higher yields of fermented products (Li et al., 2018). The

combination of oleic acid (C18:1,cis-9) with sorbitol permits

the solubility of fatty acid in aqueous solution and a uniform

dispersion of particles in growth medium, thereby making it

more accessible to acid bacterial cells. Corcoran et al. (2007)

compared the effect of adding Tween 80™ to the survival of four

strains of lactobacilli suspended in artificial gastric juice:

Lacticaseibacillus rhamnosus GG, Lacticaseibacillus rhamnosus

E800, Lacticaseibacillus paracasei subsp. paracasei NFBC 338,

and Ligilactobacillus salivarius UCC 500. In each case they

confirmed the protective effect of Tween 80™ on cell viability.

No Tween 80™ resulted in a decrease in the number of LAB

viable cells in at least two logarithmic cycles after incubation in

artificial gastric juice for 90 min. The cited studies are confirmed

by other references (Johnsson et al., 1995; Broadbent et al., 2014).

The most widely used methods in study cellular fatty acid (as

methyl esters) of Firmicutes (including lactobacilli) is matrix-

assisted laser desorption/ionization time-of-flight mass

spectrometry (MALDI-TOF) based on the principle of

ionization and mass analysis of molecules, and it is

particularly well-suited for identifying bacteria because it can

analyze intact bacterial cells rather than extracting and purifying

specific molecules (Anderson et al., 2014; Foschi et al., 2017;

Nacef et al., 2017). As a result of these advantages, MALDI-TOF

is becoming the preferred method for the identification of

lactobacilli in many laboratories. MALDI-TOF (matrix-

assisted laser desorption ionization time-of-flight mass

spectrometry) is another method that is increasingly being

used for the study of bacterial cellular fatty acid. It is a rapid,

sensitive, and easy-to-use technique that can provide accurate

species identification. However, the Sherlock Microbial

Identification System (by MIDI Inc.) is a reliable method for

species identification, particularly for lactobacilli, and is often

used in conjunction with other methods, such as sequencing, to

provide a complete taxonomic profile (Brondz, 2002; Kunitsky

et al., 2006; Alexander, 2012). The alternative method referred to

in the statement is likely to be gas chromatography-mass

spectrometry (GC-MS), which is a more sophisticated

technique that can provide more detailed information about

the composition of fatty acids. However, GC-MS is a more

expensive and time-consuming method, so it is not always the

most practical choice. MIDI is a faster and more cost-effective

method, and it is often sufficient for routine identification of

lactobacilli. In general, MIDI is a suitable choice for routine

identification of lactobacilli when speed and cost are important,

while MALDI-TOF is the more advanced method and is the best

choice for routine identification and specialized applications.

GC-MS is most appropriate for more detailed studies or when

species identification is challenging.

This study investigates the influence of Tween 80™ (oleic

acid source) supplementation in growth media on the FA profile

of selected mesophilic lactobacilli strains. We aim to compare
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their abilities to modulate FA synthesis and transformation upon

incorporation of this external oleic acid (C18:1,cis-9) source.

Materials and methods

Materials

Eleven lactobacilli strains of the lactobacilli (Table 1)

deposited in the laboratory collection in the form of

monocultures freeze-dried or frozen were used in our

research. Cultures of each bacterial strain were conducted

in three independent experiments. First, the cultures were

revived in the MRS (de Mann, Rogosa, and Sharpe) broth

supplemented with Tween 80™ (Sigma-Aldrich) in portions

of 50 mL (incubation at 37°C for approx. 12 h). Tween 80™ is

known to influence membrane fluidity and potentially impact

fatty acid synthesis in lactobacilli (Al-Naseri et al., 2013; Zotta

et al., 2017b; Reitermayer et al., 2018). Subsequently, the

cultures were inoculated onto the surface of three parallel

MRS agar plates with Tween 80™ and three parallel MRS agar

plates without Tween 80™ (in two independent replicates for

each growth medium). Cultures were incubated at 37°C for

24 h under anaerobic conditions. Anaerocult™ A (Merck) was

used to produce an anaerobic milieu in the anaerobic jar™
(Merck). Anaerocult™ A is recommended for the cultivation

of obligatory and facultative anaerobes. To minimize growth

phase variation, we carefully harvested cells for biomass

collection from the defined center sector of each plate

using the secondary inoculum. This ensured a

representative sample of the cultured population for fatty

acid analysis (Asadi et al., 2015).

The extraction of fatty acids: separating
and detecting conditions of fatty acid
methyl esters using GC-MS

The fatty acids were extracted from the entire bacterial

biomass according to recommendations (Haack et al., 1994;

Buyer, 2002; Kankaanpaa et al., 2004). Each bacterial biomass

sample was prepared for analysis and analyzed in two replicates.

The chromatographic separation of fatty acid methyl esters was

carried out by gas chromatography coupled with mass

spectrometer (GC-MS QP 2010 Shimadzu, Shimadzu

Corporation, Japan) using polar column 007-23-30-0.2F

(30 m × 0.25 mm × 0.20 μm; Quadrex, Quadrex Corporation,

United States). The sample was injected under a split ratio of 1:

25 at the dispenser temperature equal to 230°C. The

chromatographic separation was conducted in the following

conditions: Initial temperature of column of 60°C, 2 min

isotherm, the temperature increase of 4°C/min to 220°C,

10 min isotherm. The carrier gas was helium with a flow rate

of 0.37 mL/min. The following detector conditions were used:

Temperature of the ion source of 200°C, temperature of the line

connecting GC with MS of 220°C, detector voltage of 1.45 kV,

and quadrupole filter sweep in a range 50-400 m/z. The following

standards were used for identifying fatty acids: oleic acid (Sigma

Aldrich, United States), anteiso12-methyltetradecanoic acid

(Sigma Aldrich, United States), 2-hydroxytetradecanoic acid

(Sigma Aldrich, United States), nonadecanoic acid (Sigma

Aldrich, United States), the BAME (bacterial acid methyl

esters; Sigma Aldrich, United States), GLC-674 and GLC-617

(Nu-Chek-Prep., United States), and isomers of methyl esters of

linoleic acid 18:2 (cis-9,trans-11 and trans-10,cis-12; Nu-Chek-

Prep., United States). The composition of bacterial acid methyl

TABLE 1 The collection of lactobacilli strains used in this study.

Species and strain (the origin) Abbreviation

Lacticaseibacillus rhamnosus GG (ATCC 53103; American Type Culture Collection, United States) Rh-GG

Lacticaseibacillus rhamnosus MB (Mediterranea Biotechnologies, Italy) Rh-MB

Lacticaseibacillus rhamnosus ATCC 7469 (American Type Culture Collection, United States) Rh-74

Lacticaseibacillus casei ATCC 393 (American Type Culture Collection, United States) C-393

Lacticaseibacillus casei 431 (Chr. Hansen, Denmark) C-431

Lacticaseibacillus paracasei subsp. paracasei MB (Mediterranea Biotechnologies, Italy) PP

Limosilactobacillus fermentum ATCC 9338 (American Type Culture Collection, United States) F-36

Limosilactobacillus reuteri DSM 17938 (Leibniz Institute DSMZ - German Collection of Microorganisms and Cell Cultures, Germany) Re-P

Lactiplantibacillus plantarum 299v (DSM 9843; Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures, Germany) P-299

Lactiplantibacillus plantarumNCAIM B.01149 (The National Collection of Agricultural and Industrial Microorganisms, Corvinus University
of Budapest, Hungary)

P-011

Lactiplantibacillus plantarumNCAIM B.01834 (The National Collection of Agricultural and Industrial Microorganisms, Corvinus University
of Budapest, Hungary)

P-018
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TABLE 2 The percentage fatty acids composition (mean ± SD, n = 6) in mesophilic Lacticaseibacillus rhamnosus strains profiles obtained from the cell
cultured in a growth medium with Tween 80TM (with T80) and without Tween 80TM (no T80).

Strain symbol L. rhamnosus GG L. rhamnosus MB L. rhamnosus ATCC 7469 p-value

Fatty acid/Medium With T80 No T80 With T80 No T80 With T80 No T80

C10:0 0.09a ± 0.06 0.10a ± 0.07 0.10a ± 0.04 0.05a ± 0.06 0.16a ± 0.13 0.14a ± 0.04 0.5612

C12:0 0.50b ± 0.09 0.21a,b ± 0.13 0.58b ± 0.04 0.06a ± 0.02 1.03b,c ± 0.64 0.23a,b ± 0.09 0.0108

C14:0 6.62c ± 0.79 4.58b ± 1.27 4.50b ± 0.30 2.83a ± 0.19 2.86a ± 0.70 2.23a ± 0.49 0.0001

15:0,iso 0.18a,b ± 0.02 0.33b,c ± 0.10 0.12a ± 0.01 0.22a ± 0.01 0.16a ± 0.06 0.25a,b ± 0.03 0.0036

15:0,anteiso 0.03a ± 0.03 0.00a ± 0.00 0.08a ± 0.02 0.02a ± 0.02 0.05a ± 0.05 0.03a ± 0.05 0.1106

C15:0 0.04b ± 0.02 0.00a ± 0.01 0.09b ± 0.02 0.04b ± 0.01 0.06b ± 0.04 0.03a,b ± 0.05 0.0336

C16:0 35.82b ± 1.54 48.51d ± 2.27 30.20a ± 1.95 42.09c ± 0.75 28.67a ± 0.48 33.86b ± 0.20 0.0001

C16:1,trans-9 1.04a,b ± 0.11 1.93c ± 0.49 0.76a ± 0.09 1.88b,c ± 0.11 1.13b ± 0.10 2.03c ± 0.08 0.0001

C16:1,cis-9 1.74c ± 0.12 1.69b,c ± 0.35 1.16a,b ± 0.15 1.25a,b ± 0.07 1.28a,b ± 0.13 1.10a ± 0.07 0.0523

C12:0,2OH 0.22a ± 0.02 0.24a ± 0.08 0.22a ± 0.02 0.31b ± 0.03 0.25a ± 0.05 0.33b ± 0.04 0.0430

cycC17:0,cis-9,10 0.10a,b ± 0.03 0.47c ± 0.13 0.04a ± 0.01 0.21b ± 0.02 0.21b ± 0.03 0.42c ± 0.06 0.0001

C18:0 3.07a,b ± 0.66 4.50b ± 0.29 4.16b ± 1.56 7.64d ± 0.26 2.81a ± 0.18 6.56c ± 0.24 0.0001

C18:1 0.16b ± 0.02 0.00a ± 0.00 0.14b ± 0.07 0.00a ± 0.00 0.15b ± 0.07 0.00a ± 0.00 0.0003

C18:1,trans-6 0.12a,b ± 0.02 0.25c ± 0.06 0.07a ± 0.01 0.17b ± 0.02 0.17b ± 0.03 0.34d ± 0.05 0.0001

C18:1,trans-9 0.14b ± 0.01 0.32d ± 0.09 0.08a ± 0.01 0.23b,c ± 0.02 0.19b ± 0.04 0.41e ± 0.03 0.0001

C18:1,trans-11 0.25c ± 0.08 0.00a ± 0.00 0.49d ± 0.06 0.06a ± 0.09 0.19b ± 0.08 0.00a ± 0.00 0.0001

C18:1,cis-6 0.23a ± 0.10 0.37a,b ± 0.09 0.46b ± 0.03 0.62c ± 0.12 0.36a,b ± 0.09 0.84d ± 0.12 0.0001

C18:1,cis-9 10.03c ± 0.72 0.38a ± 0.30 13.87d ± 1.03 0.72a ± 0.09 9.21b ± 0.26 0.15a ± 0.04 0.0001

C18:1,cis-11 9.49a ± 0.63 13.85b ± 1.73 10.10a ± 0.42 20.52c ± 1.12 14.36b ± 0.64 20.21c ± 0.82 0.0001

C18:2,trans-9,trans-12 0.01a ± 0.02 0.37a ± 0.72 0.03a ± 0.04 0.10a ± 0.02 0.06a ± 0.05 0.17a ± 0.05 0.1889

C18:2,cis-9, cis-12 0.05a,b ± 0.06 0.00a ± 0.00 0.07a,b ± 0.02 0.00a ± 0.00 0.00a ± 0.00 0.00a ± 0.00 0.0075

cycC19:0,cis-9,10 15.45b ± 1.94 0.23a ± 0.10 21.20b,c ± 2.39 1.23a ± 0.32 17.93b ± 1.24 0.43a ± 0.26 0.0001

cycC19:0,cis-10,11 11.90b ± 1.72 21.49d,e ± 0.57 7.26a ± 0.81 19.08c ± 1.69 16.16c ± 1.86 29.11e ± 1.11 0.0001

18:2,cis-9,trans-11 0.92b,c ± 0.06 0.20a ± 0.04 1.43c ± 0.12 0.68b ± 0.04 1.30c ± 0.17 1.15b,c ± 0.13 0.0001

C18:2CLA_1 0.06b ± 0.03 0.00a ± 0.00 0.14b ± 0.02 0.00a ± 0.00 0.07b ± 0.06 0.00a ± 0.00 0.0003

18:2,trans-10,cis-12 0.82b ± 0.05 0.00a ± 0.00 1.16b ± 0.11 0.00a ± 0.00 0.48b ± 0.07 0.00a ± 0.00 0.0001

C18:2_CLA_2 0.09b ± 0.01 0.00a ± 0.00 0.14b ± 0.01 0.00a ± 0.00 0.06a,b ± 0.05 0.00a ± 0.00 0.0001

C18:2_CLA_3 0.05b ± 0.02 0.00a ± 0.00 0.15b,c ± 0.01 0.00a ± 0.00 0.03a ± 0.03 0.00a ± 0.00 0.0001

C18:2_CLA_4 0.76b ± 0.09 0.00a ± 0.00 1.20c ± 0.13 0.00a ± 0.00 0.61b ± 0.19 0.00a ± 0.00 0.0001

St/Lb 0.26b ± 0.36 0.21b ± 0.01 0.56d ± 0.20 0.40c ± 0.01 0.18a ± 0.01 0.23b ± 0.01 0.0001

O/V 1.06c ± 0.01 0.03a ± 0.02 1.37d ± 0.01 0.04a ± 0.01 0.64b ± 0.01 0.01a ± 0.00 0.0001

∑U 25.96b ± 2.15 19.36a ± 3.87 31.45d ± 2.30 26.23b ± 1.70 29.66c ± 2.10 26.40b ± 1.40 0.0009

∑S 74.02a ± 6.28 80.66a ± 5.02 68.55a ± 7.20 73.78a ± 3.40 70.36a ± 5.50 73.62a ± 2.70 0.1708

U/S 0.35b ± 0.01 0.24a ± 0.03 0.46c ± 0.01 0.36b ± 0.01 0.42c ± 0.01 0.36b ± 0.01 0.0001

(Continued on following page)
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esters (BAMEs) is presented in Supplementary Table 1S. In other

cases of fatty acids (including lactobacillic acid), the comparisons

were made with the literature data (Brondz, 2002; Christie et al.,

2007; Montanari et al., 2010). The data obtained from GC-MS

was analyzed using GCMS Solution v.2.50 (Shimadzu

Corporation).

Statistical analysis

The statistical analysis was carried out using the statistical

program Statistica v.10. The analysis of variance (ANOVA) was

employed. In this study, ANOVA was complemented by Tukey’s

test, conducted at a significance level of 0.05, to scrutinize the

mutual influence of the factors and identify any statistically

significant differences between them. Principal components

analysis (PCA) was conducted to assess the relationship

between fatty acid profiles and the presence or absence of

Tween 80™ in the growth medium. In this case, PCA was

used to identify the main components that influenced the

variation in fatty acid profiles.

Results and discussion

Lacticaseibacillus rhamnosus

The determined fatty acid profile of L. rhamnosus GG, L.

rhamnosus MB, and L. rhamnosus ATCC 4769 cells

demonstrated the presence of 29 fatty acids after the

incubation on the growth medium with Tween 80™ (Table 2).

The strains of L. rhamnosus used in our study were characterized

by an intense growth on the MRS agar without Tween 80™. The
character of the growth of this species’ colonies was different

from other lactobacilli species used for this study. The colonies

on the line of loop movement were snow-white with

characteristic papules and damming, and so obtaining the

biomass required for the analysis was not difficult. Nineteen

fatty acids were identified in the fatty acid profile of L. rhamnosus

GG cells, while the presence of 21 fatty acids was noted in the case

of L. rhamnosus MB and L. rhamnosus ATCC

7469 cells (Table 2).

By comparing the test strains of L. rhamnosus species acid,

similarities were observed in the sequence fatty acid dominant in

the fatty acid profile of the cells. The comparative analysis

(conducted using Tukey’s test) of the share of all dominant

fatty acids in the fatty acid profiles obtained from the biomass

of all strains showed significant differences. The fatty acid profile

of the L. rhamnosus GG strain was dominated (the share >10%)

by palmitic (C16:0), dihydrosterculic (cycC19:0,cis-9,10),

lactobacillic (cycC19:0,cis-10,11), and oleic (C18:1,cis-9,) fatty

acids. Meanwhile, the fatty acid profile of the L. rhamnosus

MB strain was dominated (the share >10%) by palmitic acid,

dihydrosterculic acid (cycC19:0,cis-9,10), oleic acid, and cis-

vaccenic fatty (C18:1,cis-11) acids. As for the fatty acid profile

of L. rhamnosus ATCC 7469 strain, it was dominated by palmitic

(C16:0), dihydrosterculic (cycC19:0,cis-9,10), lactobacillic

(cycC19:0,cis-10,11), and cis-vaccenic acid (C18:1,cis-11) acids

(the share >10%). Their contribution to the fatty acid profile

changed significantly when Tween 80™ was eliminated from the

growth medium. The only fatty acids whose proportion in the

fatty acid profile did not change significantly were the following

fatty acids: caproic (C10:0), anteiso-12-methyltetradecanoic

(C15:0,anteiso), palmitoleic (C16:1,cis-9), and linoelaidic (C18:

2,trans-9,trans-12) fatty acids. In general, removal of Tween 80™
from the growth medium resulted in a decrease in the proportion

of 14 fatty acids in the fatty acid profile, both saturated and

unsaturated fatty acids, and an increase in the proportion of

11 fatty acids in the profile of fatty acids, mainly unsaturated fatty

acids. Of course, these changes were not observed in every L.

rhamnosus strains tested. Consequently, this resulted in a

significant reduction in the calculated the ratio

dihydrosterculic acid (cycC19:0,cis-9,10)/lactobacillic acid

(cycC19:0,cis-10,11) (St/Lb ratio) with the exception for the

TABLE 2 (Continued) The percentage fatty acids composition (mean ± SD, n = 6) in mesophilic Lacticaseibacillus rhamnosus strains profiles obtained
from the cell cultured in a growth medium with Tween 80TM (with T80) and without Tween 80TM (no T80).

Strain symbol L. rhamnosus GG L. rhamnosus MB L. rhamnosus ATCC 7469 p-value

Fatty acid/Medium With T80 No T80 With T80 No T80 With T80 No T80

∑CLA 2.70d ± 0.26 0.20a ± 0.04 4.22e ± 0.40 0.68b ± 0.01 2.55d ± 0.60 1.15c ± 0.10 0.0001

Legend: C10:0, caproic/decanoic acid; C12:0, lauric/dodecanoic acid; C14:0, myristic/tetradecanoic acid; C15:0,iso, iso-13-methyltetradecanoic acid; C15:0,anteiso, anteiso-12-

methyltetradecanoic acid; C15:0, pentadecanoic acid; C16:0, palmitic/hexadecanoic acid; C16:1,trans-9, palmitelaidic/trans-9-hexadecenoic acid; C16:1,cis-9, palmitoleic/cis-9-

hexadecenoic acid; C12:0,2OH, 2-hydroxydodecanoic acid; cycC17:0,cis-9, 10, cis-9, 10-methylenehexadecanoic acid; C18:0, stearic/octadecanoic acid; C18:1, octadecenoic acid; C18:

1,trans-6, petroselaidic acid/trans-6-octadecenoic acid; C18:1,trans-9, elaidic acid/trans-9-octa-decenoic acid; C18:1,trans-11, trans-vaccenic acid/trans-11-octadecenoic acid; C18:1,cis-6,

petroselinic acid/cis-6-octadecenoic acid; C18:1,cis-9, oleic/cis-9-octadecenoic acid; C18:1,cis-11, cis-vaccenic acid/cis-11-octadecenoic acid; C18:2,trans-9, trans-12, linoelaidic/trans-9,

trans-12-octadecadienoic acid; C18:2,cis-9, cis-12, linoleic/cis-9, cis-12-octadecadienoic acid; cycC19:0,cis-9, 10, dihydrosterculic/cis-9, 10-methyleneoctadecanoic acid; cycC19:0,cis-10, 11,

lactobacillic acid/cis-11, 12-methyleneoctadecanoic acid; 18:2,cis-9, trans-11, conjugated octadecadienoic acid; C18:2, conjugated octadecadienoic acid; 18:2_CLA_1 to _4, different

isomers of CLA (their specific structures have not been determined); St/Lb, the ratio dihydrosterculic acid/lactobacillic acid; O/V, the ratio oleic acid/cis-vaccenic acid; S, saturated acids; U,

unsaturated acids; U/S, the ratio unsaturated acids/saturated acids; ∑CLA, total sum of conjugated fatty acids.
a,b,c,d,e–Means with different lowercase letters the same line indicate a significant difference at the significance level of 0.05 (Tukey HSD).
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L. rhamnosus MB strain, the ratio oleic acid (C18:1,cis-9)/cis-

vaccenic acid (C18:1,cis-11) (O/V ratio), and the ratio

unsaturated acids/saturated fatty acids (U/S ratio). It is worth

noting that removal of Tween 80™ from the growth medium

resulted in a significant reduction in the proportion of total

unsaturated fatty acids, including conjugated fatty acids (CLA),

in the fatty acid profile, but also did not result in a complete

change in the proportion of saturated fatty acids in the fatty

acid profile.

Kankaanpaa et al. (2004) found that L. rhamnosus GG cells

grown with Tween 80™ contained oleic (21.5%), cis-vaccenic

(21.8%), dihydrosterculic (23.5%), and lactobacillic (2.1%) acids

as major fatty acids, along with conjugated acids at about 3%.

Bacteria produce unsaturated fatty acids with various

functionalities de novo (Zhu et al., 2019). These modifications,

along with other fatty acids, increase the fluidity of the

cytoplasmic membrane through their specific structures

(Kaneda, 1991). The ability of the strains to synthesize cis-

vaccenic acid and convert it to lactobacillic acid is

noteworthy, with minimal de novo synthesis of oleic acid,

especially in the absence of Tween 80™. The presence of

Tween 80™ appears to inhibit the FAS system, as suggested

by (Zhang et al., 2020). Our study indicates that all strains

produced vaccenic acid even under anaerobic conditions,

which is significant since anaerobic conditions favor the

anaerobic vaccenic acid pathway. This contrasts with aerobic

conditions in L. casei N87, which enhance growth, metabolism,

and stress tolerance, influencing vaccenic acid synthesis

(Ianniello et al., 2016). Refrigerated storage before biomass

extraction can increase the proportion of unsaturated fatty

acids (Zhu et al., 2019), which helps maintain membrane

fluidity and protein activity (Santivarangkna et al., 2008;

Parsons and Rock, 2013). The absence of oleic acid stimulates

lactobacillic acid synthesis, while its presence increases

dihydrosterculic acid levels (Kankaanpaa et al., 2004). This

adaptive modification in fatty acid composition helps control

membrane fluidity, aiding bacterial stress defense (Beal et al.,

2001; Murga et al., 2001; Montanari et al., 2010; Pawar and

Aranha, 2022). Environmental factors significantly influence

unsaturated fatty acid proportions in lactobacilli membranes

(Zotta et al., 2017a; Fonseca et al., 2019), with oxygen

availability playing a crucial role (López de Felipe, 2023).

Under aerobic conditions, lactobacilli can convert palmitoleic

acid to cis-vaccenic acid (Cronan, 2002; Schujman andMendoza,

2008; Jimenez et al., 2023). Corcoran et al. (2007) noted a rise in

certain acids in L. rhamnosusGG cells when exposed to oleic acid

(C18:1,cis-9). Our research found that adding oleic acid via

Tween 80™ increased dihydrosterculic acid (cycC19:0,cis-9,10),

oleic acid (C18:1,cis-9), and conjugated fatty acids, while

reducing palmitic (C16:0) and stearic (C18:0) acids.

Furthermore, L. rhamnosus GG, L. rhamnosus MB, and L.

rhamnosus ATCC 7469 cells cultured without Tween 80™
showed lactobacillic acid (cycC19:0,cis-10,11) dominance in

their fatty acid profiles. This difference is likely due to the

lack of separation of cyclic acids in the Corcoran et al.

(2007) study.

Lacticaseibacillus casei and
Lacticaseibacillus paracasei

The identified fatty acid profile of L. casei 393, L. casei 431,

and L. paracasei subsp. paracasei MB grown on MRS agar with

Tween 80™ contained 29 and 27 fatty acids for L. casei and L.

paracasei, respectively (Table 3). The predominant fatty acids in

the fatty acid profile of the first of these strains were: palmitic acid

(C16:0), dihydrosterculic acid (cycC19:0,cis-9,10), lactobacillic

acid (cycC19:0,cis-10,11), and cis-vaccenic acid (C18:1,cis-11).

Meanwhile, fatty acids such as palmitic acid, oleic acid (C18:1,cis-

9), cis-vaccenic acid (C18:1,cis-11), and dihydrosterculic acid

(cycC19:0,cis-9,10) were found to be dominant for the fatty

acid profile of L. casei 431. On the other hand, dominant fatty

acids in the L. paracasei subsp. paracasei MB fatty acid profile

included oleic acid (C18:1,cis-9), dihydrosterculic acid (cycC19:

0,cis-9,10), and palmitic acid (C16:0). While dihydrosterculic

acid (cycC19:0,cis-9,10) could potentially be used to differentiate

between L. casei and L. paracasei subsp. paracasei MB, the high

proportion observed in this study might be due to stress

experienced by the bacteria during growth (Rouch et al., 2002;

Wu et al., 2020; Klein et al., 2022). Cyclic fatty acids, including

dihydrosterculic acid (cycC19:0,cis-9,10), are known markers of

stress in LAB. Further studies are needed to investigate the

influence of growth conditions on the fatty acid profile of L.

paracasei subsp. paracasei MB and confirm its potential as a

differentiating factor. L. casei and L. paracasei grown without

Tween 80™ displayed altered fatty acid profiles compared to

cultures with Tween 80™. Notably, the absence of oleic acid

(C18:1,cis-9) triggered cis-vaccenic (C18:1,cis-11) and

lactobacillic acid (cycC19:0,cis-10,11) synthesis. Total saturated

fatty acids, especially iso-13-methyltetradecanoic (C15:0,iso) and

stearic (C18:0) acids, increased in bacteria lacking Tween 80™,
although this effect was not universal. Conversely, unsaturated

fatty acid content and the U/S ratio decreased without Tween

80™. Interestingly, total CLA and St/Lb and O/V ratios also

significantly declined. These changes in L. casei and paracasei are

distinct from those observed previously inL. rhamnosus.

We observed significant differences in the proportions of

saturated, unsaturated, and cyclic fatty acids compared to

previous studies (Rizzo et al., 1987; Kankaanpaa et al., 2004;

Machado et al., 2004; Liong and Shah, 2005; Corsetti et al., 2010;

Rodrigues et al., 2012). Notably, our findings revealed substantial

levels of dihydrosterculic and lactobacillic acids, cyclic derivatives

of oleic and vaccenic acids, respectively. These results contrast

with some prior studies that may have missed these cyclic acids

due to separation and detection challenges (Machado et al., 2004;

Liong and Shah, 2005). For L. casei, our dominant fatty acids
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TABLE 3 The percentage fatty acids composition (mean ± SD, n = 6) in mesophilic Lacticaseibacillus casei and Lacticaseibacillus paracasei strains
profiles obtained from the cell cultured in a growth medium with Tween 80TM (with T80) and without Tween 80TM (no T80).

Strain symbol L. casei ATCC 393 L. casei 431 L. paracasei
subsp. paracasei MB

p-value

Fatty acid/Medium With T80 No T80 With T80 No T80 With T80 No T80

C10:0 0.16c ± 0.01 0.10c ± 0.03 0.01a ± 0.03 0.03a ± 0.08 0.05a,b ± 0.03 0.05a,b ± 0.04 0.0507

C12:0 0.70b ± 0.08 0.10a ± 0.03 0.80b,c ± 0.09 0.18a ± 0.08 1.94c ± 0.37 0.24a,b ± 0.08 0.0001

C14:0 6.29c ± 0.38 3.19a ± 0.10 7.92d ± 0.35 4.72a,b ± 0.21 6.32c ± 0.38 3.24a ± 0.70 0.0001

15:0,iso 0.52b,c ± 0.04 0.63c ± 0.03 0.70c,d ± 0.06 0.88d ± 0.03 0.12a ± 0.02 0.40b ± 0.06 0.0001

15:0,anteiso 0.06a ± 0.02 0.00a ± 0.00 0.07a,b ± 0.04 0.02a ± 0.05 0.13a,b ± 0.03 0.05a ± 0.04 0.0089

C15:0 0.06a ± 0.02 0.00a ± 0.00 0.09a,b ± 0.05 0.05a ± 0.03 0.17b ± 0.02 0.10b ± 0.03 0.0003

C16:0 19.81a ± 0.60 22.82b ± 0.28 24.36b ± 2.87 35.62c ± 0.40 20.81a ± 1.99 42.38d ± 1.57 0.0001

C16:1,trans-9 2.71c ± 0.14 4.50e ± 0.18 1.37b ± 0.19 3.18c,d ± 0.14 0.36a ± 0.12 2.49c ± 0.07 0.0001

C16:1,cis-9 4.61b,c ± 0.22 3.89b ± 0.23 5.87c ± 0.26 7.11d ± 0.29 1.29a ± 0.06 2.59a,b ± 0.36 0.0001

C12:0,2OH 0.42b ± 0.01 0.51c ± 0.01 0.51c ± 0.05 0.84d ± 0.04 0.21a ± 0.03 0.44b ± 0.04 0.0001

cycC17:0,cis-9,10 0.39c ± 0.03 0.67d ± 0.06 0.02a ± 0.02 0.17b ± 0.02 0.08a ± 0.06 0.17b ± 0.03 0.0001

C18:0 1.02a ± 0.77 0.95a ± 0.08 0.90a ± 0.12 1.11a ± 0.21 1.77a ± 0.22 14.27b ± 0.89 0.0001

C18:1 0.17b ± 0.04 0.00a ± 0.00 0.07a,b ± 0.05 0.00a ± 0.00 0.22b ± 0.06 0.00a ± 0.00 0.0001

C18:1,trans-6 0.17b,c ± 0.01 0.24d ± 0.05 0.03a,b ± 0.03 0.08b ± 0.01 0.00a ± 0.00 0.12b ± 0.02 0.0001

C18:1,trans-9 0.20c ± 0.02 0.32d ± 0.04 0.04a ± 0.01 0.13b ± 0.02 0.00a ± 0.00 0.12b ± 0.02 0.0001

C18:1,trans-11 0.16a ± 0.05 0.06a ± 0.16 0.47b ± 0.14 0.30b ± 0.15 0.66c ± 0.07 0.12a ± 0.22 0.0018

C18:1,cis-6 0.25a ± 0.04 0.46b ± 0.05 0.26a ± 0.06 0.36a,b ± 0.08 0.20a ± 0.05 0.52b,c ± 0.05 0.0001

C18:1,cis-9 7.12b ± 0.44 0.17a ± 0.02 22.23c ± 2.91 0.90a ± 0.41 34.26d ± 4.42 2.44a,b ± 0.57 0.0001

C18:1,cis-11 16.19b ± 0.33 23.84d ± 0.80 15.28b ± 1.78 30.76e ± 0.93 4.96a ± 1.38 18.69c ± 2.25 0.0001

C18:2,trans-9,trans-12 0.33b,c ± 0.02 0.55c,d ± 0.06 0.23b ± 0.04 0.49c ± 0.08 0.06a ± 0.04 0.25b ± 0.05 0.0001

C18:2,cis-9, cis-12 0.03a ± 0.01 0.00a ± 0.00 0.07a,b ± 0.04 0.00a ± 0.00 0.08a,b ± 0.03 0.02a,b ± 0.04 0.0098

cycC19:0,cis-9,10 19.23d ± 1.43 0.64a ± 0.12 11.36c ± 1.53 0.55a ± 0.19 20.89d ± 1.33 3.29b ± 1.15 0.0001

cycC19:0,cis-10,11 18.00e ± 0.75 35.83f ± 0.83 3.76b ± 0.58 12.09d ± 0.58 1.17a ± 0.86 7.21c ± 0.81 0.0001

18:2,cis-9,trans-11 0.45b ± 0.05 0.19a ± 0.03 1.12c ± 0.16 0.25a,b ± 0.03 1.22d ± 0.18 0.38b ± 0.06 0.0001

C18:2CLA_1 0.04a,b ± 0.02 0.00a ± 0.00 0.13c ± 0.03 0.00a ± 0.00 0.16c ± 0.03 0.00a ± 0.00 0.0001

18:2,trans-10,cis-12 0.44b ± 0.04 0.00a ± 0.00 0.98c ± 0.14 0.00a ± 0.00 1.18d ± 0.11 0.09a ± 0.03 0.0001

C18:2_CLA_2 0.07a ± 0.02 0.13b ± 0.03 0.13b ± 0.02 0.07a ± 0.01 0.14b ± 0.02 0.06a ± 0.01 0.0004

C18:2_CLA_3 0.06a ± 0.03 0.19b ± 0.03 0.11a,b ± 0.05 0.12a,b ± 0.01 0.15a,b ± 0.02 0.09a ± 0.02 0.0025

C18:2_CLA_4 0.33c ± 0.05 0.00a ± 0.00 1.12b ± 0.19 0.00a ± 0.00 1.39d ± 0.08 0.19a,b ± 0.06 0.0001

St/Lb 0.06a ± 0.04 0.03a ± 0.01 0.24b ± 0.01 0.09a ± 0.01 2.49d ± 2.18 1.98c ± 0.10 0.0134

O/V 0.44c ± 0.01 0.01a ± 0.01 1.45d ± 0.02 0.03a ± 0.01 7.11e ± 1.13 0.12b ± 0.2 0.0001

∑U 33.33b ± 1.53 34.54b ± 1.68 49.51d ± 6.10 43.75c ± 2.16 46.33c ± 6.67 28.17a ± 3.83 0.0002

∑S 66.66b ± 4.14 65.44b ± 1.57 50.50a ± 5.79 56.26a ± 1.92 53.66a ± 5.34 71.84c ± 5.44 0.0004

U/S 0.50b ± 0.01 0.53b ± 0.01 0.98e ± 0.01 0.78c ± 0.01 0.86d ± 0.03 0.39a ± 0.02 0.0001

(Continued on following page)
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included dihydrosterculic and lactobacillic acids, alongside

palmitic acid. This aligns with the findings of Rizzo et al.

(1987) who reported palmitic, octadecenoic, and cyclopropane

acids as the major components in L. casei ATCC 393. However,

some discrepancies exist, such as the presence of palmitoleic acid

in Machado et al. (2004) which we did not observe. These

differences could be attributed to various factors, including

strain variations and growth conditions. While comparisons for

L. paracasei subsp. paracasei MB were limited due to a scarcity of

data specifically for this subspecies, it’s important to acknowledge

that the L. casei group taxonomy has undergone revisions in recent

years. Some strains previously classified as L. casei may now be

identified as L. paracasei. Future studies that incorporate a wider

range of Lactobacillus species, including recently reclassified

members of the casei group, along with standardized protocols,

would offer valuable insights into the influence of growth media

components on bacterial fatty acid composition.

Limosilactobacillus fermentum and
Limosilactobacillus reuteri

The fatty acid profile of bacterial biomass of L. fermentum

ATCC 9338 and L. reuteri DSM 17938 cultured on growth

medium with Tween 80™ was characterized by the presence

of 27 and 28 fatty acids, respectively (Table 4). We demonstrated

that L. fermentum ATCC 9338 was characterized by the share of

palmitic (C16:0), oleic (C18:1,cis-9), lactobacillic (cycC19:0,cis-

10,11), cis-vaccenic (C18:1,cis-11), and dihydrosterculic fatty

(cycC19:0,cis-9,10) acids, while L. reuteri DSM 17938 by

palmitic, cis-vaccenic (C18:1,cis-11), dihydrosterculic (cycC19:

0,cis-9,10), and lactobacillic (cycC19:0,cis-10,11) acids. Each of

these strains demonstrated the ability to synthesize vaccenic and

lactobacillic (cycC19:0,cis-10,11) acids, which were in a pool of

dominant fatty acids. We also demonstrated the presence of oleic

acid (C18:1,cis-9) and its cyclic derivative, dihydrosterculic acid

(cycC19:0,cis-9,10) (Table 4). L. fermentum ATCC 9338 and L.

reuteri DSM 17938 showed excellent growth on MRS agar

without Tween 80™. The fatty acid profile of the first of these

strains contained 20 fatty acids, while the second strain was

characterized by 22 fatty acids. Removal of Tween 80™ from the

growth medium resulted in statistically significant changes in the

fatty acid profile of bacterial strains: an increase in the share of 8 fatty

acids (5 unsaturated fatty acids and 3 saturated fatty acids) and a

decrease in the share of 11 fatty acids (4 saturated fatty acids and

7 unsaturated fatty acids). This significantly reduced the calculated

ratios of O/V and U/S, but increased the calculated St/Lb ratio. It is

also worth noting that the changes observed were not the same

across all bacterial strains tested, which, as with the lactobacilli

strains discussed previously, allows for some differentiation.

Our study confirmed previous findings (Johnsson et al.,

1995) that Tween 80™ significantly alters the fatty acid profile

of L. fermentum. Oleic (C18:1,cis-9) and dihydrosterculic

(cycC19:0,cis-9,10) acids, undetectable without the surfactant,

became enriched upon its addition. This effect occurred without

affecting growth rate, suggesting independent processes.

Furthermore, our results aligned with Rizzo et al. (1987)

regarding the overall fatty acid composition of L. fermentum,

highlighting the consistency of this profile across strains.

Taranto et al. (2006) determined the dominant fatty acid in L.

reuteri CRL 1098 to be palmitic acid (57.7%). Our study found a

similar proportion of palmitic acid (40.07%) in L. reuteri cells,

suggesting a relatively consistent fatty acid profile for this species.

Similar results were observed for stearic acid (3.86% and 3.28%,

respectively) and the ratio of oleic acid (C18:1,cis-9) to cis-vaccenic

acid (C18:1,cis-11) ratio (0.70% and 0.62%). Comparison of cyclic

acids was difficult due to limitations in the cited study (Taranto

et al., 2006). The ability of L. reuteri strains to synthesize CLA from

linoleic acid (C18:2,cis-9,cis-12) has been demonstrated previously

(Jenkins and Courtney, 2003; Hernandez-Mendoza et al., 2009;

Macouzet et al., 2010). Our study confirmed CLA synthesis by L.

reuteri DSM 17938 at a level comparable to other strains. The

dominant CLA profile was cis-9,trans-11-octadecadienoic acid,

and the strain exhibited the ability to synthesize CLA even

without added oleic acid. Lactic acid bacteria possess the ability

to transform unsaturated fatty acids in their conjugated form

(i.e., CLA) (Kishino et al., 2002; Lin et al., 2002; Lin et al.,

2003; Ogawa et al., 2005; Lin, 2006).

Lactiplantibacillus plantarum

Our study examined three strains of L. plantarum, all of

which exhibited efficient growth on MRS agar with or without

TABLE 3 (Continued) The percentage fatty acids composition (mean ± SD, n = 6) in mesophilic Lacticaseibacillus casei and Lacticaseibacillus paracasei
strains profiles obtained from the cell cultured in a growth medium with Tween 80TM (with T80) and without Tween 80TM (no T80).

Strain symbol L. casei ATCC 393 L. casei 431 L. paracasei
subsp. paracasei MB

p-value

Fatty acid/Medium With T80 No T80 With T80 No T80 With T80 No T80

∑CLA 1.39b ± 0.21 0.51a ± 0.09 3.59c ± 0.59 0.44a ± 0.05 4.24d ± 0.44 0.81a ± 0.18 0.0001

Legend: as Table 2.
a,b,c,d,e,f–Means with different lowercase letters the same line indicate a significant difference at the significance level of 0.05 (Tukey HSD).
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TABLE 4 The percentage fatty acids composition (mean ± SD, n = 6) in mesophilic Limosilactobacillus fermentum and Limosilactobacillus reuteri
strains profiles obtained from the cell cultured in a growth medium with Tween 80TM (with T80) and without Tween 80TM (no T80).

Strain symbol L. fermentum ATCC 9338 L. reuteri DSM 17938 p-value

Fatty acid/Medium With T80 No T80 With T80 No T80

C10:0 0.17a ± 0.02 0.05a ± 0.06 0.15a ± 0.09 0.13a ± 0.09 0.2550

C12:0 1.10c ± 0.12 0.12a ± 0.08 0.78b ± 0.14 0.22a ± 0.07 0.0001

C14:0 1.32a ± 0.12 1.07a ± 0.39 2.37b ± 0.23 1.39a ± 0.31 0.0022

15:0,iso 0.06a ± 0.01 0.04a ± 0.04 0.08a ± 0.04 0.04a ± 0.07 0.6702

15:0,anteiso 0.03a ± 0.00 0.03a ± 0.04 0.01a ± 0.02 0.02a ± 0.03 0.7707

C15:0 0.05a ± 0.00 0.05a ± 0.07 0.07a ± 0.02 0.06a ± 0.02 0.8983

C16:0 27.11a ± 1.97 30.28a ± 1.06 40.07b ± 1.79 46.07b ± 4.12 0.0001

C16:1,trans-9 1.11a ± 0.03 2.00b ± 0.10 1.94a,b ± 0.21 3.07c ± 0.30 0.0001

C16:1,cis-9 0.76b ± 0.06 0.75b ± 0.12 0.46a ± 0.02 0.44a ± 0.09 0.0515

C12:0,2OH 0.09c ± 0.01 0.05b ± 0.01 0.00a ± 0.00 0.00a ± 0.00 0.0001

cycC17:0,cis-9,10 0.00a ± 0.00 0.05a ± 0.11 0.02a ± 0.05 0.00a ± 0.00 0.7185

C18:0 1.01a ± 0.08 1.66a ± 0.36 3.28b ± 0.60 10.66c ± 1.33 0.0001

C18:1 0.09c ± 0.01 0.00a ± 0.00 0.02a,b ± 0.05 0.00a ± 0.00 0.0074

C18:1,trans-6 0.11a ± 0.01 0.26b ± 0.02 0.10a ± 0.02 0.24b ± 0.05 0.0002

C18:1,trans-9 0.13a ± 0.02 0.34b,c ± 0.04 0.12a ± 0.01 0.26b ± 0.07 0.0004

C18:1,trans-11 0.34a ± 0.09 0.00a ± 0.00 0.34a ± 0.83 0.00a ± 0.00 0.5976

C18:1,cis-6 0.25a ± 0.02 0.55a,b ± 0.05 1.49c ± 0.69 1.51c ± 0.31 0.0066

C18:1,cis-9 18.41d ± 1.35 0.47a ± 0.17 9.07c ± 0.45 1.09b ± 1.01 0.0001

C18:1,cis-11 14.11a,b ± 0.12 22.34b ± 0.84 14.64a,b ± 2.90 10.26a ± 1.55 0.0002

C18:2,trans-9,trans-12 0.02a ± 0.02 0.00a ± 0.00 0.29a ± 0.70 0.01a ± 0.02 0.7046

C18:2,cis-9, cis-12 0.00a ± 0.01 0.00a ± 0.00 0.03a ± 0.04 0.07a ± 0.16 0.7029

cycC19:0,cis-9,10 14.06b ± 0.51 0.55a ± 0.10 12.18b ± 2.80 1.45a ± 1.31 0.0001

cycC19:0,cis-10,11 17.70b ± 0.94 39.25d ± 1.35 10.35a ± 0.58 22.09c ± 2.86 0.0001

18:2,cis-9,trans-11 0.64b ± 0.05 0.08a ± 0.01 0.68b ± 0.05 0.75b ± 0.11 0.0001

C18:2CLA_1 0.06b ± 0.01 0.00a ± 0.00 0.08b ± 0.02 0.00a ± 0.00 0.0001

18:2,trans-10,cis-12 0.67c ± 0.06 0.00a ± 0.00 0.43b ± 0.06 0.00a ± 0.00 0.0001

C18:2_CLA_2 0.05b ± 0.01 0.00a ± 0.00 0.06b ± 0.02 0.00a ± 0.00 0.0002

C18:2_CLA_3 0.04a ± 0.02 0.00a ± 0.00 0.01a ± 0.02 0.04a ± 0.05 0.2763

C18:2_CLA_4 0.52c ± 0.05 0.00a ± 0.00 0.90d ± 0.04 0.12a,b ± 0.13 0.0001

St/Lb 0.21a ± 0.21 0.26b ± 0.31 0.19a ± 0.18 0.26b ± 0.32 0.0001

O/V 0.92b ± 0.54 0.09a ± 0.11 0.92b ± 0.42 0.06a ± 0.07 0.0001

∑U 37.05b ± 0.37 24.25a ± 3.59 33.01b ± 3.33 21.65a ± 5.35 0.0016

∑S 69.21a ± 9.21 82.77b ± 13.53 64.14a ± 7.38 75.83b ± 8.91 0.0378

U/S 0.54b ± 0.08 0.30a ± 0.09 0.52b ± 0.11 0.29a ± 0.10 0.0001

(Continued on following page)
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Tween 80™. Interestingly, the fatty acid profiles of L. plantarum

299v and L. plantarum B.01149cultured on growth medium with

Tween 80™ exhibiting profiles with 24 fatty acids, and

B.01834 exhibiting a 24-fatty acid profile. Cultivation on

growth medium with the addition of Tween 80™ resulted in

the fatty acid profile of all three strains examined being

dominated by palmitic acid (C16:0), dihydrosterculic acid, cis-

vaccinic acid and lactobacillic acid (cycC19:0,cis-10,11), with the

involvement of the last two of these fatty acids differentiating the

strains examined (Table 5). Removal of Tween 80™ from the

growth medium resulted in a decrease in the share of 11 fatty

acids (4 saturated and 7 unsaturated) in the fatty acid profile and

an increase in the share of 9 fatty acids (6 saturated and

3 unsaturated) in the fatty acid profile. It is also worth

mentioning that the overall contribution of CLA to the fatty

acid profile of the tested strains was also statistically reduced

due to the removal of Tween 80™ from the growth medium.

As a result, the proportion of total saturated and unsaturated

fatty acids in the fatty acid profile increased significantly in

some bacterial strains. Instead, a significant increase in the St/

Lb ratio and a significant decrease in the O/V ratio

were observed.

We identified discrepancies with Johnsson et al. (1995)

regarding oleic acid (C18:1,cis-9) and lactobacillic acid

(cycC19:0,cis-10,11) production by L. plantarum 2004. Our

strains displayed a dominance of lactobacillic acid (11.02%–

14.46%) and lower levels of oleic acid (up to 4.18%)

compared to their findings. We attribute these differences to

potential limitations in their methodology, such as sample size

and incubation temperature. Our results for strains cultured

without Tween 80™ showed a high proportion of palmitic

acid (52.82%–54.78%), aligning with Rozès and Peres (1998).

Both studies highlighted the prominence of C18:1 and cyclic C19:

0 acids, although the specific compositions were not identical.

Similarly, Russell et al. (1995) reported palmitic acid dominance,

but stearic acid (C18:0) was not a major component in our

analysis. These variations likely stem from differing incubation

temperatures and analytical methods. Rizzo et al. (1987)

identified palmitic (C16:0), cis-vaccenic (C18:1,cis-11), and

cyclic C19:0 acids in L. plantarum ATCC 14917. However,

their classification of the latter solely as lactobacillic acid

(cycC19:0,cis-10,11) might not account for all possible

isomers. L. plantarum’s ability to produce dihydrosterculic

acid (cycC19:0,cis-9,10), as demonstrated by Johnsson et al.

(1995), supports this notion. Our findings support this notion,

revealing the presence of both lactobacillic (cycC19:0,cis-10,11)

and dihydrosterculic (cycC19:0,cis-9,10) acids. Our research

confirms the ability of L. plantarum strains to synthesize CLA

(conjugated linoleic acid) from various substrates, as reported in

previous studies (Ogawa et al., 2005; Kishino et al., 2009; Corsetti

et al., 2010; Rodríguez-Alcalá et al., 2011). Studies by Kishino

et al. (2009) CLA levels were significantly higher in cultures

supplemented with Tween 80™ (1.67%–2.21%) compared to

those without (0.16%–0.19%). The two predominant CLA

isomers identified (cis-9,trans-11 and trans-10,cis-12) are

consistent with Rodriguez-Alcalá et al. (2011). This study

highlights the variability in fatty acid profiles of L. plantarum

strains and emphasizes the need for standardized methodologies

for accurate comparisons. We confirm the prevalence of palmitic

(C16:0) and C18:1/cyclic C19:0 fatty acids, with lactobacillic acid

(cycC19:0,cis-10,11) as the dominant cyclic form. Additionally,

our findings support L. plantarum’s ability to produce CLA, with

levels influenced by the presence of Tween 80™.

Principal components analysis

Fatty acids play a crucial role in the physiology and

metabolism of lactobacilli. Their composition can influence

various aspects of lactobacilli growth, function, and

interaction with the environment. Understanding the fatty

acid profiles of lactobacilli can provide valuable insights into

their metabolic capabilities and potential applications. Of course,

the fatty acid composition of lactobacilli can vary significantly

depending on the strain and growth conditions. Principal

components analysis revealed that growth medium

supplementation with Tween 80™ significantly affected the

fatty acid profiles of mesophilic lactobacilli strains, particularly

the share of oleic acid (C18:1,cis-9), cis-vaccenic acid (C18:1,cis-

11), lactobacillic acid (cycC19:0,cis-10,11), and dihydrosterculic

acid (cycC19:0,cis-9,10). In general, the values of the first two

principal components of the PCA statistical analysis of 57.53%

are not too high and indicate that they do not fully explain the

variability of the original data set. Nevertheless, the first two

principal components may be statistically significant for the

variables we are interested in. The PCA gives a quick

TABLE 4 (Continued) The percentage fatty acids composition (mean ± SD, n = 6) in mesophilic Limosilactobacillus fermentum and Limosilactobacillus
reuteri strains profiles obtained from the cell cultured in a growth medium with Tween 80TM (with T80) and without Tween 80TM (no T80).

Strain symbol L. fermentum ATCC 9338 L. reuteri DSM 17938 p-value

Fatty acid/Medium With T80 No T80 With T80 No T80

∑CLA 2.17b ± 0.28 0.64a ± 0.79 1.97b ± 0.27 0.49a ± 0.59 0.0001

Legend: as Table 2.
a,b,c,d–Means with different lowercase letters the same line indicate a significant difference at the significance level of 0.05 (Tukey HSD).
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TABLE 5 The percentage fatty acids composition (mean ± SD, n = 6) in mesophilic Lactiplantibacillus plantarum strains profiles obtained from the cell
cultured in a growth medium with Tween 80TM (with T80) and without Tween 80TM (no T80).

Strain symbol L. plantarum 299v L. plantarum B.01149 L. plantarum B.01834 p-value

Fatty acid/Medium With T80 No T80 With T80 No T80 With T80 No T80

C10:0 0.21a ± 0.08 0.31a,b ± 0.09 0.29a ± 0.12 0.46b,c ± 0.07 0.38b ± 0.07 0.52c ± 0.04 0.0057

C12:0 0.90a,b ± 0.21 0.62a,b ± 0.19 0.98b ± 0.50 1.00b,c ± 0.19 1.91c ± 0.65 0.97b ± 0.15 0.0185

C14:0 2.79b ± 0.35 1.45a ± 0.35 4.21c ± 0.27 2.04a,b ± 0.21 6.16d ± 1.92 2.70b ± 0.46 0.0002

15:0,iso 0.12a ± 0.02 0.27b ± 0.05 0.18a ± 0.15 0.49b ± 0.05 0.27b ± 0.06 0.45c ± 0.05 0.0003

15:0,anteiso 0.05a ± 0.06 0.00a ± 0.00 0.04a ± 0.05 0.02a ± 0.05 0.18a ± 0.17 0.02a ± 0.04 0.1576

C15:0 0.05a,b ± 0.06 0.01a ± 0.03 0.05a,b ± 0.06 0.02a ± 0.05 0.17b ± 0.10 0.01a ± 0.02 0.0472

C16:0 44.99a,b ± 2.37 52.95c ± 1.73 41.79a ± 2.24 54.78d ± 0.87 40.11a ± 2.34 52.82c ± 0.96 0.0001

C16:1,trans-9 0.90a ± 0.07 1.21b ± 0.06 1.07a,b ± 0.05 1.23b ± 0.10 1.03a,b ± 0.07 1.40c ± 0.14 0.0002

C16:1,cis-9 2.31b ± 0.26 1.30a ± 0.09 2.76b ± 0.45 1.27a ± 0.14 2.73b ± 0.51 1.44a ± 0.22 0.0001

C12:0,2OH 0.08a ± 0.04 0.10a ± 0.01 0.12a ± 0.06 0.11a ± 0.01 0.03a ± 0.07 0.07a ± 0.08 0.3858

cycC17:0,cis-9,10 0.27b ± 0.16 0.37c ± 0.04 0.16a ± 0.03 0.37c ± 0.03 0.13a ± 0.02 0.31b,c ± 0.04 0.0046

C18:0 1.11c ± 0.43 3.23b ± 0.26 1.22a ± 0.10 4.12b ± 0.36 1.39a ± 0.17 3.58b ± 0.44 0.0001

C18:1 0.15b ± 0.04 0.00a ± 0.00 0.13b ± 0.06 0.00a ± 0.01 0.12b ± 0.02 0.00a ± 0.00 0.0001

C18:1,trans-6 0.14a ± 0.02 0.11a ± 0.03 0.07a ± 0.05 0.11a ± 0.02 0.10a ± 0.02 0.13a ± 0.01 0.1104

C18:1,trans-9 0.16a ± 0.03 0.20a ± 0.09 0.11a ± 0.05 0.16a ± 0.02 0.13a ± 0.03 0.17a ± 0.01 0.2983

C18:1,trans-11 0.08a,b ± 0.02 0.00a ± 0.00 0.16c ± 0.06 0.01a ± 0.03 0.12b ± 0.06 0.00a ± 0.00 0.0006

C18:1,cis-6 0.14a ± 0.03 0.29a,b ± 0.03 0.21a,b ± 0.07 0.35b ± 0.03 0.19a ± 0.07 0.29a,b ± 0.03 0.0015

C18:1,cis-9 4.03c ± 0.45 0.46a,b ± 0.34 4.18c ± 0.52 0.11a ± 0.03 4.04c ± 0.45 0.15a ± 0.26 0.0001

C18:1,cis-11 12.09a ± 0.49 22.39b ± 1.60 12.96a ± 1.16 20.06b ± 0.56 12.03a ± 2.06 19.89b ± 0.85 0.0001

C18:2,trans-9,trans-12 0.00a ± 0.00 0.00a ± 0.00 0.00a ± 0.00 0.01a ± 0.02 0.00a ± 0.00 0.00a ± 0.00 0.6017

C18:2,cis-9, cis-12 0.06a ± 0.04 0.03a ± 0.07 0.00a ± 0.00 0.00a ± 0.00 0.00a ± 0.00 0.00a ± 0.00 0.1991

cycC19:0,cis-9,10 14.76b ± 1.63 0.15a ± 0.15 16.28b ± 2.14 0.28a ± 0.06 14.91b ± 1.39 0.46a ± 0.31 0.0001

cycC19:0,cis-10,11 12.95a,b ± 0.62 14.39b,c ± 0.53 11.02a ± 0.96 12.82a,b ± 0.55 11.69a ± 2.04 14.46b,c ± 0.91 0.0101

18:2,cis-9,trans-11 0.55b ± 0.07 0.16a ± 0.03 0.83b ± 0.20 0.18a ± 0.02 0.83c ± 0.11 0.19a ± 0.05 0.0001

C18:2CLA_1 0.00a ± 0.00 0.00a ± 0.00 0.00a ± 0.00 0.00a ± 0.00 0.00a ± 0.00 0.00a ± 0.00 0.8421

18:2,trans-10,cis-12 0.63b ± 0.08 0.00a ± 0.00 0.67b ± 0.14 0.00a ± 0.00 0.73b ± 0.11 0.00a ± 0.00 0.0001

C18:2_CLA_2 0.00a ± 0.00 0.00a ± 0.00 0.00a ± 0.00 0.00a ± 0.00 0.15a ± 0.22 0.00a ± 0.00 0.2939

C18:2_CLA_3 0.00a ± 0.00 0.00a ± 0.00 0.00a ± 0.00 0.00a ± 0.00 0.00a ± 0.00 0.00a ± 0.00 0.5747

C18:2_CLA_4 0.50b ± 0.07 0.00a ± 0.00 0.52b ± 0.13 0.00a ± 0.00 0.50b ± 0.09 0.00a ± 0.00 0.0001

St/Lb 0.09a ± 0.03 0.22b ± 0.01 0.11a ± 0.01 0.32b ± 0.01 0.12a ± 0.01 0.25b ± 0.01 0.0001

O/V 0.33b ± 0.02 0.02a ± 0.01 0.32b ± 0.01 0.01a ± 0.01 0.34b ± 0.02 0.01a ± 0.01 0.0001

∑U 21.74a ± 1.67 26.15a ± 2.34 23.67a ± 2.94 23.49a ± 0.98 22.70a ± 3.82 23.66a ± 1.57 0.4042

∑S 78.28a ± 6.03 73.85a ± 3.43 76.34a ± 6.68 76.51a ± 2.50 77.33a ± 9.00 76.37a ± 3.50 0.9544

U/S 0.28a ± 0.01 0.36b ± 0.02 0.31a,b ± 0.01 0.31a,b ± 0.01 0.29a ± 0.02 0.31a,b ± 0.01 0.0001

(Continued on following page)
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overview of the connection between the different factors and the

samples within. It should be noted that the first main component,

which is 57.53% of themodel variation, divided the cases into two

main groups: the fatty acid profiles obtained from the growth

medium with Tween 80™ and without Tween 80™ (Figure 1A).

The first principal component separated the cases into two main

groups based on the growth medium with or without Tween 80™
(Figure 1A). Notably, some L. casei strains did not cluster

together, suggesting a potential taxonomic misclassification or

high variability within this group. The high share of oleic acid

(C18:1,cis-9) and CLA was important for the separation of the

bacteria cultured on the growth medium with Tween 80™, while
linoelaidic (C18:2,trans-9,trans-12), palmitelaidic (C16:1,trans-

9), and cis-vaccenic (C18:1,cis-11) acids were important in case of

growth medium without Tween 80™ (Figure 1B). This allowed

for the separation of strains cultured on growth medium with

Tween 80™ into two main groups: those cultured with Tween

80™ and cultured without Tween 80™. In contrast, no significant

differentiation was observed for strains grown on the same

growth medium without Tween 80™.
Recent taxonomic revisions suggest that some L. casei strains

might be reclassified as L. paracasei (Ghosh et al., 2019).

Unfortunately, we could not perform phylogenetic analysis on all

our strains due to the lack of a genome sequence for C-431. Despite

this uncertainty, we observed distinct fatty acid profiles among the

three L. casei strains (potentially L. paracasei). However, further

studies with a larger and well-characterized strain collection are

necessary to confirm the discriminatory power of fatty acid profiles

for differentiation between these closely related species.

The exact effects of the presence of Tween 80™ in the growth

medium vary depending on the type of lactobacilli, but in general,

Tween 80™ can increase saturated fatty acids and reduce

unsaturated fatty acids. The presence of Tween 80™ in the

growth medium generally increased the proportion of

lactobacillic acid (cycC19:0,cis-10,11) in the fatty acid profile

of all lactobacilli strains. This was due to the stimulation of the

TABLE 5 (Continued) The percentage fatty acids composition (mean ± SD, n = 6) in mesophilic Lactiplantibacillus plantarum strains profiles obtained
from the cell cultured in a growth medium with Tween 80TM (with T80) and without Tween 80TM (no T80).

Strain symbol L. plantarum 299v L. plantarum B.01149 L. plantarum B.01834 p-value

Fatty acid/Medium With T80 No T80 With T80 No T80 With T80 No T80

∑CLA 1.68b ± 0.22 0.16a ± 0.03 2.02c ± 0.47 0.18a ± 0.02 2.21c ± 0.53 0.19a ± 0.05 0.0001

Legend: as Table 2.
a,b,c,d–Means with different lowercase letters the same line indicate a significant difference at the significance level of 0.05 (Tukey HSD).

FIGURE 1
(A) The grouping of cases based on the shares of fatty acids in the mesophilic lactobacilli biomass. The projection of cases onto SG-1 (44.13%)
and SG-2 (18.96%) plane. (B) The projection of variables (composition and shares of acid groups) onto SG-1 (44.13%) and SG-2 (18.96%) plane. The
differentiation of mesophilic lactobacilli based on the fatty acids composition. Legend: as Table 2.
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synthesis of lactobacillic acid (cycC19:0,cis-10,11) by lactobacilli

cells in response to the absence of oleic acid (C18:1,cis-9) from

Tween 80™. The presence of Tween 80™ in the growth medium

had a mixed effect on the proportion of myristic acid (C14:0) and

dihydrosterculic acid (cycC19:0,cis-9,10) in the fatty acid profile.

In some lactobacilli strains, the proportion of myristic acid and

dihydrosterculic acid (cycC19:0,cis-9,10) increased, while in other

species, the proportion of myristic acid and dihydrosterculic acid

(cycC19:0,cis-9,10) decreased. The presence of Tween 80™ in the

growth medium significantly impacts the fatty acid profile of

lactobacilli, generally increased the proportion of palmitic acid in

the fatty acid profile of all lactobacilli strains. This was due to the

incorporation of oleic acid (C18:1,cis-9) from Tween 80™ into

the cell membranes of lactobacilli cells, which increased the

demand for saturated fatty acids to maintain the fluidity of

the cell membranes. While our data suggests a decrease in cis-

vaccenic acid (C18:1,cis-11) in the fatty acid profile of all

lactobacilli strains, further investigation is needed to elucidate

the underlying mechanisms. Existing literature suggests that

Tween 80™ might suppress early fatty acids synthesis,

potentially affecting cis-vaccenic acid (C18:1,cis-11) production

later in the growth cycle (Jacques et al., 1980; Zotta et al., 2017b;

Reitermayer et al., 2018). Future studies employing time-course

experiments could provide valuable insights into the dynamics of

fatty acid biosynthesis and incorporation in the presence of

Tween 80™, allowing for a more definitive understanding of

potential competition or alternative pathways involved.

Conclusion

Our study investigated the influence of Tween 80™, a widely
used surfactant in culturing media, on the fatty acid profile of

selected mesophilic lactobacilli strains. The fatty acid

composition of mesophilic lactobacilli cells plays a crucial role

in determining their membrane properties, which are essential

for various cellular functions, including cell growth, motility, and

stress resistance. Our study investigated the impact of Tween

80™, a common surfactant used in bacterial culturing media, on

the fatty acid profile of selected mesophilic lactobacilli strains.

Tween 80™ has a significant impact on the fatty acid profile of

lactobacilli. The presence of Tween 80™ in the growth medium

can alter the proportion of various fatty acids, including saturated

and unsaturated. The specific changes in fatty acid composition

vary depending on the lactobacilli strains and species. One

important aspect to consider is the role of the culturing

environment in shaping the fatty acid profile of lactobacilli.

Culture media can introduce external fatty acids, such as the

oleic acid (C18:1,cis-9) present in Tween 80™, a common

additive. Notably, oleic acid originating in Tween 80™ can be

incorporated into lactobacilli membranes, contributing to the

complex interplay between environmental factors and bacterial

fatty acid biosynthesis in shaping membrane properties.

Our results reveal that the presence of Tween 80™ in the growth

medium decreases the abundance of cis-vaccenic acid (C18:1,cis-11),

a key contributor to membrane fluidity. This suggests that Tween

80™ may not only act as an external fatty acid source but also

potentially compete with the bacteria’s own synthesis of cis-vaccenic

acid (C18:1,cis-11). While competition with oleic acid (C18:1,cis-9)

from Tween 80™ for membrane incorporation is a possibility,

further investigation is needed. Existing literature suggests that

Tween 80™ may initially suppress fatty acid synthesis, potentially

impacting the availability of precursors for later cis-vaccenic acid

(C18:1,cis-11) production. This decrease in cis-vaccenic acid (C18:

1,cis-11) may lead to an increase in membrane rigidity, which could

negatively impact cell growth, motility, and stress resistance.

Conversely, the addition of Tween 80™ to the growth medium

had the opposite effect, increasing the proportion of cis-vaccenic acid

(C18:1,cis-11), likely through precursor availability. This increase

may help to maintain membrane fluidity, which is important for

these cellular functions. The presence of Tween 80™ can increase

the proportion of palmitic acid (C16:0) and lactobacillic acid

(cycC19:0,cis-10,11). Palmitic acid is a saturated fatty acid that is

involved in maintaining cell membrane structure and function.

Lactobacillic acid (cycC19:0,cis-10,11) is a cyclopropane fatty acid

that is unique to lactobacilli and is thought to play a role in their

interactions with other organisms.

In conclusion, our study demonstrates that Tween 80™
significantly impact the fatty acid composition of lactobacilli. The

presence of Tween 80™ can reduce the proportion of oleic acid and

cis-vaccenic acid (C18:1,cis-11). Oleic acid is a major component of

the cell membranes of lactobacilli, and Tween 80™ can compete

with oleic acid for incorporation into the membranes. The results of

our study are particularly relevant to the industrial application of

mesophilic lactobacilli. These changes in fatty acid composition can

in turn lead to changes in membrane properties, which could have

implications for cell function.

Future studies could explore the specific mechanisms by which

Tween 80™ influences fatty acid synthesis and the potential for

strain-specific adaptations. Additionally, investigating the functional

consequences of altered membrane fluidity on cell function would

provide valuable insights for optimizing probiotic performance.
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Objective: Diabetes has been identified as a risk factor 
for intervertebral disc degeneration (IDD). The aim of 
this study is to investigate the potential mechanism un-
derlying diabetes-related pyroptosis in nucleus pulposus 
(NP) cells. Methods: We used a high-glucose environ-
ment to mimic diabetes in vitro and examined the endo-
plasmic reticulum stress (ERS) and pyroptotic response. 
Furthermore, we utilized activators and inducers of ERS 
to explore the role of ERS in high-glucose-induced py-
roptosis in NP cells. We evaluated the ERS and pyropto-
sis levels using immunofluorescence (IF) or RT-PCR and 
measured the expression of collagen II, aggrecan, and 
MMPs. Additionally, we used ELISA to determine the lev-
els of IL-1β and IL-18 in the culture medium, and CCK8 
assay to test cell viability. Results: High-glucose condi-
tions promoted the degeneration of NP cells and trig-
gered ERS and pyroptosis. A high level of ERS aggra-
vated pyroptosis, and partially suppressing ERS resisted 
high-glucose-induced pyroptosis and alleviated the de-
generation of NP cells. Inhibiting caspase-1-based pyrop-
tosis under high-glucose conditions helped relieve the 
degeneration of NP cells but did not affect ERS levels. 
Conclusions: High-glucose induces pyroptosis in NP cells 
via the mediation of ERS, and suppressing ERS or pyrop-
tosis protects NP cells under high-glucose conditions.

Keywords: Nucleus pulposus cells, endoplasmic reticulum stress, 
high-glucose, pyroptosis
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INTRODUCTION

Low back pain is a common clinical symptom, which 
may or may not be accompanied by radiating pain, 
numbness, and muscle strength changes in the lower 
limbs (Chou, 2014). Intervertebral disc degeneration 
(IDD) is one of the leading causes of low back pain, 
pathologically characterized by the dysfunction of nu-

cleus pulposus (NP) cells, the degradation of extracel-
lular matrix (ECM), and the progressive fibrosis of the 
intervertebral disc (Vadala et al., 2015; Zhao et al., 2007; 
Che et al., 2020). In addition to age, mechanical dam-
age, and other biomechanical risks, metabolic diseases, 
especially diabetes, have also been confirmed to have a 
strong correlation with IDD. The diffusion, distribution, 
and utilization of glucose play a vital role in the normal 
function of the intervertebral disc (Cannata et al., 2020). 
Therefore, the imbalance in the maintenance of normal 
blood glucose levels in diabetic condition has become a 
risk factor for IDD (Agius et al., 2016).

In a prospective study by Jhawar and others (Jhawar et 
al., 2006), the relative risk factor of diabetes for lumbar 
disc herniation was found to be 1.52, which was higher 
than smoking, hypertension, and hyperlipidemia. Huang 
and others (Huang et al., 2016) also found that diabe-
tes duration of more than ten years is a high-risk factor 
for intervertebral disc herniation. Additionally, Robinson 
and others (Robinson et al., 1998) discovered that dia-
betic patients have a lower content of aggrecan in their 
intervertebral discs compared to non-diabetic patients. 
Despite the strong correlation between diabetes and 
IDD that has been reported, the pathogenesis of IDD, 
especially the mechanism of high-glucose-induced IDD, 
has not been extensively studied.

Pyroptosis shares several morphological characteristics 
with apoptosis, such as nuclear condensation and chro-
mosome DNA degradation, as well as a reliance on Cas-
pase activation, making it easy to confuse the two (Shi 
et al., 2017). However, they can be distinguished from 
one another based on their biological characteristics and 
molecular mechanisms. The most significant difference 
between pyroptosis and apoptosis is the series of inflam-
matory reactions that occur due to the destruction of cell 
membrane integrity (Fang et al., 2020). Caspase-1/4/5/11 
activation and the release of IL-1β and IL-18 accompany 
pyroptotic cells, leading to the recruitment of more in-
flammatory cells and the expansion of local and systemic 
inflammatory responses (Toldo et al., 2018).

The endoplasmic reticulum (ER) is a critical organelle 
responsible for protein synthesis and folding in eukary-
otic cells, making it very sensitive to various stimuli. Dis-
orders in cellular glucose metabolism can cause protein 
misfolding and accumulation in the ER cavity, result-
ing in endoplasmic reticulum stress (ERS) (Wagner & 
Moore, 2011). Recent studies have shown that ERS is 
a common feature in subjects with the development of 
IDD and is closely related to the activation of pyrop-
tosis-related NLRP3 inflammasomes (Han et al., 2018). 
Since ERS plays a role in the processes of glucose me-
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tabolism, pyroptosis, and IDD, we can experimentally 
explore the connection and mechanism of ERS in the 
high-glucose-induced pyroptosis of NP cells.

MATERIALS AND METHODS

Patient tissue collection and NP cells isolation

We recruited 9 patients (4 males, 5 females; every age: 
42 years) who underwent lumbar fracture and needed 
discectomy. The inclusion criteria for patients is no his-
tory of the underlying disease and IDD. This research 
was approved by the Ethics Committee of the Zhoushan 
Hospital of Traditional Chinese Medicine. After cutting 
from patients, the disc tissue was conserved in a culture 
medium and shipped to the laboratory for NP cell isola-
tion immediately.

The gelatinous NP tissue was removed from the disc, 
washed 3×PBS, and cut into small pieces. Then, the 
fragment was digested with type II collagenase (Sigma, 
St. Louis, MO, USA) for 6 h. After centrifuge, the cell 
pellets were resuspended in the DMEM low glucose 
medium supplemented with 10% fetal bovine serum 
and 1% penicillin-streptomycin (Gibco, Rockville, MD, 
USA). NP cells were cultured at 37°C, 5% CO2 con-
centration, and 95% relative humidity. The medium was 
changed every three days.

NP Cells isolation and treatments

NP cells were initially cultured in low glucose DMEM 
(1 mg/mL), and extra glucose (Beyotime, Shanghai, China) 
was added to the medium to achieve a final concentration 
of 3, 5, 10, and 15 mg/mL. After assessing cell viability 
under different conditions, NP cells were cultured with 
15 mg/mL glucose for three days to induce cell injury. 
In addition, NP cells were treated with Belnacasan (Beln, 
Selleck, China) to inhibit caspase-1 expression, Tunicamy-
cin (TM, Sigma-Aldrich, St. Louis, MO, USA) to induce 
ERS, and 4-Phenylbutyric Acid (4-PBA, Sigma-Aldrich, St. 
Louis, MO, USA) to suppress ERS. Further details of the 
treatments are described in the Results section.

Immunofluorescence (IF)

We assessed the cellular expression of CHOP and 
caspase-1 using immunofluorescence (IF) staining. NP 
cells were seeded onto coverslips in 24-well plates at a 
density of 104 cells per well. After treatment, the cov-
erslips were washed 3 times with PBS, fixed with 4% 

paraformaldehyde, permeabilized with 0.1% Triton-X, 
and blocked with 5% bovine serum albumin (Beyotime, 
Shanghai, China) at room temperature. The coverslips 
were then incubated with primary antibodies, includ-
ing Mouse monoclonal CHOP (ab11419, Abcam, Cam-
bridge, MA, USA) and Rabbit monoclonal caspase-1 
(Cell Signaling Technology, Danvers, MA, USA), over-
night at 4°C. Afterwards, the cells were incubated with 
a rabbit monoclonal Alexa Fluor 647/mouse IgG and 
monoclonal Alexa Fluor 488-conjugated secondary an-
tibody (Invitrogen, Carlsbad, CA, USA) in the dark at 
room temperature. The fluorescence intensity was meas-
ured using the Image-Pro Plus software.

Reverse transcription-polymerase chain reaction  
(RT-PCR)

We isolated total RNA from NP cells using TRIzol 
reagent (Invitrogen, Carlsbad, CA, USA) following the 
manufacturer’s instructions. The RNA was then reverse-
transcribed into cDNA and subjected to PCR using 
SYBR Green Master (TOYOBO, Osaka, Japan) follow-
ing the manufacturer’s instructions. The PCR primers 
used are listed in Table 1. The relative gene expression 
was normalized by the amount of GAPDH and calcu-
lated using the method of 2–∆∆Ct.

Enzyme-linked immunosorbent assay (ELISA)

The contents of IL-1β and IL-18 in the culture me-
dium were determined by the ELISA kit (ab214025, 
ab215539, Abcam, Cambridge, MA, USA) according to 
the manufacturer’s instructions. The final OD values 
were captured using a microplate reader.

Cell counting kit-8 (CCK-8) assay

We used the CCK8 test to determine cell viabil-
ity. NP cells were seeded in 96-well plates at a den-
sity of 5000/well and treated as designed. After treat-
ments, CHs were incubated with a CCK8 kit (Beyo-
time, Shanghai, China) according to the manufacturer’s 
instructions. The intensity of the CCK8 product was 
measured at OD of 450 nm using a microplate reader. 
We set the essential 1 mg/mL glucose treatment as a 
control group, and the other cell viability was shown 
relative to the control.

Glucose uptake assay

As the structure of 2-deoxyglucose (2-DG) is simi-
lar to glucose, glucose transporters take up 2-DG and 

Table 1. Primer sequences for RT-PCR

Gene name Forward (5’>3’) Reverse (5’>3’)

Collagen II TGGACGATCAGGCGAAACC GCTGCGGATGCTCTCAATCT

Aggrecan ACTCTGGGTTTTCGTGACTCT ACACTCAGCGAGTTGTCATGG

MMP3 AGTCTTCCAATCCTACTGTTGCT TCCCCGTCACCTCCAATCC

MMP-13 ACTGAGAGGCTCCGAGAAATG GAACCCCGCATCTTGGCTT

Caspase-4 AAGAGAAGCAACGTATGGCAGGAC GGACAAAGCTTGAGGGCATCTGTA

Caspase-11 GGACGCCTTGTGGGAGAATG TCAATGACCTTACACTGACGC

GADD34 ATGATGGCATGTATGGTGAGC AACCTTGCAGTGTCCTTATCAG

GRP78 CATCACGCCGTCCTATGTCG CGTCAAAGACCGTGTTCTCG

GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

RT-PCR, Reverse Transcription-Polymerase Chain Reaction
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metabolize it to 2-DG-6-phosphate (2-DG6P). The ac-
cumulation of 2-DG6P is therefore directly proportional 
to glucose uptake by cells. We treated NP cells with dif-
ferent concentrations of glucose and 1 mM 13 C-labeled 
2-DG. After collecting the metabolites with 70% metha-
nol extraction for LC-MS/MS, we measured glucose up-
take using the Glucose Uptake Assay Kit (Colorimetric) 
(ab136955, Abcam, Cambridge, MA, USA) following the 
manufacturer’s instructions.

Statistical analysis

Data were expressed as mean ± standard deviation 
(S.D.) of three independent experiments. All statistical 
analyses were performed by the Statistical Product and 
Service Solutions (SPSS) 22.0 software (IBM, Armonk, 
NY, USA) package and GraphPad Prism 8 (La Jolla, CA, 
USA). Unpaired one-way ANOVA was used to compare 
the differences among the groups. P-value <0.05 was 
statistically significant between groups.

RESULTS

High-glucose injures NP cells’ viability

To confirm that glucose had an impact on the vi-
ability of NP cells, we cultured cells in a range of glu-
cose concentrations and measured glucose uptake and 
cell viability for each condition. The culture medium 
was initially supplemented with 1 mg/mL glucose, 
and additional glucose was added to obtain final con-
centrations of 3/5/10/15 mg/mL. Compared to the 
control group, glucose uptake levels began to increase 
after 72 hours of culture when the glucose concen-
tration was 3 mg/mL, and intracellular glucose uptake 
increased after 24 hours of culture when the glucose 

Figure 1. High-glucose injures NP cells’ viability. 
(A) The glucose uptake and cell viability of NP cells after 24-hour 
culture with ranged concentration of glucose. (B) The glucose up-
take and cell viability of NP cells after 48hour culture with ranged 
concentration of glucose. (C) The glucose uptake and cell viability 
of NP cells after 72-hour culture with ranged concentration of glu-
cose. Results are expressed as mean ± S.D. (*P<0.05, ***P<0.001)

Figure 2. High-glucose induces the ERS and pyroptosis of NP cells. 
(A) Immunofluorescence analysis of CHOP and caspase-1 expression, and (B) quantification by ImageJ software. (C, D) RT-PCR analysis for 
indicated RNA expression by normalization to GAPDH expression. Results are expressed as mean ± S.D. (***P<0.001)
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concentration was higher than 5 mg/mL (Fig. 1A–C, 
left). Thus, providing more soluble glucose in the me-
dium significantly affected the glucose metabolism of 
NP cells. However, only the concentrations of 10 and 
15 mg/mL had an impact on cell viability compared 
to the control, with a concentration of 15 mg/mL be-
ing more sensitive to NP cells in a short period of 
time (Fig. 1A–C, right).

High-glucose induces the ERS and pyroptosis of NP 
cells

To induce cell injury in subsequent experiments, we 
used a glucose concentration of 15 mg/mL, which quickly 
and effectively reduces the survival of NP cells. To in-
vestigate whether ERS aggravates pyroptosis, we used an 
ERS inducer in cell culture. NP cells were divided into 
five groups: 1) control: cells without any treatment, 2) glu-
cose: cells were cultured with 15 mg/mL glucose, 3) glu-
cose + Beln: cells were cultured with 15 mg/mL glucose 
and 1 nM Beln, 4) TM: cells were cultured with 5 µg/
mL TM, 5) TM + Beln: cells were cultured with 5 µg/
mL TM and 1 nM Beln. All cells were cultured in the 
indicated conditions for three days. We tested the ERS 
markers CHOP, GADD34, GRP78, pyroptosis mark-
ers caspase-1, caspase-4, and caspase-11 expression by IF 
or RT-PCR. Compared to the control, CHOP and cas-
pase-1 were massively increased as a result of both high 
glucose and TM treatments (Fig. 2A, 2B). The supplement 
of Beln significantly reduced caspase-1 expression but did 
not affect the CHOP level. Additionally, the expression of 
GADD34, GRP78, caspase-4, and caspase-11 was also in-
creased by the treatment of high glucose and TM, which 
was not affected by the supplement of Beln (Fig. 2C, 2D). 
Therefore, high glucose triggers the ERS and pyroptotic 
progress of NP cells, and ERS can trigger the pyroptosis 
of NP cells. The suppression of caspase-1 would not al-
leviate the ERS and other pyroptosis markers’ expression.

Suppressing caspase-1 alleviates highglucose- induced 
NP cells degeneration

Continuously, we tested the cell function and pyroptosis-
related inflammation under the high-glucose and ERS con-
ditions. In addition to high glucose, TM-induced ERS also 
injured cell viability. However, the suppression of caspase-1 

by Beln was effective in improving the cell viability in high-
glucose, but not in terms of ERS (Fig. 3A). In the aspect of 
the secretory phenotype, high glucose influenced collagen 
II and aggrecan production, which can be rescued by Beln. 
Moreover, Beln also alleviated the ERS-caused collagen II 
and aggrecan downregulation (Fig. 3B). As one of the char-
acteristics, IL-1β and IL-18 are largely synthesized and enter 
the intercellular substance during cell pyroptosis. Therefore, 
we tested the IL-1β and IL-18 content in the medium after 
three days’ culture. The results indicated that high-glucose 
and ERS both raised the IL-1β and IL-18 levels, and the 
Beln was efficient to suppress the IL-1β and IL-18 produc-
tion under both high-glucose and ERS conditions (Fig. 3C). 
Besides, we also analyzed the cellular MMP3 and MMP9 
gene expression to value the degenerative degree of NP 
cells, which were all increased by glucose and TM stimu-
lation, and the suppression of caspase-1 presented an in-
hibiting effect on MMP3 and MMP9 expression (Fig. 3D). 
Thus, Beln alleviated the pyroptosis and the resulting NP 
cell degeneration.

Suppressing ERS alleviates high-glucose-induced 
pyroptosis

We have ensured that high glucose trigged the ERS 
and pyroptosis; meanwhile, ERS could naturally result in 
pyroptosis. However, whether the high glucose aggravat-
ed the pyroptosis via the mediation of ERS remains un-
known. We further applied the inhibitor of ERS in the 
high-glucose medium and tested the pyroptotic status. NP 
cells were divided into four groups, 1) control: cells with-
out any treatments, 2) glucose: cells were cultured with 15 
mg/mL glucose. 3) glucose + 4-PBA (+): cells were cul-
tured with 15 mg/mL glucose and 1 mM 4-PBA 4) glu-
cose + 4-PBA (++): cells were cultured with 15 mg/mL 
glucose and 2 mM 4-PBA. All the cells were cultured in 
the indicated condition for three days. The result of IF in-
dicated that 4-PBA suppressed CHOP and caspase-1 with 
a dose-independence (Fig. 4A, 4B). Additionally, the ex-
pression of GADD34, GRP78, caspase-4, and caspase-11 
was also decreased resulting from the presence of 4-PBA. 
Similarly, when the inhibitor dose increased, the efficien-
cy became more obvious (Fig. 4C, 4D). Therefore, the 
4-PBA successfully suppressed the high-glucose caused 
ERS and the resulting pyroptosis in NP cells.

Figure 3. Suppressing caspase-1 alleviates high-glucose induced NP cell degeneration. 
(A) Cell viability was determined by the CCK8 test. (B, D) RT-PCR analysis for indicated RNA expression by normalization to GAPDH ex-
pression. (C) The IL-1β and IL-18 content in the medium was tested by ELISA. Results are expressed as mean ± S.D. (*P<0.05, **P<0.01, 
***P<0.001).
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Suppressing ERS alleviates high-glucose induced NP 
cells degeneration

In addition, the cell viability in the high-glucose envi-
ronment was rescued by suppressing ERS with 4-PBA 
(2 mM) (Fig. 5A). Compared to the high-glucose group, 
collagen II and aggrecan synthesis were protected by 

adding 4-PBA (2 mM) (Fig. 5B). Furthermore, 4-PBA 
exhibited excellent anti-inflammatory properties by 
dose-dependently suppressing IL-1β and IL-18, provid-
ing further evidence that suppressing ERS alleviated py-
roptosis (Fig. 5C). Finally, we tested the RNA expres-
sion of MMP3 and MMP13, which were also inhibited 

Figure 4. Suppressing ERS alleviates high-glucose induced pyroptosis. 
(A) Immunofluorescence analysis of CHOP and caspase-1 expression, and (B) quantification by ImageJ software. (C, D) RT-PCR analysis for 
indicated RNA expression by normalization to GAPDH expression. Results are expressed as mean ± S.D. (***P<0.001)

Figure 5. Suppressing ERS alleviates high-glucose induced NP cells degeneration. 
(A) Cell viability was determined by the CCK8 test. (B, D) RT-PCR analysis for indicated RNA expression by normalization to GAPDH ex-
pression. (C) The IL-1β and IL-18 content in the medium was tested by ELISA. Results are expressed as mean ± S.D. (*P<0.05, **P<0.01, 
***P<0.001).
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by 4-PBA treatment (Fig. 5D). Therefore, suppressing 
ERS could prevent cell degeneration.

DISCUSSION

This study investigated the current evidence that high 
glucose is a risk factor for pyroptosis of NP cells and ex-
plored the role of ERS in this process. Previous studies 
have identified various factors contributing to interver-
tebral disc degeneration (IDD), such as inflammation, 
oxidative stress, and an imbalance in extracellular matrix 
catabolism. The dysfunction and decreased number of 
NP cells are considered the main and most direct causes 
of IDD (Ding et al., 2013). While the specific mechanism 
is not entirely clear, apoptosis, autophagy, and decreased 
cell proliferation have been implicated (Feng et al., 2016). 
However, the role of pyroptosis in IDD remains poorly 
understood. Pyroptosis is a highly inflammatory pro-
grammed cell death process that is triggered by inflam-
masome-mediated activation of proinflammatory cysteine 
proteases. In contrast to apoptosis, pyroptosis is typically 
accompanied by the release of large amounts of IL-1β 
and IL-18. Currently, caspase-1 mediates pyroptosis in 
the classical pathway, while the pyroptosis caused by cas-
pase-4, 5, and 11 is defined as a non-classical pathway 
(Vande & Lamkanfi, 2016; Man et al., 2017).

Although people are typically more familiar with the 
complications of diabetes affecting the heart, brain, kid-
neys, peripheral nerves, eyes, and feet, diabetes is also 
a significant risk factor for intervertebral disc disease 
(Fletcher et al., 2002; Vijan, 2015). The high-glucose mi-
croenvironment can cause IDD due to nutritional me-
tabolism disorder. Long-term hyperglycemia significantly 
alters the capillaries of the vertebral body’s cartilage 
endplates, leading to the reduced blood supply and nu-
trient metabolism in the intervertebral discs (van Sloten 
& Schram, 2018). Additionally, the high-glucose micro-
environment increases the production of advanced glyca-
tion end products (AGEs), which contribute to NP cell 
apoptosis (Yamamoto & Sugimoto, 2016). The combina-
tion of AGEs and their receptors results in local chronic 
oxidative stress and induces NP cell death. However, the 
role of the high-glucose microenvironment in NP cell 
pyroptosis remains unclear. In our study, high glucose 
impaired cell viability and upregulated the expression of 
caspase-1/4/11 and IL-1β/18, suggesting a correlation 
between them. To further elucidate the potential mecha-
nism linking them, our attention is focused on ERS.

The endoplasmic reticulum (ER) is a crucial cellu-
lar organelle responsible for synthesizing, folding, and 
modifying secreted proteins, regulating lipid synthesis, 
and maintaining intracellular calcium ion homeostasis 
(Wang & Kaufman, 2016). However, when the ER’s 
normal function is impaired, ER stress (ERS) occurs. 
High glucose, which mimics maternal diabetes, is widely 
reported to be a risk factor that induces ERS in many 
cell types (Chen et al., 2018; Hadley et al., 2018; Zhang 
et al., 2014). Consistent with previous studies, we also 
found that high glucose increased ERS markers in NP 
cells, including CHOP, GADD34, and GRP78 (Huang et 
al., 2019). The secreted protein CHOP is a transcription 
factor specific to the ER, which participates in various 
cell activities, especially the regulation of energy metabo-
lism, proliferation, differentiation, and apoptosis (Li et 
al., 2014). Under normal circumstances, CHOP expres-
sion is low, but it is significantly increased when ERS 
occurs, which further activates downstream GADD34 
and GRP78. In addition to mediating apoptosis (Oakes 

& Papa, 2015; Almanza et al., 2019), ERS can also lead 
to pyroptosis (Chou et al., 2019; Cheng et al., 2019). By 
confirming that ERS can induce pyroptosis in NP cells, 
we found that the pyroptotic response was activated by 
TM treatments (Yakin et al., 2019). Furthermore, the in-
hibitor of ERS also played a role in suppressing high-
glucose-induced pyroptosis, indicating that high glucose 
caused ERS in NP cells, which led to subsequent pyrop-
tosis. Suppressing ERS is an effective strategy to alleviate 
high-glucose-induced pyroptosis. To determine whether 
suppressing pyroptosis would backwards restrain ERS, 
we used the caspase-1 inhibitor, which rescued cell via-
bility, protected collagen II and aggrecan expression, and 
reduced IL-1β/18 but did not affect the ERS response. 
Therefore, pyroptosis is a consequence of ERS, rather 
than the cause.

However, there are some limitations to this study. We 
collected only 9 intervertebral discs from patients, and 
this sample size may be insufficient. For the concen-
tration and duration of glucose treatment, our in vitro 
model is a little different, with lower but longer periods 
of hyperglycemia. Therefore, further studies should be 
performed on diabetic mice in vivo.

In conclusion, our data indicate that high-glucose in-
duces pyroptosis through ERS in NP cells. Suppress-
ing ERS alleviates the pyroptotic response and reverses 
the degenerated NP cells under high-glucose conditions. 
Diabetes is involved in a variety of disease processes, 
and an in-depth study of the molecular mechanism of 
a high-glucose environment on NP cell metabolism may 
help us further understand diabetic IDD.
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Pets are inhabiting more and more human homes every 
year. In 2020, the cat population in Europe was 110 mil-
lion, including 6.8 million in Poland. Dry food is the most 
popular dietary model for cats because of its easy stor-
age and efficient satisfaction of pet needs. The high pro-
cessing temperature of dry food reduces the chance of 
microbial contamination, but this can occur later, during 
post-production or storage in the pet’s caregiver’s home 
or, in the case of weighed foods, in the store. The pur-
pose of this study was to investigate the microbiologi-
cal safety of dry feed sold in the original manufacturer’s 
packaging and the same feed from the same manufac-
turers sold in a retail store by weight. Six discriminants, 
presence of Salmonella spp., number of coliforms, num-
ber of coagulase-positive staphylococci, determination 
of yeast and mould counts, Enterobacteriaceae count, 
Listeria monocytogenes and determination of total aero-
bic microbial count were used for the analysis. Then, 
cat food was then stored for 45 days according to the 
manufacturer’s recommendations. Based on the samples 
tested both after opening and after storage, it was con-
cluded that the dry cat food analyzed posed a law mi-
crobiological risk to animals and humans.

Keywords: microbiological safety, dry cat food, pet food safety, mi-
crobiology of food, cat 
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INTRODUCTION

According to statistics presented by FEDIAF, within 
the European Union, 88 million households had pets 
and the cat population was 110 million in 2020. In Po-
land, there are 6.8 million cats and more than one-third 
of households in Poland have at least one cat (FEDIAF, 
2020). By 2020, pet food sales were 21.8 billion Euros, 
representing 8.5 million tons of products annually. Prop-
er feeding of animals, including cats, is essential for a 
healthy and long life. The development of research and 
access to information has increased pet owners’ aware-
ness of the quality of food provided to their pets (FE-

DIAF, 2020). In the European Union, the Rapid Alert 
System for Food and Feed (RASFF, 2021) is responsi-
ble for controlling the safety of raw materials and food 
products. According to this organization, pet food can 
be a significant source of many risks, both biological, 
chemical, and physical (RASFF. The Rapid Alert System 
for Food and Feed. Annual Report, 2020). These haz-
ards may be related to diseases and injuries that occur in 
pets. The foundation for maintaining nutritional safety is 
compositional and nutrient analyses, as well as microbio-
logical evaluation. Despite the use of the latest dry food 
production methods to prevent contamination, recalls 
of a particular batch of products due to microbiological 
contamination are still evident (Kępińska-Pacelik & Biel, 
2021). 

Dry food is a regular part of the diet of both cats and 
dogs. This type of food dominates the market due to 
its ease of storage and efficient satisfaction of the pet’s 
needs. It is processed at a temperature of 80–160°C 
(Meineri et al., 2019) which significantly reduces the num-
ber of pathogenic microorganisms, however, the product 
may be contaminated at a later stage of production (Kazi-
mierska et al., 2021). The occurrence of pathogenic micro-
organisms is associated with cross-contamination and de-
viation from good manufacturing practices (GMP) (Megh-
wal et al., 2017). Good microbiological quality of food is 
a major factor, along with the nutritional value of food, 
to produce healthy and safe food (Chlebicz & Śliżewska, 
2018). In recent years, reports of pathogenic microorgan-
isms (bacteria, fungi, and the toxins they produce) have 
accounted for about 20% of all RASFF food and feed 
reports, showing, in particular, the presence of Salmonella, 
Listeria, Escherichia, and others (Pigłowski, 2019). 

There have been studies on the microbiological safety 
of dry dog food (Hołda et al., 2017; Kazimierska et al., 
2021) and livestock feeds (Hoszowski et al., 2012; Kuk-
ier et al., 2012) in Poland, but no studies have focused 
on dry cat food in Poland. Previous international studies 
have also focused on the study of animal foods in gener-
al (Błajet-Kosicka et al., 2014; Leiva et al., 2019), without 
distinguishing between cat and dog foods. However, it 
was reported that there is a need to distinguish between 
studies on these two species (Hołda et al., 2017; van 
Rooijen et al., 2014), which differ not only in their nutri-
tional needs but also in their behavioral patterns towards 
humans and other animals, which affects the possibility 
of infection risk.

The study aimed to evaluate dry food for adult cats, 
with a focus on (1) assessing their microbiological safety, 
(2) comparing microbiological safety in food sold in a 
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sealed pack and by weight, and (3) assessing their micro-
biological safety after 45 days.

MATERIALS AND METHODS

Materials

Microbiological analysis was performed on 6 com-
mercially available dry, whole-food cat foods, includ-
ing 5 international brands and 1 available on the local 
market. The criterion for the selection of a particular 
pet food was its availability for sale both in the form 
of manufacturer-sealed packages and the availability of 
the same food sold by weight and packaged at points 
of sale. All feeds were purchased from a specialized 
pet store located in the city of Szczecin. To obtain 
reliable results, five packages (n=5) of each feed were 
purchased for analysis in five replicates. Prior to pur-
chase, the shelf life was checked and the condition of 
the packaging was assessed for damage that could af-
fect the microbiological quality of the product tested. 
The purchased assortment for testing was divided into 
two groups. The first group consisted of pet food 
purchased in the manufacturer’s original packaging. 
While the second group consisted of pet foods from 
the same manufacturers sold by weight. The weight 
of the finished packages ranged from 340  g to 500  g. 
After microbiological analysis, the tested cat food was 
stored for 45 days in accordance with the manufac-
turer’s recommendations, the average shelf life of the 
food after opening was calculated and after that time 
the food was again subjected to microbiological tests.

Storage of samples for tests

In the first stage of microbiological tests, both com-
mercial feed from the original manufacturer and feed 
purchased by weight (collected in sterile bags closed with 
string) were stored at room temperature (18–22°C). In 
the second stage of the study (after opening the pack-
age), the shelf life of the food was 45 days.

Preparation of samples for testing

All packages were washed with alcohol before open-
ing to exclude product contamination by microorganisms 
on the surface of the package. The general preparation 
of samples and dilutions to perform microbiological tests 
were carried out by the International Standard PN-EN 
ISO 6887-1:2017-05 “Preparation of test samples, initial 
suspension and decimal dilutions for microbiological ex-
amination – Part 1: General rules for the preparation of 
the initial suspension and decimal dilutions”. Depend-
ing on the standard, 25  g or 10  g of feed was used for 
analysis in five replicates.

Microbiological analysis

Each sample, depending on the discriminant to be 
tested, was weighed accordingly and mixed with an ap-
propriate diluent according to the standard and homoge-
nized (time 30 seconds, speed 8 strokes/second) in Star-
Blender™ Digital Homogenizator (VWR, Pennsylvania, 
USA). 

Detection of Salmonella spp.

The test was performed according to the PN-EN ISO 
6579-1:2017-04 standard. By mixing 25 g of the sample 
with 225 mL of buffered peptone water (Scharlab, Bar-

celona, Spain), a stock suspension was obtained, which 
was incubated at 37°C±1°C for 18  h±2  h for pre-en-
richment in non-selective liquid medium. Then 0.1 mL 
of the obtained culture was transferred to 10 mL of 
Rappaport Vassiliadis Broth (RVS) medium (Scharlab, 
Barcelona, Spain) and 1 mL to 10 mL of Muller-Kauff-
mann Tetrathionate-Novobiocin (MKTTn) Broth medi-
um (Graso, Starogard Gdański, Poland). The inoculated 
RVS medium was incubated at 41.5°C for 24  h±3  h, 
while the inoculated MKKTn medium was incubated at 
37°C for 24  h±3  h. The material obtained from RVS 
and MKKTn cultures was seeded onto two selectively 
isolating media, Xylose Lysine Deoxycholate (XLD) agar 
(Scharlab, Barcelona, Spain) and Salmonella Shigella (SS) 
agar (Scharlab, Barcelona, Spain), which were incubated 
at 37°C for 24  h±3  h.

Number of coliforms

The test was performed according to the PN-ISO 
4832:2007 standard. Pre-suspension of 1 mL obtained 
after mixing 10 g of the sample with 90 mL of the 
dilution fluid was transferred onto two sterile Petri 
dishes. Then about 15 mL of Violet Red Bile with 
Lactose (VRBL) agar medium (BioMaxima, Lublin, 
Poland) was added to the plate. After complete solidi-
fication, a top layer of about 5 mL of the same me-
dium was added to obtain relatively anaerobic growth 
conditions. The plates were incubated at 37°C for 
24  h±2  h.

Number of coagulase-positive staphylococci (CoPS), 
Staphylococcus aureus, and other species

The test was performed according to the PN-EN 
ISO 6888-1:2001 standard. A surface culture of 1 mL 
of the pre-suspension on Baird-Parker agar medium 
(Scharlab, Barcelona, Spain) was performed. To obtain 1 
mL of the test sample, 0.33 mL of the initial suspen-
sion was inoculated onto the surface of three small agar 
plates (90  mm). The plates were incubated at 37°C for 
24  h±2  h and then the incubation was prolonged for 
another 24  h±2  h. The colonies obtained were checked 
by coagulase test. 

Determination of yeasts and moulds counts

Dry cat food is characterized by low water activity; 
therefore, the PN-ISO 21527-2:2009 standard for prod-
ucts with water activity lower or equal to 0.95 was ap-
plied to determine the number of yeasts and moulds. 
Pre-suspension of 0.1 mL (10 g of the product was 
mixed with 90 mL of 0.1% peptone water) was inocu-
lated onto the surface of a DG-18 agar plate (Graso, 
Starogard Gdański, Poland). The plates were incubated 
at 25°C±1°C for 5 to 7 days.

Enterobacteriaceae count

The test was performed according to PN-EN ISO 
21528-2:2017-08. Pre-suspension of 1 mL obtained after 
mixing 10 g of the sample with 90 mL of dilution fluid 
was applied to a sterile Petri dish. Then about 15 mL of 
Violet Red Bile with Glucose (VRBG) agar medium (Bi-
oMaxima, Lublin, Poland) was added to the plate. After 
complete solidification, a top layer of about 5 mL of the 
same medium was added to obtain relatively anaerobic 
growth conditions. The sample was performed in dupli-
cate, according to PN-EN ISO 7218:2008/A1:2013-10. 
The plates were incubated at 37°C for 24h±2h.
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Determination of total aerobic microbial count (TAMC)

The test was performed by depth culture according 
to the PN-EN ISO 4833-1:2013-12 standard. Pre-sus-
pension of 1 mL was transferred to two sterile Petri 
dishes each and then about 15 mL of Plate Count 
Agar medium (BioMaxima, Lublin, Poland) was add-
ed. Observations were made after 72 hours of incuba-
tion at 30°C, under conditions that ensure the growth 
and multiplication of aerobic bacteria.

Listeria monocytogenes

Detection of Listeria monocytogenes

The test was performed according to PN-EN ISO 
11290-1:2017-07. 225 mL of Semi-Fraser Broth (Gra-
so, Starogard Gdański, Poland) was added to 25 g of 
product. The resulting stock suspension was incubated 
at 30°C for 25  h±1  h. Subsequently, 0.1 mL of the 
obtained culture was transferred to 10 mL of Fraser 
medium (Graso, Starogard Gdański, Poland) and a 
scratch culture was performed on two selective media 
ALOA (BioMaxima, Lublin, Poland) and Oxford (Bio-
Maxima, Lublin, Poland). The inoculated Fraser me-
dium was incubated at 37°C for 24  h ±2  h, while the 
inoculated ALOA and Oxford media were incubated 
at 37°C for 24  h±2h–48  h±2  h. The material ob-
tained from the culture on Fraser broth was streaked 
onto two selective media ALOA (BioMaxima, Lublin, 
Poland) and Oxford (BioMaxima, Lublin, Poland), and 
then incubated at 37°C for 24  h±2  h–48  h±2  h.

Number of Listeria monocytogenes

The test was performed in accordance with PN-EN 
ISO 11290-2:2017-07. A surface culture of 1 mL of 

the initial suspension including 10 g of sample and 90 
mL of half-Fraser (Graso, Starogard Gdański, Poland) 
broth on ALOA (BioMaxima, Lublin, Poland) agar 
medium was performed. The seeded plates were incu-
bated at 37°C for 24  h±2  h–48  h±2  h.

Calculation of results

The results were calculated and presented according to 
PN-EN ISO 7218:2008/A1:2013-10, using the formula:

N 

where:
∑C – total colonies on two selected plates from two succes-
sive dilutions, of which at least one contains a minimum of 
10 colonies; V – the volume of inoculum applied on each 
plate, in mL; n1 – number of plates obtained from the first 
dilution; n2 – number of plates obtained from the second 
dilution;d – the dilution index corresponding to the first dilu-
tion obtained.

If less than 10 colonies were obtained per plate, but 
the set of two plates contained at least 4 colonies, the 
result was calculated using the formula:

N 

where:
∑C – the sum of colonies counted on two plates; V – the 
volume of inoculum applied on each plate, in mL; n – num-
ber of plates; d – the dilution index corresponding to the first 
dilution obtained.

Table 1. Microbiological analysis of the tested commercial cat foods was performed after opening. 
The table shows the mean obtained from 5 replicates of the analysis of one batch of feed. 

No.
Salmonella spp. Coliforms CoPS Yeasts and moulds Enterobacteriaceae TAMC L. monocytogenes

(CFU/g) (CFU/g) (CFU/g) (CFU/g) (CFU/g) (CFU/g) (CFU/g)

1a 
(n=5) ND ND ND ND ND 8.3x102 ND

1b
(n=5) ND ND ND ND ND 3.0x101 ND

2a
(n=5) ND ND ND ND ND 6.2x102 ND

2b
(n=5) ND ND ND ND ND 1.2x103 ND

3a
(n=5) ND ND ND ND ND 1.3x103 ND

3b
(n=5) ND ND ND ND ND 1.0x103 ND

4a
(n=5) ND ND ND ND ND 3.8x103 ND

4b
(n=5) ND ND ND ND ND 8.1x103 ND

5a
(n=5) ND ND ND ND ND ND ND

5b
(n=5) ND ND ND ND ND 5.7x101 ND

6a
(n=5) ND ND ND ND ND ND ND

6b
(n=5) ND ND ND ND ND 9.7x102 ND

TAMC – total aerobic microbial count; a – food in original packaging; b – food purchased by weight; ND – not detected.
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Statistical analysis

The statistical analysis was performed using Tibco Sta-
tistica 13.3 (StatSoft, Palo Alto, CA, USA). The values 
of the parameters were presented as arithmetic means. 
The normality of variable distributions was verified by 
the Shapiro–Wilk Test. Data with a normal distribution 
were analyzed using the Student’s t-test and the Mann-
Whitney U test was used for data with a non-normal dis-
tribution.

RESULTS

The results are presented in Table 1. For quantitative 
methods (coliforms, CoPS, yeasts and moulds, Enterobac-
teriaceae, TAMC, Listeria monocytogenes), the notation “not 
detected” was used for standardization when a result 
<1.0×101 cfu/g was obtained. For the qualitative meth-
od in Salmonella spp. and Listeria monocytogenes the result 
was “not detection in 25g” with the laboratory’s limit 
of detection (LOD) obtained at 5 cfu/g for Salmonella 

spp. and 7 cfu/g, for Listeria monocytogenes. Therefore, no 
growth of coliforms, Salmonella spp., or CoPS, yeasts and 
moulds, Enterobacteriaceae  and Listeria monocytogenes were 
observed. Typical growth of aerobic mesophilic micro-
organisms was obtained in 10 out of 12 samples (83%).

After 45 days of storage, tests were carried out again. 
No growth of Salmonella spp., coliforms, or CoPS was 
detected. Growth of yeast and moulds was observed in 
3 out of 12 samples (25%, Fig. 1C). Growth of Enter-
obacteriaceae was observed in 1 out of 12 samples (8%, 
Fig.  1A). No growth of Listeria monocytogenes was ob-
served. Detailed results are presented in Table 2. Statisti-
cal analysis was carried out to compare results from open 
and stored feeds. The differentiators at which changes 
were observed were compared: yeasts and moulds, En-
terobacteriaceae, and TAMC. Statistical significance was 
then verified. For yeasts and moulds and Enterobacte-
riaceae, the samples reached a statistical difference. In 
the comparison of TAMC in the two groups, 9 out of 
12 trials achieved a statistical difference (Fig. 2).

DISCUSSION

Although the food is processed at high temperatures 
that destroy microorganisms, still spore forms may be re-
tained, and the contamination itself may occur after the 
production, for example during storage of the food in 
a retail shop or at home (FEDIAF, 2018). FEDIAF in 
its list of hazards during the production of dry pet food 
in the biological nature of hazards mentions Aeromonas, 
Campylobacter, Clostridium botulinum, Clostridium perfringens, 
Enterobacteriaceae, Escherichia coli, Listeria monocytogenes, Sal-
monella spp., Staphylococcus aureus, and moulds and yeasts 
including mycotoxins (FEDIAF, 2018). However, not all 
of them concern the finished dry food product, but also 
the raw materials used in its production. For this rea-
son, the organization suggests monitoring the microbio-
logical status by testing environmental samples obtained 
from surfaces not in and in contact with the product 
and samples of finished feeds (FEDIAF, 2018). The ex-
act requirements for the production facility are set out in 
the hazard analysis and critical control points (HACCP) 
procedures. The procedures based on HACCP principles 
and other regulations stem from Regulation (EC) No 
1069/2009 of 21 October 2009 and Commission Regula-
tion (EU) No 142/2011 of 25 February 2011 (Osinski et 
al., 2014). These include many areas related to pet food 
production. In terms of microbiological safety. The reg-
ulation sets out the following standards that a product 
must meet after production: the product must be pack-
aged in packaging which is protected against the intru-
sion of microorganisms, and 5 samples of the product 
tested for Salmonella spp. in 25 g must not show  the 
presence of these bacteria (n=5, c=0, m=0, M=0). The 
result for Enterobacteriaceae is considered satisfactory if 
the number of bacteria in all samples does not exceed 
10 cfu/g (m) or in two samples the result is between 
10 and  300 cfu/g (c) if, in the remaining samples, the 
value obtained does not exceed 10 cfu/g.  The result is 
considered abnormal if the number of bacteria in one or 
more samples equals or is greater than 300 cfu/g (M) 
– (n=5, c=2; m=10; M=300 in 1 g) (European Commis-
sion, 2011).

Particularly after 2012, when there were two major 
outbreaks of human salmonellosis in the US caused by 
contaminated pet food products, attention was directed 
toward this pathogen (Chen et al., 2019). Actually, in 
most previous studies conducted on dry commercial pet 

Figure 1. Example photos of culture plates showing: (A) Entero-
bacteriaceae, (B) TAMC, (C) yeasts and molds.

Figure 2. Comparison of total aerobic microbial count in the 
tested feeds. *p≤0.05; **p≤0.01; ***p≤0.0001
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foods, no Salmonella sp. was reported, which is consistent 
with the results of our study (Hołda et al., 2017; Kazi-
mierska et al., 2021; Leiva et al., 2019; Nemser et al., 2014; 
Taymaz et al., 2022; Yang et al., 2016). As the pathogen 
causes a dangerous disease, salmonellosis, this is good 
news. In 2020, 5470 cases of Salmonella spp. infection 
was reported in Poland.  The chance of infection occurs 
through human-to-human transmission, animal-to-human 
transmission, also through contaminated food or drink-
ing water (Milczarek et al., 2022). Cases of the spread of 
Salmonella spp. from cats to other animals and humans 
have been described. In cats, salmonellosis is mainly 
manifested by acute enteritis (diarrhea, vomiting, fever, 
inappetence, abdominal pain, dehydration, lethargy) that 
may progress to septicemia. Conjunctivitis, neutropenia, 
excessive salivation, fever without diarrhea, and uterine 
infections may also be among the usual clinical signs 
of the disease. Uterine infections are particularly impor-
tant for pregnant cats because they can cause, stillbirths, 
weak offspring or abortions,  which can be caused, for 
example, by S. typhimurium and S. enteritidis causing acute 
inflammation of the stomach and intestines, which as it 
progresses affects the development of the fetus in preg-
nant animals (Kuria, 2023). In addition to the possibility 
of Salmonella spp. infection through consumption of con-
taminated food, outdoor cats are particularly at risk, as 
they may become infected by preying on birds weakened 
by salmonellosis  (Söderlund et al., 2019) or drinking wa-
ter from sources that are not controlled, such as puddles 
(Kozak et al., 2003). 

In our study, no growth of coliforms was noted in 
any sample. This is consistent with previous studies on 
dry pet food (Hołda et al., 2017; Kazimierska et al., 2021; 
Leiva et al., 2019; Nemser et al., 2014). This is important 

for animal foods because the consumption of food with 
pathogenic coliforms by a cat can cause food poison-
ing. In the case of coliforms, the bacteria can also be 
transmitted from the cat to humans. It is most common-
ly transmitted by direct contact with the animal or its 
excreta, especially in the case of a cut or open wound. 
In humans, symptoms of infection with pathogenic coli-
forms include food poisoning, flu-like symptoms, fever, 
abdominal cramps, and diarrhea (Srikullabutr et al., 2021). 

In our study, no growth of CoPS was noted in any 
sample. However, they are known to cause disease in 
livestock and pets, such as methicillin-resistant strains 
of S. aureus (MRSA). In addition, it has been determined 
that MRSA can contaminate food in food processing 
plants and slaughterhouses, with its major presence oc-
curring in meat products, the stuff from which pet food 
is made. The infection can spread from animal to hu-
man. MRSA causes infections in humans such as acne, 
food poisoning, ear infections and septicemia. In cats, 
MRSA infection leads to food poisoning and pustular 
dermatitis (Algammal et al., 2020). Domesticated animals, 
cats and dogs, are defined as environmental sources of 
CoPS (Velázquez-Guadarrama et al., 2017).

It was assumed that the number of yeasts and moulds 
exceeding 104 cfu/g indicates the poor microbiological 
quality of food and levels exceeding the recommend-
ed limits to ensure hygienic quality (Kazimierska et al., 
2021). No yeast or mould growth was observed in the 
feeds tested after opening. However, they developed af-
ter 45 days of storage in 3 of the 12 samples (25%). The 
highest value was 1.32×103 cfu/g, which is within the 
suggested microbiological quality value. The presence of 
yeast and mould in pet food has been reported previ-
ously (Kazimierska et al., 2021; Leiva et al., 2019).  In 

Table 2. Microbiological analysis of the tested commercial cat foods was performed after 45 days of storage. 
The table shows the mean obtained from 5 replicates of the analysis of one batch of feed. 

No.
Salmonella sp. Coliforms CoPS Yeasts and moulds Enterobacteriaceae TAMC L. monocytogenes

(CFU/g) (CFU/g) (CFU/g) (CFU/g) (CFU/g) (CFU/g) (CFU/g)

1a 
(n=5) ND ND ND 2.2x103 ND 4.5x103 ND

1b
(n=5) ND ND ND 1.4x102 ND 1.1x102 ND

2a
(n=5) ND ND ND ND ND 6.0x102 ND

2b
(n=5) ND ND ND ND ND 1.4x104 ND

3a
(n=5) ND ND ND ND ND 2.0x103 ND

3b
(n=5) ND ND ND ND ND 4.2x103 ND

4a
(n=5) ND ND ND ND ND 8.9x103 ND

4b
(n=5) ND ND ND ND 6.5x103 2.3x104 ND

5a
(n=5) ND ND ND ND ND ND ND

5b
(n=5) ND ND ND ND ND ND ND

6a
(n=5) ND ND ND ND ND ND ND

6b
(n=5) ND ND ND 2.3x103 ND 1.1x103 ND

TAMC – total aerobic microbial count; a – food in original packaging; b – food purchased by weight; ND – not detected.
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the case of yeast and moulds, the greatest risk is posed 
by mycotoxins. However, the presence of moulds does 
not always clearly indicate product contamination with 
mycotoxins. Specific conditions are needed for the pro-
duction of toxins (Janik et al., 2020). Mycotoxins may 
contaminate the product both during production (if the 
food contains cereals) and outside this stage, e.g. during 
improper storage of the product. However, there is no 
legislation in Poland setting a maximum level for these 
in cat food (Błajet-Kosicka et al., 2014). Mycotoxins can 
cause adverse effects, in the worst cases even cancer. 
While analyzing pet food with a cereal content of 6% 
or more, data were obtained showing a very high pres-
ence of mycotoxins in dry food. and cat food was more 
contaminated than dog food. Among mycotoxins, cats 
may be more sensitive to the effects of trichothecenes 
and fumonisins (Macías-Montes et al., 2020). Symptoms 
of trichothecenes poisoning include immune system dis-
orders loss of appetite, vomiting, diarrhea, ataxia, and 
gastrointestinal bleeding. Fumonisins, on the other hand, 
can be responsible for lack of appetite, and blindness. 
depression, ataxia, and even liver and kidney cancer 
(Błajet-Kosicka et al., 2014). 

The number of microorganisms able to grow and 
form colonies in the solid medium after incubation un-
der aerobic conditions at 30°C in the samples we tested 
is shown in Fig. 1B. Compared to other studies conduct-
ed on dry animal foods (Hołda et al., 2017; Kazimierska 
et al., 2021), this is not an outlier. TAMB standards for 
dry pet food are not specified in the guides for pet food 
manufacturers in Europe and the US (FEDIAF, 2018; 
Food and Drug Administration, 2022). Thus in animal 
feeds this value should not exceed 106 cfu/g (Kukier et 
al., 2012), because an increase in the total number of 
mesophilic aerobic microorganisms may increase the 
probability of pathogenic microorganisms and their toxic 
metabolites in the product (Kazimierska et al., 2021). Our 
testing for mesophilic aerobic microorganisms resulted in 
an acceptable level of 104 cfu/g. 

As in our study, no Listeria monocytogenes were found 
in dry pet food in earlier studies (Bilung et al., 2018; 
Kazimierska et al., 2021; Nemser et al., 2014). In cats, 
the disease caused by L. monocytogenes, listeriosis, is rare. 
When infected, it can involve the whole organism, skin 
wounds, encephalomyelitis, and lymphadenitis (Elbert & 
Rissi, 2021).

The tested feeds were distinguished by a high level of 
microbiological safety. Despite the demonstrated increase 
in the number of microorganisms in tests conducted af-
ter 45 days of storage, it is worth emphasizing that this 
number still remained within acceptable limits in accord-
ance with applicable standards. Carrying out analyzes on 
feed stored in a manner not recommended by the manu-
facturer has a significant potential to obtain additional 
data. Such activities may provide more detailed informa-
tion on the impact of non-recommended storage on the 
microbiological quality of feed and possible health and 
food safety consequences.
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Monocyte-chemoattractant protein-induced protein 1 
(MCPIP1, or Regnase-1) is an endoribonuclease that de-
grades translationally active mRNA molecules. MCPIP1 
is mostly known for its anti-inflammatory actions, but 
it is also an important regulator of adipogenesis and li-
pid metabolism. Its overexpression impairs adipogen-
esis by reducing mRNA levels of C/EBPβ and PPARγ, key 
transcription factors regulating this process. Although 
adipocytes overexpressing MCPIP1 are characterised 
by impaired glucose uptake, the function of MCPIP1 in 
hepatocyte metabolism remains unknown. In this study, 
conditional deletion of Zc3h12a in murine liver epithe-
lial cells was used to characterise the role of Mcpip1 in 
adaptation to 24-hour food restriction. We found that 
Mcpip1 deficiency in liver epithelial cells (Mcpip1fl/flAlbCre 
mice) resulted in higher blood glucose levels in response 
to fasting in comparison to Mcpip1fl/fl counterparts. He-
patic proteome analysis showed 26 down-regulated and 
117 up-regulated proteins in Mcpip1fl/flAlbCre animals that 
were involved in cellular adhesion, extracellular matrix 
and metabolic processes. In conclusion, our studies pro-
vide new insight into the hepatic function of Mcpip1 and 
its involvement in metabolic control.
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INTRODUCTION

Both humans and animals adjust their metabolism 
to an excess or deficiency of food and the liver plays a 
central role in these processes. During the shift from a 
feeding to a fasting state, hepatic production of glucose 
and ketone bodies increases, with concomitant glycogen 
depletion and triacylglycerol accumulation (Goldstein 
& Hager, 2015). In contrast, a meal containing carbo-
hydrates stimulates hepatic glucose uptake and glycoly-
sis and repletes glycogen stores. Fatty acid synthesis is 
induced, while β-oxidation and ketogenesis are inhibited 
(Moore et al., 2012). As a result, high-energy stores are 
replenished both in hepatocytes and adipocytes, main-

taining metabolic homeostasis during periods of feeding 
and fasting (Geisler et al., 2016).

Monocyte-chemoattractant protein-induced protein 1 
(MCPIP1), encoded by the ZC3H12A gene, is mostly 
known for its anti-inflammatory properties. It is an en-
doribonuclease that degrades mRNA, pre-miRNA, and 
viral RNA molecules. The broad spectrum of MCPIP1 
targets includes IL-1β (Mizgalska et al., 2009), IL-6 (Mat-
sushita et al., 2009) and IL-2 (Li et al., 2012). MCPIP1 
was also shown to regulate glucose and lipid metabolism 
and its hepatic levels are reduced in humans suffering 
from Non-alcoholic fatty liver disease (NAFLD) (Pydyn 
et al., 2023). MCPIP1 inhibits adipogenesis in vitro by re-
ducing the levels of key transcription factors, including 
C/EBPβ (Lipert et al., 2017). Additionally, adipocytes 
that overexpress the MCPIP1 protein are characterised 
by a lower level of the insulin receptor Glut4 and im-
paired glucose uptake (Losko et al., 2020).

In this study, we aimed to analyse the role of hepatic 
Mcpip1 in murine adaptation to fasting. We performed 
mass spectrometry analysis of whole-liver lysates from 
Mcpip1fl/fl and Mcpip1fl/flAlbCre mice that were fasted for 
24 h, followed by functional annotation and enrichment 
analysis of differentially expressed proteins. We dem-
onstrated that Mcpip1 is involved in the regulation of 
metabolic pathways, including glyoxylate and dicarboxy-
late metabolism or the pentose phosphate pathway. Our 
studies provide new insight into the hepatic function of 
Mcpip1 and its involvement in metabolic control.

MATERIAL AND METHODS

Animals and genotyping

The study used 10-week-old female control Zc3h12a-
lox/lox mice (designed as Mcpip1fl/fl) and Mcpip1 liver epi-
thelial cell-specific knockout mice (designed as Mcpip1fl/

flAlbCre). Deletion of Mcpip1 protein in Mcpip1fl/flAlbCre 
mice was present in liver epithelial cells (hepatocytes and 
cholangiocytes). Its level in whole liver tissue was only 
partially reduced (Kotlinowski et al., 2021). The animals 
were genotyped as previously described (Kotlinowski et 
al., 2021). In brief, DNA was extracted from tail tissue 
using a KAPA Mouse Genotyping Kit (KAPA Biosys-
tems) according to the manufacturer’s instructions. Gen-
otyping for loxP insertion was performed by PCR using 
the following primers: GCCTTCCTGATCCTATTG-
GAG (wild-type), GAGATGGCGCAGCGCAATTAAT 
(knockout), and GCCTCTTGTCACTCCCTCCTCC 
(common). Genotyping for AlbCre tg/+ was conducted 
with the following primers: TGCAAACATCACATG-
CACAC (wild-type), GAAGCAGAAGCTTAGGAA-
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GATGG (mutant), and TTGGCCCCTTACCATAACTG 
(common). The animals were housed under SPF condi-
tions in ventilated cages in a temperature-controlled en-
vironment with a 14-h light/10-h dark cycle. The mice 
were randomly divided into ‘fed’ and ‘fasted’ groups at 
10 weeks of age. Mice from the fed group received food 
and water ad libitum, whereas the animals enrolled in the 
‘fasted’ group were placed into cages containing only 
water for 24 hours. On the following day, all animals 
were sacrificed, and blood and liver were collected. All 
animal procedures were conducted in accordance with 
the Guide for the Care and Use of Laboratory Animals 
(Directive 2010/63/EU of the European Parliament) 
and carried out under a licence from the 2nd Local In-
stitutional Animal Care and Use Committee in Krakow 
(study no. 272/2017).

Blood analysis

All blood tests were measured by an automated ana-
lyser (Arkray) according to the manufacturer’s instruc-
tions.

Protein isolation and western blot

Liver samples were lysed using RIPA buffer (25 mM 
Tris-HCl; pH 7.6; 150 mM NaCl, 1% sodium deoxycho-
late and 0.1% SDS) with Complete Protease Inhibitor 
Cocktail (Roche) and PhosSTOP Phosphatase Inhibitor 
Cocktail (Roche). A bicinchoninic acid assay was used 
to assess protein concentration, and 25 µg of proteins 
were separated on a 10% SDS/PAGE polyacrylamide 
gel. After wet transfer to PVDF membranes (Millipore), 
the membranes were blocked in 5% skim milk and then 
incubated overnight with primary antibodies at 4°C. On 
the following day, the membranes were washed and in-
cubated with a secondary antibody for 1 h at room tem-
perature. Chemiluminescence was detected after 5 min 
of incubation with ECL™ Select Western Blotting De-
tection Reagent (GE Healthcare) in a ChemiDoc chemi-
luminescence detector (Bio-Rad). The following antibod-
ies were used: rabbit anti-MCPIP1 (1:2000; GeneTex), 
rabbit anti-PPARγ (1:1000; Cell Signaling), mouse anti-
β-actin (1:4000; Sigma), peroxidase-conjugated anti-rabbit 
(1:30 000; Cell Signaling) and peroxidase-conjugated anti-
mouse (1:20 000; BD).

LC-MS/MS analysis and data processing

Liver fragments were homogenised in lysis buffer (7M 
urea, 2M thiourea, 4% CHAPS and 30 mM Tris; pH 7.5) 
using a CTFE/stainless steel pestle. Then, dithiothreitol 
was added at a concentration of 50 mM and the tissue 
homogenates were sonicated in a Bioruptor Pico (Di-
agenode) (15 cycles of 30 s ON/30 s OFF). After this 
step, the samples were centrifuged and supernatants were 
collected. Protein concentration was measured by Brad-
ford assay and the samples (100 ug) were prepared for 
LC-MS/MS analysis using a filter-aided sample prepara-
tion (FASP) protocol (Wiśniewski et al., 2009). The LC-
MS/MS analysis was performed on a Q Exactive mass 
spectrometer (Thermo Fisher Scientific) coupled with a 
nanoHPLC (UltiMate 3000 RSLCnano System, Thermo 
Fisher Scientific), as previously described (Zacchini et 
al., 2021). The acquired data were processed using Max-
Quant software (version 1.6.7.0) (Tyanova et al., 2016a) 
and searched with the integrated Andromeda search en-
gine (Cox et al., 2011) against the SwissProt database re-
stricted to Mus musculus taxonomy (17 038 sequences; 
downloaded on 7 July 2020). The false discovery rate 

(FDR) for the peptide and protein identification was set 
to 1%. The match between runs algorithm was enabled, 
and label-free quantification (LFQ) was carried out. The 
MaxQuant output table was further processed with the 
use of Perseus (version 1.6.5.0) (Tyanova et al., 2016b). 
The protein groups identified in the decoy database, 
contaminants and proteins only identified by site were 
filtered out. The LFQ intensities were log2-transformed. 
Student’s t-test with the permutation-based FDR set to 
1% was used to reveal changes between the mutant and 
wild-type mice. The statistical analysis was performed 
for the protein groups that had a minimum of 4 valid 
LFQ intensity values in both animal groups. The final 
list of differences contained proteins identified based on 
at least 2 peptides with a significance threshold q value 
of <0.01 and fold change cutoffs of 1.3 and -1.3.

All proteins selected from mass spectrometry analysis 
are named according to UniProt nomenclature. A PCA 
graph, volcano plot and hierarchical clustering were pre-
pared with the Perseus platform (version 1.6.5.0) (Tyano-
va et al., 2016b). Functional annotation was performed 
using either the Database for Annotation, Visualization 
and Integrated Discovery (DAVID) (Huang et al., 2009a; 
Huang et al., 2009b) tools or STRING tools (Szklarczyk 
et al., 2023). The results were further visualised using a 
free online platform for data analysis and visualisation: 
https://www.bioinformatics.com.cn/en.

The mass spectrometry data were deposited to the 
ProteomeXchange Consortium (Vizcaíno et al., 2014) 
via the MassIVE repository with the dataset identifier 
PXD041676.

RNA isolation and real-time PCR

Total RNA from livers was isolated using Fenozol 
(A&A Biotechnology), followed by spectrophotometric 
measurement of RNA concentration using a NanoDrop 
1000 (Thermo Fisher Scientific). For reverse transcrip-
tion, 1 µg of total RNA, oligo(dT) 15 primer (Promega) 
and M-MLV reverse transcriptase (Promega) were used. 
Real-time PCR was carried out using SYBR Green Mas-
ter Mix (A&A Biotechnology) and a QuantStudio Real-
Time PCR System (Applied Biosystems). Gene expres-
sion was normalized to Ef2, and then the relative tran-
script level was quantified by the 2^deltaCt method. The 
primer sequences (Sigma) are listed in Table S1 in the 
Supplementary Material at https://ojs.ptbioch.edu.pl/in-
dex.php/abp/.

Statistical analysis

The results are expressed as means ± SEM. One-way 
ANOVA with Tukey’s post hoc test was applied for 
the comparison of multiple groups, and Student’s t-test 
for two-group comparisons. The p-values are marked 
with asterisks in the charts (*p<0.05, **p<0.01 and 
***p<0.001).

RESULTS

Biochemical characterisation of ‘fed’ and ‘fasted’ 
Mcpip1fl/flAlbCre mice

Deletion of Mcpip1 in liver epithelial cells leads to 
hepatomegaly, previously described in male mice (Kot-
linowski et al., 2021). As shown in Table 1, the female 
Mcpip1fl/flAlbCre animals were also characterised by larger 
livers and higher liver/body ratios in comparison to the 
Mcpip1fl/fl controls (Table 1). There were no differenc-
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es in serum biochemical markers – cholesterol, HDL, 
LDL, triglycerides, AST, ALT and glucose – between 
the two groups. After 24 h of food restriction, all mice 
lost weight and had lower serum glucose concentrations 
in comparison to their fed counterparts. In the fasted 
group, the Mcpip1fl/flAlbCre animals had higher glucose 
concentrations than the age-matched Mcpip1fl/fl controls, 

which may suggest better adaptation to food restriction 
(Table 1).

Proteomic analysis revealed metabolic pathways to be 
affected by the lack of Mcpip1 in fasted mice

In order to investigate how Mcpip1 deletion in liver 
epithelial cells affects murine adaptation to fasting, we 

Table 1. Biochemical characteristics of Mcpip1fl/fl and Mcpip1fl/flAlbCre mice

Fed Fasted

Mcpip1fl/fl Mcpip1fl/flAlbCre Mcpip1fl/fl Mcpip1fl/flAlbCre

Animal mass (g) 21.92±0.33 21.96±0.60 18.50±0.79### 18.23±0.39###

Liver mass (g) 0.969±0.023 1.229±0.113* 0.774±0.035p=0.09 0.985±0.018*,#

Liver/body ratio 0.045±0.001 0.056±0.004** 0.042±0.001 0.054±0.001**

Cholesterol (mmol/L) 1.70±0.14 1.77±0.16 1.70±0.10 1.68±0.10

HDL (mmol/L) 0.86±0.07 0.93±0.09 0.82±0.05 0.78±0.02

LDL (mmol/L) 0.20±0.02 0.24±0.02 0.16±0.01 0.14±0.01##

Triglycerides (mmol/L) 0.89±0.09 0.71±0.05 0.81±0.07 0.88±0.16

AST (U/L) 73.3±12.7 77.5±9.1 97.2±13.2 124.5±20.7

ALT (U/L) 30.3±6.6 35.2±5.0 21.9±3.2 31.8±6.9

Glucose (mmol/L) 6.53±0.37 6.49±0.49 3.36±0.23### 4.22±0.31*,###

Data are presented as means  ±  S.E.M. Data were compared using one-way ANOVA with Tukey’s post hoc test, *p<0.05, **p<0.01 vs Mcpip1fl/fl and 
#p<0.05, ##p<0.01, ###p<0.001 vs counterparts from the fed group.

Figure 1. Metabolic pathways are affected by fasting conditions in the Mcpip1fl/flAlbCre animals compared to the control animals
(A) Substantial experimental group separation visualised by principal component analysis (PCA); (B) Differentially expressed proteins pre-
sented on volcano plot (shows the relationship between the fold changes (log2(FC)) and the level of significance (-log10(p-value)). Sig-
nificance was marked (green – down-regulated proteins, red – up-regulated proteins) using a q-value of <0.01 and a fold change (FC) of 
>1.3 or <-1.3; (C) Bubble chart plotted by https://www.bioinformatics.com.cn/en showing enriched themes within KEGG metabolism-re-
lated pathways (results from DAVID functional annotation tool; default settings); the colour of the dots represent the significance of the 
enrichment; size is related to the number of changed proteins; the y-axis is the fold enrichment parameter; (D) Bar chart representing 
fold change for the differentially expressed protein related to metabolic processes (plotted by https://www.bioinformatics.com.cn/en); (E) 
Chord diagram showing the most enriched biological processes (GO terms/ KEGG pathways) with their differentially expressed proteins. 
green–red scale represents the fold change (plotted by https://www.bioinformatics.com.cn/en).
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performed a mass spectrometry experiment utilising 
the label-free (LF) method. The analysis showed satis-
factory separation of the groups and 143 differentially 
expressed proteins (Fig. 1A, Table S2 at https://ojs.
ptbioch.edu.pl/index.php/abp/), 26 and 117 of which 
were potently down-regulated and up-regulated, respec-
tively, in the Mcpip1fl/flAlbCre animals (Fig. 1B, Table S2 
at https://ojs.ptbioch.edu.pl/index.php/abp/). Among 
the most down-regulated proteins in Mcpip1fl/flAlbCre 
mice, we identified perilipin 2 (PLIN2), pyrethroid hy-
drolase Ces2e (EST2E), 40S ribosomal protein S6 (RS6), 
acyl-CoA synthetase short-chain family member 3, mito-
chondrial (ACSS3) and glutathione S-transferase theta-3 
(GSTT3) (Fig. 2B, green dots). Cytoglobin (CYGB), 
transforming growth factor-beta-induced protein ig-h3 
(BGH3), laminin subunit beta-2 (LAMB2), laminin subu-
nit gamma-1 (LAMC1) and nidogen-1 (NID1) were the 
most up-regulated upon Mcpip1 deletion (Fig. 2B, red 
dots).

In the next step, we used DAVID bioinformatics re-
sources for functional annotation and enrichment analy-
sis of differential proteins. We were able to distinguish 
several enriched biological themes among gene ontology 
terms and KEGG pathways (Supplementary Fig. 1A at 
https://ojs.ptbioch.edu.pl/index.php/abp/). A substan-
tial number of the identified processes were related to 
cellular adhesion, the cytoskeleton and the extracellular 
matrix. Among the less affected, but still significant, we 
observed themes such as angiogenesis, glutathione me-
tabolism, cell migration and proliferation. Interestingly, 
we also showed several processes related to the metabol-
ic pathways that were enriched, including glyoxylate and 
dicarboxylate metabolism, the pentose phosphate path-
way and carbon metabolism (Fig. 1C). The hierarchical 
clustering of proteins associated with metabolism con-
firmed the observed differences (Supplementary Fig.  1B 
at https://ojs.ptbioch.edu.pl/index.php/abp/), which 
were then demonstrated on the bar graph using the cor-
responding fold change (FC) (Fig. 1D). Fourteen and 
11 proteins were significantly down-regulated and up-

regulated, respectively, with an FC higher than 2 for 5 
proteins: UDP-N-acetylhexosamine pyrophosphorylase-
like protein 1 (UAP1L), creatine kinase B-type (KCRB), 
glycogen phosphorylase, brain form (PYGB), glucose-
6-phosphate 1-dehydrogenase (G6PD1) and glutathione 
peroxidase 3 (GPX3). A more thorough analysis of 
those 25 proteins using the STRING software tool for 
known and predicted protein–protein interactions was 
performed and visualised on a chord diagram (Fig.  1E). 
As a result, we graphically demonstrated the distribu-
tion of the proteins significantly changed in our analysis 
within several metabolism-related themes, including the 
primary metabolic process, carbon and pyruvate metabo-
lism, the glucose metabolic process, the pentose phos-
phate pathway, the tricarboxylic acid metabolic process 
and mitochondrion localisation.

Evaluation of metabolic pathways that regulate glucose 
and lipid turnover in the livers of Mcpip1fl/fl and 
Mcpip1fl/flAlbCre mice

It was already shown, that the MCPIP1 protein in-
fluences lipid metabolism by regulating C/ebpβ and 
Pparγ transcription factors (Lipert et al., 2014). Since the 
turnover of lipids is a key adaptation to fasting, we also 
tested these proteins in the livers of control and food-
restricted animals. The Mcpip1fl/flAlbCre mice in the fed 
group were characterised by lower hepatic Mcpip1 in 
comparison to their Mcpip1fl/fl counterparts, but there 
were no differences in the levels of Pparα, Pparγ or C/
ebpβ (Fig.  2A,  C). Upon fasting, hepatic Mcpip1 dele-
tion led to a reduction of Pparα, but the other protein 
levels did not change (Fig. 2B, D). In the next step, we 
tested whether changes in protein levels resulted from 
different amounts of their transcripts, which might be 
directly regulated by Mcpip1 via its RNase activity. Un-
der fed conditions, Mcpip1 deletion did not affect gly-
colysis (Pkm) – neither glycogenolysis (Pygb, Pgm2), fatty 
acid metabolism (Cpt1a, Fabp4, Acox1 and Lcad) nor 
keton bodies production (Hmgcs2) (Fig. 3A–F). There 

Figure 2. Levels of transcription factors regulating metabolism in livers
(A) Western blot analysis and (C) Densitometric quantification of Mcpip1, Pparα, Pparγ and C/ebpβ levels in the livers collected from 
Mcpip1fl/fl control and Mcpip1fl/flAlbCre knockout animals fed ad libitum; (B) Western blot analysis and (D) densitometric quantification of 
Mcpip1, Pparα, Pparγ and C/ebpβ levels in the livers collected from Mcpip1fl/fl control and Mcpip1fl/flAlbCre knockout animals after 24 h of 
fasting; graphs show the means + S.E.Ms; n=6–7; *p<0.05.
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was only a reduction in Pck1 expression in the livers of 
Mcpip1fl/flAlbCre mice that were fed ad libitum (Fig. 3C). 
After 24 h of fasting, Mcpip1 deletion led to increased 
expression of Pygb-encoding glycogen phosphorylase, 
which catalyses the phosphorolysis of glycogen to yield 
glucose 1-phosphate (Fig. 3B). In the livers of Mcpip1fl/

flAlbCre mice, the expression of Pck1 and G6pc-encoding 
phosphoenolpyruvate carboxykinase 1 and glucose-
6-phosphatase, respectively, was reduced in comparison 
to the Mcpip1fl/fl animals in the fasted group (Fig. 3C). 
Similarly to fed conditions, there were no changes in the 
expression of the other genes tested (Fig. 3).

DISCUSSION

The demonstration that Mcpip1fl/flAlbCre mice have 
higher serum glucose levels after food deprivation, is a 
major finding of this study. During fasting, hepatic glu-
cose production relies on either glycogen breakdown or 
gluconeogenesis from glycerol, amino acids or TCA cy-
cle intermediates. According to a study by Geisler et al., 
for the first 8 hours of fasting, the serum glucose level 
is balanced by depletion of the hepatic glycogen content. 
When the duration of fasting exceeded 8 h, the research-
ers observed increases in hepatic gluconeogenic potential 
(phosphoenolpyruvate carboxykinase activity and mRNA 
expression) from TCA cycle intermediates (Geisler et al., 
2016). In line with these data, after fasting we observed 
increased expression of phosphoenolpyruvate carboxyki-
nase 1 (Pck1) and glucose-6-phosphatase catalytic subunit 
(G6pc) – key gluconeogenic enzymes – in the livers of 
Mcpip1fl/fl mice. Although fasting did not induce Pck1 or 
G6pc in Mcpip1fl/flAlbCre livers, these mice had a higher 
serum glucose level than their Mcpip1fl/fl counterparts.

According to the literature, glycogenolysis is the first 
adaptation to fasting and is followed by a metabolic shift 
toward gluconeogenesis, β-oxidation and ketogenesis – 
which were all observed in our experimental model. For 

example, the activation of β-oxidation and ketogenesis, 
mediated via induction of Cpt1 and Hmgcs2, respec-
tively, was detected after only 12 h of food deprivation 
(Vilà-Brau et al., 2011; Monsénégo et al., 2012). In line 
with these results, Hmgcs2 knockdown completely elimi-
nates the increase in serum β-OH butyrate upon fasting 
(Hepler et al., 2016). Although proteomic analysis did not 
give us a clear answer as to why Mcpip1fl/flAlbCre mice 
adapt better to fasting than Mcpip1fl/fl mice, we detected 
a few differentially expressed proteins involved in met-
abolic control. As shown in Fig. 1, the liver proteome 
of Mcpip1fl/flAlbCre mice significantly differed from their 
Mcpip1fl/fl counterparts when it comes to proteins in-
volved in carbon, pyruvate and glucose metabolism, 
together with the pentose phosphate pathway and the 
tricarboxylic acid process. Perilipin 2 (PLIN2) was the 
most strongly down-regulated liver protein among them 
in the knockout animals.

Perilipin 2 belongs to a family of lipid droplet coat 
proteins that have emerged as physiological regulators 
of lipid accumulation in many tissues, including adipose 
and liver tissue (Ducharme & Bickel, 2008). It is consti-
tutively located on the lipid droplet surface and has no 
lipolytic function, but it can block lipases, limiting tri-
glyceride hydrolysis. Thus, the low level of perilipin 2 
in Mcpip1fl/flAlbCre livers might facilitate triglyceride ca-
tabolism (LL et al., 2007; Bell et al., 2008). It was also 
shown that PLIN2 is the predominant lipid droplet coat 
protein in hepatocytes in humans and rodents subjected 
to NAFLD induced by a high-fat diet (Imai et al., 2007). 
Mice with whole-body PLIN2 knockout are resistant to 
obesity, adipose tissue inflammation and liver steatosis 
when fed a high-fat diet for 12 weeks (McManaman et 
al., 2013). Similarly, PLIN2 liver-specific ablation in mice 
alleviates diet-induced hepatic steatosis, inflammation, 
non-alcoholic steatohepatitis and liver fibrosis (Najt et al., 
2016; DJ et al., 2019). Thus, perilipin 2 is a potentially 
valuable molecular target for future studies.

Figure 3. Hepatic Mcpip1 deletion in Mcpip1fl/flAlbCre mice impairs gluconeogenesis after 24 h of fasting
Expression of key enzymes regulating (A) glycolysis (Pkm – pyruvate kinase), (B) glycogenolysis (Pygb – glycogen phosphorylase; Pgm2 
– Phosphoglucomutase-2), (C) gluconeogenesis (Pck1 – phosphoenolpyruvate carboxykinase 1; G6pc – glucose-6-phosphatase), (D) fatty 
acid transport (Cpt1a – carnitine palmitoyltransferase 1A; Fabp4 – fatty acid binding protein 4), (E) β-oxidation (Acox1 – peroxisomal acyl-
coenzyme A oxidase 1; Lcad – acyl-CoA dehydrogenase, long chain) and (F) ketone body production (Hmgcs2 – 3-hydroxy-3-methylglu-
taryl-CoA synthase 2); graphs show the means + S.E.Ms; n=6–7; *p<0.05; **p<0.01; ***p<0.001
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A growing body of evidence shows that MCPIP1 is 
involved in the regulation of metabolism. Its overexpres-
sion impairs adipogenesis by reducing mRNA levels of 
C/EBPβ and PPARγ, key transcription factors regulating 
this process (Lipert et al., 2014). Later studies showed 
that MCPIP1-overexpressing adipocytes exhibit lower 
levels of the proteins involved in lipid and carbohydrate 
metabolism, and up-regulation of the proteins involved 
in cellular organisation and movement (Losko et al., 
2018). Adipocytes overexpressing MCPIP1 are addition-
ally characterised by impaired glucose uptake due to a 
lower level of insulin receptor, reduced insulin-induced 
Akt phosphorylation and depleted Glut4 (Losko et al., 
2020). The level of MCPIP1 is also lower in the adipose 
tissue of obese subjects and in patients suffering from 
NAFLD (Losko et al., 2018; Pydyn et al., 2023). In line 
with these data, fatty liver disease induced by a high-fat 
diet in C57BL/6J mice was followed by a reduced hepat-
ic level of Mcpip1 (Pydyn et al., 2019). However, quite 
surprisingly, Mcpip1fl/flAlbCre mice on a high-fat diet for 
12 weeks were not susceptible to the development of 
fatty liver disease. Liver fat content did not change sig-
nificantly in comparison to age-matched Mcpip1fl/fl con-
trols (Pydyn et al., 2021).

Mcpip1 was recently described as an important regu-
lator of hepatic homeostasis, in both physiological and 
pathophysiological conditions. Sun and others (Sun et al., 
2018) described the protective role of Mcpip1 in mice 
subjected to liver ischemia/reperfusion injury. Hepato-
cyte-specific Mcpip1 gene knockout and transgenic mice 
demonstrated that Mcpip1 functions to ameliorate liver 
damage, reduce inflammation, prevent cell death and 
promote regeneration. As we previously reported, the 
deletion of Mcpip1 in Mcpip1fl/flAlbCre mice led to the 
development of primary biliary cholangitis symptoms. In 
the livers of these animals, intrahepatic bile ducts dis-
played proliferative changes with inflammatory infiltra-
tion, bile duct destruction and fibrosis leading to chol-
estasis (Kotlinowski et al., 2021). Massive fibrosis was 
already detected in young, 6-week-old Mcpip1fl/flAlbCre 
mice. Thus, the high amount of fibrosis-related or extra-
cellular matrix proteins in the liver upon fasting was not 
surprising to us. Since Mcpip1 is an endoribonuclease, 
it is possible that some of the mRNAs encoding these 
proteins are direct targets of Mcpip1. In the future, it 
would be interesting to test whether Mcpip1 binds and 
digests transcripts encoding the proteins involved in the 
remodeling of the ECM other than MMP9 (Szukala et 
al., 2021).

Out of 10 the most strongly up-regulated proteins, 9 
were related to fibrosis. Cytoglobin (Cygb) was induced 
13.1 times. In 2001 cytoglobin was discovered in hepatic 
stellate cells (HSCs), and it was later demonstrated to be 
an important regulator of HSC O2 homeostasis under 
hypoxic conditions (Kawada et al., 2001; Yoshizato et al., 
2016). Upon deletion of the Cygb gene in mice, hepatic 
O2 homeostasis was disrupted, leading to the activa-
tion of HSCs and liver fibrosis (Yoshizato et al., 2016). 
Cytoglobin inhibits HSC activation by maintaining its 
quiescent state. However, its induction in Mcpip1fl/flA-
lbCre livers does not reduce liver fibrosis in these mice, 
which is demonstrated by the significant overexpression 
of ECM-related proteins. On the contrary, in our model 
cytoglobin induction may result from disturbed liver ho-
meostasis, i.e. fibrosis or inflammatory infiltration, which 
are both characteristic of Mcpip1fl/flAlbCre mice (Kot-
linowski et al., 2021). In fact, cytoglobin induction was 
already reported after long-term thioacetamide-induced 
liver fibrosis (Thi Thanh Hai et al., 2018).

In summary, we demonstrated that hepatic deletion 
of Mcpip1 led to higher serum glucose concentration in 
mice subjected to fasting. For future studies, it would be 
interesting to concentrate on the liver and serum metab-
olome to better understand the role of Mcpip1 in meta-
bolic homeostasis.
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The phenomenon of growth is a leading factor for aq-
uaculture success. The uneven growth of major Indian 
carps (Labeo rohita, Catla catla, and Cirrhinus mrigala) is 
a serious issue in fish culture from an economic point 
of view. The growth hormone (GH) gene is crucial for 
selection in commercially cultivated fish species for bet-
ter growth and production. Indian major carp (L. rohita, 
C.  catla, and C. mrigala) are commonly cultured in Pa-
kistan. The GH expression was examined using qPCR to 
understand growth in fish species better. Muscle tissue 
samples (n=480) from 160 individuals of the same age 
were collected from three species (L. rohita, C. catla, and 
C. mrigala). Individuals were divided into two groups 
(high-weight and low-weight groups), cultured under 
normal conditions. The housekeeping gene β-actin vali-
dated GH expression in fast and slow-growing fishes 
from the same species. Results showed that GH expres-
sion varies across species and fish specimens that over-
weight their counterpart feature have higher GH expres-
sion. A selection for overweight fish in the aquaculture 
breeding systems is preferable as those fish could inherit 
their genomics to the future cohort, enhancing produc-
tion, and commercial profit for farmers. Comprehensive 
research about different growth genes and the environ-
mental aspects that influence fish growth is mandatory. 
No work has been reported regarding the growth gene 
analysis of fish from Pakistan. This report was Pakistan’s 
first and baseline study regarding growth analysis of 
main culturable fish species at the molecular level.
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INTRODUCTION

Pakistan is blessed with fish fauna and water resourc-
es, but only nine species (7 warm and 2 cold water) 
are commercially cultured. Moreover, only carp culture 
is carried out through extensive farming depending on 

natural water resources. Among polyculture, carp po-
ly-culture systems primarily consisting of major carps 
(Labeo rohita, Catla catla, and Cirrhinus mrigala) are more 
prevalent due to their high growth rate and ability to 
adapt in captive conditions (FAO, 2016; Wasim, 2007). 
Aquaculture success is mainly dependent on the maxi-
mum growth and production of fish. Vertebrate growth 
is regulated by several genes and various morphological 
characters (Dunham, 2011). The growth expression is 
correlated with a screening of candidate genes involved 
in the growth and selection of fish species. Higher fish 
growth is essential for boosting the aquaculture industry 
(Khan et al., 2023; Canestro et al., 2013). The role of the 
GH is extensively studied in many fishes like Mandarin 
fish (Siniperca chuatsi; Yi et al., 2015), Nile tilapia (Tilapia 
nilotica; Tanamati et al., 2015), Tench (Tinca tinca; Kocour 
et al., 2011), Ganges Jewfish (Nibea coibor; Zhang et al., 
2009), and Mandarin fish (Siniperca chuatsi; Tian et al., 
2014). In recent years, marker-assisted growth selection 
has been employed in the aquaculture and livestock sec-
tor for better performance (Ling et al., 2023; Biswas et 
al., 2003; Pal et al., 2004; De Faria et al., 2006).

Fish growth is a key feature for many fish biologists 
regarding fish production and the selective breeding 
program of many economically significant fish spe-
cies (Gjedrem et al., 2012; Hulata, 2001). Growth is 
a quantitative trait controlled by many genes (Mullis, 
2005) and environmental factors (Mackay, 2001; Moriy-
ama et al., 2000). The GH, growth hormone receptor 
(GHR), insulin-like growth factors (IGF), and myostatin 
(MSTN) genes are observed in tamed animals and aqua-
culture species. Among them, GH is the main regulator 
of postnatal development. Moreover, it is also associ-
ated with strengthening anabolic functions such as pro-
tein interaction, cell growth, and muscle development 
(Reinecke et al., 2005). In addition to hormone-flagging 
procedures, it participates in other pathways that make 
its physiology challenging to understand (Vairamani et 
al., 2017). The primary genes that control fish growth 
have been studied using various experimental methods. 
Research on such fish ranges from those whose growth 
has been retarded through starvation during game-
togenesis to those whose growth has been accelerated 
through refeeding after starvation, GH-transgenesis, or 
domestication. These studies also discovered a com-
plicated association among factors that control growth 
and other biological processes. Moreover, it is also 
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revealed that many somatotropic genes such as GH, 
GHR, and insulin-like growth factors IGFs are more 
expressed in fast-growing fishes, i.e., rainbow trout (On-
corynchus mykiss) (Devlin et al., 2013) and regulate muscle 
growth (Sheridan & Hagemeister, 2010).

GH is secreted by somatotropic cells and comprises 
a single-chain polypeptide of about 22kDa. It plays a 
vital role in metabolic processes, i.e., reproductive and 
immune systems and seawater adaptability. Moreover, 
it is also involved in problems related to appetite and 
food conversion (Rajesh & Majumdar, 2007; Canosa et 
al., 2007). Previously DNA and cDNA sequences of 
the GH have been well studied in various economically 
important fish species like Cyprinus carpio (Chiou et al., 
1990), Protopterus annectens (May et al., 1999), Cynoglossus 
semilaevis (Ma et al., 2012), and Pelteobagrus fulvidraco (Li et 
al., 2017). The total length of the GH was almost 3-4kb 
and its structures differed in different fishes. The GH 
genome in some fishes consists of 5 exons and 4 in-
trons; in other fish species, it was 6 exons and 5 introns 
(Chiou et al., 1990; Li et al., 2017). The current study was 
undertaken to determine the differential expression lev-
els of the GH in fast and slow-growing fish species of 
Indian major carps (Labeo rohita, Catla catla, and Cirrhinus 
mrigala), which are commonly cultured in Pakistan.

MATERIALS AND METHODS

Sample Collection for Growth Expression Analysis

A total of 480 fish individuals (Labeo rohita/n=160, 
Cirrhinus mrigala/n=160, and Catla catla/n=160) of simi-
lar age were collected from the Umer Fish Farm, located 
at District Rajanpur, Pakistan. The capturing and experi-
ments on fish species were conducted following relevant 
institutional, national, and international guidelines and 
legislation. Out of 160 muscle tissue samples (Skeletal 
Muscle, 5 g) from each fish species, 80 samples were 
captured from extremely high-weight fishes (≥1.3; ≥2 
and ≥0.9 Kg) and 80 from extremely low-weight fish-
es (≤0.5; ≤1 and ≤0.5 kg) from L. rohita, C. catla, and 
C.  mrigala, respectively. Fish samples were collected in a 
centrifuge tube (1.5 ml), containing RNA later solution. 
Samples were stored immediately in liquid nitrogen and 
then at –80°C for later analysis. During sampling, feed-
ing and water quality data were continuously collected 
(Table 1).

Total RNA isolation and cDNA synthesis

Total RNA isolation from the muscle tissue sample 
was carried out using TRIzol reagent (Life Technolo-
gies cat no. 15596026). Samples were ground in liquid 
nitrogen using a pre-chilled mortar and pestle. The 
homogenate of muscle tissue samples was made in a 
2.0  ml microcentrifuge tube with 1.5 mL of TRIzol® 
reagent and incubated for 5 minutes at room tempera-
ture. After shaking strongly for 30–40 seconds, 200 μl 
of chloroform was added per 1 ml of TRIzol® reagent 
and the content was mixed vigorously for 15 seconds 
and incubated at room temperature for 10 minutes fol-
lowed by centrifugation for 5 minutes at 13 000 rpm 
(at 4°C). As a result of centrifugation, three distinctive 
layers were formed consisting of the upper colorless, 
middle whitish layer and bottom dark layer. The upper 
clear phase containing nucleic acid was transferred to 
another nuclease-free 2.0 ml Eppendorf tube and 750 
μl of pre-chilled isopropanol was added to precipitate 
the RNA and incubated for 10 minutes at room tem-
perature followed by centrifugation. To clean the RNA 
pellet, 750 μl of 75% ethanol was used and centrifuged 
again at 13 000 rpm (at 4°C) for 15 minutes (2×) by 
discarding the upper content. The RNA pellet was air-
dried by incubating at room temperature for 10 min-
utes. The air-dried RNA samples were resuspended in 
30 μl DEPC water and immediately stored at -70°C. 
The quality and quantity of the isolated RNA were de-
termined by using Spectrophotometer ND 1000 Nan-
oDrop®. and the Size of RNA was determined by 1.5 % 
gel electrophoresis (Fig. 1).

Synthesis of complementary DNA (cDNA)

The cDNA was synthesized using the Revert Aid 
First-Strand cDNA synthesis kit (Thermo Fisher Sci-

Table 1. Feeding and water quality monitoring data during tissue sampling.

Seed Rearing Stage Production Stage

Total Age:
19 Months Jun–Aug Aug–Nov Dec–Jan February March–October

Feed (CP level %) Rice polish CP 14 Supreme feed
CP 24

Partial feeding: Low tem-
perature
CP 26

Partial feeding: Low 
temperature
CP 26

Supreme feed
CP 31

*DO (ppm) 5.5–6.5 5.5–6.5 6.0–7.0 6.5–8.5 5.2–7.5

Temperature (ºC) 29–32 27–29.5 19–23 20–25 24–31

pH 6.8–8.7 7.9–9.2 8.6–9.5 8.2–9.4 7.4–8.8

Salinity(ppt) <0.09 <0.09 <0.09 <0.09 <0.09
*TDS (ppm) 1900–2300 2100–2500 2300–2590 2295–2476 2340–2700

Ammonia (ppm) 0.012–0.024 0.018–0.03 0.03–0.041 0.025–0.039 0.028–0.065

*DO, dissolved oxygen; *TDS, total dissolved solid

Figure 1. Confirmation of RNA by gel electrophoresis (1.5%)
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entific, cat no. 1622). 1 μg of total RNA template 
isolated from each fish sample was used to synthe-
size cDNA. The reaction mixture for cDNA synthesis 
contained 10 pm of random hexamer primers, 1.2 μl 
of RNA (1 μg) and nuclease-free DEPC treated wa-
ter was used to make a final volume of 11 μl. PCR 
tube containing the cDNA mixture was centrifuged 
for 5–10 seconds. The reaction mixture was incubated 
at 70°C for 5 minutes and tubes were immediately 
placed on ice. After that 4.0 μl of 5x reaction buffer, 
1.0 μl (20 units) of ribonuclease inhibitor, and 2.0 μl 
of dNTPs mixture (40 mM) were supplemented. The 
reaction mixture was incubated for 5 minutes at 37°C 
and 2.0 μl (40 units) of reverse transcriptase (MMuLV) 
was supplemented. The final reaction mixture of 20 
μl was finally incubated at 37°C for 60 minutes. The 
cDNA reaction mixture was additionally incubated at 
70°C for 10 minutes to break the reaction. The ob-
tained cDNA product was immediately placed on ice. 
The thermal profile of the reaction is shown below.

Figure 2. Thermal conditions for cDNA synthesis

Table 2. RT-PCR primers selection

Gene Primers Sequence of primers Product 
size

GH
GH–F ATAACGACTCCCTGCCACTG

125 bp
GH–R CCTTGTGCATGTCCTTCTTG

β-actin
β-actin-F ACCCACACTGTGCCCATCTACG

146 bp
β-actin-R ATTTCCCTCTCGGCTGTGGTGG

Primer Designing and Optimization

Primer Express 3.0 software was used to design prim-
ers for the GH and housekeeping genes (β-actin). The 
β-actin was selected as an internal control for precise vali-
dation of qPCR (Table 2). Both primers (GH and β-actin) 
were optimized using certain qPCR conditions. The re-
sults of the optimized protocol were assessed by the gel 
documentation system (Fig. 3).

Amplification of targeted genes by reverse transcriptase 
Polymerase Chain Reaction (RT-PCR)

Real-time PCR was used to quantify differential GH 
expression of fishes with the highest and lowest weight 
under uniform pond conditions. The RT-PCR process 
was accomplished using PikoReal™ Q-PCR to quantify 
selected samples. Amplification of the targeted genes 
was carried out using gene-specific primers (Table 2) and 
DreamTaq Green PCR Master mix 2x (Thermo Fisher 
Scientific, cat no. K1081). The PCR reaction contained 
10 μ-L of DreamTaq Green PCR master mix, 0.8 μ-L 
template cDNA and 0.4 μ-L of both forward and re-
verse primers (10 μ-mol) added to PCR tube (0.2 mL) 
and nuclease-free water to a final volume of 20 μ L. The 
PCR thermal conditions were; preliminary incubation 
for 4 minutes at 94°C, 30 cycles of amplifications with 
denaturation at 94°C for 45 seconds, primer binding at 
56–58°C for 30 seconds and amplification at 72°C for 
40 seconds and then ending extension for 5 minutes at 
72°C (Fig. 4). The 2–ΔΔCT mode was selected to assess 
GH expression (Livak & Schmittgen, 2001).

Data analysis

Data were coded and entered using the statisti-
cal package SPSS (IBM SPSS Statistics V.22). The data 
were checked for satisfying parametric test assumptions, 
and continuous variables were tested for normality us-
ing Shapiro-Wilk and Kolmogorov-Smirnov tests. Data 
were presented as mean and standard deviation. A stu-
dent t-test was conducted for experimental groups, while 
a Tukey pairwise comparison was conducted in MiniTab 
V14 for post-hoc analysis. The P-value was considered 
significant at<0.05. Data was visualized when possible, 
using R studio V 2022.02.4.

RESULTS

In this study, we observed significant differences 
in body weights between high-weight and low-weight 
groups of similar ages in all three fish species (Fig. 5).

Figure 3. Primer’s optimization for RT-PCR. 
Panel (A) Beta-actin amplification (fragments=146bp: L3-L12); 
M=Marker (50bp); L1=Positive control; L2=Negative control. Panel 
(B) Growth hormone gene (GH) amplification (fragments=125bp: 
L3-L12); M=Marker (50bp); L1=Positive control; L2=Negative Con-
trol.

Figure 4. RT-PCR Amplification thermal conditions to amplify 
targeted genes
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Differential GH Analysis

Labeo rohita

Average values of GH expression and body weight of 
selected fish samples were utilized to determine the rela-
tionship between GH expression and body weight. Larg-
er body weight fishes (1.88±0.50 kg) have significantly 
higher GH expression relative to lower body weight fish-
es (0.83±0.38 kg) (Fig. 6).

Catla catla

Similar to Labeo rohita, individuals having high body 
weight (80±0.30 Kg) had significantly higher GH expres-
sion than lower body weight individuals (Fig. 6).

Cirrhinus mrigala

 Like the other two fish species, Cirrhinus mrigala ex-
pressed GH significantly higher in higher body weight 
fishes (1.65±0.36 Kg) as compared to lower body weight 
fishes (0.65±0.25; Fig. 6).

We found a very surprising correlation between GH 
expression and the body weight of selected fish species 
(Fig. 7). The analysis revealed a statistically significant 
positive correlation between body weight and gene ex-
pression for both groups of low and high body weight 
fish. The strength of association was greater in the high-
weight groups compared to the low-weight groups for 
all three species. For L. rohita, the correlation coefficient 
was 0.965 and 0.729 for the high and low-weight groups, 

respectively. Similarly, for C. catla the correlation coeffi-
cients were 0.744 and 0.696, and for C. mrigala they were 
0.871 and 0.677 for the high and low-weight groups, 
respectively. In summary, the degree of correlation be-
tween body size and gene expression intensified as body 
weight increased for all species.

The analysis revealed a statistically significant positive 
correlation between body weight and gene expression 
for both groups of fish with low and high body weight. 
The strength of association was greater in the high-
weight groups compared to the low-weight groups for 
all three species. For L. rohita, the correlation coefficient 
was 0.965 and 0.729 for the high and low weight groups, 
respectively. Similarly, for C. catla the correlation coeffi-
cients were 0.744 and 0.696, and for C. mrigala they were 
0.871 and 0.677 for the high and low weight groups, 
respectively. In summary, the degree of correlation be-
tween body size and gene expression intensified as body 
weight increased for all species.

DISCUSSION

Growth in vertebrates is mainly controlled by GH, 
a vital gene influencing growth physiology (Quik et al., 
2010; Clayton et al., 2010). Indian major carp species 
(Labeo rohita, Catla catla, Cirrhinus mrigala) are widely cul-
tured in Asia. GH might directly or indirectly affect the 
growth mechanism of these economically important fish 
species. We therefore investigated the connection of GH 
expression with the growth characteristics of carp spe-
cies. In recent years, GH association with growth traits 

Figure 5. Box and whisker plot of observed weight for investi-
gated fish species.
Data undergoes an independent sample t-test, after being evalu-
ated for normality. NS=non-significant; *<0.05; **<0.01: ***<0.001.

Figure 6. Comparative analysis of differential growth hormone 
gene expression (GH) among three fish species having a High-
Weight and Low-Weight group.
Data undergoes the Mann-Whitney U test, after being evaluated 
for normality. NS=non-significant; *<0.05; **<0.01: ***<0.001

Figure 7. Correlation coefficient between observed fish weight 
in low and high weight groups and the gene expression values 
of GH hormone
NS=non-significant; *<0.05; **<0.01: ***<0.001
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has been studied well in domestic animals (An et al., 
2011; Sugita et al., 2014) and poultry (Xu et al., 2007; Wu 
et al., 2012). The GH is the chief controller of IGF-I 
production in fry, fingerling, and adult fishes. Studies re-
ported that injecting GH boosts the expression of IGF-I 
in salmon, (Duguay et al., 1994), rainbow trout (Sham-
blott et al., 1995), and gilthead sea bream (Duguay et al., 
1996), zebrafish (Maures et al., 2002). The IGF-I mRNA 
levels in plasma or serum and its expression in tissues 
also confirmed its dependency on GH as observed in 
goldfish (Marchant & Moroz, 1993), salmonids (Moriy-
ama et al., 1995) and tilapia (Kajimura et al., 2001).

We reported that GH expression varies in high and 
low-body-weight fish species of Indian major carp. The 
variable expression of growth-related genes has also 
been observed in fish and other animals in previous sci-
entific studies (Carnevali et al., 2006; Filby & Tyler, 2007; 
Opazo et al., 2017). In fish, somatic growth is accelerated 
at the juvenile stage while it slows down during the adult 
stage as fish utilizes its energy for gonadal development 
and sexual maturation (Le Gac et al., 1993; Chen et al., 
2018). In the present study, fish with the same age class 
and different body weights exhibit high GH expression 
as fish weight increases. Differences in recorded body 
weight of fish within the same age group could rely on 
stress factors, that can minimise fish growth and produc-
tion. This stress may be caused due to internal factors 
(stocking density, fish species’ competition for space and 
food) or external factors (low water quality) (Karakat-
souli et al., 2008). If the stress factor is negated, then the 
role of the gene can be observed and explained well in 
experimental fishes, which enlightens the present study 
findings. Considering this scenario, present cultured fish-
es undergo uniform culturing conditions by following 
good feeding practices and healthy water quality manage-
ment so that possible genetic effects on fish growth can 
be assessed effectively. The differential expression level 
of GH in three fish species defined that fish growth 
rates are different concerning GH content in muscle tis-
sue. Similar observations were recorded in red spotted 
grouper (Epinephelus akaara) regarding expression analysis 
of growth genes like GH, GHR, and IGF1 from fish tis-
sue (Mun et al., 2019).

A direct relationship was noticed between body 
weight and GH expression in L. rohita, which depicts 
that expression of the GH increases or decreases with 
the gradual increase or decrease in body weight of fish 
samples. GH-mRNA expression was found higher in a 
high-weight group while lower in low-weight popula-
tions, similar to those mentioned for crucian carp C.  au-
ratus (Zhong et al., 2012); European sea bass (Dicentrar-
chus labrax), which had a significantly higher GH-mRNA 
expression in fast-growing as compared to slow-growing 
fish samples (Carnevali et al., 2006). However, such dif-
ferential GH-mRNA expression level was not obvious 
in zebrafish, Daniorerio (Opazo et al., 2017). Similar to 
L. rohita, we found the same findings for C. catla. Re-
sults of GH expression concerning the body weight of 
C. catla fish samples were very interesting as we found 
the same high per unit expression of GH with respect 
to a gradual increase in weight in higher body weight 
fishes. Such kind of growth pattern may reflect some 
ongoing interconnected morphological as well as physi-
ological changes inside the body of C. catla. In contrast, 
a low level of GH expression was reported in high-body 
weight fish of Nile Tilapia (Oreochromis niloticus), which 
may be compensated by expression in some other tissues 
of the fish body (Aboukila et al., 2021). The low level 
of GH expression may depict its low synthesis from the 

pituitary due to the influence of endocrine and environ-
mental aspects correlated with the body physiology, sug-
gesting that GH expression in fish is a very complicated 
phenomenon (Tymchuk et al., 2009).

A direct correlation was also identified between body 
weight and GH expression in collected C. mrigala. Such 
results indicated a higher chance of reciprocal effect of 
GH expression in low-body-weight fish than in the high-
body-weight group. A previous study on GH expression 
analysis of red-spotted grouper revealed that GH-mRNA 
expression was slightly higher in higher body weight 
samples than in moderate and slow-growing samples 
(Mun et al., 2019). Likewise, in C. mrigala GH expression 
results, a marine water fish named gilthead sea bream 
(Sparus aurata) possessed similar influential growth pat-
terns of GH on high and low-weight fish tissues (Perez-
Sanchez et al., 1994). Comparing GH expression among 
high and low body weight Indian major carp species re-
vealed that GH expression varies from species to species 
in these fishes, however, it follows a similar trend with 
increasing or decreasing body weight. Certain other vital 
growth genes and various ambient environmental fac-
tors important for fish’s body development and growth 
may cause current variation in expression results. The 
intricate phenomenon of the endocrine system in fishes 
reveals that the growth pattern with respect to hormo-
nal state is very complex. This pattern gradually fluctu-
ates among fresh and marine water fish species. More 
research in this area is necessary to properly understand 
growth governing endocrinology in fish.

CONCLUSION

Our research focused on Labeo rohita, Catla catla, and 
Cirrhinus mrigala, which are major Indian carp species 
commonly cultured in Pakistan. The uneven growth of 
these species is a significant challenge in aquaculture, im-
pacting economic outcomes. The growth hormone (GH) 
gene is pivotal in selecting fish with superior growth and 
production potential in aquaculture. By validating GH 
expression using the housekeeping gene β-actin, we dis-
covered that GH expression varies not only among spe-
cies but also within the same species based on weight, 
with better-weight fish exhibiting higher GH expression 
levels. The significance of our findings lies in their po-
tential application within the aquaculture sector in Pa-
kistan. Selecting and breeding better-weight fish, which 
demonstrate higher GH expression can lead to im-
proved production outcomes and increased profitability 
for farmers. Furthermore, this study represents the first 
molecular-level analysis of growth genes in fish species 
from Pakistan, making it a baseline study for future re-
search in this region.
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Aloe barbadensis is a stemless plant with a length of 60–
100 cm with juicy leaves which is used for its remedial and 
healing properties in different suburbs of various countries. 
The present study was conducted to investigate the effect 
of A. barbadensis leaf extract (aqueous and ethanolic) in 
yeast induced pyrexia and acetic acid induced writhing in 
rat model to evaluate the antipyretic biomarkers and its 
phytochemical screening with computational analysis. For 
analgesic activity model 60 Albino rats (160–200 kg) were 
divided into four groups. Of the 4 groups, control consist-
ed of 6 rats (Group I) treated with normal saline, standard 
comprised of 6 rats treated with drug diclofenac (Group I). 
Experimental groups consisted of 48 rats, treated with A. 
barbadensis ethanolic and aqueous leaf extracts at doses of 
50 mg/kg, 100 mg/kg, 200 mg/kg, and 400 mg/kg (Group 
III. IV). For antipyretic activity group division was same as 
in analgesic activity. All groups were treated the same as 
in the analgesic activity except for the second group which 
was treated with paracetamol. In both antipyretic and an-
algesic activity at the dose of 400 mg/kg, group III showed 
significant inhibition. TNF–α and IL-6 showed significant 
antipyretic activity at a dose of 400 mg/kg. For molecular 
docking aloe emodin and cholestanol were used as ligand 
molecules to target proteins Tnf-α and IL-6. Acute oral tox-
icity study was performed. There was no mortality even at 
the dose of 2000 mg/kg. Quantitative and qualitative phy-
tochemical screening was performed for the detection of 
various phytochemicals. Hence, A. barbadensis leaf extracts 
can be used in the form of medicine for the treatment of 
pain and fever.

Keywords: induced pyrexia, pain, antipyretic biomarkers, in-silico, in 
vivo, Aloe barbadensi
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INTRODUCTION

An unpleasant signal that something hurts, which is 
basically a complex experience that differs greatly from 
person to person, is called pain. We can also define 
pain as a somatic sense of severe discomfort, a sign of 
a disorder and physical injury or even emotional sorrow. 
The body’s defense mechanisms depend largely on pain 
which also serves as a rapid warning system that instructs 
the motor neurons in the central nervous system to pre-
vent physical harm. There are two categories of pain: 
acute and chronic pain (Kumar et al., 2015). NSAIDs re-
duce pain by blocking the formation of prostaglandins, 
which is accomplished by decreasing the activity of the 
enzyme Cyclooxygenase 1 and 2 (COX-1 and COX-2) 
(PG) (Hayat et al., 2023; Naveed et al., 2023; Waseem et 
al., 2023; Aqib et al., 2023; Naveed et al., 2022a; Naveed 
et al., 2022b; Ayesha et al., 2022; Liet al., 2009). Fever 
is a common component of inflammation in animals, 
and it amplifies the host’s reaction. The hypothalamus 
generally regulates fever, but certain bacterial or viral 
illnesses can promote the formation of pyrogens, sub-
stances that effectively alter the hypothalamic “thermo-
stat setting” to raise body temperature and cause fever. 
Endogenous or exogenous pyrogens are both possible 

(Walter et al., 2016). Infection, tissue injury, inflammation 
or other disease conditions can cause pyrexia or fever. 
Among the most common symptoms of these condi-
tions is an increase in the production of cytokines, such 
as Interleukin-1, Interleukin-6, interferon, and tumor ne-
crosis factor among others. PGE2 synthesis is boosted 
by the cytokines because they stimulate the arachidonic 
acid pathway. To elevate body temperature PGE2 acti-
vates the hypothalamus, which causes it to increase heat 
production while minimizing heat loss (Ahmad B et al., 
2023; Mathew et al., 2021).

Thousands of people around the world, mostly in de-
veloping nations, depend on herbal medication for their 
health. Traditional and complementary medicine practi-
tioners have extensive experience in the inhibition, di-
agnosis, and management of a wide range of disorders 
including infectious diseases, allergies, and hypertension 

(Hamid et al., 2023; Ammara et al., 2023; Ejaz Ahmad 
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et al., 2023; Ahmad et al., 2023; Rauf et al., 2023; Nay-
akudya et al., 2020; Sajjad et al., 2014). Aloe barbadensis is 
one of the most popular plant these days and it is at-
tracting a lot of scientific attention. The use of this plant 
may be traced all the way back to the Babylonian era. It 
grows in warm areas and is unable to survive in freezing 
temperatures. According to WHO estimates, traditional 
medicines are being used by up to 80% of the popula-
tion. A. barbadensis is a stemless plant with a length of 
60–100 cm with juicy leaves (Sana et al., 2023; Aziz et al., 
2023a; Hena et al., 2023; Wajid et al., 2023; Nureen et al., 
2023; Gul et al., 2023). On several plants, A. barbadensis 
bears thick green leaves with white dots on the lower 
and upper surface of the stem. In Ayurveda, ghritkumari 
is defined as an A. barbadensis being a blood cleanser, 
anti-inflammatory, uterine tonic, laxative, diuretic, sper-
matogenic and fever reliever (Saleem et al., 2023; Aziz et 
al., 2023b; Narjis et al., 2023; Zawar et al., 2023a; Farooq 
et al., 2022).

Many phytochemicals, vitamins, minerals, and anti-
oxidants are found in the plant. A class of substances 
known as phytochemicals (derived from the Greek word 
“phyto,” which literally means “plant”) are physiologi-
cally active molecules found in minute amounts in plants 
that are not recognized as nutrients, but which appear 
to protect against degenerative diseases (Zawar et al., 
2023b; Tayyaba et al., 2023; Zawar et al., 2023c; Dalia et 
al., 2017). Molecular docking is a computer simulation 
technique for predicting the form of a receptor-ligand 
complex, in which the receptor is a protein, or a nucleic 
acid molecule (DNA or RNA) and the ligand is a small 
molecule or another protein; the receptor and ligand are 
both proteins. Also known as simulation-based predic-
tion, it is a technique for forecasting the location of a 
ligand in an expected or pre-defined binding site (Ahmad  
et al., 2023; Bermen et al., 2000).

MATERIALS AND METHODS

Collection of samples and their extracts

A. barbadensis leaves were collected, aqueous and etha-
nolic extract was prepared by cold maceration method 
(Singh et al., 2010).

Albino rats

Albino rats (160–200 g) of both sexes were purchased 
from the animal home for the experiment. Rats were 
kept in polypropylene cages at the University of Lahore 
animal house. Rats were fasted before being used in the 
experiments. After that they were given distilled water 
and balanced feed.

Groups and treatment schedule

In group I, rats were treated with distilled water 10ml/
kg. In analgesic and antipyretic activity in group II rats 
were treated with diclofenac and paracetamol 100  mg/
kg. In group III and IV rats were treated with different 
quantities of A. barbadensis ethanolic and aqueous leaf ex-
tracts.

Steps

Fever induced by yeast.

All the groups were injected with yeast below the 
nape of neck to induce fever after 21 hours, and the 

highest temperature was 101.58 Fahrenheit. Control rats 
were injected with normal saline, group II, the rats were 
treated with a dose of paracetamol, while group III and 
IV rats were treated with the different concentrations of 
ethanolic and aqueous leaf extracts of A. barbadensis. The 
body temperature (rectum) of rats was measured with 
digital thermometer after the equal time intervals until 
fourth hour.

Analgesic activity model

All groups were treated the same as in the analgesic 
activity except the second group which was treated with 
diclofenac.

Procedure

Writhing induced by acetic acid

By the injection of acetic acid, the writhing process 
began in rats. It was injected to determine the poten-
tial of leaf extract of A. barbadensis in pain process. But 
1 hour before the experiment, rats in group I were in-
jected with normal saline (10 ml/kg) intraperitoneally. In 
group II, the rats were treated with a dose of diclofenac 
100 mg/kg. While in groups III and IV the rats were 
treated with different concentrations of ethanolic and 
aqueous leaf extracts of A. barbadensis at a dose of 50, 
100, 200, and 400 mg/kg. For counting the writhes, a 
stopwatch was used. The rats were placed into different 
cages during activity.

Acute oral toxicity study

Acute oral toxicity study was carried out using a pro-
tocol as described by Srinivasan et al (2018).

Qualitative phytochemical analysis of Aloe barbadensis

Qualitative and quantitative phytochemical analysis of 
A. barbadensis was done by standard protocol (Usman et 
al., 2020).

In silico antipyretic and analgesic activity of  
A. barbadensis

For in-silico investigation, various software of bioinfor-
matics was used to support A. barbadensis antipyretic and 
analgesic activity. Chemskech, chimaera, pymol, pyrx, 
depth residue, and discovery studio were the computa-
tional tools used.

Data analysis

Data were analyzed using PROC GLM in SAS soft-
ware (version 9.1).

RESULTS

Ethanolic and aqueous extracts of A. barbadensis

In this study, the potential of A. barbadensis leaf ex-
tracts at different doses were observed against rat mod-
els. The difference between the groups of rats treated 
with extracts and the control group was at a significant 
level. All groups showed a remarkable increase in tem-
perature after being injected with yeast. Group I showed 
a marked increase in temperature after 1–4 hrs of in-
jection. Meanwhile, experimental groups treated with 
A.  barbadensis leaf extracts reduced the temperature from 
1 to 4 hours as compared to group I. The improvement 
was more pronounced at fourth hour in a dose depend-
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ent manner. Within the experimental groups, A.  bar-
badensis leaf ethanolic extract (group III) showed the 
most pronounced effect as compared to A. barbadensis 
leaf aqueous extracts (group IV). Interleukin-6 and TNF-
alpha concentrations in the plasma were increased as a 
result of yeast injection. In both ethanolic and aqueous 
extracts TNF-alpha and IL-6 marker values differ con-
siderably between treatment groups. Effect of A. bar-
badensis leaf extracts on IL-6 and TNF-alpha in group 
III and IV indicated a significant decrease in pyrexia in 
comparison to control (Fig. 1 and Table 1).

Analgesic activities

In analgesic activity, all groups showed a significant 
increase in pain which was induced with acetic acid. 

Group I showed the most evident increase in pain after 
injection. While group III and IV treated with A. bar-
badensis leaf extracts reduced the temperature as com-
pared to group I.

The acute toxicity results showed that the ethanolic 
extracts had a high safety profile as neither death nor 
signs related with toxicity were observed at the highest 
dose level (2000 mg/kg orally) in the rats. Rats did not 
show any change in their gross behavior or associated 
stereotypical symptoms as shown in Table 2.

Qualitative phytochemical screening of aqueous and 
ethanol gel extracts of A. barbadensis

The results of qualitative phytochemical screening of 
the aqueous and ethanol gel extracts of A.barbadensis 

Table 1. Inhibition (% ) of pain by ethanolic and aqueous extracts of A. barbadensis and diclofenac on acetic acid induced pain in rats

Treatment Ethanolic Aqueous

Control 18.83±0.40 18.83±0.40

Standard 7.36±0.91 (61%) 7.36±0.91 (61%)

Treated at dose 50mg/kg 17.00±0.41 (9%) 17.75±0.95 (-5%)

Treated at dose 100mg/kg 15.25±0.48 (19%) 16.5±0.29 (12%)

Treated at dose 200mg/kg 12.25±0.75 (34%) 13±0.91 (30%)

Treated at dose 400mg/kg 6.50±1.04 (65%) 9.75±0.63 (48%)

p-value <0.0001 <0.0001

Figure 1. TNF Alpha and IL-6 showing significant upregulation and downregulation and temperature of rats (F°) at 1–4 hours post 
yeast injection in group I, II, III and IV
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showed the presence of tannins, saponins, phenolics and 
flavonoids. Proteins were present in ethanolic extract but 
absent in aqueous extract while glycosides and alkaloids 
were present in aqueous extract but absent in ethanolic 
extract. Terpenoids and steroids were absent in both ex-
tracts (Table 3).

Quantitative phytochemical screening showed that 
ethanolic extract showed a high quantity of phytochemi-
cals as compared to aqueous extract. These bioactive 
chemicals are important in medicine because they have 
anti-inflammatory, anti-diabetic, analgesic, anti-oxidant, 
and antipyretic properties (Fig. 2).

In-silico studies

The objective of the in-silico analysis is to study 
the potential of phytochemicals to target the cytokine 
TNF-Alpha and Il-6 protein, hence, showing its antipy-
retic and analgesic activity. The molecular binding score 
of the phytochemicals of A. barbadensis and the stand-

ard drug paracetamol against target TNF-Alpha protein 
and IL-6 was -4.2 and -5.9 kcal/mol and -6 while the 
cholestanol showed the highest score amongst the three 
(Fig. 3 and Fig. 4).

DISCUSSION

This study was conducted to evaluate the medici-
nal prospective of Aloe barbadensis ethanolic and aque-
ous leaf extracts against pain and fever. The presence 
of distinct chemical ingredients was recognized during 
phytochemical screening of aqueous and ethanolic ex-

Figure 2. Qualitative phytochemical screening of the aqueous 
and ethanol gel extracts of Aloe barbadensis

Figure 3. IL-6 and ligand molecules aloe emodin, cholestanol 
and paracetamol.

Figure 4. IL-6 and ligand molecules aloe emodin, cholestanol 
and diclofenac

Table 2. Effect of acute toxicity by ethanolic extracts of A. barbadensis and normal saline in rats

Treatment Control Dose A Dose B Dose C p-value

AST (µL) 7.40c ±1.21 35.40b±8.78 243.20a±7.74 11.40c±1.36 < 0.0001

ALT(µL) 9.80c±2.08 34.00b±7.09 53.60a±7.59 13.60c±1.57 < 0.0001

Alkp_v 44.60b±7.31 70.80b±10.27 154.40a±9.52 56.40b±8.79 < 0.0001

Bilurobin (mg/dl) 1.68a±0.16 1.50a±0.25 1.88a±0.49 0.36b±0.12 0.0091

Total protein (g/dl) 7.46a±0.27 5.24b±0.63 7.12a±0.43 4.56b±0.70 0.0032

Albumin (pg/dl) 3.20ab±0.29 3.32ab±0.36 4.42a±0.76 2.04b±0.36 0.0247

Superscripts on different means within row differ significantly at p≤0.05. Dose A=500 mg/kg; Dose B=1000 mg/kg; Dose C=2000 mg/kg

Table 3. Qualitative phytochemical screening of the aqueous 
and ethanol gel extracts of Aloe barbadensis

S/N Phytochemical 
components Ethanoic extract Aqueous extract

1 Tannins + +

2 Saponins + +

3 Anthraquinones + –

4 Glycosides + +

5 Alkaloids – +

6 Flavonoids + +

7 Phenolics + +

8 Steroids – –

9 Terpenoids – –
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tracts of A.  barbadensis. Previous studies reported that 
several endogenous pyrogens, including prostaglandin, 
interleukin-1, interleukin-6, interleukin-8, tumour necro-
sis factor-alpha, and macrophage protein-1 to induce fe-
ver. Tumor necrosis factor and phospholipase A2 may 
activate prostaglandin production. Brewer’s yeast causes 
pathogenicity by inducing TNF-α and prostaglandin pro-
duction (Ridtitid et al., 2008).

In the present study, fever was significantly (p<0.05) 
reduced in group III and IV in a dose dependent man-
ner. The higher the dose (400 mg/kg) the greater was 
inhibition of fever. Brewer’s yeast intravenously causes 
pyrexia by increasing the synthesis of prostaglandins. It 
is a beneficial test for determining the antipyretic activ-
ity of plant materials as well as synthetic medications 
(Khan et al., 2009). Antipyretic efficacy could be medi-
ated by inhibiting prostaglandin synthesis, similar to how 
paracetamol works by inhibiting cyclo-oxygenase enzyme 
activity. Pyrexia is caused by a variety of mediators and 
inhibiting these mediators has an antipyretic effect. Re-
sults of another study were concurrent with our findings 
(Safari et al., 2016; Okokon et al., 2010; Demoze A et al., 
2020; S Alyas et al., 2023; Ghosh et al., 2015; Velázquez-
González et al., 2014). Previous studies revealed that 
antipyretic activity of these extracts could potentially be 
due to the presence of alkaloids. Prostaglandins, which 
are involved in pyrexia, are known to be targeted by fla-
vonoids. As a result, the presence of flavonoids in A. 
barbadensis aqueous leaf extract may contribute to its an-
tipyretic activity (Hussain et al., 2022; Safari et al., 2016).

The medicinal ability of ethanolic and aqueous leaf 
extract of A.barbadensis was evaluated against pain. 
A  system of sensory neurons and neural afferent path-
ways that selectively respond to potentially unpleasant, 
tissue-damaging stimuli support the sense of pain. The 
myelinated A delta and unmyelinated C fibres, which 
are found in skin nerves and in deep somatic and vis-
ceral regions, are most responsive to painful stimuli. The 
primary afferent nociceptors are these pain receptors 

(Okokon et al., 2010). In this study, fever was remark-
ably decreased in group III and IV in a dose dependent 
manner. Endogenous substances, such as bradykinins, 
serotonin, progesterone, histamine, and substance P are 
released when acetic acid is exposed to a painful stimu-
lus. The abdominal constriction reaction is thought to be 
mediated by local peritoneal receptors. Therapy has been 
linked to levels of PGE2 and PGF2 in peritoneal fluids 
as well as lipoxygenase products. Previous studies con-
firmed that the chemo sensitive nociceptors of rats were 
activated by intraperitoneal dose of acetic acid, resulting 
in abdominal writhing (Apu et al., 2012; Ara et al., 2010; 
Zulfikar et al., 2010). The findings of this study are con-
gruent with another study (Ghosh et al., 2015).

The phytocompounds found in the ethanolic and 
aqueous extracts of A. barbadensis may be responsible 
for the analgesic effects shown in this investigation. 
The ethanolic extracts may have functioned in a similar 
way to NSAIDs by inhibiting the COX pathway meta-
bolically. The cyclooxygenase and lipoxygenase pathways, 
which are important for peripheral nociception, have 
been revealed to be inhibited by flavonoids (Velázquez-
González et al., 2014). Previous studies reported that 
flavonoids reduce prostaglandin production by reducing 
prostaglandin synthase’s action. Prostaglandin produc-
tion, which is implicated in pain perception via an opi-
oidergic mechanism, has been shown to be targeted by 
flavonoids (Lenard et al., 2023; Panda et al., 2009). Fla-
vonoids lower intracellular calcium levels through inhib-
iting N-methyl-d-aspartate (NMDA) receptor activation. 

The nitric oxide synthase enzyme and phospholipase A2 
activity are lowered, leading to a reduction in NO and 
prostaglandin formation (Ara et al., 2010; Valdes et al., 
2023). Previous studies reported that analgesic properties 
have been attributed to tannins, alkaloids, and steroidal 
substances. Terpenoids have also been linked to antino-
ciceptive properties via inhibiting thrombocyte aggrega-
tion and interfering with pain signaling processes (Ali et 
al., 2012). Acute toxicity was also performed to evaluate 
possible adversative effect of repetitive extract’s admin-
istration to rats at different doses. Our study was cor-
related with a previous study (Paul et al., 2018; Devaraj 
et al., 2011).

CONCLUSIONS

Qualitative phytochemical study showed that the crude 
extract of A. barbadensis showed the presence of alkaloid, 
saponins, flavonoid, terpenoids, tannins, anthraquinones, 
phenols and steroids. The presence of phytochemicals, 
such as polyphenols and flavonoids in plants, reduces 
the risk of chronic diseases and increases the ability of 
biological systems to trap highly reactive free radical spe-
cies. Its antipyretic and analgesic action is attributed to 
the presence of these polyphenols. The results of phy-
tochemical screens were identical to those discovered by 
other researchers, including alkaloids, saponins, tannins, 
flavonoids, and steroids.
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Overexpressed RAD51 promoted osteogenic differentiation by 
activating IGF1R/PI3K/AKT pathway in osteoblasts
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Background: Osteoporosis (OP) is a skeleton disease in-
duced by imbalance between osteoblast and osteoclast. 
Osteogenic differentiation of osteoblasts is of great im-
portance, and the regulatory mechanisms are urgent 
to be studied. Methods: Differentially expressed genes 
were screened from microarray profile related to OP 
patients. The dexamethasone (Dex) was used to induce 
osteogenic differentiation of MC3T3-E1 cells. MC3T3-
E1 cells were exposed to microgravity environment to 
mimic OP model cells. Alizarin Red staining and alkaline 
phosphatase (ALP) staining were used to evaluate the 
role of RAD51 in osteogenic differentiation of OP model 
cells. Furthermore, qRT-PCR and western blot were ap-
plied to determine expression levels of genes and pro-
teins. Results: RAD51 expression was suppressed in OP 
patients and model cells. Alizarin Red staining and ALP 
staining intensity, the expression of osteogenesis-relat-
ed proteins including runt-related transcription factor 2 
(Runx2), osteocalcin (OCN), and collagen type I alpha1 
(COL1A1) were increased by over-expressed RAD51. Fur-
thermore, RAD51 related genes were enriched in IGF1 
pathway, and up-regulated RAD51 activated IGF1 path-
way. The effects of oe-RAD51 on osteogenic differen-
tiation and IGF1 pathway were attenuated by IGF1R in-
hibitor BMS754807. Conclusions: Overexpressed RAD51 
promoted osteogenic differentiation by activating IGF1R/
PI3K/AKT signaling pathway in OP. RAD51 could be a po-
tential therapeutic marker for OP.
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INTRODUCTION

Osteoporosis (OP) has become one of the epidemic 
diseases affecting people’s quality of life due to its di-
verse etiology and complex molecular mechanism. OP 
is characterized by decreased bone mass, destroyed mi-
crostructure of bone tissue, increased bone brittleness, as 
well as high rate of fracture(Lupsa & Insogna, 2015).

Currently, bone mineral density (BMD) is the accept-
ed gold standard for the diagnosis of OP, but due to 
its low sensitivity, many patients with potential fracture 
risk will be missed (Lupsa & Insogna, 2015; Black & 
Rosen, 2016). At present, systemic drug therapy is the 

main treatment for OP. However, the emerging side ef-
fects neutralized the clinical outcome. For instance, bi-
sphosphonates may lead to mandibular osteonecrosis; 
hormones are associated with an increased risk of cardi-
ovascular disease; the composition of traditional Chinese 
medicine is complex and its efficacy is not exact. There-
fore, it is of great significance to find safer and more 
effective treatments (Miller, 2016; Liu et al., 2018).

The basic process of bone formation is divided into 
bone formation and bone resorption, which are reflect-
ed as the dynamic balance between osteoblasts and os-
teoclasts at the cellular level (Chen et al., 2018; Li et al., 
2019). The processes of osteogenic and osteoclastic dif-
ferentiation are influenced by a variety of cytokines, cel-
lular signaling pathways, and intercellular communication 
(Muruganandan et al., 2020; Yang et al., 2020). In recent 
years, the researches have attached great attention to on 
its complex molecular biological mechanism

Gene therapy, as a rising therapeutic method in recent 
years, can be targeted for gene defects and diseased tis-
sues of diseases, direct to the lesions, with little side ef-
fects (Shan et al., 2019; Fei et al., 2020; Gu et al., 2020; 
Bonnet et al., 2019). The human RAD51 gene located at 
15q15.1 has been found to be aberrant expressed in OP 
through microarray analyses. The RAD51 protein inter-
acts with the ssDNA-binding protein replication protein 
A (RPA) and RAD52, and is involved in DNA homolo-
gous pairing and chain transfer (Bonilla et al., 2020; Was-
sing & Esashi, 2021). Studies have shown that RAD51 
is abnormally expressed in breast cancer (Cruz et al., 
2018), cervical cancer (Sun et al., 2020), pancreatic can-
cer (Zhang et al., 2019), prostate cancer (Maranto et al., 
2018), esophageal cancer (Wang et al., 2019), and is as-
sociated with poor prognosis (Zhang et al., 2019; Zhang 
et al., 2019; Xue, et al., 2019). What’s more, bone mar-
row mesenchymal stem cell (BMMSC)-derived exosomes 
restore radiation-induced bone loss by alleviating DNA 
and oxidative stress damage (Zuo et al., 2019). Hence, 
we suspected that RAD51 may be a novel target for OP.

Thereby, this study aimed to elucidate the regulatory 
mechanisms of RAD51 in osteogenic differentiation. 
These findings may help to uncover newfound diagnos-
tic biomarkers for OP.

MATERIALS AND METHODS

Bioinformatics

A microarray profile GSE100609 associated with 
genes of Indian post menopausal female and non-OP 
post menopausal female was downloaded from the Gene 
Expression Omnibus (GEO) database (http://www.
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ncbi.nlm.nih.gov/geo). R language was used to analyse 
the dataset, then limma package was applied to identify 
all differentially expressed genes (DGEs) of OP group 
(n=4) and non-osteoporotic group (n=4). Finally DGEs 
in this study were screened under the standard of P<0.05 
and |log2FC|≥1.5, and the heatmap was drawn by heat-
map package. Pearson correlation and KEGG analysis 
were also carried out to analyse DGEs.

Subjects

Total number of 80 volunteers (healthy controls, 
n=40; OP patients, n=40) in this study were from The 
Third Affiliated Hospital of Sun Yat-Sen University. All 
the volunteers have signed the informed consent. This 
study was approved by Ethics Committee of The Third 
Affiliated Hospital of Sun Yat-Sen University. Fasting 
blood was collected for the follow-up experimental stud-
ies.

Isolation of human monocytes

Peripheral blood samples were collected from patients 
with osteoporotic fractures in the case group and healthy 
controls, and monocytes were obtained by density gra-
dient centrifugation using sodium citrate anticoagulation 
tube (Histopaque-1077; Sigma, New Jersey, USA). Then 
monocytes were incubated at 37°C under 5% CO2 in a 
humidified atmosphere with DMEM (pH 7.2).

Cell culture

Osteoblastic MC3T3-E1 cells were purchased from 
the Cell Bank of the Chinese Academy of Sciences 
(Shanghai, China). MC3T3-E1 cells were incubated in 
α-MEM medium (Gibco, Grand Island, USA) contain-
ing 10% fetal bovine serum (FBS, Gibco, Grand Island, 
USA) in 5% CO2 at 37°C.

OP model cell establishment

2D Rotating Wall Vessel Bioreactor (RWVB) clinostat 
was used to simulate microgravity. 1 × 105 of MC3T3-E1 
cells were seededon cell climbing pieces. 1×105 MC3T3-
E1 cells were seeded on coverslips. After culture for 24 
h, the climbing pieces were placed in a box 12.5 mm 
away from therotational axis. After the air bubbles were 
removed, the chambers were fixed in the clinostat and 
rotated around a horizontal axis at 28 rpm for 15 min. 
The vertical rotation groups were used as controls. The 
rotation process was taken at 37°C under 5% CO2.

Induction of osteogenic differentiation

Osteoblastic MC3T3-E1 cells were seeded into 6-well 
plates at a density of 5×104 cells per well, and cultured 
with 100 nM dexamethasone (Dex; Sigma, Merck, USA), 
10 nM beta-glycerophosphate (Sigma, Merck, USA) along 
with 50 mg/mL ascorbic acid (Sigma, Merck, USA). The 
mixed medium were replenished every 3 days. Cells 
treated with Dex was deemed as negative control (NC), 
and microgravity stimulated cells treated with Dex were 
named as OP group.

Cell transfection

To detect the role of RAD51 in osteogenic differen-
tiation, over-expressed RAD51 (oe-RAD51) vector (Ge-
nePharma, Shanghai, China) was transfected into OP 
model cells using Lipofectamine3000 (Invitrogen, Carls-
bad, USA) according to instruction manuals. The trans-
fection efficiency was verified by qRT-PCR.

qRT-PCR

Total RNA was isolated from blood sample, mono-
cytes, and MC3T3-E1 cells by Trizol method (Takara, 
Kyoto, Japan) and measured at the absorbance of 260 
nm (NanoDrop 2000; Thermo Fisher, MA, USA). Then, 
quantified RNA were conversed into complementary 
DNA by the reverse transcription kit (TaKaRa, Kyoto, 
Japan) according to manufacturer’s protocols. RT-PCR 
was then performed using Power SYBR® Green PCR 
Master Mix (Takara) on the ABI StepOnePlus System 
(Applied Biosystems, Warrington, UK). GAPDH was 
used as a housekeeping gene. The relative mRNA ex-
pressions were calculated using the 2-ΔΔCt method. Primer 
sequences were listed in Table 1.

Alizarin red staining and alkaline phosphatase (ALP) 
staining

OP model cells were seeded into 12-well plates, and 
fixed with 4% paraformaldehyde (Sigma, New Jersey, 
USA) for 15 min, then washed with PBS for three 
times. For alizarin red staining, cells were washed with 
distilled water, and incubated with 0.5% solution of 
alizarin red solutions for 30 min at room temperature. 
Afterwards, the relative values of alizarin red staining 
were measured at 560 nm using a microplate reader 
(ELX808; BioTek). The readings of all samples were 
normalized to the alizarin red staining intensity. For 
ALP staining, an ALP Staining Kit (Beyotime, Nan-
tong, China) was used after the cells were washed with 
distilled water for three times. The stained cells were 
photographed by a microscope (Zeiss, Oberkochen, 
Germany), and calculated at the absorbance of 562 
nm using microplate reader (BioTek, Winooski, USA).

Western blot assay

OP model cells were lysed in a RIPA lysis buffer 
(Beyotime, Nantong, China) for 30 min at 4°C. The 
supernate was harvested by centrifuging at 12 000×g 
for 5 min at 4°C. The proteins were separated by 
10% SDS-PAGE and transferred to polyvinylidene 
fluoride membranes (Millipore, MA, USA). Then the 
membranes were blocked with 5% skimmed milk for 
1 h, and then incubated with primary antibodies, such 
as anti-Runx2 (1/1000, ab236639), anti-OCN (1/1000, 
ab133612), anti-COL1A1 (1/1000, ab34710), anti-IG-
F1R (1/1000, ab182408), and anti-p-IGF1R (1/1000, 
ab39398), anti-PI3K (1/1000, ab32089), anti-p-PI3K 
(1/1000, ab182651), anti-AKT (1/10000, ab179463), 

Table 1. Primer sequences

Primer Sequence

RAD51
forward 5’-TGGGTTTCACCACTGCAACT-3’

reverse 5’-AAACATCGCTGCTCCATCCA-3’

Runx2
forward 5’-TAAGATGGGAGGGCGTGAGA-3’

reverse 5’-GTCGAGAGGATGAAGGAGCG-3’

OCN
forward 5’-CACTCCTCGCCCTATTGGC-3’

reverse 5’-CCCTCCTGCTTGGACACAAAG-3’

COL1A1
forward 5’-TGGATACTGGGAGGGTGAGG-3’

reverse 5’-CCCTTACCTGAGATGGGGGA-3’

GAPDH
forward 5’-CGAGCCACATCGCTCAGACA-3’

reverse 5’-GTGGTGAAGACGCCAGTGGA-3’
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anti-p-AKT (1/1000, ab38449), and GADPH (1/1000, 
ab8245) at 4°C overnight, and then with secondary 
antibody (1/5000, ab6721) for 1 h at room tempera-
ture. The Infrared Imaging System (LI-COR, Lincoln, 
USA) was used to scan and analyze the images. All 
antibodies were purchased from Abcam company 
(Cambridge, England).

Statistical analysis

Statistical analysis was performed with GraphPad 
Prism 8.3 (GraphPad, San Diego, USA). All data were 
expressed as mean ± S.D. Statistical comparisons were 
performed by using the student’s t-test between two 
groups and one-way ANOVA followed by Tukey’s test 
for multiple groups. P values less than 0.05 were consid-
ered as statistically significant.

RESULTS

RAD51 expression was decreased in OP

Firstly, we identified prominently expressed DEGs 
through the bioinformatic analysis, and the results 
showed that total number of 107 genes were abnor-
mally down-regulated genes and 42 up-regulated, com-
pared with healthy controls, among which RAD51 
expression was most significantly suppressed (Fig. 
1A). To further verify the roles of RAD51 in OP, we 
determined the expression of RAD51 in blood sam-
ples of OP patients. As shown in Fig. 1B, the mRNA 
expression of RAD51 was significantly decreased in 
blood samples of OP patients compared with healthy 
controls (Fig. 1B). Furthermore, RAD51 expression 
levels were also downregulated in isolated monocytes 
of patients with OP (Fig. 1C).

Osteogenic differentiation of OP model cells was 
weakened

Then, Dex was used to induce osteogenic differ-
entiation of MC3T3-E1 cells, and osteogenic differ-
entiation ability of OP model cells were measured. 
After microgravity stimulation, both alizarin red and 
ALP intensity of MC3T3-E1 cells were dramatical-
ly decreased, indicating that mineralization levels of 
OP model cells were declined (Fig. 2A–B). Mean-
while, both protein and mRNA expression levels of 
osteogenesis-related proteins including Runx2, OCN, 
and COL1A1 were markedly suppressed in OP model 
cells (Fig. 2C–E). Furthermore, RAD51 was also sup-
pressed in OP model cells (Fig. 2F). Hence, osteogen-
ic differentiation of OP model cells was significantly 
weakened.

Up-regulated RAD51 promoted osteogenic 
differentiation of OP model cells

Next, whether RAD51 could modulate osteo-
genic differentiation of MC3T3-E1 cells was inves-
tigated. After RAD51 was prominently up-regulated 
in MC3T3-E1 cells transfected with overexpressed 
RAD51 vectors (Fig.  3A), alizarin red staining and 
ALP staining intensity of OP model cells were dra-
matically increased (Fig.  3B), so did the mRNA and 
protein expression levels of Runx2, OCN, and CO-
L1A1 (Fig. 3C–D).

Figure 1. RAD51 was suppressed in OP.
(A) heatmap consisting of post menopausal female and non-
OP post menopausal female genes. The red represents the up-
regulated genes and the green represents the down-regulated 
genes. RAD51 expression detected by qRT-PCR of (B) blood and 
(C) monocytes of OP patients compared with healthy controls. 
**P<0.01. OP: osteoporosis.

Figure 2. Osteoblast differentiation of OP model cells.
(A) Alizarin red staining images and intensity of MC3T3-E1 cells 
before and after microgravity stimulation. (B) ALP staining imag-
es and intensity of MC3T3-E1 cells before and after microgravity 
stimulation. (C) mRNA expression levels of Runx2, OCN, and CO-
L1A1 in OP model cells measured by qRT-PCR. (D) Protein bands 
of Runx2, OCN, and COL1A1 in OP model cells measured by west-
ern blot. (E) Protein quantitative analysis of Runx2, OCN, and CO-
L1A1. F. RAD51 expression detected by qRT-PCR of OP model cells 
compared with control cells. **P<0.01.
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Over-expressed RAD51 promoted osteogenic 
differentiation of OP model cells by activating IGF1R/
PI3K/AKT signaling pathway

Subsequently, molecular mechanism of RAD51 regu-
lating osteoporosis was then studied. Pearson correlation 
analysis between RAD51 expression levels and other genes 
expression levels suggested that most aberrant expressed 
genes identified were positively related to RAD51 (Fig. 
4A). Subsequently, KEGG analysis demonstrated that 
genes related to RAD51 were enriched in ten pathways, 
including IGF1 pathway, EGF receptor signaling path-
way, C-MYB transcription factor network and so on. (Fig. 
4B). Interestingly, downstream proteins in IGF1 pathway 
including phosphorylated IGF1R, PI3K, and AKT were 
up-regulated induced by oe-RAD51, suggesting the activa-
tion of IGF1R/PI3K/AKT signaling pathway (Fig. 5A). 
Meanwhile, alizarin red and ALP stained cells as well as 
expression of Runx2, OCN, and COL1A1 were markedly 
increased after RAD51 was overexpressed in OP model 
cells (Fig. 5B–D). Furthermore, BMS754807, an IGF1R 
inhibitor, attenuated the effects of oe-RAD51 on mineral 
intensity and ALP activity number and the expression of 
Runx2, OCN, and COL1A1 (Fig. 5B–D).

DISCUSSION

OP has become one of the epidemic diseases affect-
ing people’s quality of life due to its diverse etiology and 
complex molecular mechanisms (Black & Rosen, 2016). 
In our study, RAD51 was down-regulated in OP patients 
as well as OP model cells. Over-expressed RAD51 pro-
moted osteoblast differentiation by activating IGF1R/
PI3K/AKT signaling pathway.

Recently evidence suggested that various aberrant ex-
pressed genes are involved in osteogenesis. For instance, 
osteogenic differentiation can be inhibited by blocking 
the correlation between RANKL and its only known re-
ceptor RANK (Bonnet et al., 2019). Likewise, SOST se-
creted sclerostin to promote bone formation, thus allevi-
ating the progression of OP (Shan et al., 2019; Weivoda 
et al., 2017). Our data suggested that RAD51 was down-
regulated in both OP patients and OP model cells.

Over the past decade, specific biochemical markers as-
sociated with metabolic bone disease have been identified 
and described to determine whether there is an imbalance 
in bone metabolism by measuring biochemical markers of 
bone turnover (Greenblatt et al., 2017; Szulc, 2018). Our 

Figure 3. Up-regulated RAD51 promoted osteogenic differentiation of OP model cells.
(A) Transfection efficiency of RAD51 detected by qRT-PCR. B. Alizarin red staining and ALP images and intensity of OP model cells trans-
fected with oe-RAD51 vectors. (C–D) Expression levels of Runx2, OCN, and COL1A1 measured by qRT-PCR and western blot of OP model 
cells. **P<0.01, compared with oe-nc and NC group. ##P<0.01, compared with OP+ oe-nc group. oe: overexpressed.

Figure 4. RAD51 related genes were enriched in several pathways.
(A) Pearson correlation analysis between RAD51 gene and other genes related with OP. (B) KEGG analysis of enriched genes associated 
with RAD51 gene.
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study showed that osteogenic differentiation was promoted 
as represented by higher Runx2, OCN and COL1A1 secre-
tion. Runx2, OCN and COL1A1 were biochemical mark-
ers of OP widely studied in various studies. Runx2 is an 
osteoblast differentiation specific transcription factor which 
can regulate the transcription of many genes, and is signifi-
cant for the differentiation of stromal cells into osteoblast 
lineage (Komori, 2018). Besides, Runx2 is reported to pro-
mote secretion of proteins including OPN, OCN, and col-
lagen type I alpha1 (Yin et al., 2019; Lu et al., 2019; Komori, 
2020). Furthermore, bone matrix mineralization is recog-
nized as an indicator of osteogenic differentiation (Li et al., 
2018). In present study, the osteogenic differentiation, and 
the expression of RAD51 of MC3T3-E1 cells was signifi-
cantly suppressed by microgravity treatment. What’s more, 
up-regulated RAD51 promoted osteogenic differentiation 
of OP model cells, which was in line with previous studies 
(Shan et al., 2019; Bonnet et al., 2019; Weivoda et al., 2017).

IGF-1 is known to play an anabolic role in bone (Frater 
et al., 2018). Decreased IGF-1 levels are associated with 
an increased risk of bone fragility and fracture (Yan et al., 
2016). IGF1R is a homodimer of two protein subunits 
consisting of α and β chains, and is associated with bone 
and glucose metabolism and is a key mediator of glucose 
and bone metabolism disorders (Xian et al., 2012). The 
conformation of IGF1R is altered by binding to the ligand 
IGF-1, which is then fully activated by ligand-independent 
autophosphorylation. This induces phosphorylation of 
various substrates, such as insulin receptor substrates and 
Shc proteins, and triggers specific signaling cascades, such 

as the PI3K/AKT and Ras/MAPK pathways (Yoshida & 
Delafontaine, 2020; Vitiello et al., 2019).

In recent years, many studies have explored the influ-
ence of some factors on BMMSC through PI3K/AKT 
signaling pathway (Shen et al., 2019). For instance, mac-
rophage MSR1 contributed to osteogenic differentiation 
of BMMSC through PI3K/AKT pathway (Zhao et al., 
2020). Fang et al found that calycosin stimulates the os-
teogenic differentiation of rat calvarial osteoblasts by ac-
tivating the IGF1R/PI3K/Akt signaling pathway (Fang 
et al., 2019). Furthermore, our data demonstrated that 
the activation of IGF1R/PI3K/AKT signaling pathway 
induced by over-expressed RAD51 was suppressed by 
IGF1R inhibitor, so did the osteogenic differentiation. 
These results indicated that up-regulated RAD51 pro-
moted osteogenic differentiation via activating IGF1R/
PI3K/AKT signaling pathway.

CONCLUSION

In a word, overexpressed RAD51 promoted osteo-
genic differentiation of osteoblasts via activating IGF1R/
PI3K/AKT signaling pathway.

Declarations

Acknowledgments. Not Applicable.
Ethical approval. This study protocol was approved 

by the Ethics Committee of The Third Affiliated Hospi-
tal of Sun Yat-Sen University.

Figure 5. Over-expressed RAD51 promoted osteogenic differentiation of OP model cells by activating IGF1R/PI3K/AKT signaling path-
way.
(A) Protein expression of IGF1R, PI3K, AKT and their phosphorylated types measured by western blot assay. (B) Alizarin red staining and 
ALP staining images and intensity of OP model cells. (C) mRNA expression levels of Runx2, OCN, and COL1A1 measured by qRT-PCR. (D) 
Protein brands and quantitative analysis of Runx2, OCN, and COL1A1 measured by western blot. **P<0.01, compared with oe-nc and NC 
group. ##P<0.01, compared with OP+ oe-nc group. &P<0.05, &&P<0.01, compared with OP+ oe-RAD51 group.
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Variability of plant transcriptomic
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acclimation: a review from high
throughput studies
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Plant transcriptomes are complex entities shaped spatially and temporally by a

multitude of stressors. The aim of this review was to summarize the most

relevant transcriptomic responses to selected abiotic (UV radiation, chemical

compounds, drought, suboptimal temperature) and biotic (bacteria, fungi,

viruses, viroids) stress conditions in a variety of plant species, including

model species, crops, and medicinal plants. Selected basic and applicative

studies employing RNA-seq from various sequencing platforms and single-

cell RNA-seq were involved. The transcriptomic responsiveness of various plant

species and the diversity of affected gene families were discussed. Under stress

acclimation, plant transcriptomes respond particularly dynamically. Stress

response involved both distinct, but also similar gene families, depending on

the species, tissue, and the quality and dosage of the stressor. We also noted the

over-representation of transcriptomic data for some plant organs. Studies on

plant transcriptomes allow for a better understanding of response strategies to

environmental conditions. Functional analyses reveal the multitude of stress-

affected genes as well as acclimatory mechanisms and suggest metabolome

diversity, particularly among medicinal species. Extensive characterization of

transcriptomic responses to stress would result in the development of new

cultivars that would cope with stress more efficiently. These actions would

include modern methodological tools, including advanced genetic

engineering, as well as gene editing, especially for the expression of selected

stress proteins in planta and for metabolic modifications that allow more

efficient synthesis of secondary metabolites.

KEYWORDS

acclimation, differentially expressed genes, plant transcriptome, RNA-seq,
stress response

Introduction

Higher plants, known as vascular or telome plants (Thelomophyta), appeared during plant

evolution back in the Palaeophytic era. They are characterized by the development of tissues

that distribute water,mineral compounds, and photosynthesis products, and the dominance of

the sporophyte (Kenrick and Crane, 1997; Forster et al., 2007). Due to the sessile life cycle,
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higher plants respond adequately to unfavorable conditions at

multiple levels, including transcriptomic one (Morris et al., 2018).

The plant transcriptome is a complete pool of various RNA

molecules (mRNA, rRNA, tRNA, as well as numerous ncRNAs)

belonging to the translated fraction of the genome that responds to

its environment (Imadi et al., 2015). Transcriptomics belongs to

key “omics” studies that link genomic and proteomic “worlds” by

analyses of RNA, a biopolymer with a central role in the transfer of

genetic information and regulation of gene expression.

Transcriptomics shows a more universal status than other

“omics” disciplines. It offers complex and deep insights into

studying gene expression in whole plants or plant organs/

tissues; factors that regulate the transcriptome spatially and

temporally can also be characterized (Alkan et al., 2011; Lowe

et al., 2017; Zhang, 2019; Athanasopoulou et al., 2021). Moreover,

plant genome assembly is more complex and expensive compared

to RNA sequencing (RNA-seq), and when a reference genome is

absent, the transcriptome can be used to assess plant overall

transcriptional activity. Transcriptomics also allows for the

quantification of low-abundance transcripts or their structural

variants and estimation of the correlation of gene expression

with biological traits. Additionally, the transcriptome

outperforms the genome, allowing the characterization of genes

related to therapeutic compound biogenesis (Wang et al., 2009).

However, transcriptomics seems to be inappropriate for

identifying genes with large impacts on adaptive responses to

the environment due to a small number of genes with large impacts

on fitness. When only transcriptomics is used to identify genes

underlying environmental adaptations, constitutively expressed

regulatory genes that play a major role in setting tolerance

limits are often over-represented (Evans, 2015). Other

disadvantages are serious challenges in analysing large datasets,

as they demand a lot of bioinformatic tools, and most importantly,

costs of sequencing (discussed below). The transcriptomic data

may also contain noise enhanced by technical variations and batch

effects resulting from inter-sample differences that were not rooted

in the experimental design (Sprang et al., 2022).

Tissue-specific transcriptomics offer particularly valuable

information on the underlying molecular processes that govern

tissue-specific functions; furthermore, specific genes and

regulatory mechanisms that display unique roles in diverse

tissues can be better characterized (Booth et al., 2022). Droplet

single cell RNA-seq (with most prominent platforms, including

10x Genomics) and spatial RNA-seq (with microdissection, spatial

imaging and spatial coding approaches) allow the possibility of

getting insight into the heterogeneity of tissue transcriptomes, to

identify cell types and markers, and to analyse gene and regulatory

networks under developmental and environmental factors. Their

strengths include, for instance, the availability of spatial

information and high resolution performance (Cervantes-Pérez

et al., 2022; Chen et al., 2023; Wang et al., 2024).

The recent and prompt development of high-throughput

RNA-seq platforms with a subsequent decrease in sequencing

costs, as well as data meta-analyses, advanced on plant

transcriptome studies (Tyagi et al., 2022). Currently, third-

generation sequencing, including SMRT (single-molecule real-

time) and Nanopore sequencing allows to obtain longer sequence

reads, which challenged transcriptomic analyses. Long read

sequencing is accurate and allows detection of alternative

splicing events. SMRT sequencing employs sequencing by

synthesis, linking of chemical groups to reduce background

noise and is based on properties of zero-mode waveguides. In

SMRT protocol, there is no need for amplification. SMRT

sequencing was used by Pacific Biosciences of California

(PacBio) platform. Nanopore platform is based on electrical

signal sequencing and offers particularly long reads (Li et al.,

2018; Ma L. N. et al., 2019; Huang et al., 2021). However, Illumina

RNA-seq is still the most preferred sequencing platform in

quantitative analyses (Supplementary Table S1).

The study of tissue-specific changes in gene expression under

stress is instrumental in the development of strategies to improve

plant response under environmental conditions (Berkowitz et al.,

2021; Tyagi et al., 2022). In previous years, some reviews focused

on methodological advances in plant transcriptomics (Schliesky

et al., 2012; Tyagi et al., 2022; Chen et al., 2023;Wang et al., 2024).

Species-specific omics analyses characterized the relevance of

transcription factors (TFs), hormones, translational

reprogramming and epigenetic level, as well as phenotypic

and physiological levels in stress response (Singh et al., 2016;

Ahmad, 2022; Bhat et al., 2022; Hu et al., 2022; Kourani et al.,

2022; Son and Park, 2023; Tu et al., 2023). Some studies also

focused on the roles of non-coding RNA in stress response (Yu

et al., 2019; Jin et al., 2024). However, an updated review

discussing transcriptomic responses to various stress

conditions assayed by high-throughput approaches from

various plant species is currently needed.

In this paper, the diversity of transcriptomic responses to

various stressors, both abiotic (including chemical treatments,

UV radiation, drought, cold and heat) and biotic (fungal,

bacterial, and viral/viroid infections) ones, will be presented,

and the results will be discussed in tissue/developmental and

temporal contexts, reflecting the transcriptomic dynamicity. We

will focus on current studies employing high-throughput

analyses, for instance, RNA-seq from various experimental

platforms, as well as microarrays. We will also summarise the

transcriptomic responses of not only the model but also useful

crop and medicinal species, which can be used for the

development of future stress-resistant cultivars by genetic and

metabolic engineering (Figure 1).

Alterations in plant transcriptomes
during abiotic stress

Stress conditions can be defined as internal and external cues

that affect the efficiency of physiological, metabolic, and
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molecular plant processes, leading to a reduction in the efficiency

of energy-to-biomass conversion. They can be divided into

abiotic and biotic ones (Umar et al., 2021).

Abiotic stress results from the action of multiple physical or

chemical stimuli (Gull et al., 2019; Wang et al., 2020). A

comparison of the plethora of enriched functional terms

representing numerous genes and transcription factors (TFs)

responsive to various abiotic stressors from RNA-seq studies is

shown in Figure 2 and additional quantitative details on genes

affected by abiotic stress from high-throughput transcriptomic

studies are also given in Supplementary Table S1, where details

on stress treatments and the respective references to the literature

are also shown. The experimental studies discussed in this review

showed the huge variability of the gene response under those

conditions, even between similar treatments. However, the stress

response involves not only functional terms/ TFs common for all

abiotic stressors discussed here (representing differentially

expressed genes [DEGs] for photosynthetic genes or genes

controlling secondary metabolite biosynthesis as well as MYB

TFs), but also specific ones for each treatment; they were also

presented in Venn diagrams, although depending on the stressor

(Figure 2). Leaves, which are involved in the metabolism of

carbon skeletons and the capture of photosynthetic energy,

belong to plant organs particularly affected by unfavorable

environmental conditions. However, studies on the impact of

stress on leaf tissues, contrary to roots, are still underrepresented

(Berkowitz et al., 2021).

UV radiation and chemical treatments

Variability of Arabidopsis leaf tissue transcriptomic

responses under UV radiation, as well as under chemical

treatments [e.g., antimycin A, 3-amino-1,2,4-triazole, methyl

FIGURE 1
Plant transcriptome as a central stress-responsive entity in the cell. The plant transcriptome is a highly dynamic structure in plant cells (bluish
ovals at the top). It links genomic, proteomic, andmetabolomic levels, responding on amultidimensional scale, across various tissues, and along time
(the center). The response of plant nuclear and organellar transcriptomes is also shaped by a number of factors, including abiotic and biotic stressors
(green and black arrows encompassing the light brown central rectangle), which affect the differential expression pattern of various gene sets
(bottom). For proper organellar biogenesis under stress acclimation, inter-organellar signaling between actively transcribed nuclear, plastid, and
mitochondrial genomes is indispensable (small arrows within marked organelles on the panel in the center and to the left). The diversity of
transcriptomes from model, crop, and medicinal species (bottom) under selected stress conditions was discussed in this paper. More details in
the text.
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FIGURE 2
Comparison of themost relevant gene ontology (GO:) terms of plant genes and transcription factors active under abiotic stress conditions from
various RNA-seq studies. The data were presented in Venn diagrams (drawn by Venny v. 2.1 from https://bioinfogp.cnb.csic.es/tools/venny/). The top
enriched GO: terms (mostly relevant molecular functions and biological procesess) as well as transcription factors for regulated genes from the
discussed studies were indicated. The data specific for the given stressor were denoted in italics and by different font colors (for the chemical

(Continued )
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viologen, and salicylic acid (SA)] was characterized by Berkowitz

et al. (2021). Responses of leaf tissues to these stressors were

complex; for example, UV-affected genes were expressed mainly

in the vasculature and epidermis. Treatment with 3-amino-1,2,4-

triazole and SA downregulated genes for photosynthetic proteins

in all tissues of Arabidopsis, while methylviologen upregulated

the genes for the PS subunits, and UV radiation downregulated

the photosynthetic genes in epidermis and upregulated them in

mesophyll. Arabidopsis genes for oxidoreductase activity,

porphyrin metabolism, plastid organization, and carbohydrate

metabolism regulation were also affected by UV-B. Interestingly,

Arabidopsis genes for proteins for chlorophyll biogenesis,

protein folding, oxidoreductase and ligase genes, and

glyceraldehyde-3-phosphate dehydrogenase were differentially

regulated between UV-A and UV-B treatments. Tissues

studied also showed distinct mitochondrial responses to

antimycin A, which affected the expression pattern of

respiratory genes, general oxidoreductase activity genes,

glutathione transferase, as well as genes related to Ser/Thr

kinase activity and membrane transport (Berkowitz et al., 2021).

Among DEGs upregulated in Vaccinium corymbosum, genes

involved in plant hormone signal transduction were significantly

enriched after 1 h, followed by genes involved in

phenylpropanoid biosynthesis after 3 h, and genes involved in

the flavonoid anthocyanin pathway after 6 h of exposure to UV-

B. These results suggest that phytohormone-related genes

contribute to the primary response to UV-B radiation.

However, the highest number of DEGs appeared among V.

corymbosum plants exposed to UV-B treatment for 24 h.

Genes involved in proanthocyanidin and flavanol biosynthesis

(PAL1, 4CL2, CHS, CHI3, VcFLS andVcUFGT) were upregulated

by UV, and their expression level lasted a long time after 24 h of

treatment (Song et al., 2022). These DEGs resembled Arabidopsis

genes affected by radiation (Berkowitz et al., 2021). Common

genes for UV-B response in Arabidopsis and Pachycladon

cheesemanii included genes for amino acid, vitamin, pigment,

and secondary compound metabolism (Dong, 2024).

The impact of UV-B radiation on the transcriptome of

Glycyrrhiza uralensis, a potent medicinal species, was

investigated by Zhang et al. (2018). Participation of amino

acid metabolism and enzymes in secondary metabolite

pathways in the response to radiation at five different time

points was suggested. Genes for various amino acid metabolic

pathways were differentially enriched depending on UV-B

duration, however, DEGs for enzymes of cysteine and

methionine metabolism were mainly enriched in all treatments.

Polygonum cuspidatum, a medicinal plant species used in

traditional Chinese medicine, exhibits numerous medicinal

applications (Ke et al., 2023). The impact of UV-C radiation

on the transcriptome of Polygonum cuspidatum leaves was

studied by Liu et al. (2019); more DEGs (including more

downregulated genes) were involved in shorter radiation

response. Furthermore, this was accompanied by an increased

concentration of resveratrol (the most important stilbene

phytoalexin polyphenolic compounds) in the leaves of P.

cuspidatum. Resveratrol used in the nutraceutical industry

exhibits anticancer and anti-ageing properties. Under UV-C

radiation, upregulated DEGs coded enzymes involved in

proanthocyanidin and flavanol biosynthesis, however,

chalcone synthase (CHS) gene was downregulated.

Furthermore, MYB, bHLH, and ERF TFs appeared to be

potential regulators of resveratrol biosynthesis genes. These

results will help to find more practical applications of

resveratrol synthesis (Liu et al., 2019). Upregulation of PAL,

C4H, 4CL, and STS enzymes by means of genome editing may be

positively associated with the resveratrol levels (Hasan and

Bae, 2017).

Under high light treatment (with the enhanced UV

radiation) of ginseng (Panax ginseng), another medicinal

species, affected DEGs in the leaf transcriptome were mostly

involved in various metabolic pathways and in the stress

response. Stress-responsive functions were enriched among

33% of the upregulated DEGs, and the high light intensity

and/or ROS response was associated with another 6% of the

affected DEGs (Jung et al., 2020).

Lettuce (Lactuca sativa) grown under greenhouse conditions

usually contains a lover level of ascorbic acid (ASC), an essential

antioxidant nutrient for human health, compared to field-grown

plants. To investigate the effect of radiation on ASC level in

plants, lettuce plants were treated with various UV-B doses.

Numerous DEGs were identified within lowly and highly

radiated plants (Zhou et al., 2023). It was suggested that the

expression of MIOX (for myo-inositol oxygenase, a key enzyme

in themyo-inositol pathway), APX, andMDHARmay contribute

to the indirect increase in the level of ASC induced by UV-B

radiation (Lorence et al., 2004).

In general, plant transcriptomic responses to UV and

chemical compound treatments were specifically enriched in

genes for aminoacid biosynthesis, ascorbate and glutathione

metabolism, kinase activity, membrane transport,

mitochondrial electron transport proteins, organellar ribosome

biogenesis and seed development (Zhang et al., 2018; Liu et al.,

FIGURE 2 (Continued)
treatment and UV radiation in blue, for drought in brown, for cold and freeze in green and for heat stress in red). GO: terms and transcription
factors common for responses to all abiotic stressors were displayed within yellow text boxes. More details in the text.
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2019; Berkowitz et al., 2021; Song et al., 2022; Zhou et al., 2023;

Dong, 2024). Interestingly, as shown on the Venn diagram, ERF

proteins belong to TFs active under chemical treatment and UV

radiation (Figure 2).

Water deficiency (drought)

As drought belongs to factors that affect the largest part of

crop productivity, the analysis of multiple molecular responses

by omics studies would allow characterising the mechanisms of

drought in crops that result in the search for stress-resistant

cultivars (Verma et al., 2013; Shanker et al., 2014).

Analysis of sweet potato (Ipomoea batatas) transcriptome in

drought allowed identification of various upregulated genes for

ABA, ethylene, and JA biosynthesis, indicating the relevance of

hormonal signaling in a water deficit. Genes for ABI phosphatase

and Ca2+-ATPase were severely altered, while genes for SA

synthesis appeared not affected (Zhu et al., 2019). Also in

chickpea (Cicer arietinum) numerous genes for AP2-EREBP,

bHLH, bZIP, C3H, MYB, WRKY or MADS TFs that regulate

signaling regulation, secondary metabolism, or transition to the

generative phase were involved in drought acclimation (Kumar

et al., 2019). The transcriptomic response of Phoebe bournei, a

Chinese wood species, to drought also used DEGs for plant

hormone signal transduction in addition to genes for redox

homeostasis (POD, SOD, and CAT), phenylpropanoid,

flavonoid and porphyrin biosynthesis, starch and sucrose

metabolism, chlorophyll a/b binding proteins, and genes for

numerous TFs from 25 families (Li et al., 2022).

Recent investigation of transcriptomes of two rice (Oryza

sativa) cultivars that varied with stress resistance revealed that

genes for hormone signaling (in line with Kumar et al., 2019; Zhu

et al., 2019; Li et al., 2022 studies), LEA proteins, proteins related

to redox homeostasis and NAC and ZIP TFs played crucial roles

in developing drought tolerance (Tyagi et al., 2023). Additionally,

in the transcriptome of Medicago falcata seedlings, DEGs for

hormone signaling (ABA biosynthesis, JA biosynthesis), nucleic

acid helicases, and diverse genes for RNA polymerases and DNA

repair proteins were enriched. In contrast, gibberellin biogenesis

genes were antagonistically expressed compared to ABA-related

genes (except for the GID1 gene). Numerous TFs were also

affected (Miao et al., 2015).

In Ceratostigma plantagineum, a resurrection species, studied

by Xu et al. (2021), affected DEGs encoded proteins also active in

hormone signaling, and in photosynthesis, stress response,

amino acid catabolism, sucrose and fatty acid biogenesis, RNA

processing and regulation, energy metabolism (distinctive in

mild drought), protein modification and transport, and

membrane organisation. Those data indicate the flexibility of

primary and secondary metabolism in water shortage and re-

watering, using, among others, an alternative respiratory

pathway, the C3-CAM switch, and the GABA shunt. During

global reanalysis of the Glycine max transcriptome, DEGs for

proteins for hormone signaling, cell division, cell cycle, cell wall

organization, stress responses, signal transduction, and

regulation of gene expression, were regulated by progressing

drought (De Oliveira-Busatto et al., 2022).

Mild drought-affected Arabidopsis genes code proteins that

participate in ABA signaling, ROS biogenesis, response to

osmotic stress, and also in cell wall remodelling and cell

growth, among which multiple genes were previously not

associated with drought-responsive mechanisms. Hormone

signaling genes for PYRABACTIN RESISTANCE/ ABA

receptors, two ACC oxidases and four ethylene response

factors were downregulated and protein phosphatases 2C,

HAB proteins, some ABA-responsive element-binding factors

as well as some their target genes were all upregulated. Cell wall-

loosening expansins, pectin lyases were also upregulated (Clauw

et al., 2015). These data, which allowed insight into the

transcriptomic landscape of six Arabidopsis accessions in

drought, were further re-analysed by Benny et al. (2019), who

underlined the importance of hydrogen peroxide, water

deprivation, salinity, osmotic stress, and ABA-responsive

proteins among upregulated genes. Transcriptomic analysis of

rapeseed (Brassica napus), another representative of

Brassicaceae, revealed that upregulated DEGs were related to

the response to water deprivation, ABA signaling, osmotic stress,

and other abiotic stimuli and lipid metabolism, as well as cutin,

suberin, and wax biogenesis, fatty acid degradation, and

secondary compound metabolism (Fang et al., 2022).

The multitude of various TFs was associated with the

response to drought of Dendrobium sinense, an endemic

species (Zhang et al., 2021). DEGs coded proteins for

carbohydrate derivative and nucleotide binding, ATPase and

oxidoreductase activity, pectin metabolism, and multiple TFs.

Interestingly, more DEGs participated in a mild drought

response, where detrimental downregulation prevailed (Zhang

et al. (2021). Furthermore; Xia et al. (2024) broadened the

analysis of Dendrobium drought responses by three additional

species; the highest count of DEGs appeared in D. fimbriatum.

Multiple DEGs among various Dendrobium species were

involved in carbon metabolism and anthocyanin biosynthesis.

Noticeable differences in the expression level of the PEPC gene

(for phosphoenolpyruvate carboxylase) were associated with

CAM and improved drought tolerance.

Artemisia annua, a medicinal species, is a potent worldwide

source of artemisinin, an antimalarial compound. Attempts

have been made to significantly increase artemisinin yield,

and stress tolerance engineering would be one of such

strategies. Drought response of A. annua leaf

transcriptome employed many DEGs, including those

coding for Δ-1-pyrroline-5-carboxylate synthetase,

aquaporins, glyceraldehyde-3-phosphate dehydrogenase,

LEA proteins, HSPs, glyoxalase I, glutathione-S-transferase,

PR proteins, Ca2+-dependent protein kinases, as well as
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proteins involved in ethylene and oxylipin biosynthesis as

well as NAC and MYB-related TFs (Vashisth et al., 2018).

Transcriptomes of two wheat (Triticum aestivum) varieties

with contrasting drought resistance were compared; in stress

resistant cultivars, the drought response involved genes for the

synthesis of secondary metabolites and important transcription

coregulators and TFs (Kumar et al., 2018).

Growth regulator 5-aminolevulinic acid (ALA) has been used

to alleviate drought in grapevine (Vitis vinifera), by increasing

antioxidative responses (Yang et al., 2023). Chlorophyll

metabolism and photosynthetic apparatus were primarily

affected by ALA, which uses synergistic mechanisms to

alleviate drought. In the presence of ALA, alterations in the

expression pattern of DEGs for chlorophyll biogenesis and

Rubisco-related genes played an important role that allowed

ALA to maintain cell homeostasis under water scarcity.

Little was known about the combined action of drought and

cold on the plant transcriptome. Sharma et al. (2018) provided a

comparative study of the impact of both stressors on the

Arabidopsis transcriptome by meta-analysis of publicly

available transcriptomic data. Responsive DEGs encoded

proteins related to photosynthesis, respiratory burst, hormone

response, signal transduction, and water deprivation, as well as

some stress-specific genes. Furthermore, at least 43 diverse TFs

were expressed in both treatments. Coolen et al. (2016) analysed

Arabidopsis plants under drought combined with biotic

treatments. The water deficit alone increased expression level

of DEGs coding for proteins responding to oxygen-containing

compounds and cell wall biogenesis. As the drought progressed,

the more pronounced were the alterations in gene profiles. Each

of the stressors induced specific expression profiles over time. In

sequential stress application, Arabidopsis displayed

transcriptome profiles similar to those of the second

treatment, regardless of the nature of the first stressor.

Overall, this study highlights the importance of stress

signatures in identifying key molecular responses that act

between various response pathways.

In general, hormone signaling pathways belong to the

common terms for UV treatment (as discussed above;

Figure 2; Song et al., 2022) and drought (Figure 2; Miao et al.,

2015; Sharma et al., 2018; Kumar et al., 2019; Zhu et al., 2019;

Fang et al., 2022; Li et al., 2022). The transcriptomic response in

drought specifically affects a multitude of genes involved in

alternative respiratory pathways, aminoacid catabolism and

carbohydrate metabolism, developmental processes, DNA

metabolism, kinase binding, membrane organisation,

postranslational modifications, protein turnover, regulation of

protein synthesis, RNA processing, and stress response. It is also

specifically regulated by a particularly broad variety of TFs and

transcriptional coactivators of various families (Figure 2; Kumar

et al., 2018; Kumar et al., 2019; Benny et al., 2019; Zhu et al., 2019;

Xu et al., 2021; De Oliveira-Busatto et al., 2022; Yang et al., 2023;

Xia et al., 2024).

Elevated temperature (heat stress)

Elevated temperature affects cereal productivity, particularly

male generative organ development and pollen maturation and

viability (Young et al., 2004; Asseng et al., 2011; Wu et al., 2015).

Heat stress leads to an increase in the level of reactive oxygen

species (ROS) and a simultaneous decrease in ROS scavenger

activity, leading to biomolecul damage and apoptosis (Bita and

Gerats, 2013; Guan et al., 2013). Chrysanthemum leaf

transcriptomes were analyzed in heat with or without

melatonin (to alleviate the consequences of heat treatment;

Xing et al., 2021). Heat alone resulted in massive

downregulation of DEGs. In contrast, heat combined with

melatonin increased expression level of several DEGs.

Melatonin affected HSF and HSP, starch and sucrose

metabolism, cell signaling, chlorophyll, flavonoid, carotenoid

biosynthesis genes, and genes for various TFs.

Comparison of microspore transcriptomes under heat in two

tomato (Solanum lycopersicum) cultivars with contrasting stress

tolerance revealed among upregulated DEGs at least 11 HSP

genes. Increased expression of the HSP and APX genes pinpoints

the key role of antioxidant enzymes in the heat response (Frank

et al., 2009). Valdés-López et al. (2016) studied dynamics of root

hair transcriptome in soybean (G. max) subjected to heat at

various time points. Responsive genes were classified into

10 functional modules regulated by a few TFs. In general, heat

affected the expression pattern of DEGs for protein folding genes,

but also for genes coding proteins for chromatin remodeling, and

lipid and ATP synthesis, indicating for the importance of

controlling water/nutrient intake by roots and the relevance of

maintaining high ATP level under heat response.

Rice leaf transcriptome under thermal shift was studied by

Rashid et al. (2020). Multiple genes were affected for the abiotic

stress response and metabolite biosynthesis. Among the DEGs

affected, only a few photosynthetic/ OXPHOS genes as well as

some genes for glycolytic enzymes were present. Chen and Li

(2017) investigated Brachypodium distachyon leaf transcriptome

in heat. Affected DEGs coded proteins that participate in

alternative RNA splicing, spliceosome, and PS biogenesis,

indicating an increased extent of such events in response to

high temperature in order to synthesize protein isoforms

alleviating heat detrimental effects.

To describe thermotolerance and protective mechanisms

against thermal stress in desert species, the Rhizya stricta

transcriptome, the evergreen shrub, was analysed at elevated

temperature. Upregulated genes coded HSPs, chaperones, UDP-

glycosyltransferase, aquaporins and transparent protein testa 12,

suggesting the distinctness of thermotolerance in leaves of Rhizya

stricta, which is controlled primarily by improving protein

folding and preventing protein degradation (Obaid et al.,

2016). HSP genes and genes for flavonoid biosynthesis were

upregulated in leaves of three tea cultivars (Camellia sinensis),

important medicinal species, under heat (Huang et al., 2024).
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Studied cultivars differed in stress tolerance and exhibited mainly

upregulated DEGs under heat acclimation, however, among the

affected DEGs in all cultivars, the genes for photosynthetic

activity were the most notable. In heat-tolerant cultivars at

elevated temperatures, genes for proteins containing the

chaperone domain, including universal stress proteins (USPs),

small heat shock protein sHSP18.1, chaperonin-like protein 2

(CLP2), and the LEA5 protein were preferentially expressed.

Additionally, the level of flavonols increased in heat-tolerant

varieties, accompanied by increased expression of FLS genes.

Therefore, in accordance with Obaid et al. (2016), Xing et al.

(2021) and Frank et al. (2009) reports, the study by Huang et al.

(2024) highlights the importance of chaperones and secondary

metabolism in the heat response.

Heat stress often acts simultaneously with water deficit.

Mikołajczak et al. (2023) focused on investigating the impact

of heat stress, drought, and their joining effects on transcriptome

of barley (Hordeum vulgare) flag leaves. In medium-sized leaves,

short heat stress (similarly to drought) affected multiple genes,

regardless of the duration of the stress. However, under longer

heat and drought, more DEGs were affected in large leaves.

Investigated stressors affected mainly the LEA and HSP genes.

Overall, Mikołajczak et al. (2023) provided novel data on the

molecular mechanisms of barley flag leaf that determine the

response to drought and heat. Furthermore, according to

Mahalingam et al. (2022), the number of DEGs increased in

barley heads in the stress-tolerant genotype as heat progressed.

Heat response involved genes for transporter proteins, and ABA

response, and resulted in differential expression of LEA genes in

stress-sensitive genotype. In contrast, genes for nonspecific lipid

transfer proteins and carbonate dehydratase were enriched in a

stress-tolerant cultivar. Heat with drought resulted in a notable

increase in DEG number only in the stress-sensitive cultivar. In

particular, at least 900 TFs controlled transcriptional

reprogramming in two barley cultivars in all treatments.

Cellular signalling, including hormone signaling, is

particularly important in multiple treatments, when heat is

combined with other stressors. Martin et al. (2021) pointed

out the broadening range of DEGs affected by double

treatment (heat and drought) of Lolium temulentum, which

encoded proteins for cell signaling, cell cycle, organellar

biogenesis, binding, transport, oxidoreductase and

antioxidative activit, as well as chaperones and multiple TFs.

When heat stress acted together with an elevated level of CO2,

detrimental effects were only partially alleviated by deregulation

of primary and secondary metabolism genes in flag leaves of

durum wheat (Triticum durum) flag leaves. Most affected DEGs

coded proteins involved also in cellular signaling but also in stress

response and nucleic acid metabolism. In particular, genes

upregulated by CO2 were often downregulated by heat (they

coded, among others, photosynthetic and OXPHOS proteins,

proteins for hormone signaling, enzymes of lipid and amino acid

metabolism and the glutathione-ascorbate cycle, nucleic acid

metabolism, and transport proteins (Vicente et al., 2019).

Suzuki et al. (2016) investigated the impact of heat and

salinity on Arabidopsis transcriptome. DEGs regulated by heat

and salt stress were enriched in genes coded proteins for ABA

signaling, stress response, developmental processes, protein

metabolism, and DNA-dependent transcription. However, in

heat, DEGs for ABA-responsive proteins, glyoxylase 17 and

catalase, among others, appeared to be responsive, indicating

the importance of the antioxidative response.

Arabidopsis leaf transcriptome under various stress conditions

(salinity, osmotic stress, and heat) was also investigated by

Sewelam et al. (2020). Of all these treatments, elevated

temperature appeared to have the most notable effect on

transcriptomic profiles. DEGs affected by heat covered

induction of eleven HSP genes, late embryogenesis abundant

(LEA) proteins, receptor-like kinases (RLKs), glutathione

S-transferases, genes for carbohydrate binding, UDP-

galactosyltransferases, membrane transporters, and programmed

cell death (PCD), and genes for WRKY TFs. However, heat

treatment repressed several cell cycle genes, ribosomal protein

genes, and genes involved in DNA synthesis and repair. In

particular, osmotic stress and heat acted antagonistically, while

double treatment largely reprogrammed the gene expression

pattern. Heat in combination with salinity and osmotic stress

also induced numerous mitochondrial genes, presumably as a

compensatory response to excessive protein degradation (Rurek

et al., 2018).

In general, multiple stress treatment (including heat) in plant

transcriptomes results in different and distinct transcriptomic

responses under single treatments. In particular, although

drought often accompanies heat, those stressors result in the

upregulation of different gene sets in various plant species

(Mahalingam et al., 2022; Mikołajczak et al., 2023). The

transcriptomic response to heat stress specifically engages DEGs

for cellular signaling (particularly inmultiple stress treatments and

under melatonin supplementation; Suzuki et al., 2016; Vicente

et al., 2019; Martin et al., 2021; Xing et al., 2021), and also genes for

chromatin remodelling, DNA synthesis, endopeptidase activity,

heat response, regulation of protein phosphorylation and

dephosphorylation, RNA metabolism, spliceosome biogenesis,

transcription regulation, volatile compound biosynthesis as well

as AP2/EREBP, C2H2, G2-like, GRAS, HSF, MADS-box and

RWP-RK TFs (Figure 2; Frank et al., 2009; Obaid et al., 2016;

Suzuki et al., 2016; Valdés-López et al., 2016; Chen and Li, 2017;

Rurek et al., 2018; Vicente et al., 2019; Rashid et al., 2020; Sewelam

et al., 2020; Martin et al., 2021; Xing et al., 2021; Mahalingam et al.,

2022; Mikołajczak et al., 2023; Huang et al., 2024).

Low temperature (cold, freeze)

Similarly to heat, also cold treatment and freeze result in

plant growth and development aberrations, as well as direct
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inhibition of metabolic reactions. Due to the limited osmosis, cell

dehydration and oxidative stress occur simultaneously with other

detrimental responses. Most plants can gain tolerance to ice

formation by gradually being exposed to reduced (non-freezing)

temperatures under cold acclimation (Chinnusamy et al., 2007).

In general, genes for the early cold response encoded a wide

variety of TFs that regulate other gene expression (Gull

et al., 2019).

Signal transduction and hormone signaling appeared also to

be important for the low-temperature response. Amur vine (Vitis

amurensis) transcriptomic response under cold used DEGs that

encode proteins for signal transduction, transcription regulation,

and alternative splicing. At least 38 major families of TFs (with

326 genes for TFs) involved in the regulation of cold response

were detected, including several previously uncharacterized TF

families homologous to Arabidopsis proteins (e.g., HAP2,

ABI3VP1, ARF, PLATZ, LIM, atypical HD and MYB factors,

BBR-BPC, zinc Dof, C3H-type I, EIL, GARP G2-like and

Trihelix). Genes for CBL-interacting protein kinases

participating in signal transduction were upregulated (Xu

et al., 2014). Du et al. (2017) analysed the cold response of

Agropyron mongolicumABA receptors and upregulated genes for

bZIP and NAC TFs. Most DEGs participated in carbohydrate

metabolism, hormonal and phosphatidylinositol signaling, as

well as biogenesis of numerous secondary metabolites. Also,

the cold response of M. falcata focused on phytohormone and

nodulation signaling, revealing some similarities with the

drought replies; however, ABF1, GID1, and AUX genes were

downregulated. Interestingly, GH3 auxin-responsive gene was

extensively upregulated in cold (similarly to DIMI1, but contrary

to DIMI2 and DIMI3, all of which encode important nodulation

factors). Furthermore, at least 16 genes for MYB and 12 genes for

NAC TFs were induced by cold, indicating their participation in

cold tolerance (Miao et al., 2015). The transcriptomic response to

cold in two rape cultivars (Brassica rapa) cultivars, varying with

stress tolerance, also involved DEGs coding proteins for plant

hormone signal transduction (MAPK signaling pathway) and

also for photosynthesis, phenylpropanoid biosynthesis, lipid

binding, plant-type cell wall, positive regulation of circadian

rhythm, abaxial cell fate specification and basal TFs (Ma L.

et al., 2019).

Arabidopsis chilling response covered almost half of

expressed genes (Calixto et al., 2018; Liu et al., 2022). Cold

response also involved genes for plant hormone signaling, but

also for glucosinolate biosynthesis, transporter proteins, long

ncRNA, RNA splicing, and spliceosome biogenesis, as well as

multiple TFs from 52 families. Cold downregulated

photosynthetic genes and short cold-induced quickly

responding DEGs coding proteins for chloroplast organisation,

ribosome biogenesis, and rRNA processing, which may activate

cold tolerance. On the contrary, long cold affected DEGs for the

cell response to hypoxia, fatty acid and flavonoid biosynthesis, as

well as redox homeostasis and diverse HSP genes (Liu et al.,

2022). Massive alternative splicing events occurred in the first few

hours of cold treatment, including mobilisation of cold-

responsive TFs, splicing factors, and selected RNA-binding

proteins (Calixto et al., 2018). Interestingly, in P. cheesemanii,

contrary to Arabidopsis, the cold response employed genes for

glucosinolate metabolism. For Arabidopsis and P. cheesemanii,

genes for wound-like circadian clock, as well as for secondary

metabolite biogenesis, responded under the early cold response

(Dong et al., 2023).

Cheng et al. (2019) described the effects of MeTCP4 (a

specific cassava [Manihot esculenta] TF) overexpression in

Arabidopsis plants during cold stress. Affected genes were

classified as stress-responsive under all tested conditions, to

DNA binding and TF activity in control, and to

oxidoreductase, peroxidase, and antioxidative activity under

cold treatment. Analysis of transcriptomic response of leaves

of Lavandula angustifolia to cold revealed DEGs coding for

photosynthetic proteins among affected genes. The most

important functions of DEGs were also associated with the

decreased stomatal conductance, ROS scavenging, and the

development of cold tolerance. In general, these findings may

allow for further engineering of cold tolerance in L. angustifolia

to improve its medicinal potential, as this species is a source of

aromatic compounds in traditional Chinese medicine (Li L. et al.,

2023). In the leaf transcriptome of another medicinal species, A.

annua, cold induced a multitude of genes for kinases,

peroxidases, ABA biosynthesis, LEA and LEA-like proteins,

various desaturases, glyoxalase I family protein, proteins for

oxylipin and polyamine biosynthesis, Δ-1-pyrroline-5-
carboxylate synthetase, NAC and MYB TFs (Vashisth

et al., 2018).

Important metabolic regulations occur in plant organelles

under cold acclimation. Naydenov et al. (2010) investigated the

mitochondrial and nuclear transcriptomes of germinated wheat

(T. aestivum). The upregulated genes encoded mitochondrial

proteins, including Mn superoxide dismutase (SOD) and

alternative oxidase (AOX); however, the level of expression of

nuclear genes essential for mitochondrial biogenesis was visibly

reduced. This indicates a fine-tuning of gene expression between

mitochondrial and nuclear transcriptomes, executed by

anterograde and retrograde signaling, affected by stress

conditions.

On the whole, the cold response of plant transcriptomes

specifically employs DEGs involved in abaxial cell fate

specification, lipid binding, nucleic acid metabolism, post-

translational modifications, protein degradation, regulation of

transcription, and biomolecule transport. Cold response also

specifically mobilizes a variety of TFs, including BBR-BPC,

C3H-type I, EIL, GARP G2-like, HAP, LIM, NIN-like, PcG,

PLATZ, TUB, and WHIRLY proteins (Figure 2; Naydenov et al.,

2010; Xu et al., 2014; Miao et al., 2015; Du et al., 2017; Calixto

et al., 2018; Vashisth et al., 2018; Cheng et al., 2019; Gull et al.,

2019; Ma L. et al., 2019; Liu et al., 2022; Dong et al., 2023; Li L.
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FIGURE 3
Comparison of the most relevant gene ontology (GO:) terms of plant genes and transcription factors active under biotic stress conditions from
various RNA-seq studies. The data were presented in Venn diagrams (drawn by Venny v. 2.1 from https://bioinfogp.cnb.csic.es/tools/venny/). The top
enriched GO: terms (mostly relevant molecular functions and biological procesess) as well as transcription factors for regulated genes from the
discussed studies were indicated. The data specific for the given stressor were denoted in italics and by different font colors (for bacterial

(Continued )
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et al., 2023). Hormone signalling is also affected by the cold

response in numerous studies, including members of Fabaceae

and Brassicaceae (Miao et al., 2015; Du et al., 2017; Vashisth et al.,

2018; Gull et al., 2019; Ma L. et al., 2019; Liu et al., 2022).

Plant transcriptomic responses under
biotic stress

Under global climate alterations, crop species are gradually

exposed to increasing biotic stress. The findings discussed below

may help develop plant cultivars that are highly resistant to

fungal, bacterial and virus infections. To cope with biotic stress,

plants have developed defensive responses precisely induced by

pathogen attack (Verma et al., 2013). Plant cells contain plasma

membrane receptors, which recognize pathogen-associated

molecular patterns (PAMP). Subsequently, PAMP-triggered

immunity (PTI) usually stops the infection before it spreads

throughout the plant. Due to the constant combat between

pathogens and their victims, pathogens can neutralize PTI by

secreting special effector proteins into the cytosol. In response,

plants developed the ability to detect microorganisms by effector-

triggered immunity (ETI). Interactions between intracellular

receptors designed to recognize effector molecules produced

by pathogens and effectors trigger a complex network of cell

responses to achieve infection resistance (McDowell and Dangl,

2000). To protect against pathogens, plants use an “oxidative

outbreak” that initiates a hypersensitive response (HR) limiting

the pathogen spread (Sato et al., 2010).

A comparison of the multitude of enriched functional terms

representing numerous genes and transcription factors (TFs) that

respond to various biotic stressors (fungal, bacterial, and virus/

viroid infections) from RNA-seq studies is shown in Figure 3 and

further quantitative details on genes affected by abiotic stress

from high-throughput transcriptomic studies are also given in

Supplementary Table S1, where details on various biotic

treatments and references from the respective literature were

given. Fungal, bacterial, and virus/ viroid infections involve

common DEGs for carbohydrate metabolism, defence

response, photosynthesis, protein phosphorylation, ribosome

biogenesis, secondary metabolite biosynthesis, and

transcription regulation. Biotic stress influence also expression

patter of genes for hormone signaling/ signal transduction (more

details below). All conditions of biotic stress mobilize WRKY

factors responding to pathogen infection (Figure 3).

Interestingly, terms for photosynthesis and secondary

metabolite biosynthesis overlap with those for abiotic stress

response; however, most functional terms and TFs in biotic

infections differ from those of abiotic stressors (Figures 2, 3).

Fungal infections

Pathogenic fungi can be divided into biotrophic,

necrotrophic, and hemibiotrophic species (biotrophic in their

early stages and necrotrophic in their later stages of the life cycle).

Analysis of transcriptome of pumpkin leaves (Cucurbita

moschata) infected with powdery mildew (Blumeria graminis)

24 and 48 h after the infection onset showed a downregulation of

multiple DEGs, including genes coding for resistance to powdery

mildew and various TFs for ethylene signaling. Numerous host

photosynthetic genes were also regulated. Upregulation of

photosynthetic genes after 48 h of infection was associated

with the appearance of initial fungal hyphae, which was also

shown in infected wheat (T. aestivum) (Guo et al., 2018).

The transcriptomes of wheat leaves infected with powdery

mildew (Erysiphales species) and striped rust (Puccinia

striiformis) were analysed by Zhang et al. (2014). In powdery

mildew infection, DEGs coded proteins for α-linolenic acid

metabolism, as well as phenylpropanoid, flavonoid,

phenylalanine, tyrosine and tryptophan biosynthesis. However,

striped rust upregulated DEGs for photosynthetic proteins and

proteins for ubiquinone biosynthesis. These results indicate the

participation of different genes in response to various fungi

(Zhang et al., 2014). Coolen et al. (2016) investigated

Arabidopsis transcriptome under infection of the necrotrophic

fungus, Botrytis cinerea, alone or in combination with drought.

DEGs responding to chitin, defence response, incompatible

interactions, and RNA methylation were upregulated, and

photosynthetic ones were deregulated up to 1 day after

infection. Massive upregulation of core DEGs coding proteins

that respond to oxygen-containing compounds according to the

impact of drought. Kumar et al. (2022) compared two

transcriptomic data sets of maize (Zea mays) silk infected

with different fungal species. Set A contained data for silk

samples affected by F. graminearum and U. maydis, while set

B contained data from samples infected with F. verticillioides and

Trichoderma atroviride. Interestingly, only 21 DEGs were found

in all variants tested. Among these DEGs, peroxidase genes that

control the lengthening of the germ tube to protect maize kernels

from fungal disease were upregulated. The differential expression

pattern was also found for the osmotine-like protein gene, which

FIGURE 3 (Continued)
infections in blue, for virus/viroid infections in brown and for fungal infections in green). GO: terms and transcription factors common for
responses to all abiotic stressors were displayed within yellow text boxes. More details in the text.
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improves host defense and immune defense against stress, and

for genes coding the receptor-like protein kinase subfamily.

These genes appeared to be upregulated under infection with

Fusarium verticillioides, Fusarium graminearum, and Ustilago

maydis and downregulated when samples infected with T.

atroviride.

Generally, host DEGs specifically regulated during fungal

infections code proteins related to α-linolenic acid metabolism,

aminoacid biosynthesis, cell wall organisation, chitin response,

osmotin-like protein activity, pollen-pistil interactions, receptor-

like protein kinases, resistance genes, RNA methylation, sterol

biosynthesis process, as well as valine, leucine, and isoleucine

degradation. SA signaling is believed to be mainly involved in

resistance to biotrophic and hemibiotrophic pathogens. On the

contrary, JA and ethylene signaling appeared to be indispensable

for necrotrophic resistance (Pieterse et al., 2009; Guo et al., 2018).

In addition, ERF belong to main TFs specifically regulating gene

expression of plant host under fungal infections (Figure 3; Zhang

et al., 2014; Coolen et al., 2016; Guo et al., 2018; Kumar

et al., 2022).

Bacterial infections

Analysis of rice (Oryza indica) infected with Xanthomonas

oryzae revealed multiple upregulated genes that encode proteins

involved in signal transduction, carbohydrate metabolism, and

transcription regulation. On the contrary, the downregulated

genes encoded TFs and proteins necessary for lipid catabolism,

oxidative burst, and cell cycle (Kottapalli et al., 2007).

Furthermore, analysis of the transcriptome of tomato

(Solanum lycopersicon) infected with Clavibacter michiganensis

allowed the identification of upregulated genes that encode

proteins that also participated in hormonal signaling, but also

in protein phosphorylation, and the plant defence response

(including numerous TFs, such as WRKY, NAC, HSF, and

CBP60). Resistance gene analogues (RGA) that included RLK

genes were also upregulated. Exogenous treatment with SA

resulted in induction of genes for WRKY TFs, therefore, SA-

driven gene expression resulted in improved quality of the plant

immune response (Yokotani et al., 2021).

Analysis of transcriptomes of rice (O. sativa) cultivars

resistant and susceptible to infection with Xanthomonas

oryzaena, which causes a cereal disease called bacterial leaf

streak (BLS), revealed more DEGs among the infection-

susceptible cultivar. Upregulations of genes encoding proteins

involved in secondary metabolism, as well as participation of

selected WRKY, NAC, MYB, and bHLH TFs in plant response to

bacterial infection were notable (Lu et al., 2020). Deng et al.

(2023) study on resistant (“IBL2353”) and susceptible

(“Ohio88119”) tomato (S. lycopersicum) cultivars infected by

C. michiganensis identified new gene families that participate

in antibacterial defence. The key role of WRKY TFs in this

process was revealed. At least 25 genes for proteins associated

with the plant defense response andWAKL20 gene (for the wall-

associated receptor kinase similar to wall 20 and the only

member of the WAKS subfamily that participates in innate

resistance to pathogens) were upregulated in “IBL2353”

cultivar. Viral-induced silencing of WAKS20 gene in the

“IBL2353” cultivar resulted in the appearance of susceptibility

to C. michiganensis infection, suggesting an important role for

the WAKS20 gene in antibacterial defence (Deng et al., 2023).

In general, plant host genes specifically affected by bacterial

infections code proteins related to the cell cycle, lipid catabolism,

oxidoreductase activity, and positive regulation of ubiquitin

protein ligase activity as well as transferase activity. Hormone

signaling is also important for the antibacterial response of host

plants (Kottapalli et al., 2007; Yokotani et al., 2021). Additionally,

the host response to bacterial infections specifically mobilizes

MYB and NAC TFs (Figure 3; Kottapalli et al., 2007; Lu et al.,

2020; Yokotani et al., 2021; Deng et al., 2023).

Viral and viroid infections

Plant transcriptomes also respond to the plethora of viral and

viroids, which may leave their genome fragments within the host

genome/transcriptome (Jo et al., 2018; Mifsud et al., 2022; Raza

and Wu, 2022). The enriched functional terms for genes affected

by viral and viroid infections are presented in Figure 3 and the

summary of quantitative data from discussed experimental

reports is available in Supplementary Table S1. Most viral

proteins interact with host proteins, which promote the

appearance of symptoms. Plants counteract this initial

symptom development by using adaptive immunity; defence

hormones are also active, resulting in hampering of virus

biogenesis (Malavika et al., 2023).

Viroids are among the smallest and most infectious

pathogens of crops, having short ssRNA genomes. They can

affect host genes whose products participate in defense response,

phytohormone signaling, cell wall modification, photosynthesis,

secondary metabolism, transport, gene expression, and protein

modification (Joubert et al., 2022).

Tobacco transcriptomes (Nicotiana tabacum) infected with

seven genotypes of tobacco etch potyvirus (TEV) varying in

fitness were compared. Host genes (including those for hormone

signaling and RNA silencing-mediated pathways of plant

defense) whose expression was correlated with the fitness level

of TEV were examined (Cervera et al., 2018). The relevance of

hormone signalling and signal transduction in the host response

under virus attack was also pinpointed by other reports. Recently,

Li Z. et al. (2023) focused on the analysis of antiviral response of

bottle gourd (Lagenaria siceraria) under cucumber green mottle

mosaic virus (CGMMV) infection. Affected DEGs were involved

in the biosynthesis of secondary metabolites, hormone signal

transduction (JA biogenesis), plant–pathogen interactions, and
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carbohydrate metabolism. Méndez-López et al. (2023)

investigated the impact of the pandemic infection of the

Pepino mosaic virus (PepMV) on two tomato cultivars. The

SlGSTU38 protein belongs to PepMV-specific susceptibility

factors. The transcriptomes of healthy and virus-infected

knocked out plants (gstu38) were examined. When gstu38

plants were compared with healthy wild-type plants, some key

stress-related genes (including those for WRKY TFs) were

upregulated and genes for intracellular signal transduction

proteins, various TFs, HSP70, and proteins involved in sugar

metabolism and transport were downregulated. Among DEGs

affected in both tomato cultivars, genes for peroxidases, various

kinases, RNA binding proteins, resistance proteins, PDH, DNA

repair, recombination proteins, and chaperonins and GATA TFs

were also notable. Furthermore, the rice transcriptome was

assayed during planta overexpression of the OsNF-YA protein

displaying antiviral defense against rice stripe virus (RSV) and

Southern rice blackstreaked dwarf virus (SRBSDV). Interestingly,

the expression pattern of genes for JA biogenesis was decreased in

plants overexpressing NF-YA under viral infection, due to

interference between the NF-YA protein and TFs that regulate

JA signaling (Tan et al., 2022). On the other hand, Arabidopsis

cabbage leaf curl virus (CaLCuV) infection triggered the SA-

dependent pathogen response and induced the expression of

genes involved in PCD, genotoxic stress, DNA repair, and cell

cycle (Ascencio-Ibáñez et al., 2008).Signal transduction is also

crucial when plant viruses could alter host plant traits so that they

modify their insect behavior. When Myzus persicae aphids were

foraging in Arabidopsis and Camelina sativa plants, cauliflower

mosaic virus (CaMV) infection appearedmore severe than turnip

yellows virus (TuYV) and affected DEGs that encode proteins for

photosynthesis, oxidation reduction proteins, microtubule-based

movement, as well as enzymes for JA, ethylene, and glucosinolate

biogenesis. TuYV infection in Arabidopsis plants resulted in

alterations in DEGs for carbohydrate transport, defence and

stress response proteins (Chesnais et al., 2022).

Zhu et al. (2018) investigated the impact of cucumber mosaic

virus (CMV) infection on hot pepper (Capsicum annuum)

transcriptome. Affected genes were involved in stress and

defence response, and plant-pathogen interactions. DEGs for

chitinase, pathogenesis-related protein (PR), tobacco mosaic

virus resistance protein (TMV), WRKY TFs, and jasmonate

ZIM-domain protein, were upregulated after inoculation.

Intron retention for WRKY23 transcripts indicated a deep

reprogramming in alternative splicing pattern under

viral infection.

Zhou et al. (2019) studied transcriptomes of tomato (S.

lycopersicum) plants grown from neutron-irradiated seeds and

infected with tomato yellow leaf curl virus (TYLCV).

Transcriptomes of plants grown from presoaked seeds were

highly altered compared to those developed from dry seeds.

Various doses of neutron irradiation affected the expression

pattern of various DEGs. At least regulated DEGs that were

common for all irradiated mutants encoded proteins for

metabolism, transport, binding and responses to various

stimuli, photosynthesis, and transcription. Spanò et al. (2020)

applied the RNA sequence to study the transcriptomic profiles of

tomato cultivars varying with resistance level, as well as their

graft combinations, exposed to potato virus Y recombinant

strain. Graft wounding and virus Y infection had various

impacts on the tomato transcriptome, depending on genotype.

Roy et al. (2023) have used 3′RNA-seq to identify

transcriptomic alterations in N. benthamiana plants infected by

two strains of grapevine fanleaf virus (GFLV). During appearance

of peak vein clearing symptom at 7 days post-inoculation (dpi), the

genes involved in the immune response, gene regulation, and

secondary metabolite production were over-represented. In other

stages, DEGs related to chitinase activity, hypersensitive response,

and transcriptional regulation were notable. Previously,

Medzihradszky et al. (2019) investigated the transcriptomic

reprogramming in the shoot apical meristem of Nicotiana

benthamiana plants infected with Cymbidium ringspot virus

(CymRSV). Upregulated genes coded proteins indispensable for

cell defense, and downregulated DEGs were related to DNA

replication and organization, shoot meristem development and

plasmodesmata functions.

On the whole, plant host genes specifically affected under

virus and viroid infections are related with carbohydrate

transport, cell cycle regulation, DNA binding, DNA repair

and recombination, DNA replication, glutathione binding,

lipid metabolism, microtubule-based movement, oxidation-

reduction proteins, OXPHOS activity, programmed cell death

regulation, protein domain specific binding, protein folding and

processing, regulation of hydrogen peroxide metabolism,

senescence as well as signal transduction (with hormone

signaling, highlighting relevance of JA signaling in host

antiviral defence, e.g., Chesnais et al., 2022; Tan et al., 2022;

Li Z. et al., 2023). Among TFs specifically mobilized under virus/

viroid infection, GATA proteins were discernible (Figure 3;

Ascencio-Ibáñez et al., 2008; Cervera et al., 2018; Zhu et al.,

2018; Medzihradszky et al., 2019; Zhou et al., 2019; Spanò et al.,

2020; Chesnais et al., 2022; Tan et al., 2022; Li Z. et al., 2023;

Méndez-López et al., 2023; Roy et al., 2023).

Discussion

Transcriptomic datasets, together with proteomic and

metabolomic analyses, belong to the valuable and prospective

components of modern systems biology in the functional

network study (Figure 1; Cramer et al., 2011). In plant cells,

in addition to the transcriptome being a product of nuclear

genome expression, plastid and mitochondrial transcriptomes

are also present (Barkan and Goldschmidt-Clermont, 2000;

Daniell et al., 2016; Rurek, 2016; Rurek et al., 2018; Best et al.,

2020a). They are dynamically shaped by multiple factors at
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multiple levels of biological diversity (Zhu, 2002; Wang et al.,

2020). Studies on plant transcriptomes, which participate in

stress response, may thus allow for better understanding how

plants properly react to changing environmental conditions

(Zhu, 2002).

Plant stress studies employing RNA-seq

Extensive research on the plant transcriptome is being

developed at various levels. Transcriptomic data can be

acquired both from differential expression studies in tissue/

organs or even from single cells, and modern RNA-seq

approaches. From 2010 the number of experimental reports

on RNA-seq and stress response among diverse plant species

increased almost exponentially. In total, between 2010 and

2024 at least 4,710 plant studies related to RNA-seq and UV,

drought, cold, heat and pathogen response were published

(Figure 4; the data valid to 25 September 2024). This indicates

the growing interest of these topics in plant molecular biology.

Interestingly, reports on pathogen attack and drought using

RNA-seq dominate in number from at least 2014 and those

for temperature treatments (cold, heat) are generally in the third

place in each year indicated (Figure 4).

Similarities and differences in
transcriptomic response under various
stressor conditions

The plant transcriptomic response depends greatly on the

quality of the stressor and its duration, leading to metabolic

flexibility (Supplementary Table S1; Wang et al., 2020; Xu et al.,

2021; De Oliveira-Busatto et al., 2022). Commonly regulated

genes under the action of almost all abiotic stressors often encode

proteins for the photosynthetic apparatus and enzymes for

secondary metabolism; interestingly, limited TFs (MYB

mostly) overlap for all abiotic stressors (Figure 2).

In contrast, all conditions of biotic stress employ a large

number of DEGs that represent a particularly broad landscape of

enriched functional terms. DEGs for carbohydrate metabolism,

defence response, protein modifications, ribosome biogenesis,

transcription regulation, and secondary metabolism overlap both

for bacterial, virus/viroid infections and for fungal infections

across a plethora of host species (Figure 3). Furthermore, the

WRKY proteins belong to universal TFs that regulate gene

expression in biotic stress.

In general, photosynthesis and secondary metabolite

biosynthesis belong to commonly enriched functional

categories for all stress treatments discussed here.

From abiotic stressors, drought and heat stress employ the

highest number of specific terms for these stressors (twelve and

eleven terms, respectively, Figure 2). Drought stress appeared to

be particularly detrimental at the transcriptomic level (Kumar

et al., 2019; Zhu et al., 2019; Tyagi et al., 2023). Chemical

treatments and UV as well as cold/freeze stress resulted in a

lower quantity of terms specific to DEGs affected under action of

those stressors. Furthermore, double stress treatments led to

highly specific responses, sometimes increasing the number of

DEGs (Zhou et al., 2019; Sewelam et al., 2020; Martin et al., 2021).

It should be underlined that highly specific TFs from different

families regulate gene expression under each abiotic stress

conditions (with the highest number of TFs participating in

drought and cold and freeze). Therefore, the most harmful

FIGURE 4
The detailed number of publications per year related to RNA-seq and specified stressors (values indicated above each bar; subterms indicated
by the various color and checking pattern in the histogram). The key words used in the NCBI PubMed search (https://pubmed.ncbi.nlm.nih.gov/)
included: plant, RNA-seq, and the given subterm (indicated in the legend below the histogram). The data for “UV” (in dark magenta), “drought” (in
gray), “heat” (in orange), “cold” (in blue) and “pathogen” (in green; the joint data for bacterial, fungal and viral/viroid infections) were presented
from 2010 onwards. The analysis was performed in September 2024.
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stressors employ particularly numerous TFs within adaptive

responses (Figure 2; Mahalingam et al., 2022).

Regarding biotic stress, virus and viral infections employ

DEGs for host proteins with broadening functional categories

that are specific only to those stressors. Less quantities of

functional GO terms were also observed from the data

representing fungal and bacterial infections (comparing with

virus infections) were also notable. Genes for hormone

signaling appeared to be important for both bacterial and

fungal infections, and DEGs for signal transduction proteins

were notably over-represented in virus/viroid infections

(Figure 3). Overall, such a pattern differs from the one for

abiotic stress treatments, where only a limited number of

common GO terms for all treatments was evident (Figure 2).

Furthermore, distinct TFs specifically regulate host gene

expression under various biotic stressors, with MYB/NAC

proteins mainly for bacterial infections and GATA and ERF

factors for virus/virus and fungal infections,

respectively (Figure 3).

As shown in Supplementary Table S1, stress-sensitive

cultivars engage more DEGs in their stress responses;

however, these patterns are highly tissue dependent

(Mahalingam et al., 2022). Plant responses to biotic stress

indicated the challenging importance of plant-microorganism

interactions, which can generally influence stress tolerance

(Rivero et al., 2022).

Future outlines

From the data discussed within the present review, few

conclusions for future actions can be presented. Hopefully,

they will increase both the quantity and quality of the data.

First, more organellar transcriptomes for important crop

species should be analysed to better understand the

responses of the plastome and mitogenome to stress and

their relevance in plant developmental steps. Furthermore,

due to the peculiar under-representation of transcriptomic

data on stress in some plant organs, future studies should

improve such biases (Best et al., 2020a; Best et al., 2020b;

Berkowitz et al., 2021).

Most of the transcriptomic data discussed here came from

plant material grown under controlled conditions. Therefore,

field experiments that test the variations of multiple stress

responses are still awaited. Additionally, both the complexity

of plant viromes and impact of the plant microbiome on stress

response at the transcriptional level should be widely investigated

(Jo et al., 2018; Mifsud et al., 2022; Raza and Wu, 2022).

Due to the importance of DEGs for secondary metabolite

synthesis in the analysed data, it would also be important (1) to

investigate further the biogenesis of active compounds, (2) to

better understand how metabolic pathways contribute to various

stress acclimation strategies, and (3) to develop new more stress-

resistant cultivars after genetic and metabolic engineering of

medicinal and crop plant species. These actions should

include modern methodological tools, for example, genetic

engineering and gene editing, as well as metabolome

engineering (Singh et al., 2016; Yan et al., 2020; Guo et al.,

2021; Kumar et al., 2023; Dong, 2024).
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Glossary
ABA abscisic acid

ABI3VP1 ABSCISIC ACID INSENSITIVE 3 VIVIPAROUS 1

ABF ABSCISIC ACID RESPONSIVE ELEMENT-BINDING FACTOR

ACC 1-aminocyclopropane-1-carboxylic oxidase

ALA 5-aminolevulinic acid

AOS allene oxide synthase

AOX alternative oxidase

AP APETALA

APX ascorbate peroxidase

ARF auxin response factor

ARID AT-rich interactive domain

ASC L-ascorbic acid

AUX auxin receptor

BBR-BPC Barley B Recombinant/Basic PentaCysteine

BIM BES1-INTERACTING MYC-LIKE

bHLH basic helix–loop–helix

BLS bacterial leaf streak

BPM BTB/POZ and MATH domain-containing protein

BT BTB and TAZ domain protein

bHLH basic helix-loop-helix

bZIP basic (region) leucine zipper

CaLCuV cabbage leaf curl virus

CAM crassulacean acid metabolism

CaMV cauliflower mosaic virus

CAT catalase

CBP calmodulin-binding protein

CDP CAAT displacement protein (transcriptional repressor)

CGMMV cucumber green mottle mosaic virus

C2H zinc finger protein

C3H zinc finger CCCH domain-containing protein

C4H 4-cinnamate hydroxylase

CHI chalcone isomerase

CHS chalcone synthase

4CL 4-coumarate: CoA ligase

Clp caseinolytic protease

CLP chaperonin-like protein

CMV cucumber mosaic virus

CRISPR/
Cas

clustered regularly interspaced short palindromic repeats/
CRISPR-associated

CRK cysteine-rich receptor-like kinase

CXIP CAX-interacting protein

CymRSV Cymbidium ringspot virus

DEGs differentially-expressed genes

DIMI DIMINUTO

Dof DNA-binding with one finger

EIL ethylene insensitive-like

ER endoplasmic reticulum

EREBP ethylene-responsive element binding protein

ERF ethylene response factor

ETI effector-triggered immunity

FLS flavonol synthase

FRS FAR1-RELATED SEQUENCE

FT FLOWERING LOCUS T

G2-like GOLDEN2-LIKE

GABA γ-aminobutyric acid

GARP GOLDEN2, ARR-B and Psr1 superfamily

GFLV grapevine fanleaf virus

GH3 Gretchen Hagen3

GID GA-INSENSITIVE DWARF

GRAS GIBBERELLIC-ACID INSENSITIVE, REPRESSOR of GAI
and SCARECROW

GRF growth regulating factor

GSTU glutathione S-transferase belonging to the tau class

HAB HYPERSENSITIVE TO ABSCISIC ACID

HAP CCAAT-box binding protein

HD homeodomain

HLH helix-loop-helix

HR hypersensitive response

HSF heat shock factor

HSP heat shock protein

JA jasmonic acid

LEA late-embryogenesis abundant

LHC light-harvesting complex

LIM homeobox transcription factor

LOX lipoxygenase

MADS MINICHROMOSOME MAINTENANCE 1/AGAMOUS/
DEFICIENS/SERUM RESPONSE FACTOR

MAPK mitogen-associated protein kinase

MDHAR monodehydroascorbate reductase

MIOX myo-inositol oxygenase

MYB myeloblastosis
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NAC no apical meristem/ATAF1/cup-shaped cotyledon

NF-Y nuclear factor Y

NIN nodule inception

OXPHOS oxidative phosphorylation

PAL phenylalanine ammonia-lyase

PAMP pathogen-associated molecular pattern

PCD programmed cell death

PcG Polycomb group

PDH proline dehydrogenase

PEPC phosphoenolpyruvate carboxylase

PepMV pepino mosaic virus

PLATZ plant AT-rich sequence and zinc-binding protein

POD peroxidase

PR pathogen-related

PS photosystem

PTI PAMP-triggered immunity

RGA resistance gene analogue

RLK receptor-like kinase

ROS reactive oxidative species

RR response regulator

RSV rice stripe virus

RWP-RK transcription factor with RWPxRK motif

SA salicylic acid

SBP SQUAMOSA-PROMOTER BINDING PROTEIN

SOD superoxide dismutase

SMRT single-molecule real-time

SRBSDV Southern rice blackstreaked dwarf virus

STS stilbene synthase

TCP bHLH DNA-binding domain

TEV tobacco etch potyvirus

TF transcription factor

TMV tobacco mosaic virus

TUB Tubby family of bipartite transcription factors

TuYV turnip yellows virus

TYLCV tomato yellow leaf curl virus

UFGT UDP-glucose:flavonoid 3-O-glucosyltransferase

USP universal stress protein

WAKL wall-associated receptor kinase-like

WAKS wall-associated kinases

WRKY transcription factor family

WT wild type

WUS WUSCHEL

ZIM zinc-finger inflorescence meristem

ZIP leucine zipper
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circROCK1 Promotes septic myocardial injury through regulating 
miR-96-5p/OXSR1 axis
ZhiYu He1, Lingling Xu1, Xiaojun Zeng1, Biqing Yang2, Peiying Liu1, Dunzheng Han1,  
Hao Xue3 and Bihui Luo1✉

1Department of cardiovascular, The First Affiliated Hospital of Guangzhou Medical University, Guangzhou City, Guangdong Province, 510120, 
China; 2Stroke Center of Guangzhou Panyu Central Hospital, Guangzhou City, Guangdong Province, 511486, China; 3Department of Cardiovas-
cular, Meizhou People’s Hospital, Meizhou City, Guangdong Province, 514011, China

Objective: A recent high-throughput sequencing 
showed that circular RNA Rho-associated kinase 1 (cir-
cROCK1) is abnormally highly expressed in sepsis, but 
whether it is involved in sepsis development remains 
unclear. The objective of this study was to investigate 
the biological function of circROCK1 in sepsis-induced 
myocardial injury and reveal its potential downstream 
molecular mechanism. Methods: Real-time reverse 
transcriptase-polymerase chain reaction was applied to 
detect circROCK1 and miR-96-5p expressions in the se-
rum of septic patients. Spearman correlation analysis 
examined the correlation between circROCK1 and the 
clinicopathological characteristics of septic patients. 
The Cecal puncture and ligation (CLP) method was used 
to establish an in vivo sepsis model. circROCK1 and 
miR-96-5p expressions in mice were modified by injec-
tion of lentivirus or oligonucleotide. The left ventricular 
systolic pressure, left ventricular end-diastolic pressure, 
and the maximum increase/decrease rate of left ven-
tricular pressure were checked. ELISA was applied to 
detect inflammatory factors levels as well as myocardial 
injury markers levels. Hematoxylin and eosin staining 
was performed to observe pathological changes in my-
ocardial tissues, and Western blot examined phospho-
rylated nuclear factor (NF)-κB and oxidative stress-re-
sponsive 1 (OXSR1) expression. Dual luciferase reporter 
experiment was conducted to confirm the targeting re-
lationship between circROCK1, OXSR1, and miR-96-5p. 
Results: circROCK1 and OXSR1 were highly expressed in 
sepsis and miR-96-5p was under-expressed. circROCK1 
was positively correlated with serum creatinine, C-
reactive protein, procalcitonin, and sequential organ 
failure assessment scores in septic patients. Silenc-
ing circROCK1 could improve the diastolic and systolic 
function of CLP mice, as well as myocardial damage, 
reduce myocardial tissue edema and necrosis, and in-
hibit inflammatory factor level and phosphorylated NF-
κB expression. Down-regulating miR-96-5p promoted 
myocardial injury in CLP mice. Silencing circROCK1 and 
miR-96-5p inhibited and promoted OXSR1 expression, 
respectively. Both circROCK1 and OXSR1 had a target-
ing relationship with miR-96-5p. Conclusion: CircROCK1 
promotes myocardial injury in septic mice by regulat-
ing the miR-96-5p/OXSR1 axis, and it can be used as a 
potential target for treating septic myocardial dysfunc-
tion.
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INTRODUCTION

Sepsis is an acute systemic infection caused by a vari-
ety of bacteria invading the blood circulation. The main 
clinical manifestations are rapid onset, fever, tachyp-
nea, shivers, hepatosplenomegaly, etc. (Stanski & Wong, 
2020; Rubio et al., 2019). In severe cases, septic shock 
and multiple-organ failure (MOF) may occur (Lelubre 
and Vincent 2018). Sepsis has a high morbidity and 
mortality rate, especially for those with weakened im-
mune systems, and about 50% of patients with sepsis re-
quire admission to an intensive care unit (Salomão et al., 
2019). Among common complications of sepsis, cardiac 
dysfunctions, such as myocardial injury and depression 
(Yang et al., 2023), are characterized by impaired myo-
cardial contractility and ejection fraction, with mortality 
up to 70% (Li et al., 2013; Settergren & Henareh, 2014; 
Bansal et al., 2023). Sepsis triggers a systemic inflamma-
tory response that activates the body’s immune system 
and releases a variety of inflammatory mediators. These 
inflammatory mediators cause damage to cardiomyo-
cytes and induce apoptosis (Zhou et al., 2022; Zhen et 
al., 2022). Therefore, exploring the potential molecular 
mechanism of sepsis-induced myocardial injury is es-
sential for promoting the survival rate of patients with 
sepsis-induced myocardial injury.

Circular RNA (circRNA) is formed under special 
and selective shearing. Unlike linear RNA, circRNA is 
basically derived from the exons or introns of its par-
ent gene (Kristensen et al., 2018; Memczak et al., 2013). 
Based on a recent genome-wide analysis of non-coding 
RNA, in comparison with healthy individuals, more 
than 80% of septic patients showed differential expres-
sion. These molecules act in innate cell immunity, mito-
chondrial function, and apoptosis (Nie et al., 2020). As a 
non-coding RNA, circRNA recently has been considered 
to have a vital relationship with sepsis occurrence and 
development. CircRNA is involved in regulating multi-
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ple-organ injury in septic patients, like lung (Zou et al., 
2020), kidney (Shi et al., 2020), and liver injury (Xiong 
et al., 2021). Circular RNA Rho-associated kinase 1 (cir-
cROCK1) is an essential member of the circRNA fam-
ily and has been shown to be differentially expressed in 
sepsis (Bao et al., 2019). However, it is not clear whether 
it has an impact on septic myocardial injury.

This work investigated serum circROCK1 expression 
level and its clinical effect on septic patients. The effect 
of circROCK1 on myocardial function and myocardial 
inflammation in sepsis was investigated in vivo by estab-
lishing a mouse model by cecal puncture and ligation 
(CLP). The results revealed that circRNA promoted my-
ocardial injury in sepsis by sponging miR-96-5p to medi-
ate oxidative stress-responsive 1(OXSR1) expression.

METHODS

Clinical samples

Healthy people (n=37) were randomly selected from 
the health examination center of The First Affiliated 
Hospital of Guangzhou Medical University. From Sep-
tember 2018 to January 2020, blood samples were ob-
tained from patients with sepsis (n=44) and septic shock 
(n=19) at The First Affiliated Hospital of Guangzhou 
Medical University. The diagnosis of sepsis or septic 
shock is based on the International Guidelines for the 
Management of Sepsis and Septic Shock: 2016. This re-
search was approved by The First Affiliated Hospital of 
Guangzhou Medical University Institutional Ethics Com-
mittee. All subjects and their families had signed the in-
formed consent form.

Diagnostic criteria

Sepsis is diagnosed in reference to International Guide-
lines for the Management of Sepsis and Septic Shock: 2016, with 
a Sequential Organ Failure Assessment (SOFA) score 
of more than 2. Patients diagnosed with sepsis who re-
quired adequate volumetric resuscitation and sustained 
hypotension with pressors to maintain arterial pressure 
of 65 mmHg or higher and serum lactate levels greater 
than 2 mmol/L (18 mg/dL) were identified as having 
septic shock.

Exclusion criteria

Exclusion criteria: (1) Under 18 years old; (2) MOF 
caused by other non-infectious factors; (3) Autoimmune 
diseases treated with steroids or immunosuppressive 
therapy; (4) Complications with other diseases that affect 
blood coagulation; (5) Malignant tumors; (6) Complica-
tions with other diseases that may affect this study re-
sults; (7) Immunosuppressive drug treatment within the 
last three months.

Clinical data collection

Clinical information was recorded, including age, gen-
der, body mass index (BMI), and SOFA score. Addition-
ally, Quzhou People’s Hospital clinical laboratory pro-
vided routine blood test results (serum creatinine [Scr], 
white blood cells, albumin, C-reactive protein [CRP], and 
procalcitonin [PCT]).

Septic animal model establishment

C57BL/6 mice (25±5 g) were kept in cages in a tem-
perature-controlled room with a 12-hour light/dark cycle 

and a free diet and water. Twenty-four mice were allo-
cated into the sham group (n=12) and the CLP group 
(n=12) to evaluate the survival rate within 48 hours after 
surgery. The survival rate of mice after CLP was meas-
ured every 2 h for 48 h.

In the following experiment, another 72 mice were 
used, 12 of which underwent sham surgery and the 
rest received CLP. These mice were allocated into 5 
groups (n=12 for each): Sham group (CLP without li-
gation and puncture on the cecum), CLP group (CLP 
surgery), sh-circROCK1 group (injection with 5×107 
sh-circROCK1 lentiviral vector particles via tail vein 
one week before CLP), sh-NC group (injection with 
5×107 sh-NC lentiviral vector particles via tail vein 
one week before CLP), miR-96-5p antagomir group 
(injection with 10 μg miR-96-5p antagomir via tail 
vein one week before CLP), and NC antagomir group 
(injection with 10 μg NC antagomir via tail vein one 
week before CLP). sh-circROCK1/NC lentiviral vec-
tors and miR-96-5p/NC antagomir were provided 
by GenePharma (China). The cardiac function of 
mice was monitored 12 h after CLP, myocardial tis-
sue and serum samples were collected from 6 mice in 
each group, and myocardial tissues from the remain-
ing 6 mice were stained with hematoxylin and eosin 
(HE). miR-96-5p antagomir sequence: 5’-TAACACT-
GTCTGGTAACGATGT-3’.

CLP procedures: Midline laparotomy was performed, 
and a 3 cm dissection was performed to expose the ce-
cum. At the site designated for high severity, the cecum 
was ligated with a 4–0 silk thread and pierced at two 
sites 1 cm apart with a 20-gauge needle. The cecum was 
then gently pressed to squeeze a small drop of feces. 
After laparotomy, all mice were resuscitated by subcuta-
neous injection of normal saline (37°C, 50 ml/kg). The 
sham operation was performed with the same procedure 
but without ligation and puncture of the cecum.

Heart function detection

All mice were anesthetized by intraperitoneal adminis-
tration of pentobarbital sodium 12 hours after CLP. The 
right carotid artery was exposed, from where a catheter 
was inserted into the left ventricle. A multi-channel data 
acquisition and processing system (RM6240BD, Chengdu 
Instrumeny) was utilized to monitor left ventricular sys-
tolic pressure (LVSP) and maximum rate of increase/de-
crease in left ventricular pressure (± dp/dtmax).

Enzyme-linked immunosorbent assay (ELISA)

The myocardial homogenate was centrifuged, and 
the supernatant was collected. Tumor necrosis factor 
(TNF)-α, interleukin (IL)-6, and IL-1β levels were meas-
ured using ELISA kits. Creatine kinase-MB (CK-MB, 
E006-1-1) and cardiac troponin I (cTnI, H149-2) content 
in serum were measured. All kits were purchased from 
Nanjing Jiancheng Bioengineering Institute.

HE staining

The myocardial tissue of mice was fixed with 4% 
paraformaldehyde, embedded in paraffin, and cut into 4 
μm slices. The slices were deparaffinized with xylene, in-
filtrated with gradient alcohol, and stained with HE. At 
last, the tissue structure was observed microscopically.
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Real-time reverse transcriptase-polymerase chain 
reaction (RT-qPCR)

Total RNA in mouse myocardial tissue and human 
serum samples was isolated using TRIZOL RNA extrac-
tion reagent (Invitrogen, USA). PrimerScript real-time kit 
(TAKARA, Japan) was applied for reverse transcription. 
Finally, RT-qPCR was detected by SYBR Premix Ex Taq 
TM II reagent and ABI PRISM 7000 (Applied Biosys-
tems, USA). Using U6 and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) as internal references for miR-
NA and mRNA, respectively, relative gene expression 
was calculated by 2-ΔΔCt. The primer sequence was shown 
in Table 1.

Western blot

Total protein in the myocardial homogenate was 
extracted using a protein extraction kit (Beyotime, 
China), and later a bicinchoninic acid kit (Nanjing 
Jiancheng Bioengineering Institute) was utilized to 
determine the protein concentration. Next, the pro-
tein was loaded for electrophoresis, and protein gel 
was transferred to a polyvinylidene fluoride mem-
brane (Millipore, USA), which was sealed with 0.1% 
Tween-20 in Tris-buffered saline (5% skim milk) at 
room temperature for 1 hour, and later combined 
with the primary antibody p-NF-κB p65 (ab86299, 
Abcam), NF-κB p65 (#8242, Cell Signaling), OXSR1 
(H00009943-M09, Abnova), and GAPDH (ab181602, 
Abcam) overnight at 4°C. Next, the membrane was 
incubated with horseradish peroxidase-conjugated goat 
anti-rabbit immunoglobulin G (ab205718, Abcam) 
to evaluate protein immunoreactivity. The density of 

protein bands was analyzed by Image-Pro Plus version 
6.0 (Media Cybernetics, USA).

Dual luciferase reporter experiment

The circROCK1 or OXSR1 3’untranslated region 
sequence containing miR-96-5p binding site was in-
serted into the pmirGLO vector (Promega, USA), and 
the wild type (WT) luciferase reporter plasmids were 
named circROCK1-WT and OXSR1-WT. After the 
binding sites were mutated, mutant type (MUT) lucif-
erase plasmids (circROCK1-MUT and OXSR1-MUT) 
were constructed. HEK293 cells were transplanted 
into 48-well plates at 3×104 cells/well and transfected 
with 2 µL of plasmids and 100 nM miR-96-5p mimic 
or mimic-NC (GenePharma, China). After 48-hour 
transfection, the dual luciferase reporter system (Pro-
mega; E1910) was utilized to detect firefly and renilla 
luciferase activities.

Data analysis

Values expressed as mean ± standard deviation 
(S.D.) were analyzed by GraphPad Prism software 8.01 
(GraphPad Software, USA). The Student’s t-test was ap-
plied to compare two groups. Spearman correlation anal-
ysis examined the relationship between circROCK1 and 
the clinicopathological characteristics of septic patients. 
*P<0.05 was considered statistically significant.

Table 1. RT-qPCR primer sequences

Genes Primer sequence (5’–3’)

GAPDH
Forward: 5’-ATGGGGAAGGTGAAGGTCG-3’

Reverse: 5’-TTACTCCTTGGAGGCCATGTG-3’

U6
Forward: 5’-CTCGCTTCGGCAGCACATATACT-3’

Reverse: 5’-ACGCTTCACGAATTTGCGTGTC-3’

CircROCK1
Forward: 5’- TCCCAATGCTGCCCCAAAGCC -3’

Reverse: 5’- GGTTCCTGCTCCCCATCACTCCA -3’

miR-96-5p
Forward: 5’- ATGCTTTCTCAACTTGTTGG -3’

Reverse: 5’- TCACCGCTCTTGGCCGTCACA -3’

OXSR1
Forward: 5’- AAAGACGTTTGTTGGCACCC -3’

Reverse: 5’- GCCCCTGTGGCTAGTTCAAT -3’

Table 2. Clinicopathological characteristics of subjects

Parameters Healthy subjects (n = 37) Septic patients (n = 63)

Age (years)
Gender (male/female)
BMI (kg/m2)
Scr (mg/dL)
Albumin (g/L)
WBC (×109/L)
CRP (mg/L)
PCT (ng/mL)
SOFA score

57.64±6.27
male (14)/female (23)
21.27±0.79
0.91±0.17
42.97±4.78
8.49±2.03
11.04±2.39
0.79±0.12
–

53.78±4.93
male (39)/female (24)*
20.98±1.07
1.54±0.24*
31.47±3.59*
17.56±4.12*
47.83±8.83*
8.74±2.41*
3.97±1.24

Note: Scr: serum creatinine; WBC: white blood cells; CRP: C-reactive protein; PCT: procalcitonin; SOFA: sequential organ failure assessment. Data 
expressed as mean ±S.D., combined with student’s t-test or chi-square test; in contrast to healthy subjects, *P<0.05.

Figure 1. circROCK1 is highly expressed in sepsis.
Note: RT-qPCR to detect circROCK1 expression in the serum of 
normal subjects and patients with sepsis. The data were expressed 
as mean ± S.D., and the Student’s t-test was applied.
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RESULTS

Clinical and pathological characteristics of subjects

37 healthy subjects (14 males, 23 females, average age: 
57.64±6.27 years old) and 63 septic patients (39 males, 
24 females, average age: 53.78±4.93 years old) were re-
cruited. The clinicopathological characteristics of the two 
groups were detailed in Table 2. There were no signifi-

cant differences in age or BMI between healthy subjects 
and sepsis patients. There were significant differences in 
gender, Scr, albumin, white blood cells, CRP, and PCT.

circROCK1 is highly expressed in sepsis and is related 
to sepsis clinicopathology

circROCK1 in sepsis was examined. circROCK1 ex-
pression in the serum of septic patients was higher than 
that in healthy subjects (Fig. 1). The clinicopathological 

Table 3. The correlation between circROCK1 and clinicopathological characteristics of sepsis

Parameters circROCK1 low expression (n = 31) circROCK1 high expression (n = 32) P R

Age (years)
Gender (male/female)
BMI (kg/m2)
Scr (mg/dL)
Albumin (g/L)
WBC (×109/L)
CRP (mg/L)
PCT (ng/mL)
SOFA score

54.32±5.79
male (18)/female (13)
19.72±0.84
1.22±0.13
31.37±2.78
15.79±3.47
39.84±6.29
5.74±1.63
2.69±0.74

56.43±3.87
male (15)/female (17)
20.37±0.77
1.94±0.36
29.25±4.03
17.63±4.55
54.27±5.91
10.93±2.80
5.27±0.63

0.478
0.327
0.782
< 0.001
0.174
0.264
<0.001
<0.001
<0.001

0.237
0.379
0.113
0.639
-0.335
0.341
0.749
0.538
0.673

Note: Scr: serum creatinine; WBC: white blood cells; CRP: C-reactive protein; PCT: procalcitonin; SOFA: sequential organ failure assessment. Data 
expressed as mean ±S.D., combined with student’s t-test and spearman correlation analysis.

Figure. 2 Silencing circROCK1 improved myocardial injury in septic mice.
Note: (A) Survival rate of CLP mice within 48 hours; (B) RT-qPCR to detect circROCK1 expression in mouse myocardial tissue; (C) Cardiac 
function indexes LVSP, LVEDP, +dp/dtmax and -dp/dtmax and serum cTnI and CK-MB levels; (D) HE staining of mice myocardial tissue; (E) 
ELISA to detect TNF-α, IL-1β, and IL-6 levels in mice myocardial tissue; (F) Western blot to detect phosphorylated NF-κB expression in 
mice myocardium tissue; the data were expressed as mean ± S.D. (n=6) and compared by Student’s t-test. In comparison with the Sham 
group, *P<0.05; in comparison with the sh-NC group, ^P<0.05.

252



Vol. 70 						      571circROCK1 Promotes septic myocardial injury

relationship between circROCK1 and sepsis was subse-
quently examined. circROCK1 was positively correlated 
with Scr, CRP, PTC, and SOFA scores in sepsis (Ta-
ble  3).

Silencing circROCK1 improved myocardial injury in 
septic mice

A CLP mouse model was established to further ex-
amine the role of circROCK1 in sepsis. First, the sur-
vival rate of CLP mice within 48 hours was evaluated. 
The survival rate of CLP mice within 48 hours after 
surgery was 41.2%, while the mice in the Sham group 
did not die (Fig. 2A). After CLP, circROCK1 expres-
sion in the myocardial tissue of mice was elevated; after 
sh-circROCK1 injection, circROCK1 expression was re-
versed (Fig. 2B). Later the cardiac function of the mice 
was checked. After CLP, LVSP and +dp/dtmax were re-
duced, while -dp/dtmax, LVEDP, cTnI, and CK-MB were 
elevated. After sh-circROCK1 injection, the changes in 
the above indicators were reversed (Fig. 2C). HE stain-
ing revealed that myocardial necrosis and interstitial 

edema appeared in the myocardial tissue of CLP mice, 
and these pathological changes were attenuated after si-
lencing circROCK1 (Fig. 2D). Additionally, CLP surgery 
elevated inflammatory factors TNF-α, IL-1β, and IL-6 
levels in the myocardial tissue of mice. After silencing 
circROCK1, inflammatory factor levels were reduced 
(Fig. 2E). Western blot results implied that CLP elevated 
phosphorylated NF-κB expression in mouse myocardial 
tissue. After silencing circROCK1, phosphorylated NF-
κB expression was reduced (Fig. 2F). Based on these 
findings, silencing circROCK1 improves myocardial in-
jury in septic mice.

Silencing miR-96-5p promoted myocardial injury in 
septic mice

In this work, miR-96-5p was under-expressed in the 
serum of septic patients (Fig. 3A). Subsequently, miR-
96-5p in CLP mice was down-regulated by injection 
of miR-96-5p antagomir (Fig. 3B). Next, the impact of 
miR-96-5p on myocardial injury in septic mice was ex-
amined. After down-regulating miR-96-5p, LVSP and 

Figure 3. Silencing miR-96-5p promotes myocardial injury in septic mice.
Note: (A) RT-qPCR to detect serum miR-96-5p expression in healthy subjects and septic patients; (B) RT-qPCR to detect miR-96-5p expres-
sion; (C) Mice cardiac function indexes LVSP, LVEDP, +dp/dtmax, and -dp/dtmax as well as serum cTnI and CK-MB levels; (D) HE staining of 
mice myocardial tissue; (E) ELISA to detect TNF-α, IL-1β, and IL-6 levels in mice myocardial tissue; (F) Western blot to detect phosphoryl-
ated NF-κB expression in mice myocardial tissues; the data were expressed as mean ± S.D. (n=6) and compared by Student’s t-test. In 
comparison with the NC antagomir group, &P<0.05.
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+dp/dtmax decreased, whereas -dp/dtmax, LVEDP, cTnI, 
and CK-MB elevated in CLP mice (Fig. 3C). HE stain-
ing indicated that down-regulating miR-96-5p aggravated 
myocardial necrosis and edema in CLP mice (Fig. 3D). 
Additionally, down-regulating miR-96-5p further elevated 
inflammatory factors TNF-α, IL-1β, and IL-6 in the my-
ocardial tissue of CLP mice and promoted phosphoryl-
ated NF-κB expression (Figs. 3E, F).

circROCK1 acted as a miR-96-5p sponge in sepsis to 
mediate ROCK1 expression

After silencing circROCK1, miR-96-5p expression in 
CLP mice was elevated (Fig. 4A). It is speculated that 
circROCK1 is available to target miR-96-5p expression. 
CircROCK1 and miR-96-5p have a targeting relationship 
on http://starbase.sysu.edu.cn/ (Fig. 4B). Next, a dual 
luciferase reporter experiment was conducted to further 
examine the targeting relationship between circROCK1 
and miR-96-5p. WT-circROCK1 reduced the luciferase 
activity in the miR-96-5p mimic group, whereas MUT-
circROCK1 had no impact (Fig. 4C). This indicates that 
circROCK1 competitively binds miR-96-5p in sepsis. 
OXSR1 has been found to be highly expressed in sepsis 
and has an important relationship with sepsis develop-
ment. In this work, OXSR1 expression was elevated in 
septic patients compared with healthy controls as well 
as in CLP mouse myocardial tissue compared with the 
Sham group. After down-regulating miR-96-5p, OXSR1 
expression was further elevated (Fig. 4D). Given that, 
OXSR1 may be a potential target gene of miR-96-

5p. On the http://starbase.sysu.edu.cn/, it was found 
that OXSR1 and miR-96-5p had potential binding sites 
(Fig.  4E). Based on dual-luciferase findings, WT-OXSR1 
could reduce miR-96-5p luciferase activity, while MUT-
OXSR1 had no impact on it (Fig. 4F). Additionally, si-
lencing circROCK1 can inhibit OXSR1 expression in the 
myocardial tissue of CLP mice (Fig. 4G). These findings 
indicate that OXSR1 is the target gene of miR-96-5p 
and is regulated by circROCK1.

DISCUSSION

In recent years, sepsis incidence has risen year by year, 
but the specific mechanism that affects septic organ in-
jury is still not clear (Font et al., 2020; L’Heureux et al., 
2020). In this work, our team found that circROCK1 
was highly expressed in the serum of septic patients and 
indicated a positive correlation with Scr, CRP, PTC, and 
SOFA scores in sepsis. Additionally, knocking down cir-
cROCK1 improved septic myocardial injury by enhanc-
ing myocardial contractility, reducing myocardial tissue 
necrosis and edema, as well as inhibiting the activation 
of NF-κB signaling pathway and downstream inflam-
matory factor expression. In terms of mechanism, cir-
cROCK1 silencing can ameliorate myocardial injury in 
sepsis mainly through competitive binding of miR-96-5p-
mediated OXSR1 expression.

The CLP mouse model has been widely applied in 
basic research on sepsis. After CLP, the mice presented 
myocardial inhibition and inflammatory injury, mainly 

Figure 4. circROCK1 acts as a miR-96-5p sponge in sepsis to mediate OXSR1 expression.
Note: (A) RT-qPCR to detect miR-96-5p expression in mice myocardial tissues; (B) http://starbase.sysu.edu.cn/ to query circROCK1 and 
miR-96-5p potential binding sites; (C) Dual luciferase reporter experiment to verify the targeting relationship between circROCK1 and 
miR-96-5p; (D) RT-qPCR and western blot to detect OXSR1 expression in mice myocardial tissue; (E) http://starbase.sysu.edu.cn/ to query 
OXSR1 and miR-96-5p potential binding sites; (F) Dual luciferase reporter experiment to confirm the targeting relationship between miR-
96-5p and OXSR1; (G) RT-qPCR and western blot to examine OXSR1 expression mice myocardial tissues; data were expressed as mean 
±  S.D. (n=6) and compared by student’s t-test. In comparison with the Sham group, * P<0.05; in comparison with the sh-NC group, 
^P<0.05; in comparison with the NC antagomir group, &P<0.05; in comparison with the mimic NC group, #P<0.05.
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including decreased LVSP and +dp/dtmax and elevated 
-dp/dtmax, LVEDP, cTnI, CK-MB, and inflammatory 
factors. These findings are in line with previous studies 
(Gao et al., 2021; Liu et al., 2020), revealing that CLP is 
available to induce severe myocardial dysfunction.

Various circRNAs can regulate inflammatory respons-
es in sepsis, which is vital for understanding sepsis in-
flammation development. For example, circ_0114428 
regulates sepsis-induced renal inflammatory injury by 
targeting miR-495-3p/cereblon axis (He et al., 2021). 
The circRNA circVMA21 improves lipopolysaccharide-
induced acute kidney injury by targeting the miR-199a-
5p/Neuropilin-1 axis in sepsis (Li et al., 2021). This work 
found for the first time that circROCK1 can reduce sep-
tic myocardial tissue inflammation mainly by inhibiting 
NF-κB phosphorylation. NF-κB is an essential inflam-
matory signaling pathway, which acts in the process of 
cellular inflammation and immune response (Lawrence 
2009; Pflug & Sitcheran, 2020).

Organ failure is a common feature of sepsis (Joffre et 
al., 2020; Black et al., 2020). In recent years, studying the 
role of circRNA in protecting cardiac function has be-
come a research hotspot. Recently, Qiu and others (Qiu 
et al., 2021) found that circHIPK3 regulates cardiomyocyte 
autophagy and apoptosis stimulated by hypoxia/reoxy-
genation via miR-20b-5p/autophagy related 7 axis. Addi-
tionally, Cheng and others (Cheng et al., 2020) found that 
circular RNA POSTN promotes myocardial infarction-
induced myocardial injury and cardiac remodeling through 
regulating miR-96-5p/Bcl-2/adenovirus E1B 19kDa inter-
acting protein 3 axis. In our research, knocking down cir-
cROCK1 improved myocardial function and inflammatory 
injury in septic mice. It is worth noting that circROCK1 
has been found to be highly expressed in septic lung tis-
sue, so we speculate that circRNA also has a similar im-
pact on sepsis and other organ failures.

In further research on the mechanism, based on the 
bioinformatics website and dual luciferase reporter sys-
tem, circROCK1 was directly bound to miR-96-5p to 
elevate OXSR1 expression. miR-96-5p regulates the NF-
κB signaling pathway to reduce the severe response of 
neonatal sepsis (Chen et al., 2020), which is the same 
as our findings. Furthermore, miR-96-5p also improved 
myocardial function in septic mice. This may be because 
miR-96-5p can reduce the release of systemic inflamma-
tory cytokines in septic mice. OXSR1 is an essential im-
munomodulator in the body, which is differentially ex-
pressed in cancer, hypertension (Frame et al., 2019; Puleo 
et al., 2020), as well as neurological diseases (Frame et 
al., 2019). A recent report revealed that overexpressing 
OXSR1 can improve acute kidney injury induced by sep-
sis (Qin et al., 2019). Previous studies have shown that 
abnormal expression of the miR-96-5p/OXSR1 axis 
plays an important role in acute lung injury (Wu et al., 
2022). This suggests that the miR-96-5p/OXSR1 axis 
may also be involved in other organ injuries induced 
by sepsis, such as liver and intestine. We speculate that 
OSXR1 is also involved in the process of septic organ 
injury. This needs to be explored in subsequent studies. 
In this article, OXSR1 was also highly expressed in sep-
sis-induced myocardial injury.

In conclusion, our findings show that circROCK1 is 
highly expressed in sepsis and is correlated with clin-
icopathological characteristics. In terms of mechanism, 
circROCK1 promotes septic myocardial dysfunction by 
acting as a miR-96-5p sponge to mediate OXSR1 ex-
pression.
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Timosaponin AIII attenuates precocious puberty in mice through 
downregulating the hypothalamic-pituitary-gonadal axis
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Precocious puberty (PP) has increasingly become a so-
cial concern. This study aimed to investigate the effect 
of timosaponin AIII (TAIII) on the precocious puberty 
and its possible mechanisms in mice. Four groups of 
mice consisting of controls that received saline or TAI-
II, a model that received leptin to induce precocious 
puberty (PP), and leptin+TAIII (the leptin model treat-
ed with TAIII) were used to determine the effect of 
TAIII on PP. Pathological and cytological examinations 
were conducted to investigate the signs and onset of 
PP and the development of reproductive organs. The 
level of serum luteinizing hormone (LH), follicle stim-
ulating hormone (FSH) and estradiol (E2) were deter-
mined using enzyme-linked immunosorbent assay 
(ELISA). The expression of genes related to the hypo-
thalamic-pituitary-gonadal axis (HPGA) was assessed 
using qRT-PCR and Western blotting. Bone mineral 
density (BMD) was determined using high resolution 
peripheral quantitative computed tomography. In 
mice treated with leptin, earlier vaginal opening and 
estrus were observed, as well as the increased ovar-
ian and uterine weight, total uterine cross-sectional 
size, number of corpora lutea, and elevated serum sex 
hormone levels and HPGA expression. On the other 
hand, TAIII treatment delayed the vaginal opening 
and vaginal estrus to 32.1 and 37.5 days after birth, 
and delayed the development of reproductive organs, 
leading to significantly smaller uterus and ovary size, 
less corpora lutea and low BMD (P<0.05). In addition, 
the serum levels of LH, FSH and E2 were significantly 
reduced (P<0.05) and so was the expression of HPGA 
and leptin genes (P<0.05). Our experimental data 
demonstrated that TAIII has activity against leptin-
induced PP activity and may attenuate PP by reducing 
reproductive hormones and deactivating the hypotha-
lamic-pituitary-gonadal axis through downregulating 
leptin expression.

Keywords: precocious puberty; herbal medicine; triterpenoid; serum 
hormone; gene expression
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INTRODUCTION

Precocious puberty (PP) is a growth and develop-
mental disorder that manifests as early onset of second-
ary sexual characteristics, occurring before the age of 
8 and 9 years in girls and boys (Bradley et al., 2020; 
Yang et al., 2021). The incidence of precocious puberty 
is growing and the age of puberty onset gradually de-
creases, largely due to the change of lifestyles (Kim et 
al., 2015). Clinical signs such as premature breast and 
pubic hair development, together with determination 
of bone age, pelvic echography and hormone tests are 
among the routine procedures to diagnose central (gon-
adotropin-releasing hormone (GnRH)-dependent) PP 
(CPP) and peripheral (GnRH-independent) PP (PPP) 
(Antoniazzi & Zamboni, 2004; Neely & Crossen, 2014). 
Due to the early onset of puberty, children with PP de-
velop earlier and grow shorter, due to shorter time of 
bone growth and subsequently shorter stature (Censani 
et al., 2019) because the activation of the hypothalamic-
pituitary-gonadal axis (HPGA) results in the release of 
gonadotropins that induces the development of puberty 
and promotes bone maturation (Cheuiche et al., 2021). 
In addition, PP can cause a series of psychological and 
physiological problems, which may also be associated 
with diseases, obesity, overweight and other environ-
mental factors (Chae et al., 2021; Sitruk-Ware et al., 
1986). At the molecular level, PP has been found to 
up- and down-regulate hundreds of proteins that po-
tentially impact numerous metabolic pathways (Wang et 
al., 2021). In recent years, the age of PP onset trends 
to decrease and PP has become an important social is-
sue, particularly for girls, who have the condition 10 
times more often than boys, and their families (Cesario 
& Hughes, 2007).

Long-acting gonadotropin-releasing hormone analogs 
have revolutionized the treatment of CPP, resulting in the 
stabilization of pubertal progression, a reduced growth ve-
locity, and a decreased bone age advancement (Cheuiche 
et al., 2021). However, questions remain regarding their 
optimal use in CPP and other conditions. Although most 
cases of precocious sexual maturation are gonadotropin-
dependent and currently assumed to be idiopathic, there 
are mutations in genes involved in pubertal development, 
such as MKRN3 and DLK1, which may require differ-
ent treatment options. Additional studies are needed to 
address key areas related to the psychosocial effects of 
CPP and their alterations due to the use of gonadotropin-
releasing hormone analogs (Carel et al., 2009).

In East Asia, herbal medicines are used for the 
treatment of PP (Liu et al., 2016). Traditional Chinese 
medicine Zhimu is made from the roots of Anemar-

Vol. 70, No 1/2023
183–190

https://doi.org/10.18388/abp.2020_6450

257

mailto:lilizhou22@yeah.net
https://doi.org/10.18388/abp.2017_


184											           2023L. Zhou and others

rhena asphodeloides and is an important member of the 
herbal medicines that have activity against PP. For 
example, Zhibaidihuang decoction made with A. as-
phodeloides, Rehmannia glutinosa, Cornus officinalis, peony 
bark, yam, Poria cocos and Alisma orientalis was found 
to alleviate PP by reducing the levels of serum hor-
mone FSH, LH and E2 (Xu & Qiu, 2007; Yu et al., 
2014). Sarsasapogenin, a steroidal sapogenin, is a main 
active ingredient in Zhimu (Bao et al., 2007) and was 
found to have anti-PP activity through inhibiting the 
HPGA (Hu et al., 2020a). In addition, pharmacologi-
cal studies have shown that sarsasapogenin also has 
activities against thrombosis, Alzheimer’s disease, tu-
mor, inflammation, and depression (Han et al., 2018; 
Wang et al., 2014). Timosaponin AIII (TAIII), a triter-
penoid, is also a main ingredient in A. asphodeloides ex-
tract with a number of pharmacological activities (Lin 
et al., 2020). However, little is known about its activity 
against PP although decoctions made with A. asphode-
loides are shown to be effective to attenuate PP (Xu & 
Qiu, 2007; Yu et al., 2014).

The aim of this study was to investigate the therapeu-
tic effect of TAIII on PP and its possible mechanisms 
by measuring serum sex hormone levels and expression 
of KISS1/GPR54 genes in mouse model of PP.

MATERIALS AND METHODS

Animals and treatments

Female C57BL mice, female, aged 2 weeks and weigh-
ing 12±1.1g, were purchased from the Laboratory Ani-
mal Center, Yanjiang Biotech, Shanghai, China. The ani-
mals were housed in groups of three in plastic box cages 
kept in pathogen-free animal rooms at 25°C and 42% 
humidity with 12-h light (06:00–18:00) and dark (18:00–
06:00) cycles and ad libitum access to chow and drinking 
water. At the completion of experiments, mice were eu-
thanized by carbon dioxide asphyxiation and tissues were 
isolated for subsequent analysis. Carbon dioxide was 
supplied at a flow rate of 20% of the cage volume per 
minute (5L/min). The death after exposure to carbon di-
oxide was confirmed after careful assessment of cardiac 
arrest. The study was carried out in compliance with the 
ARRIVE guidelines. The animal experimental protocols 
procedures were approved by the Institutional Animal 
Care and Use Committee of Beijing University of Chi-
nese Medicine Shenzhen Hospital, Shenzhen, China.

The animals were randomly divided into con-
trols (saline and TAIII), model (leptin), and TAIII 
(leptin+TAIII) groups with 16 mice in each group. At 
the age of 20 days, the mice were subcutaneously in-
jected daily with leptin at 2 μg/g body weight (cat. no. 
177404-21-6, Guangjian Pharmaceuticals, Shenzhen, 
China) in 100 μl saline with 0.1% DMSO i.p. at 09:00–
10:00 hours during the light cycle as described previously 
(Ahima et al., 1997) (model) and additionally TAIII at 10 
μg (100 μl) per g body weight (cat.no. HY-N0810, Med-
ChemExpress LLC, Shanghai, China) was administered 
to mice by gavage (TAIII group). Before use, TAIII was 
dissolved in 0.1% DMSO to 10 μg/μl to keep as a stock 
solution and stored at −20°C. Controls were injected 
with 100 μl saline or TAIII containing 0.1% DMSO. 
From the age of 25 days, the vaginal opening (VO) was 
checked daily. For the mice with VO, vaginal smear was 
checked every morning and the onset of vaginal estrus 
(VE) was determined as described previously (Nelson et 
al., 1990).

Detection of serum hormone levels

Blood samples were collected from the abdominal 
aorta, and centrifuged at 4°C to obtain serum, which was 
stored at –20°C before analysis. Serum LH (ab72838, 
1:2000), FSH (ab21011, 1:2000) and E2 (ab100969, 
1:2000) levels were determined using ELISA kits ac-
cording to the supplier’s instructions (abcam, Shanghai, 
China) with a Accuris SmartReader 96 (Labrepco, PA, 
USA). All assessments were repeated three times.

Pathological examination

The uterus and ovary samples were immediately iso-
lated after the last blood samples were taken. The uterus 
and ovaries were isolated, weighed and fixed in 10% for-
malin, embedded in paraffin, sectioned and stained with 
hematoxylin-eosin (HE). To measure the size of uterus 
and ovary, the sections were pictured at 40× magnifi-
cation, the edge of uterine was traced and grided with 
100×100 point-grid using CAST software (v.2.0). The 
numbers of points falling on the cross section of the 
whole uterus and endometrium were counted and used 
to calculate the area through the built-in area conversion 
system in the software.

Bone densitometry

The tibias of the right hind limb were isolated and 
fixed in in 70% ethanol after removing the surrounding 
tissue. The tibial samples were longitudinally scanned us-
ing high resolution peripheral quantitative computed to-
mography (HR-pQCT) to display the morphology of the 
proximal tibia. HR-pQCT scans were performed 3.0 mm 
and 12.0 mm below the epiphysis line for determination 
of the cancellous and compact bone density.

qRT-PCR

Total RNA was extracted using Beyozol reagent (cat. 
no. R0011, Beyotime, Beijing China) from the hypo-
thalamus tissues isolated from the brain according to the 
supplier’s instructions and quantified suing a UV spec-
trophotometer. The RNA was converted to cDNA us-
ing BeyoRT first strand cDNA kit (cat. no. D7166, Be-
yotime). Real-time PCR amplification and quantification 
were carried out using BeyoFast SYBR Green One-Step 
qRT-PCR Kit (cat. no. D7268s, Beyotime) on the Pro-
Flex™ PCR Systems (Thermo Fisher, USA). The cycle 
parameters consisted of initial denaturation at 96°C for 
10 min, followed by 45 cycles of denaturation at 95°C 
for 10 s, annealing at 55°C for 15 s, and extension at 
60°C for 60 s. β-actin gene was used as the internal 
standard, the 2–ΔΔCt method was used to calculate the 
relative expression level of genes (Livak & Schmittgen, 
2001). Primers for the PCR were synthesized at Huada 
Gene Inc., Shanghai and the sequences were: 
KISS1
forward, 5’-GATGTCTGCGACCTGAGTCCC, 
reverse, 5’-AGGCATTAACGAGTTCCTGGG; 
GPR54
forward, 5’-GCGGCCACAGATGTCACTTT and
reverse, 5’-AGGTGGGCAGCGGATAGA; 
GnRH
forward, 5′-GGAGCTCTGGAACGTCTGATT,
reverse, 5′-CAGCGTCAATGTCACACTCG, 
gonadotropin releasing hormone receptor (GnRHR) 
forward, 5′-CAGGACCCACGCAAACTACA,
reverse, 5′-GGGAGTCCAGCAGATGACAA, 
leptin 
forward, 5’-GCTGTGCCCATCCAAAAAGTCC, 
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reverse, 5′-CCCAGGAATGAAGTCCAAACCG and
β-actin 
forward, 5’-CATTGCTGACAGGATGCAGAAGG,
reverse, 5’-TGCTGGAAGGTGGACAGTGAGG. 

All reactions were repeated three times.

Western blot

Western blot analysis was performed to assess the 
expression of the KISS1 and GRP54 genes. The brain 
tissues were lysed in RIPA buffer (Thermo Fisher Sci-
entific, USA) with protease inhibitors according to the 
supplier’s instructions. Proteins in the lysates were quan-
titated using BAC protein quantification kit (Thermo 
Fisher Scientific) according to manufacturer’s instruc-
tions. After boiling at 100°C for 5 min, 50 µg denatured 
proteins were subjected to each lane of 12% polyacryla-
mide gel electrophoresis (SDS-PAGE), and transferred 
to PVDF membranes. The KISS1 and GRP54 proteins 
were detected by incubating the membranes with anti-
bodies against KISS1 (ab226786, 1:1500, Abcam, US), 
GRP54 (ab108606, 1500, Abcam), GnRH (ab281844, 
1:1500, Abcam), GnRHR (ab183079, 1:1500, Abcam), 
leptin (ab219260, 1:1200, Abcam) and β-actin (as inter-
nal reference, ab179467, 1:1500, Abcam) and horseradish 
peroxidase conjugated IgG (H + L) (ZB-2301, 1:2000, 
ZSbio, Beijing). The immunoreactive bands were visual-
ized using chemiluminescent substrate (ab5801, Abcam) 
in the dark according to the supplier’s protocols and 
quantified using Quantity one (v4.62) analysis software 
(General Electric, UK).

Statistical analysis

Microsoft Excel (IBM, USA) with statistical add-in 
was used for statistical analysis of experimental data. 
The measurement data were compared among and be-
tween groups were conducted using one-way analysis 
of variance (AVONA) and t-test, respectively, and the 
data were expressed as mean ± standard deviation (m 
± S.D.). P<0.05 was regarded as statistically significant.

RESULTS

TAIII postpones VO and VE

From day 25, all mice were checked for VO. For con-
trols (saline or TAIII containing 0.1% DMSO-treated 
mice), VO occurred similarly at 32.4±1.96 and 32.6±1.86 
days after birth. In leptin-treated mice, VO occurred at 
29.47±1.26 days, which was significantly earlier than in 
controls (P<0.05). The VO occurred at 32.1.8±2.26 days 
in mice receiving leptin+TAIII, which was significant-
ly later than for those receiving leptin treatment alone 
(P<0.05), suggesting that TAIII postpones leptin-induced 

PP. Similarly, VE occurred earlier in leptin-treated mice 
(34.8±2.74) as compared with controls (38.0±2.61 and 
37.5±2.22) and was delayed in leptin+TAIII-treated 
mice (37.5±2.47) as compared with leptin-treated mice 
(Fig.  1). Leptin+TAIII-treated mice looked and behaved 
normally as compared with saline-, TAIII- and leptin-
treated mice, during the experimental period.

TAIII delays sexual development

No difference was observed between the controls (sa-
line or TAIII alone) in sexual development. Compared 
with the controls, leptin facilitated the development of 
ovaries and uterus, resulting in increased weight and size 
of these organs (P<0.05, Table 1). However, treatment 
with TAIII hindered this effect, as the sizes of ovaries 
and uterus were significantly reduced (P<0.05, Table  1), 
with lower ovarian weight (18.8 vs 22.4mg), uterine 
weight (27.8 vs 40.3mg), smaller total uterine cross-sec-
tional area (0.65 vs 1.05 mm2) and smaller endometrial 
cross-sectional area (0.35 vs 0.55 mm2) as compared with 
leptin-treated mice (P<0.01, Table 1), although they were 
still larger than in the controls. Leptin treatment also re-
sulted in the early development of corpora lutea, while 
leptin+TAIII treatments significantly reduced the num-
ber of corpora lutea as compared to the leptin-treated 
mice (P<0.01, Table 1).

TAIII reduces BMD

Bone development was similar between the controls 
(saline or TAIII alone) (Table 2). After leptin treatment, 
mice had significantly higher BMD, TBD and CBD as 
compared with controls (Table 2). TAIII treatment sig-

Table 1. Weight and size of the ovaries and uterus and number of corpora lutea in mice treated with leptin and TAIII.

Group No. animals Ovarian weight 
(mg)

Uterine weights
(mg)

Total uterine cross-
-sectional area (mm2)

Endometrial cross-
-sectional area (mm2)

No.
corpora lutea

Control (Saline) 6 15.8±1.21 25.8±2.91 0.45±0.05 0.20±0.02 0

TAIII 6 15.2±1.11 25.5±2.11 0.48±0.06 0.20±0.02 0

Leptin 6 22.4±2.21* 40.3±4.99 * 1.05±0.08* 0.55±0.03* 5.48±0.75*

Leptin+TAIII 6 18.8±1.81# 27.8±2.01# 0.65±0.06 # 0.35±0.04 # 1.28±0.25 #

Data were presented as mean±standard deviation. *and #P<0.05 compared to controls (saline and TAIII) and leptin treatment, respectively, using 
one-way ANOVA.

Figure 1. Onset of puberty in leptin-, saline- and TAIII-treated fe-
male mice. 
The mice were weaned at 21 d, housed in groups of three under 
12 h light (06:00–18:00) and dark (18:00–06:00) cycles, and al-
lowed ad libitum access to chow and water. They were injected 
with recombinant mouse leptin, 2 µg/g body weight, saline vehi-
cle, 100 µl i.p., or leptin plus TAIII, 10 µg/g body weight once a 
day at 10:00–11:00 hours until day 42. n=15 per group.
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nificantly decreased BMD, TBD but not CBD in leptin-
treated mice (Table 2).

TAIII reduces LH, FSH and E2 levels

Next, we investigated the changes of several serum 
hormones that are related to PP development. The re-
sults showed that LH, FSH and E2 levels were simi-
lar between controls (saline or TAIII alone) (Table 3). 
However, compared with the controls, the hormone 
levels were increased significantly after leptin treatment 
(P<0.01, Table 3). On other hand, TAIII administra-
tion reduced the levels of these hormones significantly 
as compared with leptin-treated mice (P<0.01, Table 3), 
although they were still higher than the controls.

TAIII downregulates the expression of KISS1, GPR54, 
GnRH and GnRHR

qRT-PCR and Western blot analyses showed that the 
expression of KISS1, GPR54, GnRH and GnRHR at 
both mRNA and protein levels was significantly upreg-
ulated in leptin treated mice (Fig. 2) but not in TAIII 
treated mice, as compared with control mice (saline-
treated). Leptin+TAIII treatment significantly downregu-
lated the expression of the four genes compared to lep-
tin treatment (Fig. 2).

TAIII downregulates the expression of leptin

Since leptin is involved in GnRH secretion from hypo-
thalamic neurons (Burcelin et al., 2003), we assessed leptin 
gene expression in brain tissue. qRT-PCR and Western 
blot analysis showed that both mRNA and protein levels 
of leptin were not affected by either TAIII or leptin treat-
ment, as compared with saline treatment (Fig.  3). Howev-
er, both mRNA and protein levels of leptin were signifi-
cantly reduced in leptin-treated mice after TAIII treatment 
(Fig. 3) the control, TAIII- or leptin-alone treated mice. 

DISCUSSION

PP is a developmental disorder in children caused by 
early activation and hyperfunction of the HPGA axis. 

Our experimental data showed that leptin could induce 
PP in mice, manifesting with earlier VO and VE and 
increased BMD. TAIII delayed leptin-induced sexual 
development acceleration, as evidenced by reduced sex 
hormone production and decreased expression of the 
genes encoding HPGA components: KISS1, GPR54, 
GnRH and GnRHR. TAIII also reduced BMD, TBD, 
and leptin expression in the leptin-treated mice. These 
findings indicate that TAIII is one of the active ingredi-
ents in A. asphodeloides preparations that confers anti-PP 
activity.

Puberty is a complex developmental process, which 
is affected by a variety of genetic and endocrine factors. 
To investigate the therapeutic effect of TAIII, we con-
structed murine model of PP using leptin and measured 
the progress of sexual maturation using several indexes 
such as VO, VE and BMD. VO and VE are external 
signs of the initiation of female sexual development, 
and are also used as the criteria for judging the onset of 
puberty (Zhou & Li, 2014). After leptin treatment, VO 
and VE were accelerated, and BMD was increased, as 
compared with the controls (saline or TAIII). Further-
more, pathological and biochemical analysis showed that 
the ovarian and uterus development was enhanced and 
serum hormone levels were increased in the leptin-treat-
ed mice as compared with control, confirming that the 
leptin treatment induced PP in mice. This is consistent 
with the results obtained in a previous study showing 
that leptin could facilitate the onset of puberty in female 
mice (Ahima et al., 1997). On other hand, TAIII treat-
ment delayed VO and VE, reduced BMD and delayed 
the sexual organ developments in the leptin-treated mice, 
indicating that TAIII attenuates leptin-induced PP. The 
crude preparations of A. asphodeloides are used as herbal 
medicine for PP (Xu & Qiu, 2007; Zhou & Li, 2014), it 
would be interesting to investigate whether this purified 
compound from A. asphodeloides is also able to alleviate 
PP in humans. Recent study shows that leptin communi-
cates metabolic information with the brain neurons that 
control reproduction using GABAergic circuitry, result-
ing in releasing of GnRH from hypothalamic neurons 
(Burcelin et al., 2003) and puberty onset (Egan et al., 
2017). In rats, the model of PP is established using da-

Table 2. Bone mineral density, trabecular bone density and cortical bone density in mice treated with leptin and TAIII.

Group No. animals Bone mineral density (mg/cm2) Trabecular bone density (mg/cm2) Cortical bone density (mg/cm2)

Control (saline) 6 340.5±2.21 180.5±1.24 540.5±4.14

Control (TAIII) 6 342.5±2.21 183.5±1.54 537.5±3.24

Leptin 6 410.5±3.23* 230.1±1.94* 680.5±5.04*

Leptin+TAIII 6 380.2±1.11# 210.8±2.11# 650.2±3.31

Data were presented as mean ± standard deviation. *and #P<0.05 compared to controls (saline and TAIII) and leptin treatment, respectively, using 
one-way ANOVA.

Table 3. Serum luteinizing hormone (LH), follicle stimulating hormone (FSH) and estradiol (E2) levels in mice treated with leptin and 
TAIII.

Group No. animals LH (ng/ml) FSH (ng/ml) E2 (pg/ml)

Control (saline) 6 5.8±0.91 22.4±3.91 25.2±2.6

TAIII 6 5.7±0.61 21.4±3.56 24.7±2.4

Leptin 6 12.4±1.21* 39.3±4.99* 55.7±7.6*

Leptin+TAIII 6 7.8±0.81# 27.8±3.01# ±4.3 #

Data were presented as mean ± standard deviation. *and #P<0.05 compared to controls (saline and TAIII) and leptin treatment, respectively, using 
one-way ANOVA.
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nazol, a drug that can rapidly activate the HPGA leading 
to increased expression of KISS1 and GRP45 and onset 
of PP (Park et al., 2021).

To further investigate the mechanisms underlying 
TAIII-mediated anti-PP activity, we profiled the changes 
of several serum hormones that are related to PP. In fe-
males, LH and FSH are synthesized in the anterior pitui-
tary gland and the levels of LH and FSH exhibit rhyth-
mic changes throughout the menstrual or estrous cycle 
and have an important influence on development of 
puberty, gonads, and reproductive function. Premature 
secretion of LH and FSH leads to the early gonad acti-
vation and development of secondary sexual traits (Coss, 
2018). E2 is a steroid hormone secreted in the ovaries 
and is involved in the regulation of the estrous and men-
strual reproductive cycles in female (Park et al., 2006; Sie-
mieniuch et al., 2010). E2 receptors are distributed in the 
uterus, breast and ovary. They function to promote the 
maturation of sexual organs (Hewitt & Korach, 2018). 
Earlier secretion of E2 and other sex hormones acceler-

ate bone maturation, resulting in shortened bone growth 
cycle and reduced bone mineral density (Khosla & Mon-
roe, 2018; Manolagas et al., 2002). Therefore, LH, FSH, 
E2 and GnRH stimulation test have been used as intui-
tive clinical indexes to diagnose PP (Yeh et al., 2021).

Our data showed that LH, FSH and E2 were increased 
following leptin treatment as compared to the controls, 
which is consistent with the symptoms of PP, and the 
increases observed in other PP models (Park et al., 2021). 
However, after TAIII treatment, the levels of LH, FSH 
and E2 in leptin-treated mice were decreased significantly, 
suggesting that TAIII is able to modulate the synthesis 
and/or secretion of these hormones, although the exact 
mechanisms of this modulation remain unclear. In paral-
lel with the hormone levels, the signs of sexual develop-
ment in leptin-treated mice, such as ovarian and uterus 
weight and size, and corpora lutea number, were reduced 
after TAIII treatment, further conforming that TAIII 
has activity against puberty onset. While hormones have 
been shown to play important role in sexual (Park et 

Figure 2. mRNA and protein expression of KISS1 and GPR54 after leptin and TAIII treatment. 
qRT-PCR and Western blot analyses were performed using mRNA and protein extracted from the issues of mice treated with leptin and 
TAIII for 15 days. (A) Relative mRNA levels, (B) upper panel: representative Western blots, lower panel: relative protein levels. All assays 
were triplicated. One-way ANOVA was performed to compare the difference among the groups. *, **P<0.05 and <0.01, respectively.
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al., 2006; Siemieniuch et al., 2010; Miyakoshi, 2004) and 
bone development (Miyakoshi, 2004; Olney, 2003), the 
causal relationship between the reduced hormone levels, 
reproductive organ development and bone development 
needs to be further investigated to better understand the 
model of action of TAIII.

The hypothalamus secretes GnRH, which triggers the 
anterior pituitary to release FSH and LH that act on the 
gonads (ovaries) to secrete E2, forming the HPGA axis 
(Lockett et al., 1977). KISS1 was discovered as a novel 
human malignant melanoma metastasis-suppressor gene 
in melanoma cells on chromosome 6 (Lee et al., 1996). 
KISS1 expression is significantly upregulated in puber-
tal rats (Kuohung & Kaiser, 2006) and may be induced 
by estrogenic mycotoxin (Yang et al., 2016). GPR54 is 
a member of G protein-coupled receptors in the rho-
dopsin family and is expressed in brain regions (pons, 
midbrain, thalamus, hypothalamus, hippocampus, amyg-
dala, cortex, frontal cortex, and striatum), as well as in 
peripheral regions (liver and intestine) (Lee et al., 1999). 
Although the actual role of the KISS-1/GPR54 system 
in the timing of puberty onset remains unexplored, the 
activation of the gonadotrophic axis at puberty repre-
sents the final point of a complex sex developmental 
cascade for reproductive capacity. KISS1 and its receptor 
GPR54 gene are important for puberty onset. The lev-
els of KISS1 and GPR54 mRNA in the thalamus are el-
evated at puberty onset and they could stimulate GnRH 
neurons to trigger various pathways engaged in the onset 
of puberty (Kuohung & Kaiser, 2006). In PP rat, serum 
sex hormone concentrations are closely related to GnRH 
mRNA levels, while the synthesis and release of GnRH 
and GnRHR are regulated by KISS-1/GPR54. Early ac-
tivation of KiSS1/GPR54 could activate the production 
of GnRH in the neurons, and subsequently the HPGA 
axis, resulting in accelerated sexual development (Dedes, 
2012; Song et al., 2017). Our data showed that mRNA 
and protein expression of KISS1 and GPR54, as well as 

GnRH and GnRHR, in serum, was significantly upregu-
lated after the leptin treatment, which was reversed by 
concomitant TAIII treatment. In rat model of PP, in-
creased KISS1 and GPR54 expression was also observed 
following danazol treatment. However, GPR54 expres-
sion was not affected by sarsasapogenin, another active 
ingredient from A. asphodeloides, although it has anti-PP 
activity (Hu et al., 2020b). Apparently, the molecular 
mechanism of action of sarsasapogenin is different from 
the mechanism of action of TAIII, which downregulated 
KISS1 and GPR54 expression elevated by leptin treat-
ment, suggesting that TAIII may exert anti-PP activity 
through the KISS1/GPR54 system.

As an adipocyte-derived hormone, leptin stimulates 
the secretion of gonadotropins from the pituitary and 
hence play important roles in pubertal development 
and maintenance of reproductive function (Dehpour et 
al., 1976; Tezuka et al., 2002). It regulates development 
and is a permissive factor for the initiation of human 
puberty, but not the only stimulator of puberty initia-
tion (Terasawa & Fernandez, 2001). The difference in 
body fat quantity can affect leptin concentration to reg-
ulate the expression of genes related to obesity (Hu et 
al., 2001). Through informing brain centers about the 
amount of fat stored in the body, leptin exerts various 
regulatory functions especially associated with energy 
intake and metabolism, including controlling the activ-
ity of the hypothalamic-pituitary-adrenal (HPA) axis 
(Roubos et al., 2012). Our analysis showed that after 
TAIII treatment, leptin mRNA and protein levels were 
reduced in the brain of leptin-treated mice. This might 
generate signals leading to reduced HPGA activities, in-
cluding decreased KiSS1, GPR54, GnRH and GnRHR 
expression, and consequently reduced serum hormone 
levels, reduced BMD, and postponed PP (Antoniazzi & 
Zamboni, 2004). However, the impact of TAIII on lep-
tin level in the blood was not assessed and should be 
investigated further. It is also noted that leptin protein 
level in the brain remained unchanged in leptin-treated 
mice compared to untreated mice. The exact reasons for 
this are unclear. It is likely that the subcutaneously in-
jected leptin might need leptin receptor as a transporter 
to enter the brain via choroid plexus (Lynn et al., 1996) 
due to the blood-brain barrier, or it might be diluted/
partially degraded after injection. While leptin treatment 
was reported to cause PP (Ahima et al., 1997), which is 
confirmed in the present study, no increase in brain lep-
tin level observed in the leptin-treated mice suggests that 
leptin may signal outside of the brain to regulate gene 
expression in the brain indirectly.

Our assessment showed that endogenous leptin ex-
pression was only reduced in leptin and TAIII-treated 
animals, but not in control, TAIII, or leptin treated ani-
mals. There might be several mechanisms for this. TAIII 
might be bound/altered/activated by the injected leptin 
to downregulate the expression of leptin in the brain. 
Since the concentration of injected leptin was likely 
much higher than endogenous leptin in the blood (Odle 
et al., 2014), TAIII could act as concentration-dependent 
antagonist of leptin to inhibit the expression of leptin, 
resulting in differential outcomes in in leptin-treated ani-
mals and untreated animals. This hypothesis should be 
further tested to verify the relationship between TAIII 
concentration and leptin expression level. For example, 
ligand-binding assays could be used to investigate the 
molecular interaction between TAIII and leptin to better 
explain the results observed in the present study.

Although TAIII has been shown to have multi-
ple pharmacological targets, including VEGFR, XIAP, 

Figure 3. Leptin mRNA and protein levels in mice treated with 
leptin and TAIII. 
qRT-PCR and Western blot analyses were performed using mRNA 
and protein extracted from the issues of mice treated with leptin 
and TAIII for 15 days. (A) Relative mRNA levels, (B) upper panel: 
representative Western blots, lower panel: relative protein levels. 
All assays were triplicated. One-way ANOVA was performed to 
compare the difference among the groups. **P<0.01.
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BMI1, mTOR, NF-κB, COX-2 and MMPs, the way it 
impacts gene expression of these targets is still unclear 
(Lin et al., 2020). It is possible that TAIII may bind to 
regulatory sequences or targeting microRNAs that sub-
sequently impact the expression of the target genes. Li-
gand binding assays, immunoprecipitation, compound-
target binding assays and in silico predictions of herbal 
compound target may be designed to gain insight on the 
physical interactions between the molecule and cellular 
targets for better exploration of its anti-PP activity.

Taken together, our work demonstrated that TAIII 
is an active ingredient of A. asphodeloides preparation 
that counteracts PP. It downregulates the expression 
of KISS1, GPR54, GnRH, GnRHR and leptin, reduces 
the levels of serum LH, FSH, E2 , and delays BMD and 
sexual development in leptin-induced PP murine models. 
However, since this is a single dose study with model 
animals, the optimal efficacy and dose for PP control 
have not been determined. The safety profiles of this 
compound need to be determined and the therapeutic 
effects need to be further verified in other animal mod-
els and eventually in human subjects in order to develop 
it into a clinically applicable agent. Meanwhile, chemical 
modifications or screening of analogs may be carried to 
improve the efficacy and safety of this compound for 
clinical use.
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Oxidative stress is one of the most important patho-
logical processes in chronic heart failure caused by hy-
pertension. These processes involve MYC-regulated 
mechanisms, including the induction of CYP2E1 as a 
potent prooxidant factor. In this work, we used qPCR, 
Western blot analysis, and biochemical markers of oxi-
dative stress to investigate the ability of quercetin to in-
hibit oxidative stress by modulating MYC expression. We 
studied spontaneously hypertensive rats (SHRs) in which 
the onset of cardiac pathology was observed at least at 
4 months of age and the development of pathology oc-
curred during life up to 22 months of age. Wistar rats 
were used as normotensive controls. We observed over-
expression of the transcription factor MYC (p=0.0024) 
in the myocardium of SHRs compared to normotensive 
controls, and an increased expression of MYC-target 
gene, CYP2E1, (p=0.0001) in the old SHR group com-
pared to young SHRs. This probably contributed signifi-
cantly to the development of oxidative stress in the car-
diac tissue of old SHRs. We demonstrated that long-term 
treatment of old SHRs with quercetin resulted in dra-
matic inhibition of MYC (p=0.0000), and a significant de-
crease in CYP2E1 (p=0.0001) expression and CYP2E1 pro-
tein levels (p=0.0136). This probably contributed signifi-
cantly to the decrease in lipid peroxidation (p=0.0000). 
Quercetin was also able to activate antioxidant activity, 
resulting in a significant improvement in the prooxidant-
antioxidant balance in the heart. In turn, the elimina-
tion of oxidative stress could contribute to a decrease 
in blood pressure (p=0.0000) and relative heart weight 
(p=0.0071) in quercetin-treated old SHRs compared to 
the untreated old SHR group.
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INTRODUCTION

Hypertension is one of the most common pathologies 
of the cardiovascular system, characterized by chronic 
high blood pressure. This is one of the main factors in 
the development of chronic heart failure (CHF). Hyper-
tension leads to functional overload of the myocardium 
(Nolly et al., 2015), which significantly increases the risk 
of arrhythmias, stroke, and myocardial infarction.

It is known that in cardiac pathologies, the expression 
of genes regulating energy metabolism in the myocar-
dium changes significantly (Kodde et al., 2007). This is 
favored by the strong activation of some transcription 
factors, including MYC (Ahuja et al., 2010). MYC-me-
diated metabolic changes have been associated with the 
preservation of cardiac function under stressors (Ahu-
ja et al., 2010). MYC directly regulates glucose metab-
olism and mitochondrial biogenesis in cardiomyocytes 
and is an important regulator of energy metabolism in 
the heart. Activation of MYC has been shown to pro-
mote the development of myocardial hypertrophy and 
functional overload in response to pathological condi-
tions (Ahuja et al., 2010). In turn, increased expression 
of MYC causes the induction of transcription of many 
genes, including CYP2E1 (cytochrome P450 2E1) (Guan 
et al., 2019). CYP2E1 is one of the major sources of cel-
lular (especially mitochondrial) reactive oxygen species 
(ROS). CYP2E1 is a potent prooxidant factor in the cell, 
an increase in its expression leads to an intensification 
of peroxide processes and the development of oxidative 
stress, resulting in oxidative damage to cellular struc-
tures, mainly biomembranes (Zhang et al., 2011; Guan 
et al., 2019). This affects the functionality of the plas-
ma membrane (permeability, electrical conductivity, re-
ceptor function, etc.). Mitochondrial membrane damage 
contributes to the initiation of apoptosis (Zhang et al., 
2011). Moreover, CYP2E1 is one of the genes that con-
trol mechanotransduction, mitochondrial energy metabo-
lism, redox balance, and myocardial extracellular matrix 
function (Guan et al., 2019). It has been shown that an 
increase in CYP2E1 contributes significantly to myocar-
dial energy supply under overload and stress conditions. 
On the other hand, overexpression of CYP2E1 leads to 
the initiation of pathological mechanisms in the myo-
cardium, including oxidative stress and stress-associated 
pathological processes (Guan et al., 2019).

It has been shown that a diet enriched with querce-
tin has a beneficial effect on the cardiovascular system. 
Some molecular mechanisms of the cardioprotective ef-
fects of this bioflavonoid have already been described. 
In particular, quercetin may prevent the development 
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of cardiac hypertrophy, oxidative stress, etc. (Yan et al., 
2013; Ghafouri-Fard et al., 2021). The positive cardiopro-
tective properties of quercetin suggest that this bioflavo-
noid could be used for therapeutic purposes (Larson et 
al., 2010; Patel et al., 2018). Research into the detailed 
molecular mechanisms of action of quercetin remains 
important. This is necessary for the identification of new 
molecular targets for the treatment of various heart dis-
eases. In this work, we investigated the effect of long-
term consumption of quercetin on the expression levels 
of MYC (as an important transcription factor in cardi-
ac pathology) and MYC-regulated CYP2E1 (as a major 
factor for oxidative stress). Prooxidant and antioxidant 
processes were also investigated in the myocardium of 
spontaneously hypertensive rats (SHRs) as a model of 
hypertension in the elderly (Reckelhoff et al., 2006).

MATERIAL AND METHODS

Animals

Adult male rats (Wistar – normotensive rats and 
SHRs – Spontaneously hypertensive rats) were pro-
vided by Bogomoletz Institute of Physiology NAS of 
Ukraine (Kyiv, Ukraine). Spontaneously hypertensive 
rats have been used as a well-established model for 
genetic hypertension and age-related left ventricle dys-
function. The study involved 20 animals, which were 
divided into four experimental groups: five young 
Wistar rats (aged 4 months), five young SHRs (aged 4 
months), five old SHRs (aged 22 months), and five old 
SHRs (aged 22 months) treated with quercetin. The old 
SHRs were administered quercetin (≥95.0%, PhytoLab, 
Sigma-Aldrich, Germany) once daily in the morning via 
oral gavage at a dose of 50 mg/kg bw per day for 30 
days. The group of young Wistar animals was used as 
a normotensive control. A noninvasive method of tail 
artery blood pressure measurement using the Sphyg-
momanometer S-2 (“HSE”, Germany) was used. The 
experimental rats were decapitated at the end of the 
experiment under sodium pentobarbital anesthesia (60 
mg/kg bw).

All manipulations of laboratory animals were per-
formed in accordance with the European Convention 
for the Protection of Vertebrate Animals Used for 
Experimental and Other Scientific Purposes (Stras-
bourg, 1986). The protocol was approved by the Lo-
cal Committee on Bioethics (registration number: 
0114U007233).

Oxidative stress markers

Levels of lipid peroxidation (LPO), catalase, and su-
peroxide dismutase (SOD) in heart tissue were deter-
mined as previously described (Maksymchuk et al., 2015). 
The level of LPO was determined in heart homogen-
ates by assessing the level of malondialdehyde (MDA). 
Catalase activity in heart homogenates was measured by 
hydrogen peroxide (H2O2) degradation. SOD was de-
termined using nicotinamide adenine dinucleotide and 
phenazine methosulfate reagents for the reduction of ni-
tro-blue tetrazolium salt to blue-colored formazan. MDA 
values were expressed as µmol per milligram of protein. 
Enzyme activity values were expressed as U/mg protein 
(one unit of catalase activity means the amount of en-
zyme that degrades 1 µmol of H2O2 per minute, one unit 
of SOD activity – the amount of enzyme that oxidizes 1 
nmol NADH per minute).

Determination of target gene expression levels by 
quantitative PCR (qPCR)

RNA isolation from rat heart tissue and cDNA syn-
thesis were performed using the GeneJET RNA puri-
fication kit and the Maxima H Minus cDNA Synthesis 
master mix (ThermoSci), respectively. The qPCR was 
performed using 5x Hot FirePol EvaGreeen qPCR Su-
permix (Solis Biodynes) according to the manufactur-
er’s protocol. The specific primers were used in qPCR 
to quantify gene expression of MYC (forward prim-
er: CAACGTCTTGGAACGTCAGA, reverse primer: 
CTCGCCGTTTCCTCAGTAAG) (Barathidasan et al., 
2013), CYP2E1 (forward primer: TGAAAAAGCCAAG-
GAACACC, reverse primer: TGTGCTGGTGGTCT-
CAGTTC) and GAPDH (forward primer: CTACCCAC-
GGCAAGTTCAAC, reverse primer: CCAGTAGACTC-
CACGACATAC) (Cabiati et al., 2012). GAPDH expres-
sion was used for normalization. Results are expressed in 
relative units.

Western blot analysis and protein measurement

Preparation of heart samples for Western blot analy-
sis and measurement of CYP2E1 protein levels were 
performed as previously described (Maksymchuk et al., 
2015). CYP2E1 was detected using rabbit anti-CYP2E1 
antibodies (Sigma-Aldrich, USA). GAPDH (loading con-
trol) was identified using mouse anti-GAPDH antibodies 
(Sigma-Aldrich, USA). After treatment of the membranes 
with secondary antibodies (Sigma-Aldrich, USA), chemi-
luminescence detection was performed according to the 
manufacturer’s instructions. Western blots were visual-
ized and calculated using the ChemiDoc XRS + system 
with Image Lab software (Bio-Rad, USA). Relative pro-
tein levels were calculated by comparing CYP2E1 levels 
with GAPDH levels and expressed as relative units.

Statistical analysis

Statistical analysis was performed using Status soft-
ware (http://status-please.herokuapp.com). Data were 
tested for normal distribution using the Shapiro-Wilk 
test. The Tukey HSD test was used for multiple compar-
isons. Differences in means between groups were tested 
with the one-way ANOVA and the t-test. Statistically 
significant results were considered at p<0.05. Results are 
expressed as mean ± standard deviation (S.D.).

RESULTS

Blood pressure and body weight of animals

In this work, we studied the physiological parameters 
of adult male Wistar and SHR rats. We showed that the 
average blood pressure in the group of young Wistar rats 
(Table 1) corresponded to physiologically normal val-
ues for age (Novelli et al., 2007). Therefore, we defined 
this group of rats as a normotensive control group. We 
found a significant increase in blood pressure in young 
SHRs at 4 months of age (22%, p=0.0000) compared 
to normotensive animals of the same age (Table 1). We 
also found an increase (42%, p=0.0021) in relative heart 
weight in young hypertensive rats compared to young 
normotensive rats (Table 1). This could be one of the 
signs of cardiac hypertrophy that may develop in chronic 
hypertension (Kahan & Bergfeldt, 2005). We demon-
strated that the parameters studied in the hypertensive 
animals increased, even more, when they reached the 
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age of 22 months. We found an increase in blood pres-
sure (17%, p=0.0001) and relative heart weight (23%, 
p=0.0995) in old SHRs compared to the group of young 
SHRs (Table 1).

Treatment of old hypertensive rats with quercetin re-
sulted in a reduction in blood pressure (20%, p=0.0000) 
and relative heart weight (32%, p=0.0071) compared to 
untreated old SHRs. Thus, quercetin treatment contrib-
uted to the return of these indicators to the level of 
young SHRs (Table 1).

Oxidative stress markers in the heart of animals

It is well known that oxidative stress is one of the 
most important pathological processes in CHF caused 
by chronic hypertension (Rodrigo et al., 2011). In this 
work, we found evidence of oxidative stress in the heart 
of SHRs. A significant decrease in the activities of the 
antioxidant enzymes catalase (29%, p=0.0009) and SOD 
(30%, p=0.0002) was observed in young SHRs com-
pared to age-matched normotensive controls. At the 
same time, we found an increase in MDA content (45%, 
p=0.0000), which may indicate a dramatic intensification 
of peroxide processes (Table 2). It should be noted that 
significant changes in these parameters were observed in 

the heart of the old hypertensive rats in comparison with 
the young SHR group: a decrease in the activities of the 
antioxidant enzymes (catalase, 21%, p=0.0467; SOD, 
27%, p=0.0002) and an increase in MDA content (40%, 
p=0.0001) (Тable 2).

Treatment of old hypertensive rats with quercetin sig-
nificantly improved the prooxidant-antioxidant balance 
and caused an increase in the activity of antioxidant en-
zymes: catalase (1.9-fold, p=0.0004) and SOD (2-fold, 
p=0.0000). At the same time, the MDA level decreased 
by 29% (p=0.0000) compared to untreated old hyper-
tensive animals (Table 2). It should be noted that the 
prooxidant-antioxidant balance also improved compared 
to the young SHR group (Table 2).

MYC expression level in the myocardium

It is well known that MYC controls transcriptional reg-
ulation of cardiac metabolism and mitochondrial biogen-
esis in response to pathological stress (Ahuja et al., 2010). 
In this work, a large increase (8-fold, p=0.0024) in the 
expression of MYC was observed in the myocardium of 
young SHRs compared to the age-matched normotensive 
control (Fig. 1a). It should be noted that the expression 
of this transcription factor in hypertensive rats contin-

Table 1. Physiological parameters of experimental animals

Animal groups Blood pressure, mmHg Body weight, g Heart weight, g Relative heart weight, %

young Wistar 129±4.2 353.4±10.19 0.839±0.034 0.237±0.015

young SHR 158±5.7* 270.6±18.35 0.912±0.133 0.337±0.047*

old SHR 185±6.1# 391.0±26.39 1.628±0.362 0.414±0.079

old SHR/Quercetin 149±4.2• 444.4±29.16 1.262±0.095 0.284±0.015•

Values are means±S.D., n=5 rats in each group. *p≤0.001 compared to the Wistar group, #p≤0.001 compared to the young SHR group, •p≤0.01 
compared to the old SHR group (One-way ANOVA)

Table 2. Oxidative stress markers in the heart of experimental animals

Animal groups Catalase, U/mg Superoxide dismutase, U/mg Malondialdehyde, µmol/mg

young Wistar 96.37 ± 6.51 2.94 ± 0.27 5.9 ± 0.42

young SHR 68.94 ± 10.12* 2.07 ± 0.12* 8.64 ± 0.64*

old SHR 54.45 ± 9.34# 1.52 ± 0.14# 12.13 ± 0.87#

old SHR /Quercetin 107.32 ± 17.67• 2.93 ± 0.07• 8.68 ± 0.26•

Values are means ± S.D., n=5 rats in each group. *p≤0.001 compared to the Wistar group, #p≤0.05 compared to the young SHR group, •p≤0.001 
compared to the old SHR group (One-way AOVA)

Figure 1. Gene expression in the myocardium of experimental rats. 
(A) MYC expression in the myocardium of young rats. (B) MYC and (C) CYP2E1expression in the myocardium of spontaneously hyperten-
sive rats. Wistar y – normotensive young rats, SHR y – spontaneously hypertensive young rats, SHR o – spontaneously hypertensive old 
rats, SHR o/Q – spontaneously hypertensive old rats treated with quercetin, *p-values <0.05 were considered statistically significant, (A) 
Student’s t-test, (B) and (C) One-way ANOVA, n=5 in each group
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ues to increase throughout life. We found that the ex-
pression of MYC was higher (1.9-fold, p=0.0106) in the 
myocardium of old SHRs than in the group of young 
SHRs (Fig. 1b).

Treatment of old SHRs with quercetin resulted in a 
significant decrease (8.7-fold, p=0.0000) in myocardial 
MYC expression compared to the group of untreated 
old SHRs (Fig. 1b). Thus, the expression of this tran-
scription factor was much lower than in the group of 
young hypertensive rats (Fig. 1b).

CYP2E1 expression and protein levels in the 
myocardium

Since CYP2E1 is under MYC-dependent transcription-
al control, modulation of MYC could cause a change in 
CYP2E1 expression. We found a significant increase in 
CYP2E1 gene expression (4.8-fold, p=0.0001) (Fig.  1c) 
as well as protein content (2.8-fold, p=0.0007) in the 
heart of old hypertensive rats compared to the young 
SHR group (Fig. 2).

Quercetin treatment resulted in a significant decrease 
in CYP2E1 expression (4.9-fold, p=0.0001), which was 
accompanied by a decrease in protein content (2.2-
fold, p=0.0136) in the heart of the old hypertensive rats 
compared to the group of untreated old SHRs (Fig. 1c 
and  2).

DISCUSSION

Despite modern optimal therapies, mortality of pa-
tients with cardiovascular pathology (coronary heart dis-
eases, myocardial infarction etc.) caused by hypertension 
remains high. Detailed study of the pathogenesis of heart 
disease is necessary to prevent and correct pathologi-
cal changes in the myocardium, improve the quality of 
life of patients, and prolong their lives. It is known that 
in a normal physiological state, mitochondrial fatty acid 
oxidation is the main source of energy production in the 
myocardium. In heart failure, the level of this oxidation 
often decreases, while glycolytic pathways become more 
prominent, ultimately leading to contractile dysfunction. 
Chronic hypertension has been shown to be one of the 

key factors in such pathological processes (Oh & Cho, 
2020). In this work, we investigated the development of 
cardiac pathology using a model of spontaneously hyper-
tensive rats. We found a steady increase in blood pres-
sure even in young SHRs compared with normotensive 
animals of the same age and sex. An increase in relative 
heart weight was also noted in young SHRs, which may 
be a sign of cardiac hypertrophy. It is well known that 
chronic hypertension may contribute to the development 
of oxidative stress, one of the major pathological pro-
cesses leading to structural and functional damage of the 
myocardium in the development of CHF (Rodrigo et al., 
2011; Mei et al., 2015). We also found evidence of an 
imbalance between prooxidants and antioxidants, which 
may indicate the development of oxidative stress in the 
heart of young SHRs. Thus, the data obtained may indi-
cate the onset of pathological processes in the heart of 
young hypertensive animals. These processes continued 
and are exacerbated during the life of the animals.

Significant metabolic changes have been shown to 
occur in the myocardium during hypertension-induced 
cardiac overload. Changes in the expression of key tran-
scription factors (including MYC) that regulate metabolic 
genes in cardiomyocytes lead to transient adaptation of 
the myocardium to stress and also initiate pathologi-
cal processes (Ahuja et al., 2010; Guan et al., 2019). We 
found strong activation of MYC expression in the myo-
cardium of young hypertensive animals compared to 
normotensive controls. It should be noted that this ac-
tivation further increased during life in hypertensive rats. 
It has been shown that MYC is expressed at a very low 
level in the adult heart under normal physiological con-
ditions. However, in response to cardiac overload, the 
expression of MYC increases sharply (Xiao et al., 2001). 
In particular, it has been shown that the expression of 
MYC was significantly increased in the myocardium of 
spontaneously hypertensive animals and was associated 
with cardiac hypertrophy and atherosclerosis (Negoro et 
al., 1988). In our work, we also demonstrated an increase 
in MYC expression that was accompanied by an increase 
in relative heart weight. Such activation of MYC in adult 
myocardium was found to increase glucose uptake and 
utilization, reduce fatty acid oxidation by downregulat-

Figure 2. CYP2E1 protein levels in the heart of experimental rats. 
(A) Western blot analysis of total heart lysates probed with specific anti-CYP2E1 antibodies. GAPDh is a loading control. (B) Quantifica-
tion of Western blotting results. SHR y – spontaneously hypertensive young rats, SHR o – spontaneously hypertensive old rats, SHR o/Q 
– spontaneously hypertensive old rats treated with quercetin, Liver – a total liver lysate (as a reference control). *p-values <0.05 were 
considered statistically significant, Student’s t-test. Means ± S.D., n=4 in each group
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ing PPARα, and induce mitochondrial biogenesis. As a 
result, the function of the left ventricle remains normal 
despite hypertrophic changes (Ahuja et al., 2010). Thus, 
in young hypertensive rats, we found evidence of patho-
logical processes and a sharp increase in the expression 
of MYC, which persisted and increased until 22 months 
of age.

In turn, the increased expression of MYC may be 
a key factor in the induction of transcription of many 
genes, including CYP2E1 in the myocardium (Guan et 
al., 2019). We have demonstrated a significant increase 
in CYP2E1 expression as well as protein content in the 
myocardium of old hypertensive animals compared to 
young SHRs. It has been reported that CYP2E1 expres-
sion levels may change significantly during the develop-
ment of myocardial hypertrophy in various models of 
heart failure. Such an increase in CYP2E1 expression has 
previously been demonstrated in hypertension and acute 
myocardial injury, and a key factor might be the upregu-
lation of MYC (Guan et al., 2019). Clearly, increased ex-
pression of CYP2E1, a potent prooxidant factor, may be 
one of the most important reasons for the development 
of oxidative stress (Pang et al., 2021) in the myocar-
dium, for which we found evidence in our experiment. 
It has been shown previously that altered expression of 
CYP2E1 may be a marker of various pathophysiologi-
cal factors and conditions in the myocardium. Increased 
expression of CYP2E1 plays several pathophysiological 
roles in the heart, including oxidative stress and apop-
tosis, as well as involvement in energy production and 
supply pathways to meet the increased energy demands 
of the heart under pathological conditions (Zhang et al., 
2011; Guan et al., 2019). Therefore, an increase in CY-
P2E1 expression in the early stages of heart failure de-
velopment may be an adaptation of the myocardium to 
the conditions of altered energy exchange pathways, en-
suring the preservation of the contractile function of the 
heart. On the other hand, oxidative stress, which may be 
caused by increased CYP2E1 expression, is one of the 
crucial pathological mechanisms in the development of 
heart disease (Guan et al., 2019; Pang et al., 2021).

Thus, increased expression of MYC could lead to ac-
tivation of CYP2E1 expression, which is associated with 
the development of oxidative stress and other pathologi-
cal processes in the myocardium. We hypothesize that 
modulation of MYC expression level in the myocardium 
may help to inhibit the development of the above patho-
logical processes (including oxidative stress) caused by 
hypertension. This conjecture was tested in our study. A 
natural agent such as quercetin was chosen as a modula-
tory agent because this agent has cardioprotective prop-
erties and can prevent the development of CYP2E1-
induced oxidative stress (Larson et al., 2010; Yan et al., 
2013; Maksymchuk et al., 2017; Ghafouri-Fard et al., 
2021).

We found that treatment with quercetin resulted in 
a significant decrease in MYC expression in old SHRs 
compared to untreated old SHRs and young SHRs. This 
bioflavonoid has been shown to modulate multiple sign-
aling pathways, including activation of PPAR (Yan et al., 
2013), resulting in downregulated MYC expression. In 
addition, quercetin has been found to directly inhibit the 
expression of MYC by binding to the regulatory region 
of the corresponding gene (Tawani et al., 2017). It has 
been shown that inhibition of MYC can significantly in-
hibit myocardial hypertrophic growth (Ahuja et al., 2010). 
In this work, we also showed a significant decrease in 
relative heart weight, which may be a consequence of 
the downregulation of this transcription factor. Since 

MYC induces CYP2E1 (Guan et al., 2019), suppression 
of MYC could lead to a decrease in CYP2E1 expression, 
which contributes to a decrease in CYP2E1 protein con-
tent in the heart. This is exactly the effect we observed 
in the myocardium of animals treated with quercetin. We 
also noted some normalization of the balance between 
pro- and antioxidants in the heart, i.e., a decrease in the 
level of LPO and an increase in the activity of antioxi-
dant enzymes. A decrease in the expression of CYP2E1 
(as a potent prooxidant factor) could lead to a decrease 
in LPO levels (Pang et al., 2021). Moreover, the querce-
tin molecule can directly inhibit the activity of CYP2E1 
by blocking the active site of the enzyme (Östlund et al., 
2017). At the same time, this bioflavonoid can scavenge 
radicals and activate the expression of antioxidants (de 
Lacerda Alexandre et al., 2021). It also contributes to 
the antioxidant effect of quercetin in the myocardium. 
It is known that quercetin can lower blood pressure and 
hypertrophy by reducing the manifestations of oxidative 
stress (Larson et al., 2010; de Lacerda Alexandre et al., 
2021). We observed a similar effect in old-treated hyper-
tensive rats.

CONCLUSION

Oxidative stress is one of the most important patho-
logical processes in chronic heart failure caused by hy-
pertension. These processes involve MYC-regulated 
mechanisms, including the induction of CYP2E1 as a 
potent prooxidant factor. We observed overexpression 
of the transcription factor MYC in the myocardium of 
SHRs compared to normotensive controls, and an in-
creased expression of the MYC-target gene, CYP2E1, 
in the old SHR group compared to young SHRs. This 
probably contributed significantly to the development of 
oxidative stress in the cardiac tissue of old SHRs. We 
demonstrated that long-term treatment of old SHRs with 
quercetin resulted in dramatic inhibition of MYC, and a 
significant decrease in  CYP2E1 expression and CYP2E1 
protein levels. This probably contributed significantly to 
the decrease in lipid peroxidation. Quercetin was also 
able to activate antioxidant activity, resulting in a sig-
nificant improvement in the prooxidant-antioxidant bal-
ance in the heart. In turn, the elimination of oxidative 
stress could contribute to a decrease in blood pressure 
and relative heart weight in quercetin-treated old SHRs 
compared to the untreated old SHR group.
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LncRNA MIR31HG promotes cell proliferation and invasive 
properties of the MCF-7 cell line by regulation of receptor-
interacting serine-threonine kinase 4
Jingwei Tang, Xiaojing Zhang, Chunchun Chen, Binbin Wang, Yansong Chen, Hao Zhang, 
Mengxiang Qiao, Xianfu Liu, Wei Guo and Gongsheng Jin✉

Department of Surgical Oncology, the First Affiliated Hospital of Bengbu Medical College, Changhuai Road, Bengbu 233000, Anhui, China

LncRNA MIR31HG is involved in many types of cancers, 
while its roles in breast cancer are still unknown. The 
current study aimed to explore the function of lncRNA 
MIR31HG in breast cancer and the underlying mecha-
nisms. Stable expression cell lines were constructed by 
using lentivirus particles. MTT assay was used to deter-
mine cell viability. Wound healing and Transwell assay 
were used to determine cell migration and invasion, re-
spectively. The changes in biomarkers were determined 
by using qPR-PCT and Western blotting, respectively. 
BALB/c nude mice were used to generate a xenograft 
mouse model. MIR31HG regulated cell proliferation, mi-
gration and invasion in MCF7 cells. Besides, MIR31HG 
regulated N-Cadherin, Vimentin, and E-Cadherin. 
MIR31HG positively regulated receptor-interacting ser-
ine-threonine kinase 4 (RIPK4), as supported by the fact 
that knockdown of MIR31HG suppressed RIPK4, and the 
knockdown of RIPK4 did not affect MIR31HG. Addition-
ally, we found that RIPK4 regulated cell proliferation, 
migration and invasion in MCF7 cells. The changes in 
RIPK4 regulated N-Cadherin, Vimentin, and E-Cadherin. 
Consistently, in vivo studies showed that the knockdown 
of MIR31HG or RIPK4 reduced tumor size in xenograft 
animal models. The roles of lncRNA MIR31HG in breast 
cancer were associated with its regulatory effects against 
RIPK4.
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INTRODUCTION

Breast cancer is known as the most common cancer 
in women, which accounts for about 12.5% of all cancer 
cases in the world (Ferlay et al., 2021; Lei et al., 2021). 
Approximately 2.3 million newly diagnosed breast cancer 
cases were reported with around 685,000 breast cancer-
related deaths in 2020 (Ferlay et al., 2021; Lei et al., 2021; 
Lima et al., 2021). Breast cancer can be divided into non-
invasive or pre-invasive (also termed intraductal carcino-
ma) and invasive types, where the invasive type accounts 

for 70~80% of all cases (Matsuno et al., 2007; Sharma 
et al., 2010). In patients with early stage breast cancer, a 
99% of 5-year survival rate can be achieved in patients 
with localized non-metastasis breast cancer with proper 
treatment (Page, 2003; Sharma et al., 2010). However, 
breast cancer can spread to other tissues including liver, 
lung, bone, and brain tissues. When tumor metastasis oc-
curs, the 5-year survival rate is only 29% (Matsuno et al., 
2007; Page, 2003). Therefore, diagnosis of breast cancer 
in the early stage is crucial for the treatment of breast 
cancer and the improvement of the survival rate.

The roles of long non-coding RNAs (lncRNAs) have 
been implicated in many types of cancers such as lung 
cancer, hepatoma, colorectal cancer, breast cancer, etc. 
(Fang & Fullwood, 2016; Hauptman & Glavač, 2013). 
LncRNAs are involved in a series of cellular events such 
as cell proliferation, migration and invasion, and genetic 
stability, in part, by the regulation of various genes (Fang 
& Fullwood, 2016; Spizzo et al., 2012). Moreover, lncR-
NAs are also known as functional transcripts, which 
are associated with tumor progression and metastasis 
(Spizzo et al., 2012; Zhang et al., 2013). Targeting lncR-
NAs becomes a promising strategy for cancer therapy 
(Zhang et al., 2013). LncRNA microRNA-31 host gene 
(MIR31HG) was identified as an oncogene in twelve dif-
ferent types of cancers including bladder cancer, head 
and neck cancer, osteosarcoma, cervical cancer, gastric 
cancer, etc. (Wei et al., 2022). Besides, the changes of 
MIR31HG can also be used as a prognosis biomarker 
for patients with digestive system cancer (Zhou et al., 
2020). However, it is still unclear whether MIR31HG is 
involved in breast cancer. Therefore, this study aims to 
determine the role of MIR31HG in breast cancer and its 
molecular mechanisms.

A receptor-interacting serine-threonine kinase (RIPK) 
4 is known to be associated with epidermal homeostasis 
and development by the regulation of cell-cell adhesion 
(Oberbeck et al., 2019; Xu et al., 2020). It also acts as a 
transcriptional target of TP63 and plays important roles 
in transcriptional factor- nuclear factor kappa B (NF-κB) 
activation (Liu et al., 2018; Xu et al., 2020). Recently, the 
roles of RIPK4 in cancer have drawn much attention 
from scientists (Li et al., 2021; Liu et al., 2015; Liu et al., 
2021). In 2015, Liu and colleagues have reported that the 
RIPK4 can be used as a prognostic and diagnostic bio-
marker for patients with cervical cancer (Liu et al., 2015). 
In 2021, Li and colleagues have found that RIPK4 regu-
lates cell migration and metastasis in hepatoma by the 
regulation of signal transducer and activator of the tran-
scription 3 (STAT3) signaling pathway (Li et al., 2021). 
However, the roles of RIPK4 are still unknown. Herein, 
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the roles of MIR31HG in breast cancer in vitro and in 
vivo were clarified in our study.

MATERIALS AND METHODS

Antibody and reagents

Antibodies against Vimentin, E-Cadherin, N-Cad-
herin, and GADPH were obtained from Cell Signaling 
Technology (Danvers, MA). Antibodies against RIPK4 
and Ki67 were obtained from Thermo Fisher Scien-
tific (Waltham, MA). Predesigned shRNAs targeting 
MIR31HG and RIPK4, control shRNAs (shNC), and 
other chemicals were purchased from Sigma-Aldrich (St. 
Louis, MO).

Cell culture and cell viability

Breast cancer cell line MCF7 was purchased from the 
ATCC (Rockville, MD). The cells were cultured in rec-
ommended medium with 10% fetal bovine serum (FBS) 
and penicillin/streptomycin (100 U/ml) under 37°C with 
95% humidity and 5% CO2. MTT assay was used to 
determine cell viability. In brief, MTT solution (5 mg/
mL, 10 μL) was added and incubated for another 2 h. 
Next, DMSO (100 μL) was used to dissolve the purple 
formazan crystal followed by shaking for 30 sec. Next, 
the plate was read under a wavelength of 570nm with a 
reference wavelength of 630 nm.

Construction of stable cell lines

To construct stable MIR31HG and RIPK4 knock-
down cell lines, MCF7 cells were transfected with 
MIR31HG shRNA (Targeting sequence: GCTGCTGAT-
GACGTAAAGT), RIPK4 shRNA (Targeting sequence: 
CGTTCGTTTCTCGTTGCCTAA) or empty vector 
(shNC) lentivirus as previously described. After 72 h, 
a medium containing puromycin (2 μg/mL) was added 
and incubated for another 72 h for the selection of the 
cells. To construct MIR31HG and RIPK4 overexpress-
ing cell lines, pcDNA MIR31HG, pcDNA RIPK4, or 
empty plasmid containing shNC sequence was used to 
construct pLKO.1 plasmid followed by the generation of 
lentivirus. Puromycin (2 μg/mL) was used for the selec-
tion of stable overexpressing cell lines.

Cell invasion and wound healing assays

Cell invasion assay was determined by using Transwell 
chamber. In the upper chamber, the cells were seeded 
and cultured with a serum-free medium. In the lower 
chamber, a medium containing 10% FBS was added. 
After 72 h, cells that were in the lower chamber were 
stained. Five random fields were selected, and the num-
ber of cells were counted. In the wound healing assay, 
cells were seeded into a 6-well plate. When 80–90% con-
fluence was observed, a sterile tip (1 mm width, 200 μL) 
was used to scratch the cell monolayer. After 72 h, cells 
were observed by using a microscope, and wound heal-
ing rate was calculated. The Transwell chamber was pur-
chased from BD (Franklin Lakes, NJ, USA).

Western blotting assay

Protein samples were extracted from the cells by us-
ing cold RIPA buffer (1% phenylmethanesulfonyl fluo-
ride) and qualified by using BCA assay. Protein samples 
were loaded on a 10% SDS page followed by transfer-
ring onto the PVDF membrane. After that, the mem-

brane was blotted with 5% non-fat milk for 1 h at room 
temperature. The primary antibodies were added and in-
cubated overnight at 4°C. After that, the secondary anti-
bodies conjugated with HRP were added and blotted for 
another 2 h at room temperature. A chemiluminescence 
substrate was added, and the protein intensity was com-
pared to the internal control GADPH.

qRT-PCR

Total RNAs were extracted by using the phenol-chlo-
roform method. In this study, the sequences of primers 
were described below.

TAP-1 forward primer: 5’-GCCCACTACCACGT-
CAAGAT-3’, and reverse primer: 5’-TTCACCATG 
ATGTGCAGGAT-3’; MIR31HG forward primer: 
5’-GTTTCTGGTCCTCATACCGTGTGGTT-3’, and 
reverse primer: 5’-CTTGGAATGAATCCTCTGTC-
CTCC-3’; GADPH forward primer: 5’-TCAACGAC-
CACTTTGTCAAGCTCA-3’, and reverse primer: 
5’-GCTGGTGGTCCAGGGGTCTTACT-3’. A reverse 
transcription reaction was then performed by using real-
time PCR kits (Takara Bio Inc, San Jose, CA).

MCF7 Xenograft animal model

BALB/c nude mice (age 4~6 weeks) were purchased 
from GemPharmatech (Nanjing, China) and kept in spe-
cific pathogen-free facilities. In this study, animal proce-
dures were approved by the First Affiliated Hospital of 
Bengbu Medical College. Mice were subcutaneously in-
jected with MCF7 cells (MIR31HG-KD, MIR31HG-OE, 
or MCF7) at a density of 5×106 cells, and tumor size 
was measured once a week in accordance with a formu-
la: tumor volume=length×width2/2.

Data analysis

The results were represented as means ± standard de-
viation (S.D.). A significant difference was obtained by 
using GraphPad prism 7 based on either one-way or 
two-way ANOVA test followed with a post hoc test. 
When a p-value was smaller than 0.05, the statistical sig-
nificance was decided.

RESULTS

MIR31HG regulated cell proliferation in MCF7 cells

Our results showed an elevation of MIR31HG in 
MIR31HG-OE cells and a reduction of MIR31HG in 
the MIR31HG-KD cells, indicating the successful con-
struction of MIR31HG stable cell lines (Fig. 1A). MTT 
assay showed that cell proliferation was significantly in-
creased in the MIR31HG-KD cells, whereas cell pro-
liferation was diminished in the MIR31HG-OE cells 
(Fig.  1B). Consistently, we found that Ki67 decreased 
in the MIR31HG-KD cells. Interestingly, the protein ex-
pressions of Ki67 were enhanced in the MIR31HG-OE 
cells (Fig. 1C).

MIR31HG regulated wound healing and cell invasion

The effects of MIR31HG on cell migration and inva-
sion were then determined. We observed a decrease in 
the closure rate and a reduction in the invaded cell num-
bers in the MIR31HG-KD cells, whereas an elevation in 
closure rate and invaded cell numbers was observed in 
the MIR31HG-OE cells (Fig. 2A and B). Additionally, 
overexpression of MIR31HG enhanced the protein ex-
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pressions of N-Cadherin and Vimentin, whereas knock-
down of MIR31HG suppressed the protein expressions 
of N-Cadherin and Vimentin in MCF7 cells (Fig. 2C–E). 
Moreover, overexpression of MIR31HG suppressed the 
protein expressions of E-Cadherin, whereas knockdown 
of MIR31HG enhanced the protein expressions of E-
Cadherin (Fig. 2C and F).

MIR31HG regulated the levels of RIPK4

We further determined the impact of MIR31HG on 
RIPK4 in MCF7 cells. An elevation of RIPK4 in the 
MIR31HG-KD cells, and a reduction of RIPK4 were 
observed in the MIR31HG-OE cells (Fig. 3A and B). 
Next, we successfully constructed RIPK-KO and RIPK-
OE cells (Fig. 3D). Interestingly, no significant change 
of MIR31HG was found among RIPK-KO, RIPK-OE, 
and control MCF7 cells (Fig. 3C). We also found that a 

reduction in RIPK4 in the RIPK-KO cells, whereas an 
elevation of RIPK4 was observed in the MIR31HG-OE 
cells both at the mRNA and protein levels (Fig. 3D and 
E). These results indicate that MIR31HG regulated the 
levels of RIPK4 in MCF7 cells.

RIPK4 mediated cell proliferation in breast cancer cells

We determined the effects of RIPK4 on cell prolif-
eration. Our results showed that cell proliferation was 
enhanced in the MIR31HG-KD cells as compared to 
the MIR31HG-OE cells (Fig. 4A). Consistently, we 
found that Ki67 decreased in the MIR31HG-KD cells. 
Interestingly, Ki67 increased in the MIR31HG-OE cells 
(Fig.  4B).

Figure 1. MIR31HG regulated the proliferation of MCF7 cells. 
(A) qRT-PCR was used to determine the mRNA levels of MIR31HG in control (Ctrl), MIR31HG knockdown (KD), and MIR31HG overexpress-
ing (OE) MCF7 cells. (B) MTT assay was used to determine the cell proliferation in control, MIR31HG-KD, and MIR31HG-OE MCF7 cells. (C) 
Western blotting was used to determine the protein levels of Ki67 in control, MIR31HG-KD, and MIR31HG-OE MCF7 cells (n=3).

Figure 2. MIR31HG regulated the migration and invasion of MCF7 cells. 
(A) A wound healing assay was used to determine the closure rate of control, MIR31HG-KD, and MIR31HG-OE MCF7 cells. (B) The inva-
sion assay was used to determine the numbers of invaded cells in control, MIR31HG-KD, and MIR31HG-OE MCF7 cells. (C–F) Western 
blotting was used to determine the protein levels of EMT-related markers including N-Cadherin (C and D), Vimentin (C and E), and E-
Cadherin (C and F) in control, MIR31HG-KD, and MIR31HG-OE MCF7 cells (n=3).
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RIPK4 regulated cell migration and invasion

Moreover, we investigated the impact of RIPK4 
change on cell migration and invasion. A decrease in clo-
sure rate as well as a reduction in invaded cell numbers 
were observed in the RIPK4-KD cells, whereas both 
closure rate and invaded cell numbers were increased in 
RIPK4-OE cells (Fig. 5A and B). Additionally, overex-
pression of RIPK4 increased N-Cadherin and Vimentin, 
whereas knockdown of RIPK4 suppressed N-Cadherin 
and Vimentin (Fig. 5C-E). Moreover, overexpression of 
RIPK4 suppressed E-Cadherin, whereas knockdown of 
RIPK4 increased E-Cadherin (Fig. 5C and F).

Knockdown of MIR31HG or RIPK4 repressed MCF7 
tumor growth in mice

To confirm the observations in vitro, we observed the 
effects of MIR31HG or RIPK4 knockdown on tumor 

growth in the animal cancer xenograft model. Interest-
ingly, we found that tumor size was significantly reduced 
in the MIR31HG-KD and RIPK4-KD groups (Fig. 6A). 
The protein expressions of Ki67 were also significantly 
decreased in the MIR31HG-KD and RIPK4-KD groups 
(Fig. 6B). These results indicate that the knockdown 
MIR31HG or RIPK4 suppressed tumor growth in vivo. 
Next, we investigated the levels of Epithelial-to-mesen-
chymal transition (EMT)-related biomarkers. A reduc-
tion of N-Cadherin and Vimentin was observed in the 
MIR31HG-KD and RIPK4-KD group as compared to 
the control group (Fig. 6C–E). Besides, an elevation of 
E-Cadherin was observed in the MIR31HG-KD and 
RIPK4-KD group (Fig. 6F), suggesting the regulatory ef-
fects of MIR31HG and RIPK4 on EMT.

Figure 3. MIR31HG regulated the levels of RIPK4 in MCF7 cells. 
(A–B) Western blotting and qRT-PCR were used to determine the protein (A) and mRNA (B) levels of RIPK4 in control, MIR31HG-KD, and 
MIR31HG-OE MCF7 cells. Besides, (C) the mRNA levels of MIR31HG were determined in control, RIPK4 knockdown (KD), and RIPK4 overex-
pressing (OE) MCF7 cells. (D–E) The protein and mRNA levels of RIPK4 in control, RIPK4-KD, and RIPK4-OE MCF7 cells (n=3).

Figure 4. RIPK4 mediated the proliferation of breast cancer cells in vitro. 
(A) MTT assay was used to determine cell viability of control, RIPK4-KD, and RIPK4-OE MCF7 cells (B) Western blotting was used to deter-
mine the protein levels of Ki67 in control, RIPK4-KD, and RIPK4-OE MCF7 cells (n=3).
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DISCUSSION

This study revealed the roles of MIR31HG in the 
MCF7 breast cancer cell lines and breast cancer xeno-

graft mouse model. MIR31HG promoted cancer growth 
by regulating a series of cellular events including cell 
proliferation, migration and invasion. Additionally, the 
roles of MIR31HG in breast cancer were associated 

Figure 5. RIPK4 regulated the migration and invasion of MCF7 cells. 
(A) A wound healing assay was used to determine the closure rate of control, RIPK4-KD, and RIPK4-OE MCF7 cells. (B) Invasion assay was 
used to count the numbers of the invaded cells of control, RIPK4-KD, and RIPK4-OE MCF7 cells. (C–F) Western blotting was used to deter-
mine the protein levels of EMT-related markers including N-Cadherin (C and D), Vimentin (C and E), and E-Cadherin (C and F) in control, 
RIPK4-KD and RIPK4-OE MCF7 cells (n=3).

Figure 6. Knockdown of MIR31HG or RIPK4 repressed MCF7 tumor growth in mice.
(A) Tumor size was measured in the xenograft mice of the control, MIR31HG-KD, and RIPK4-KD MCF7 group. (B–F) Western blotting was 
used to determine the protein levels of Ki67 (C), N-Cadherin (D), Vimentin (E), and E-Cadherin (F; n=5 mice).
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with its regulatory effects against EMT, as suggested by 
the changes in N-Cadherin, Vimentin, and E-Cadherin 
that were observed in these MIR31HG overexpressing 
or knockdown cell lines. Underlying mechanism studies 
identified RIPK4 as a downstream target of MIR31HG, 
as supported by MIR31HG positively regulating the lev-
els of RIPK4, whereas knockdown of RIPK4 did not 
significantly affect MIR31HG. These results suggested 
that MIR31HG might serve as an oncogenic gene in 
breast cancer by its regulatory effects against RIPK4.

MIR31HG is involved in cancer occurrence and pro-
gression (Wei et al., 2022). Moreover, the alteration of 
MIR31HG is observed in twenty types of cancers (Wei 
et al., 2022). For instance, Zheng and colleagues reported 
that MIR31HG promotes cell proliferation and invasion 
in lung cancer (Zheng et al., 2019). The downregulation 
of MIR31HG is associated with the alternation of EMT 
in non-small cell lung cancer. In another study, the over-
expression of MIR31HG is associated with a low over-
all survival rates and advanced tumor, node, and me-
tastasis stage in patients with bladder cancer (Wu et al., 
2019). More recently, Ko and colleagues demonstrated 
that the overexpression of MIR31HG is associated with 
poor disease-free survival rate in patients with pancreatic 
ductal adenocarcinoma (Ko et al., 2022). These results 
suggested the oncogenic roles of MIR31HG in cancer. 
However, it is still unclear whether MIR31HG pro-
moted tumor growth in breast cancer. Herein, our study 
reported the roles of MIR31HG in breast cancer. Con-
sistently, our results revealed that the overexpression of 
MIR31HG promoted cancer cell growth and invasion in 
MCF7 cells as well as tumor growth in the cancer xeno-
graft mouse model.

EMT is frequently observed in breast tumor invasion 
and metastasis (Ye et al., 2017). Moreover, the activation 
of EMT is linked with drug resistance in breast cancer 
(Kotiyal & Bhattacharya, 2014). Previous studies indi-
cated the regulatory effects of MIR31HG on EMT in 
many types of cancers (Zheng et al., 2019). For instance, 
MIR31HG is known to promote EMT in pancreatic 
cancer cells induced by the transforming growth factor β 
and to induce EMT phenotype in non-small lung cancer 
cells (Ko et al., 2022). Therefore, we explored whether 
the roles of MIR31HG in breast cancer were associated 
with EMT. Interestingly, our data suggested that overex-
pression of MIR31HG increased the protein levels of N-
Cadherin and Vimentin, whereas changes in MIR31HG 
regulated these EMT-related biomarkers in MCF7 cells 
and breast tumor tissues.

The roles of MIR31HG in cancers are associated with 
its regulatory effects on various biological processes, 
signaling pathways, and proteins (Ko et al., 2022; Wei et 
al., 2022; Zheng et al., 2019). For instance, MIR31HG 
promotes non-small cell lung cancer growth, in part, 
by regulating Wnt/β‑catenin signaling pathways (Zheng 
et al., 2019). Another study revealed that MIR31HG is 
upregulated in colorectal tumor tissues and associated 
with proteins relevant to glycolysis (ex. hexokinase 2 
and glucose transporter 1) and angiogenesis (ex. vascular 
endothelial growth factor A and tissue inhibitor matrix 
metalloproteinase 1) (Wang et al., 2022). Wang and col-
leagues reported that MIR31HG promotes tumor growth 
in head and neck cancer via its regulation of hypoxia-
inducible factor A and cyclin-dependent kinase inhibi-
tor p21 (Wang et al., 2018). Our study found the role 
of MIR31HG in breast cancer, at least partly, by regu-
lating RIPK4. Interestingly, we found RIPK4 served as 
a downstream target of MIR31HG, since changes in 
MIR31HG regulated the levels of RIPK4, whereas the 

knockdown of RIPK4 did not significantly affect the 
levels of MIR31HG.

RIPK4 is involved in many types of cancers by af-
fecting a series of biological functions and signaling 
transduction proteins (Li et al., 2021; Qi et al., 2018). 
For instance, Li and colleagues reported that RIPK4 in-
hibits hepatoma cancer cell invasion and metastasis by 
the regulation of STAT3 signaling pathways (Li et al., 
2021). As an immune regulatory biomarker, the abnor-
mal expressions of RIPK4 are observed in many types 
of cancers including gynecologic cancer, melanoma, cer-
vical squamous cell carcinoma, etc. (Liu et al., 2015; Liu 
et al., 2021; Madej et al., 2021). Liu and colleagues ob-
served that an elevation of RIPK4 in cervical squamous 
cell carcinoma is correlated to poor overall survival rate, 
and knockdown of RIPK4 suppresses cell migration 
and invasion (Liu et al., 2015). In this study, we iden-
tified RIPK4 as a downstream target of MIR31HG in 
breast cancer. RIPK4 regulated cell proliferation, inva-
sion, and migration as well as EMT-related biomarkers. 
Consistently, in vivo studies showed that the knockdown 
of RIPK4 reduced tumor size in cancer xenograft animal 
models. These results suggested that targeting RIPK4 
might be a good strategy for breast cancer therapy.

CONCLUSION

MIR31HG positively regulates cell proliferation, inva-
sion and migration, and EMT. In addition, MIR31HG 
positively regulates RIPK4, as supported by the fact that 
changes in MIR31HG affect RIPK4, whereas RIPK4 
knockdown does not affect MIR31HG. Consistently, in 
vivo studies showed that the knockdown of MIR31HG 
or RIPK4 reduces tumor size in tumor xenograft animal 
models. These data suggest that the roles of lncRNA 
MIR31HG in breast cancer are associated with its regu-
latory effects against RIPK4.
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This study was aimed at conducting a comparative anal-
ysis of the efficiency in genotyping cattle by beta-casein 
locus using the allele-specific PCR methods. The results 
of the study have demonstrated the necessity to opti-
mize the protocol for the use of AS-PCR to detect alleles 
A1 and A2. It was found that the use of non-optimized 
PCR protocols led to the genotyping errors, manifested 
regarding beta-casein locus (CSN2). The impossibility 
of using the touchdown PCR as an optimization instru-
ment for AS-PCR was proven. The elaborated typing pro-
tocols were used to study the genetic structure of the 
cattle populations of different breeds, reared in Ukraine 
– Ukrainian Red-and-White dairy, Ukrainian Black-and-
White dairy (two populations), and Charolais. It was 
found that locus CSN2 was polymorphic in all the cattle 
populations. The frequencies of allele A2 varied within 
0.34–0.91 depending on the population of the animals, 
which may be conditioned by the specificities in the se-
lection work. No deviation from the Hardy-Weinberg 
equilibrium was found in any investigated population of 
cattle.
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INTRODUCTION

The genetic structure analysis for the experimental 
populations of cattle is among the routine tasks of ge-
netics and marker-associated selection in cattle breed-
ing (Wakchaure et al., 2015). However, along with such 
widely known qualitative trait loci as kappa casein, pro-
lactin, beta-lactoglobulin, leptin, etc., related to the ex-
pression of productive traits of animals, in a few recent 
years, there has been a steady interest in the beta-casein 
gene, the allelic variants of which are related to the pa-
rameters of milk quality (Cieślińska et al., 2019; Sebastiani 
et al., 2022; Jiménez-Montenegro et al., 2022). A1 and A2 
belong to one of the best-studied and promising allele 
systems of beta-casein from the standpoint of applied 
genetics of cattle (Antonopoulos et al., 2021). As shown 
in numerous studies, various forms of beta-casein are 
associated with a number of human pathological states 
which makes the CSN2 gene a relevant research object 

in the context of the production performance of differ-
ent dairy cattle breeds (Summer et al., 2020; Bisutti et al., 
2022; De Vitte et al., 2022). Alleles A1 and A2 differ by 
the presence of a specific amino acid in position 67 of 
the beta-casein molecule (Sebastiani et al., 2020). In the 
case of form A1, it is histidine, and as for A2 – proline 
(Thiruvengadam et al., 2020). Different forms of pro-
tein (beta-casein) are determined by the mutation in the 
CSN2 gene, in position 304 (GenBank, NM_181008) – 
by the presence of adenine for allele A1 and cytosine for 
allele A2 (Dai et al., 2016; Kay et al., 2021). The replace-
ment of nitrogenous bases in DNA does not relate to 
the restriction site for endonucleases which necessitated 
the elaboration of alternative typing methods for alleles 
at the CSN2 locus. One of the most common methods 
is ACRS-PCR (Artificially Created Restriction Site), us-
ing TaqI and DdeI as restriction endonucleases (Lien et 
al., 1992; McLachlan, 2006). The alternative elaborated 
variant was found in the methods of allele-specific PCR 
(AS-PCR), real-time probes for PCR, etc. (Manga et al., 
2010; Rahimi et al., 2015; Giglioti et al., 2021; Ristanic et 
al., 2022). Sequencing is conducted in some cases, but 
regardless of its efficiency, at this stage, it is not always 
reasonable for routine large-scale population studies (Dai 
et al., 2016). The genotyping of cattle by alleles A1 and A2 
at the beta-casein locus is conducted in different regions 
of the world which demonstrates the increasing interest 
in this problem (Zepeda-Batista et al., 2015; Vougiouklaki 
et al., 2020; Ivankovi´c et al., 2021). In recent years, the 
interest in genotyping cattle from different breeds has 
been noted in Ukraine, which is confirmed by a number 
of publications (Ladyka et al., 2020; Ladyka et al., 2021).

The availability of rather a large spectrum of different 
typing methods for beta-casein alleles leads to the need 
for a comparative analysis of their efficiency, which is 
especially relevant if similar methodological approaches 
are applied. Compared to other methods of differentiat-
ing beta-casein alleles, allele-specific PCR is one of the 
most promising technologies due to its low cost, speed, 
and accuracy (Pabitra et al., 2022). However, this matter 
has a number of additional complications, related to the 
specificities of conducting the amplification and analysis 
of genotyping results, which, considering the promising 
nature of using AS-PCR as the main instrument in large-
scale studies, substantiates the need for the analysis of 
different critical constituents of the method.

The analysis of a number of publications demonstrat-
ed that in many instances of using the AS-PCR method 
for typing of CSN2 alleles, the issues of PCR protocol 
optimizations are ignored during routine analyses (Ram-
karan et al., 2017; Raja et al., 2021; Adoligbe et al., 2022). 
However, the analysis shows that there is rather a high 
risk of inaccurate genotyping which, first of all, is caused 
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by the simple replication of the methods, described in 
the scientific literature. First and foremost, it is related to 
the specificities of amplification programs for different 
AS-PCR methods (Gaudet et al., 2009). Inaccurate geno-
typing may lead to a false interpretation of the obtained 
genetic structure parameters of the experimental groups 
of animals which distorts the results of the population 
studies completely. In addition, the genotyping of the 
cattle individuals is one of the demanded commercial 
services for the tasks of further selection and for the 
purpose of obtaining А2 milk, which is an additional in-
dication of the need for maximization of the accuracy 
and reproducibility of the typing procedure (Park et al., 
2021).

Therefore, the aim of our studies is to conduct a 
comparative analysis of the efficiency of cattle genotyp-
ing by beta-casein gene using the methods of allele-spe-
cific PCR.

MATERIAL AND METHODS

The studies were conducted in the Laboratory of Mo-
lecular and Genetic Studies at the Department of Animal 
Biology, the National University of Life and Environ-
mental Sciences of Ukraine. To study the efficiency of 
genotyping by CSN2 locus, the cows of the Ukrainian 
Black-and-White dairy breed were used as a model ob-
ject.

DNA was extracted using the commercial set of rea-
gents “DNA-sorb-B” (Amplisense, RF) according to the 
manufacturer’s recommendations. Hair follicles were 
used as a source of biological material.

The genotyping of cattle was conducted using the 
methods of AS-PCR (as the methods under investiga-
tion) and ACRS-PCR (as a control method of genotyp-
ing).

The primers, presented in Table 1, were used for the 
amplification of exon 7 of the CSN2 gene.

The following amplification program was used for the 
ACRS-PCR method: 1 cycle – denaturation at 94°C; 35 
cycles – denaturation at 94°C, 30 s, annealing at 60°C, 
30 s, elongation – 72°C, 30 s. The size of restriction 
fragments was 121 bp for allele A1; 86 and 35 bp for 
allele A2.

Tm Calculator (Thermo Fisher Scientific) based on 
Allawi & SantaLucia’s thermodynamics method (Allawi 
& SantaLucia, 1997) was used to calculate the tempera-
tures of annealing primers.

In both cases of applying the AS-PCR method, the 
amplification protocol was optimized according to the 
following schemes:

The variations of the annealing temperature of prim-
ers (from 55°C to 68°C with 1°C interval).

The number of intermediate steps of the second stage 
of PCR (from two to ten with one step interval).

The duration of the intermediate steps of the second 
stage of PCR (from 15 to 120 s with 15 s. interval).

Touchdown PCR protocol (Korbie & Mattick, 2008).
PCR was conducted using MiniAmp™ Thermal Cy-

cler (Thermo Fisher Scientific) and the commercial rea-
gent kit “DreamTaq PCR Master Mix” (Thermo Scien-
tific). The volume of the final reaction mixture was 10 
µl. The final concentration of primers in the reaction 
mixture was 0.2 µM.

The electrophoretic separation of the amplification/
restriction products involved the use of 3% agarose gel 
for the ACRS-PCR method and 2% – while using the 
allele-specific PCR.

The visualization of DNA fragments in the gel was 
conducted using ethidium bromide in the ultraviolet 
spectrum (312 nm). The molecular mass marker GeneR-
uler 50 bp (Thermo Scientific) was used to determine 
the size of the amplified/restriction fragments.

The object of the study was the populations of cows 
of different breeds, reared in Ukraine: Ukrainian Red-
and-White dairy breed (n=38), Ukrainian Black-and-
White dairy breed (two populations from different farms 
and regions of Ukraine – n=31 and n=100, respectively), 
Charolais (n=29).

The results of the individual genotyping of the animals 
were used to estimate the main genetic structure param-
eters: the frequencies of genotypes and alleles, observed 
(Ho) and expected (He) heterozygosity, the Wright’s fixa-
tion index (Fis), the correspondence to the Hardy-Wein-
berg genetic equilibrium by the method of χ2. The es-
timation of genetic structure parameters was conducted 
using Popgen32 Version 1.32 (Yeh et al., 2000).

RESULTS AND DISCUSSIONS

The use of standard amplification programs for AS-
PCR, described in the scientific literature, allowed for 
differentiating between alleles A1 and A2 of the beta-ca-
sein locus of cattle. To conduct the comparative analysis 
of the efficiency of genotyping the cattle by the beta-
casein locus for the purpose of the amplification of the 
experimental fragment of CSN2, only the animals, ho-
mozygous by allele А2 (А2А2) were used, whose genotype 
had previously been determined using the ACRS-PCR 
(DdeI) method (McLachlan, 2006). The variation in the 
temperature regimes (PCR parameters) led to a consider-
able change in the genotyping results. Figure 1 presents 
the electrophoregram for the amplification products of 

Table 1. The methods, primer nucleotide structure, and melting temperature.

Method Primer Sequence Tm, °C Source

ACRS-PCR
DdeI F ccttctttccaggatgaactccagg 64.6

McLachlan (2006)
DdeI R gagtaagaggagggatgttttgtgggaggctct 69.6

AS-PCR 854 bp

854 F gcccagatgagagaagtgagg 62.2

Keating et al. (2008)854 R (A1) gatgttttgtgggaggctgttat 59.8

854 R (A2) gatgttttgtgggaggctgttag 60.8

AS-PCR 244 bp

IGBR agactggagcagaggcagag 60.1

Ganguly et al. (2013)IGBhF (A1) cttccctgggcccatcca 63.1

IGBpF (A2) cttccctgggcccatccc 64.6
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the fragment of the CSN2 gene using the AS-PCR 244 
bp.

In the case of genotype A1A1, the electrophoregram 
shows the DNA fragment of 244 bp only in the well, 
corresponding to allele A1, for genotype A2A2 – only in 
the well, corresponding to allele A2; as for the heterozy-
gous genotype, the amplified fragments are found in 
both wells. The use of different amplification programs 
led to significant variations in PCR efficiency. In this 
case, a critical moment is the selection of optimal pa-
rameters for amplification protocols of the experimental 
fragments. This variation can be implemented into the 
general program both via temperature and the introduc-
tion of the intermediate cycles. In our studies, we have 
used a wide spectrum of annealing temperatures – from 
58 to 69°C (with one-degree interval), the Touchdown 
PCR method, and two additional cycles for the second 
stage of PCR, one of which was optimized for the an-
nealing temperature for the first (forward) primer, and 
the other – for the second (reverse) one. The theoretical 
analysis of the annealing temperatures demonstrated the 
differences of several degrees between the used primers 
(under 4ºC). The study results were used to set optimal 
temperatures for both inner cycles.

Figure 1 shows the results of applying three different 
PCR protocols for the amplification of CSN2 fragment 
using primers for AS-PCR 244 bp. All the samples in 
the presented electrophoregram are related to genotype 
A2A2, but the results of typing differ considerably.

The decrease in the annealing temperature below the 
minimal theoretically estimated temperature for primers 
(Table 1) leads to the reduction in the specificity of the 
method – allele А1 is amplified in the samples (samples 
1, 2, 6, 7). The maximal decrease in the annealing tem-
perature values practically leads to the coincidence in the 
staining intensity for the amplified fragments of alleles 
A1 and A2. In its turn, the use of the Touchdown PCR 
method results in the amplification of all the possible 
variants of alleles in each sample (samples 9–11), which 
is a reason for their false interpretation as heterozygous 
individuals A1A2.

The use of the optimal values of the annealing tem-
perature and the number of cycles allowed for a maxi-
mal decrease in the concentration of “unused” primers 
(to increase the amplification efficiency to the maxi-
mum), in case of preserving the high specificity of the 
reaction and in case of complete absence of non-specific 
PCR products. In this case, two cycles with different an-
nealing temperatures are used: 67°C – 10 cycles; 65°C 
– 25 cycles. The final optimal protocol, which ensured 
the successful genotyping of the cattle, is as follows: 1 
cycle – denaturation at 94°C for 5 min; 10 cycles – de-
naturation at 94°C for 30 s, annealing at 67°C for 30 s, 

elongation at 72°C for 30 s; 25 cycles – denaturation at 
94°C for 30 s, annealing at 65°C for 30 s, elongation at 
72°C for 30 s.

However, even in the case of optimal parameters, 
some samples may still have the fragment, remarkable 
for the second allele, which may be explained by a close 
value of the annealing temperatures for allele-specific 
primers (IGBhF A1 and IGBpF A2), as well as a num-
ber of additional potential factors – the differences in 
the values of the initial concentration of the DNA under 
analysis, the type of the used enzyme (different modi-
fied forms of Taq-polymerase), the concentrations of 
primers, etc. In this case, we used the primers in the 
concentration of 0.2 µM, which allowed obtaining the 
maximally vivid and unambiguous picture in each case 
of genotyping the animals of Bos taurus by CSN2 locus. 
In general, when the method of allele-specific PCR is 
used, there is still a possibility for the amplification of 
the non-specific allele in a sufficiently wide range. If the 
luminosity intensity is insufficient regarding the second 
fragment, one can make a conclusion about the ampli-
fication of the non-specific allele (Fig. 1, samples 2 and 
7). In the ideal system (under maximally possible am-
plification efficiency), the luminosity intensity of differ-
ent fragments (А1 and А2) in the case of heterozygous 
samples will be the same, as both variants are present in 
the initial DNA in the equivalent number. In case of the 
insufficient luminosity of one of the specific fragments, 
two assumptions are possible: either the phenomenon of 
non-specific amplification or the presence of inhibitors 
in a specific sample. Then the algorithm of targeted test-
ing of “problematic” samples should be applied based 
on the alternative method (ACRS-PCR), which is actu-
ally ignored by different researchers. In addition to the 
above, it is reasonable to have regular “blind testing” of 
the samples using the alternative method (ACRS-PCR).

Regardless of the present difficulties, the application 
of the optimized (described above) PCR protocol en-
sured the successful genotyping for the animals of Bos 
taurus by alleles A1 and A2 (Fig. 2).

The results of the typing were entirely confirmed 
by the ACRS-PCR method (DdeI), the coincidence of  
geno-types, found by both methods, was 100%.

The application of the described methodological ap-
proaches allowed for obtaining similar results while using 
the AS-PCR 854 bp method as well. In this case, the 
optimal results, which ensure unambiguous identification 
of CSN2 alleles, were also obtained using the two-stage 
PCR algorithm. The values of the annealing temperature 
for primers were considerably different from the ones, 
presented in other scientific works (Keating et al., 2008; 
Rahimi et al., 2015).

The best result was obtained using the following amplifi-
cation program – the use of two cycles on the second stage 

Figure 1. Different PCR protocols for the amplification of CSN2 
fragment using the primers of AS-PCR 244 bp. 
1–11, numbers of the samples; 4, 8, molecular mass marker 
GeneRuler 50 bp; 1–3, annealing temperature for oligonucleotides, 
58°C; 5–7, annealing temperature for oligonucleotides, 62°C; 9–10, 
Touchdown PCR.

Figure 2. The results of typing the cattle individuals by AS-PCR 
244 bp method using the optimized amplification protocol. 
1, A1A1; 2, 7, A2A2; 3, 5, 6, A1A2, 4, molecular mass marker Gene-
Ruler 50 bp.
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of PCR with different annealing temperatures: 66°C – 10 
cycles; 64°C – 25 cycles (Fig. 3). The final optimal protocol, 
which ensured the successful genotyping of the cattle, is as 
follows: 1 cycle – denaturation at 94°C for 5 min; 10 cy-
cles – denaturation at 94°C for 30 s, annealing at 66°C for 
30 s, elongation at 72°C for 30 s; 25 cycles – denaturation 
at 94°C for 30 s, annealing at 64°C for 30 s, elongation 
at 72°C for 30 s. The amplification was conducted without 
the final elongation stage (stage 3). The obtained results of 
typing are completely confirmed by the ACRS-PCR (DdeI) 
method and are in complete correlation with the results of 
using AS-PCR 244  bp. The coincidence of genotypes be-
tween all the used methods of typing was 100 %.

Therefore, the study results directly demonstrate the 
need for a thorough selection of amplification para-
meters while using the allele-specific PCR for the gen-
otyping of cattle by beta-casein locus. The identity of 
the typing results for two different primer systems for 
AS-PCR demonstrates the commonality of the methodo-
logical approaches in solving the task of enhancing the 
specificity, reproducibility, and efficiency of amplifying 
alleles A1 and A2. The obtained results can be used for 
large-scale routine genotyping of individuals of different 
cattle breeds by allelic variants of the beta-casein gene.

The above-mentioned methodological approaches 
were used to determine the genetic structure parameters 
of the cattle population of different breeds, reared in 
Ukraine (Table 2).

The study results demonstrated that the beta-casein 
locus is related to polymorphous ones in all the experi-
mental populations. The animals with all the possible 
genotypes were found in each experimental population 
except for Charolais.

The maximal value for allele A2 frequency was found 
in the Charolais population, which may be determined 
by the fact of its origin. Charolais are meat cattle, so, 
taking into consideration the descent of allele A1 from 
the European dairy cattle breeds, the minimal number 

of heterozygotes A1A2 in the population (5 out of 29) 
is absolutely reasonable. Homozygotes A1A1 are entirely 
absent in this population.

The analysis of the genetic structure of the populations 
of dairy cows shows the following picture: two populations 
of Ukrainian Black-and-White breed from different farms 
demonstrate significant differences regarding the values of 
allele frequencies. For instance, in population 2 there is a 
prevalence of allele A2 frequency, while in population 1, 
the situation is diametrically opposite – there is a signifi-
cant prevalence of allele A1 frequency (practically two-fold). 
At the same time, the values of the observed (Ho) and 
expected (He) heterozygosity in both populations are very 
similar. The obtained study results allow for the assumption 
that the observed picture is related to the specificities of the 
selection work with this breed at each farm and to the de-
gree of “Holsteinization”, used in breeding to enhance the 
parameters of dairy performance of cattle. The study results 
confirm the data for the distribution of allelic frequencies 
obtained in the analysis of the Holsteinized Black-and-
White cattle, reared in Latvia (Smiltina et al., 2018). This as-
sumption is also indirectly confirmed by the actual presence 
of allele A1 (with different frequency) in the populations of 
Holstein cattle in different regions of the world (Yamada et 
al., 2021; Ivankovi´c et al., 2021; Bisutti et al., 2022).

In its turn, the insignificant domination of allele A2 
frequency was noted for the population of the Ukrainian 
Red-and-White breed, with the two-fold prevalence of 
the number of homozygotes A2A2 over A1A1. The excess 
of heterozygous animals was also noted in this popula-
tion of cows (24%). The data about the distribution of 
allelic frequencies in the populations of Black-and-White 
and Red-and-White dairy breeds are confirmed by the 
results of other authors obtained for these breeds in oth-
er countries (Ehrmann et al., 1997; Kamiński et al., 2006).

It should be noted that no deviation from the Hardy-
Weinberg genetic equilibrium was found in any cattle 
population under study.

CONCLUSIONS

The application of the above-described methodologi-
cal approaches to the optimization of PCR methods al-
lows for efficient genotyping of the animals (A1 and A2 
allele detection) on the background of current advantag-
es of AS-PCR before the alternative variants – low ma-
terial-technical and time expenditures under completely 
comparable efficiency.

To achieve the maximal efficiency of the amplification, 
it is recommended to use the modified PCR protocol, 
including the two-step second stage with the following 
values of the annealing temperatures for primers: for AS-
PCR 244 bp – 67°C (10 cycles) and 65°C (25 cycles); for 
AS-PCR 854 bp – 66°C (10 cycles) and 64°C (25 cycles).

Table 2. The genetic structure parameters of different cattle populations.

Breed
Genotype frequency Allele frequency

He Fis χ2 test
A1A1 A1A2 A2A2 A1 A2

RW 0.13 0.61 0.26 0.43 0.57 0.49 –0.24 2.06

BW (pop 1) 0.42 0.48 0.1 0.66 0.34 0.45 –0.07 0.201

BW (pop 2) 0.12 0.49 0.39 0.37 0.63 0.47 –0.04 0.34

Charolais 0 0.17 0.83 0.09 0.91 0.16 –0.06 0.24

RW, Ukrainian Red-and-White dairy breed; BW (pop 1), Ukrainian Black-and-White dairy breed (Population 1); BW (pop 2), Ukrainian Black-and-
White dairy breed (Population 2); He, expected heterozygosity; Fis, Wright’s fixation index

Figure 3. The results of typing the cattle individuals by AS-PCR 
854 bp method using the optimized amplification protocol.
1, A2A2, 2, 4, A1A2, 5, A1A1, 3, molecular mass marker GeneRuler 
50 bp.
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The use of the touchdown PCR method as the in-
strument for optimization of AS-PCR protocols is not 
efficient for the primer systems under investigation and 
leads to genotyping mistakes.

To control the specificity of the amplification of the 
experimental CSN2 gene fragment, it is recommended 
to use the alternative method (ACRS-PCR) via both so-
called analyses of “problematic samples” and blind typ-
ing from the sampling frame.
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Upregulation of miR-22 alleviates oxygen–glucose deprivation/
reperfusion-induced injury by targeting Tiam1 in SH-SY5Y cells
Jiansong Yin#, Yu Wan#, Jing Wang and Mei Xue✉
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MicroRNA-22 (miR-22) has been reported to exert a neu-
roprotective effect. However, the specific role and mech-
anism of miR-22 in ischemia/reperfusion (I/R)-induced 
brain injury are still not known well. In this study, we 
evaluated whether miR-22 participates in I/R-induced 
neuronal injury and the potential mechanism by us-
ing an oxygen-glucose deprivation/reperfusion (OGD/R) 
model in vitro. Our results showed that miR-22 was sig-
nificantly down-regulated in SH-SY5Y cells suffering from 
OGD/R. Up-regulation of miR-22 by its specific mimic 
could protect  SH-SY5Y cells against  OGD/R-induced in-
jury. The luciferase reporter assay demonstrated that 
T-cell lymphoma invasion and metastasis 1 (Tiam1) was 
a direct target of miR-22. MiR-22 mimic obviously inhib-
ited Tiam1 expression in OGD/R-exposed SH-SY5Y cells. 
Tiam1 siRNA could attenuate OGD/R-induced SH-SY5Y 
cell injury. In addition, Tiam1 siRNA reduced the activa-
tion of Ras-related C3 botulinum toxin substrate 1 (Rac1) 
in OGD/R-exposed  SH-SY5Y cells, and up-regulation of 
Rac1 activity could attenuate the neuroprotective effect 
of miR-22 up-regulation. Furthermore, OGD/R exposure 
led to increased methylation of miR-22, and the demeth-
ylating agent 5-Aza-dC significantly up-regulated miR-22 
expression and inhibited Tiam1 expression and Rac1 ac-
tivation. Taken together, our results demonstrated that 
DNA methylation-mediated miR-22 down-regulation ag-
gravated I/R-induced neuron injury by promoting the 
activation of Tiam1/Rac1 signals. Our findings provide 
a deeper understanding of I/R-induced brain injury and 
suggest that miR-22 may be a promising therapeutic tar-
get for this disease.
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INTRODUCTION

Neuron dysfunction and/or death serves a pivotal 
function in the development and progression of brain-
related diseases, such as Parkinson’s disease, ischemic 
stroke and neonatal ischemic hypoxic brain damage 
(HIBD), which is caused by oxygen deprivation in the 

infant’s brain (Khoshnam et al., 2017; Koehn et al., 2020; 
Liu et al., 2020a; Salamon et al., 2020). The neuronal cell 
was susceptible to injury or death by various pathophysi-
ological factors (Khoshnam et al., 2017; Koehn et al., 
2020; Liu et al., 2020a; Salamon et al., 2020). Ischemia is 
characterized by an insufficient oxygen supply and serves 
as the main cause of the aggravation of cerebral injury. 
The treatment for cerebral ischemia usually involves the 
restoration of blood flow as quickly as possible. Howev-
er, this can entail secondary injury to the ischemic area, 
referred to as ‘ischemia/reperfusion’ (I/R) injury (Ryou 
and Mallet, 2018). However, the molecular mechanisms 
underlying I/R-induced neuronal injury are not entirely 
clear.

It is demonstrated that miRNAs played an important 
role in I/R-induced injury in various tissues, including 
brain tissue (Cai et al., 2021; Duan et al., 2019; Kuai et al., 
2021; Liu et al., 2020b). Previous studies have reported 
that miR-22 played a protective role in myocardial in-
jury (Du et al., 2016; Zhang et al., 2019). Up-regulation 
of miR-22 was shown to protect the cerebra against I/R 
injury (Wang et al., 2020). A recent study discovered that 
mesenchymal stem cells-derived exosomes (MSC-exos) 
alleviated I/R-induced brain injury by transferring miR-
22 to neurons (Zhang et al., 2021b). Jiao et al reported 
that enhanced miR-22 expression reversed I/R-induced 
apoptosis in PC12 cells (Jiao et al., 2020). These findings 
indicated that miR-22 might provide a potential neuro-
protective effect. However, the neuroprotective mecha-
nism of miR-22 in I/R-induced injury is far from fully 
elucidated.

Ras-related C3 botulinum toxin substrate 1 (Rac1), 
a Rho-related small GTPase, is ubiquitously expressed 
throughout the brain (Stankiewicz and Linseman, 2014). 
Rac1 has been implicated in oxygen-glucose deprivation 
(OGD)/reoxygenation (OGD/R)-induced pathways re-
sponsible for neuronal injury, neuronal degeneration, and 
cognitive dysfunction (Chen et al., 2020; Li et al., 2021). 
The precise spatial and temporal regulation of Rac1 ac-
tivation depends on its upstream regulators, the guanine 
nucleotide exchange factors (GEFs) (Marei and Mal-
liri, 2017). T-cell lymphoma invasion and metastasis 1 
(Tiam1) is a Rac1-specific GEF, which is stimulated by 
N-methyl-D-aspartate (NMDA) receptor (NMDAR) acti-
vation in a Ca2+-dependent manner (Tolias et al., 2005). 
Previous studies demonstrated that Tiam1-mediated 
Rac1 activation in hippocampal and cortical neurons me-
diates differential spine shrinkage in response to OGD 
(Blanco-Suarez et al., 2014). However, whether Tiam1-
mediated Rac1 activation is involved in OGD/R-induced 
neuronal injury remains unknown. Tiam1  was demon-
strated to be a target gene of miR-22 in various cells (Li 
et al., 2013; Li et al., 2012) and endometrial Tiam1/Rac1 
signal was shown to be negatively regulated by miR-22 
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(Ma et al., 2015). Therefore, it is worthwhile to explore 
whether  Tiam1/Rac1 signal is involved in protective ef-
fect of miR-22 against I/R-induced neuronal injury.

In vitro OGD/R is a widely accepted experimental 
model of in vivo I/R-induced neuronal injury (Zhang et 
al., 2021a). In this study, we investigated the effect of 
miR-22 on I/R-induced neuronal injury and its mecha-
nism by using an OGD/R model in SH-SY5Y cells. Our 
results showed that miR-22 was down-regulated in SH-
SY5Y cells. Enforced miR-22 expression could inhibit 
Tiam1 expression and suppress Rac1 activation, thus 
contributing to SH-SY5Y cell protection against I/R-in-
duced injury. Furthermore, we also found that methyla-
tion of the miR-22 gene promoter suppressed its expres-
sion in OGD/R-exposed SH-SY5Y cells.

MATERIALS AND METHODS

Cell culture and OGD/R induction

The SH-SY5Y human neuroblastoma cell line was 
purchased from Zhong Qiao Xin Zhou Biotechnology 
Co., Ltd (Shanghai, China). Cells were grown in MEM/
F12 (1:1 mixture) supplemented with supplemented with 
10% heat inactivated fetal bovine serum, 1% sodium 
pyruvate, 1% L-alanyl-L-glutamine, and 1% penicillin/
streptomycin at 37°C in a humidified atmosphere with 
5% CO2. For neuronal differentiation, SH-SY5Y cells 
were cultured for 3 days in MEM/F12 medium contain-
ing 10 µM retinoic acid and 1% FBS, followed by cul-
turing for a further 3 days with 50 ng/mL brain-derived 
neurotrophic factor and 2 mmol/L glutamine in MEM/
F12 medium containing 1% FBS. For OGD/R induc-
tion, SH-SY5Y cells were cultured in glucose-free MEM/
F12 under the conditions of 95% N2, 5% CO2 and 37°C 
for 4 h. Thereafter, the cells were then cultured in nor-
mal DMEM for 24 h of reoxygenation under normoxic 
condition. SH-SY5Y cells cultured in DMEM containing 
glucose under normoxic condition served as a control.

Cell transfection

The miR-22 mimic and its negative control, Tiam1 
siRNA and control siRNA were purchased from Genep-
harma (Shanghai, China) and transfected into SH-SY5Y 
cells using lipofectamine 2000 (Invitrogen) according 
to the manufacturer’s manual. The expression of target 
genes was determined after 24 h of transfection and cells 
were used in further experiments. Sequences of the miR-
22 mimic, and its negative control (NC) were as fol-
lows: miR‑22 sense, 5’-AAG​CUG​CCA​GUU​GAA​GAA​
CUG​U-3’ and antisense, 5’-AGU​UCU​UCA​ACU​GGC​
AGC​UUU​U-3’; and NC sense, 5’-UUC​UCC​GAA​CGU​
GUC​ACGUTT-3’ and antisense, 5’-ACG​UGA​CAC​GUU​
CGG​AGA​ATT-3’.Sequences of Tiam1 siRNA were as 
follows: GGCGAGCUUUAAGAAGAAATT (sense) 
and UUUCUUCUUAAAGCUCGCCGT (antisense). 
Scrambled siRNA was used as a negative control in all 
experiments.

CCK-8 assay

The cell viability of SH-SY5Y cells was measured by 
CCK-8 assay. SH-SY5Y cells were seeded into 96-well 
plates (5×103/well) and treated as described in the text. 
At the end of treatment, CCK-8 solution (10 µL/well, 
Chemicon, Temecula, CA, USA) was added to the cul-
tured cells for 2 h incubation at 37°C. The absorbance 

(OD) at 450 nm was measured using an ELx-800 micro-
plate reader (Bio-TekInc., Winooski, VT, USA).

Hoechst staining

SH-SY5Y cells were seeded onto coverslips in 6-well 
plates (5×103/well) and treated as described in the text. 
At the end of treatment, cells were fixed with 4% para-
formaldehyde for 30 min, then stained with Hoechst 
33258 (5 µg/mL) for 20 min at room temperature. After 
washing with PBS, the cells were observed and photo-
graphed under a fluorescence microscope.

Luciferase reporter assay

The wild-type Tiam1 3’-UTR and mutant-type Tiam1 
3’-UTR were cloned into the pGL3 basic luciferase re-
porter vector (Promega, Madison, WI, USA). SH-SY5Y 
cells were transfected in 24-well plates with miR-22 ago-
mir and WT Tiam1 3’-UTR or miR-22 agomir and Mut 
Tiam1 3’-UTR respectively using Lipofectamine 2000 
(Invitrogen) according to the manufacturer’s protocol. 
After 48 h of transfection, the cells were harvested, and 
the luciferase activity was measured using a Dual-Lucif-
erase Reporter Gene Assay kit (Promega). Renilla lucif-
erase activity was used to normalize the firefly luciferase 
intensity. 

Western blot

At the end of treatment, total proteins were ex-
tracted from SH-SY5Y cells using RIPA lysis buffer 
(Beyotime Biotechnology, Shanghai, China). Proteins 
were separated by SDS-PAGE and transferred onto 
polyvinylidene fluoride (PVDF) membranes (Millipore, 
USA). After blocking with 5% milk for 1 h at room 
temperature, the membranes were incubated overnight 
at 4°C with primary antibodies specific to Tiam1, 
Rac1, Bcl-2, Bax, Bad and GAPDH (all 1:1000; Cell 
Signaling Technology, Danvers, MA, USA). The mem-
branes were then incubated with secondary antibod-
ies (1:2000, anti-rabbit; 1:5000, anti-mouse) at room 
temperature for 1 h. The blots were visualized with 
an enhanced chemiluminescence kit (Pierce; Thermo 
Fisher Scientific, Inc.). Image J software was used to 
analyze the band density.

Pull-Down Assay

Pull-down assay was used to detect Rac1 activity and 
performed as described previously (Stahle et al., 2003). 
Briefly, after treatments, equal volumes of total cellular 
protein were incubated with GST-PBD beads captured 
on MagneGST glutathione particles (Promega, Madison, 
WI) for 1h at 4°C. The particles were then resuspended 
in SDS and subjected to immunoblotting analysis by us-
ing an anti-Rac1 antibody.

Lactate dehydrogenase (LDH) activity detection

At the end of treatment, the supernatants of SH-
SY5Y cells were collected and the contents of LDH 
were measured by an LDH detection kit (Nanjing Jian-
cheng Bioengineering Institute, Jiangsu, China) according 
to the manufacturer’s manual. Absorbance values were 
read at 450 nm using an ELx-800 microplate reader 
(Bio-TekInc., Winooski, VT, USA).

RT-qPCR

Total RNA was extracted from SH-SY5Y cells us-
ing RNAeasy™ Small RNA Isolation Kit (Beyotime, 
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Shanghai, China) according to the manufacturer’s 
manual. cDNAs were synthesized using the OneStep 
PrimeScript miRNA cDNA Synthesis Kit (Takara 
Biotechnology, Dalian, China). Quantitative real-time 
PCR was performed with an ABI 7300 system (Ap-
plied Biosystems, USA) using BeyoFast™ SYBR 
Green qPCR Mix (Beyotime). The relative gene ex-
pression level of miR-22 was normalized to U6 and 
calculated using the 2-ΔΔCt method. Primers used for 
RT-qPCR were listed as follows: U6 small nuclear 
RNA was used as internal reference, with upstream: 
5’-GGAACAGAGAAGATTA GC-3’, and down-
stream: 5’-TTGGAATCACGAATTCCG-3’.miR-22 
upstream:  5’-TGACAACCGTTTTTGACTG-3’ and 
downstream: 5’-TACTGTTTTGAAAATCGTT-3’.   

Methylation specific PCR (MSP)

The genomic DNA was extracted and purified by 
the Genomic DNA Extraction Kit (TaKaRa, Da-
lian, China). Bisulfite treatment and conversion 
of  DNA  for  methylation  analysis  were  performed us-
ing  the  EZ-96  DNA  Methylation  Kit (Zymo Research, 
Irvine, CA, USA). The PCR reaction conditions were 
as follows: 98°C for 4 min, 40 cycles of 98°C for 30  s, 
56°C for 30  s, and 72°C for 30  s, and then 72°C for 
10 min. The PCR products were electrophoresed in 3% 
agarose gel.

Statistical analysis

SPSS 16.0 statistics software (SPSS, Chicago, IL) was 
used for statistical analysis. The data were presented as 
the mean ± standard deviation (S.D.). Significant differ-
ences were determined using One-way ANOVA. P<0.05 
was considered statistically significant.

RESULTS

OGD/R down-regulated miR-22 expression, up-regulated 
Tiam1 expression and Rac1 activation in SH-SY5Y cells

As shown in Fig. 1A, the expression level of miR-22 
was decreased time-dependently in SH-SY5Y cells after 
OGD/R treatment. The results of the western blot as-
say revealed that the expression level of Tiam1 was sig-
nificantly increased after treatment for 12 h or 24 h with 
OGD/R (Fig. 1B). The activity of Rac1 was obviously 
increased, while the total Rac1 expression remained un-
changed during OGD/R treatment (Fig. 1B).

Up-regulation of miR-22 protected  SH-SY5Y cells 
against  OGD/R-induced injury

To elucidate the effect of miR-22 down-regulation on 
OGD/R-induced neuronal injury, SH-SY5Y cells were 
transfected with miR-22 mimic, which obviously up-
regulated the expression level of miR-22 in OGD/R-
exposed SH-SY5Y cells (Fig. 2A). CCK-8 assay showed 
that miR-22 mimic notably elevated the viability of SH-
SY5Y cells under OGD/R condition (Fig. 2B). Hoechst 
staining showed that miR-22 mimic significantly reduced 
the number of apoptotic cells in OGD/R-exposed SH-
SY5Y cells (Fig. 2C). In addition, OGD/R treatment 
significantly increased the expression levels of Bax and 
cleaved caspase-3, and reduced the expression level of 
Bcl-2 in SH-SY5Y cells (Fig. 2D). However, the expres-
sion levels of these proteins were notably reversed af-
ter treatment with miR-22 mimic in OGD/R-exposed 
SH-SY5Y cells (Fig. 2D). Furthermore, miR-22 mimic 
markedly reduced the content of LDH from OGD/R-
exposed SH-SY5Y cells (Fig. 2E). These data indicated 
that up-regulation of miR-22 protected SH-SY5Y cells 
against OGD/R-induced injury.

MiR-22 alleviated OGD/R-induced injury by directly 
targeting Tiam1 in SH-SY5Y cells

To investigate the protective mechanism of miR-22, 
we analyzed its potential targets using TargetScan and 

Figure 1. The effects of OGD/R exposure on the activation of 
Rac1 and the expression levels of miR-22 and Tiam1 in SH-SY5Y 
cells. 
SH-SY5Y cells were exposed to OGD/R for the indicated times, and 
then the expression level of miR-22 was detected by qRT-PCR (A), 
the expression levels of Tiam1 and Rac1 were measured by west-
ern blot, Rac1 activation (Rac1-GTP) was determined by pull-down 
assay and analyzed by western blot (B). **P<0.01 compared with 0 
h group.

Figure 2. The effect of miR-22 mimics on OGD/R-induced SH-
SY5Y cell injury. 
(A) The expression level of miR-22 was measured by qRT-PCR in 
OGD/R-exposed SH-SY5Y cells with negative control mimic (mi-
NC) or miR-22 mimic (miR-22) transfection, or without transfection 
(control). (B) Cell viability was measured by CCK-8 assay in SH-
SY5Y cells with mi-NC or miR-22 transfection under normal (con-
trol) or OGD/R conditions. (C) Apoptosis was measured by Hoe-
chst staining in SH-SY5Y cells with mi-NC or miR-22 transfection 
under normal or OGD/R conditions. Scale bar 100 μm. (D) The lev-
els of apoptosis-related proteins were measured by western blot 
in SH-SY5Y cells with mi-NC or miR-22 transfection under normal 
(control) or OGD/R conditions. (E) LDH release was determined by 
ELISA assay in SH-SY5Y cells with mi-NC or miR-22 transfection un-
der normal (control) or OGD/R conditions. **P<0.01 compared with 
mi-NC group; ##P<0.01 compared with mi-NC + control group; 
&&P<0.01 compared with mi-NC + OGD/R group.
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miRDB. Tiam1 was selected for further study as it was 
predicted to be a potential target of miR-22 by using the 
two software and was demonstrated to be involved in 
the regulation of hippocampal neuronal vulnerability to 
OGD/R (Blanco-Suarez et al., 2014). The possible bind-
ing sites between miR-22 and Tiam1 were presented in 
Fig. 3A. Luciferase reporter assay illustrated that miR-22 
mimic notably inhibited the luciferase activity of Tiam1 
harboring wild type (WT) 3’UTR, but it had no effect on 
the luciferase activity of Tiam1 with a mutant type (Mut) 
3’UTR (Fig.  3B). Moreover, OGD/R treatment led to 
a significant increased expression level of Tiam1, which 
was reversed by the miR-22 mimic (Fig. 3C). These data 
suggest that Tiam1 is a direct target of miR-22 under the 
OGD/R condition. 

To examine whether Tiam1 is involved in the protec-
tive effect of miR-22, SH-SY5Y cells were transfected 
with Tiam1 siRNA, which markedly inhibited Tiam1 ex-
pression in OGD/R-exposed SH-SY5Y cells (Fig. 3D). 
OGD/R-induced up-regulation of Bax and cleaved cas-
pase-3, and down-regulation of Bcl-2 were reversed by 
Tiam1 siRNA in SH-SY5Y cells (Fig. 3D). Tiam1 siRNA 
obviously increased the viability of SH-SY5Y cells under 
OGD/R condition (Fig. 3E). Tiam1 siRNA also signifi-
cantly inhibited LDH release in OGD/R-exposed SH-
SY5Y cells (Fig. 3F). The above data indicated that miR-

22 alleviated OGD/R-induced injury by directly targeting 
Tiam1 in SH-SY5Y cells.

Rac1 activation reversed the protective effect of miR-22 
up-regulation on OGD/R-induced injury in SH-SY5Y cells

As Tiam1 is a specific guanine nucleotide-exchange 
factor (GEF) of Rac1, the involvement of Rac1 in the 
protective mechanism of miR-22 was then investigated. 
As shown in Fig. 4A, Tiam1 siRNA significantly inhib-
ited OGD/R-induced Rac1 activation in SH-SY5Y cells. 
OGD/R-induced Rac1 activation was also inhibited by 
miR-22 mimic (Fig. 4B). MiR-22 overexpression signifi-
cantly elevated cell viability, inhibited LDH release, Bax 
and cleaved caspase-3 expression, and up-regulates Bcl-2 
expression in OGD/R-exposed SH-SY5Y cells (Fig.  4C-
4E). However, these parameters were reversed by trans-
fection of Rac1-V12, an active mutant of Rac1 (Fig. 4C-
4E). These results suggested that Rac1 activation re-
versed the protective effect of miR-22 up-regulation on 
OGD/R-induced injury in SH-SY5Y cells.

Methylation of the miR-22 gene promoter suppressed 
its expression in SH-SY5Y cells under OGD/R condition

To investigate the underlying mechanism of miR-22 
down-regulation in SH-SY5Y cells after OGD/R expo-

Figure 3. MiR-22 protected SH-SY5Y cells against OGD/R-in-
duced injury by directly targeting Tiam1. 
(A) 3’-UTR of Tiam1 and its putative binding sites in miR-22. (B) 
The luciferase activity for binding of miR-22 to 3’-UTR of Tiam1 
was measured by luciferase reporter assay in SH-SY5Y cells. (C) 
The protein level of Tiam1 was measured by western blot in SH-
SY5Y cells with negative control mimic (mi-NC) or miR-22 mimic 
(miR-22) transfection under normal (control) or OGD/R conditions. 
(D) The protein levels of Tiam1 and apoptosis-related proteins 
were measured by western blot in SH-SY5Y cells with negative 
control siRNA (si-NC) or Tiam1 siRNA (si-Tiam1) transfection un-
der normal (control) or OGD/R conditions. (E) Cell viability was 
measured by CCK-8 assay in SH-SY5Y cells with si-NC or si-Tiam1 
transfection under normal (control) or OGD/R conditions. (F) LDH 
release was determined by ELISA assay in SH-SY5Y cells with si-NC 
or si-Tiam1 transfection under normal (control) or OGD/R condi-
tions. **P<0.01 compared with mi-NC + Tiam1 WT group; ##P<0.01 
compared with mi-NC + control group; &&P<0.01 compared with 
mi-NC + OGD/R group; P<0.01 compared with control + si-NC 
group; P<0.01 compared with OGD/R + si-NC group.

Figure 4. The effect of Rac1 V12 over-expression on the protec-
tive effect of miR-22 over-expression during OGD/R-induced in-
jury. 
(A) Rac1 activation was measured by pull-down assay in SH-SY5Y 
cells with negative control siRNA (si-NC) or Tiam1 siRNA (si-Tiam1) 
transfection under normal (control) or OGD/R conditions. (B) Rac1 
activation was measured by pull down assay in SH-SY5Y cells with 
negative control mimic (mi-NC) or miR-22 mimic (miR-22) trans-
fection under normal (control) or OGD/R conditions. (C–E) After 
transfection of empty plasmid (vector) or the plasmid containing 
constitutively active form of  Rac1  (Rac1-V12) in mi-NC or miR-22 
overexpressed SH-SY5Y cells, cell viability, the levels of apoptosis-
related proteins and LDH release were determined by CCK-8 as-
say (C), western blot (D) and ELISA assay (E), respectively. **P<0.01 
compared with control + si-NC group; ##P<0.01 compared with 
OGD/R + si-NC group; &&P<0.01 compared with control + mi-NC 
group; @@P<0.01 compared with OGD/R + mi-NC group; P<0.01 
compared with vector + mi-NC group; P<0.01 compared with 
vector + mi-22 group.
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sure, the methylation level of the miR-22 gene promoter 
was measured. As shown in Fig. 5A, OGD/R exposure 
led to increased methylation of miR-22, which was re-
versed by treatment with 5-Aza-dC, a demethylating 
agent. 5-Aza-dC treatment also obviously up-regulated 
the level of miR-22 in OGD/R-exposed SH-SY5Y cells 
(Fig. 5B). Moreover, the increased Tiam1 expression and 
Rac1 activation in OGD/R-exposed SH-SY5Y cells were 
significantly inhibited by 5-Aza-dC treatment (Fig.  5C). 
These results suggested that methylation of the miR-22 
gene promoter suppressed its expression in SH-SY5Y 
cells under OGD/R condition.

DISCUSSION

MicroRNAs have been demonstrated to work as criti-
cal factors in various brain injuries (Song et al., 2019; 
Suofu et al., 2020; Zhao et al., 2020). Previous stud-
ies have indicated that up-regulation of miR-22 could 
protect neuron against I/R-induced injury (Wang et al., 
2020). Recently, MSC-exos-derived miR-22 was shown 
to attenuate I/R-induced brain (Zhang et al., 2021b). 
However, the specific mechanism of  miR-22  in I/R-in-
duced neuronal  injury is far from clear nowadays. In this 
study, we constructed an OGD/R model of SH-SY5Y 
cells and found that the level of miR-22 was decreased. 
Up-regulation of miR-22 could protect  SH-SY5Y cells 
against  OGD/R-induced injury. Our results suggest that 
miR-22 plays a protective role in OGD/R-induced neu-
ronal injury.

The potential neuroprotective mechanism of miR-22 
was then explored by searching for its target gene with 
targetscan and miRDB. Our results showed that the ex-
pression of Tiam1 was negatively correlated with miR-22 
and was a potential target of miR-22. Tiam1 was dem-
onstrated to be the target of miR-22 in several types of 
cells, such as NK/T cells, colon cancer cells and ovarian 
cancer cells (Huang et al., 2016; Li et al., 2013; Li et al., 

2012). In the present study, luciferase report assay and 
western blot assay indicated that Tiam1 is a direct target 
of miR-22 in OGD/R-exposed SH-SY5Y cells. Further-
more, Tiam1 siRNA could obviously attenuate OGD/R-
evoked injury in SH-SY5Y cells. These results suggested 
that miR-22 overexpression alleviated OGD/R-induced 
injury by directly targeting Tiam1 in SH-SY5Y cells. 
MiR-22 was shown to exert its neuroprotective function 
by regulating PI3K/AKT signaling pathway in cerebral 
I/R rats (Wang et al., 2020). Jiao et al. (Jiao et al., 2020) 
reported that miR-22 protects PC12 cells from OGD/R-
evoked injury by targeting the p53 upregulated modula-
tor of apoptosis (PUMA). Recently, it is demonstrated 
that MSC-exos-derived  miR-22 attenuated OGD/R-
evoked injury by inhibiting KDM6B expression in rat 
primary cortical neurons (Zhang et al., 2021b). These 
findings, together with our results, indicated that miR-22 
exerts neuroprotective effects by different downstream 
targets, which depend on cell type. It will be interesting 
to determine whether the reported targets of miR-22 are 
involved in our system and their crosstalk with Tiam1.

Tiam1 is known best as a specific GEF for Rac1 ac-
tivation (Chapelle et al., 2020; Kurdi et al., 2016; Yue et 
al., 2021). Previous studies showed that Tiam1  mediates 
an  OGD-induced increase in Rac1 activity in hippocam-
pal neurons (Blanco-Suarez et al., 2014; Smith et al., 
2017). Furthermore, Rac1 activation was demonstrated 
to play an important role in I/R-induced injury in dif-
ferent tissues, including brain tissue (Chen et al., 2020; 
Li et al., 2017; Liang et al., 2018; Liu et al., 2019; Su et 
al., 2019). Therefore, we speculated that miR-22 exerts 
its neuroprotective function by inhibiting Tiam1-mdiated 
Rac1 activation. Our results showed that Rac1 activity 
was obviously increased in OGD/R-exposed SH-SY5Y 
cells. Tiam1 siRNA and miR-22 angomir could mark-
edly inhibit OGD/R-induced Rac1 activation. Moreover, 
Rac1-V12, an active mutant of Rac1, could significantly 
attenuate the inhibitory effect of miR-22 up-regulation 
on OGD/R-evoked injury. These data indicated that 
miR-22 exerts its neuroprotective function on OGD/R-
evoked injury by inhibiting Tiam1-mdiated Rac1 activa-
tion in SH-SY5Y cells.

The key factors that reduced miR-22 expression in 
our system were then investigated. It is demonstrated 
that the CpG island methylation in promoter regions is 
key to miRNAs expression (Chhabra, 2015; Glaich et al., 

Figure 5. Methylation of the miR-22 gene promoter inhibited 
miR-22 expression under OGD/R condition. 
(A) The methylation level of miR-22 in OGD/R-exposed SH-SY5Y 
cells with or without 5-Aza-dC (5AdC) treatment was analyzed 
by MSP analysis. (B) The expression level of miR-22 in OGD/R-ex-
posed SH-SY5Y cells with or without 5-Aza-dC (5AdC) treatment 
was examined by RT-qPCR. (C) The level of Tiam1 expression and 
Rac1 activation in OGD/R-exposed SH-SY5Y cells with or without 
5-Aza-dC (5AdC) treatment were determined by western blot and 
pull down assay, respectively. **P<0.01 compared with control 
group; ##P<0.01 compared with OGD/R group.

Figure 6. Schematic illustration of OGD/R-induced SH-SY5Y cell 
injury via the miR-22/Tiam1/Rac1 signaling pathway.
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2019). Moreover, DNA-methylation was shown to play 
an important role in I/R-induced brain jury (Deng et al., 
2019; Jin et al., 2021; Tang and Zhuang, 2019; Zeng et 
al., 2020). Thus, we investigated whether the decreased 
miR-22 expression in OGD/R-exposed SH-SY5Y cells 
is due to DNA-methylation in its promoter. Our results 
showed that the methylation level of the CpG island in 
the miR-22 promoter was significantly increased after 
OGD/R exposure. 5-Aza-dC treatment could obviously 
up-regulated miR-22 expression in OGD/R-exposed SH-
SY5Y cells. Furthermore, Tiam1 expression and Rac1 ac-
tivity were significantly inhibited by 5-Aza-dC treatment 
in OGD/R-exposed SH-SY5Y cells. These results sug-
gested that DNA-methylation in OGD/R-exposed SH-
SY5Y cells led to a decreased miR-22 expression and 
increased Tiam1 expression and Rac1 activation, thereby 
promoting neuronal injury.

In conclusion, our study demonstrated that DNA-
methylation of miR-22 causes miR-22 down-regulation, 
which results in Tiam1 up-regulation and Rac1 activa-
tion in OGD/R-exposed SH-SY5Y cells, therefore lead-
ing to cell injury (Fig. 6). MiR-22 up-regulation plays a 
neuroprotective role in OGD/R-exposed SH-SY5Y cells, 
which is partly via directly targeting Tiam1 to inhibit 
Rac1 activation. Although additional in vivo studies are 
needed to verify our findings, our study provides a new 
insight into the protective effects of miR-22 against I/R-
induced brain injury and warrants further study of DNA 
methylation-mediated silencing of miR-22 may serve as 
a potential therapeutic strategy for I/R-induced brain in-
jury.

Declarations

Competing interests. The authors declare that they 
have no competing interests.

Ethical approval. Not applicable.
Statement of Informed Consent. Not applicable.
Availability of data and materials. The datasets 

used during the present study are available from the cor-
responding author upon reasonable request.

Authors’ contributions. Jiansong Yin wrote the man-
uscript, performed the experiments and analyzed the ex-
perimental data, Yu Wan performed the experiments and 
analyzed the experimental data, Jing Wang analyzed the 
experimental data, Mei Xue edited the manuscript and 
supervised the study. All authors read and approved the 
final manuscript.

REFERENCE 

Blanco-Suarez E, Fiuza M, Liu X, Chakkarapani E, Hanley JG (2014) 
Differential Tiam1/Rac1 activation in hippocampal and cortical 
neurons mediates differential spine shrinkage in response to oxy-
gen/glucose deprivation. J Cereb Blood Flow Metab 34: 1898–1906. 
https://doi.org/10.1038/jcbfm.2014.158

Cai Q, Gao ML, Huang LS, Pan LH (2021) lncRNA H19/miRNA-1: 
Another potential mechanism for treating myocardial ischemia-
reperfusion injury. Int J Cardiol 322: 57. https://doi.org/10.1016/j.
ijcard.2020.10.054

Chapelle J, Baudino A, Torelli F, Savino A, Morellato A, Angelini C, 
Salemme V, Centonze G, Natalini D, Gai M, Poli V, Kahne T, 
Turco E, Defilippi P (2020) The N-terminal domain of the adap-
tor protein p140Cap interacts with Tiam1 and controls Tiam1/
Rac1 axis. Am J Cancer Res 10: 4308–4324. https://www.ajcr.us /
ISSN:2156-6976/ajcr0143948

Chen X, Zhang S, Shi P, Su Y, Zhang D, Li N (2020) MiR-485-5p 
promotes neuron survival through mediating Rac1/Notch2 signal-
ing pathway after cerebral ischemia/reperfusion. Curr Neurovasc Res 
17: 259–266. https://doi.org/10.2174/1567202617666200415154822

Chhabra R (2015) miRNA and methylation: a multifaceted liaison. 
Chembiochem 16: 195–203. https://doi.org/10.1002/cbic.201402449

Deng GX, Xu N, Huang Q, Tan JY, Zhang Z, Li XF, Wei JR (2019) 
Association between promoter DNA methylation and gene expres-
sion in the pathogenesis of ischemic stroke. Aging (Albany NY) 11: 
7663–7677. https://doi.org/10.18632/aging.102278

Du JK, Cong BH, Yu Q, Wang H, Wang L, Wang CN, Tang XL, 
Lu JQ, Zhu XY, Ni X (2016) Upregulation of microRNA-22 con-
tributes to myocardial ischemia-reperfusion injury by interfering 
with the mitochondrial function. Free Radic Biol Med 96: 406–417. 
https://doi.org/10.1016/j.freeradbiomed.2016.05.006

Duan C, Cao Z, Tang F, Jian Z, Liang C, Liu H, Xiao Y, Liu L, Ma 
R (2019) miRNA-mRNA crosstalk in myocardial ischemia induced 
by calcified aortic valve stenosis. Aging (Albany NY) 11: 448–466. 
https://doi.org/10.18632/aging.101751

Glaich O, Parikh S, Bell RE, Mekahel K, Donyo M, Leader Y, 
Shayevitch R, Sheinboim D, Yannai S, Hollander D, Melamed Z, 
Lev-Maor G, Ast G, Levy C (2019) DNA methylation directs mi-
croRNA biogenesis in mammalian cells. Nat Commun 10: 5657. htt-
ps://doi.org/10.1038/s41467-019-13527-1

Huang H, Fan L, Zhan R, Wu S, and Niu W (2016) Expression of 
microRNA-10a, microRNA-342-3p and their predicted target gene 
TIAM1 in extranodal NK/T-cell lymphoma, nasal type. Oncol Lett 
11: 345–351. https://doi.org/10.3892/ol.2015.3831

Jiao H, Chen R, Jiang Z, Zhang L, Wang H (2020) miR-22 protect 
PC12 from ischemia/reperfusion-induced injury by targeting p53 
upregulated modulator of apoptosis (PUMA). Bioengineered 11: 209–
218. https://doi.org/10.1080/21655979.2020.1729321

Jin D, Wei W, Song C, Han P, Leng X (2021) Knockdown EZH2 
attenuates cerebral ischemia-reperfusion injury via regulating micro-
RNA-30d-3p methylation and USP22. Brain Res Bull 169: 25–34. 
https://doi.org/10.1016/j.brainresbull.2020.12.019

Khoshnam SE, Winlow W, Farzaneh M, Farbood Y, Moghaddam HF 
(2017) Pathogenic mechanisms following ischemic stroke. Neurol Sci 
38: 1167–1186. https://doi.org/10.1007/s10072-017-2938-1

Koehn LM, Chen X, Logsdon AF, Lim YP, Stonestreet BS (2020) 
Novel neuroprotective agents to treat neonatal hypoxic-ischemic en-
cephalopathy: inter-alpha inhibitor proteins. Int J Mol Sci 21: 9193. 
https://doi.org/10.3390/ijms21239193

Kuai F, Zhou L, Zhou J, Sun X, Dong W (2021) Long non-coding 
RNA THRIL inhibits miRNA-24-3p to upregulate neuropilin-1 to 
aggravate cerebral ischemia-reperfusion injury through regulating the 
nuclear factor kappaB p65 signaling. Aging (Albany NY) 13: 9071–
9084. https://doi.org/10.18632/aging.202762

Kurdi AT, Bassil R, Olah M, Wu C, Xiao S, Taga M, Frangieh M, 
Buttrick T, Orent W, Bradshaw EM, Khoury SJ, Elyaman W (2016) 
Tiam1/Rac1 complex controls Il17a transcription and autoimmun-
ity. Nat Commun 7: 13048. https://doi.org/10.18632/aging.202762

Li B, Song Y, Liu TJ, Cui YB, Jiang Y, Xie ZS, Xie SL (2013) miR-
NA-22 suppresses colon cancer cell migration and invasion by in-
hibiting the expression of T-cell lymphoma invasion and metastasis 
1 and matrix metalloproteinases 2 and 9. Oncol Rep 29: 1932–1938. 
https://doi.org/10.3892/or.2013.2300

Li H, Luo Y, Liu P, Liu P, Hua W, Zhang Y, Zhang L, Li Z, Xing 
P, Zhang Y, Hong B, Yang P, Liu J (2021) Exosomes containing 
miR-451a is involved in the protective effect of cerebral ischemic 
preconditioning against cerebral ischemia and reperfusion injury. 
CNS Neurosci Ther 27: 564–576. https://doi.org/10.1111/cns.13612

Li J, Liang S, Jin H, Xu C, Ma D, Lu X (2012) Tiam1, negatively reg-
ulated by miR-22, miR-183 and miR-31, is involved in migration, 
invasion and viability of ovarian cancer cells. Oncol Rep 27: 1835–
1842. https://doi.org/10.3892/or.2012

Li T, Qin JJ, Yang X, Ji YX, Guo F, Cheng WL, Wu X, Gong FH, 
Hong Y, Zhu XY, Gong J, Wang Z, Huang Z, She ZG, Li H 
(2017) The ubiquitin E3 ligase TRAF6 exacerbates ischemic stroke 
by ubiquitinating and activating Rac1. J Neurosci 37: 12123–12140. 
https://doi.org/10.1523/JNEUROSCI.1751-17.2017

Liang H, Huang J, Huang Q, Xie YC, Liu HZ, Wang HB (2018) Phar-
macological inhibition of Rac1 exerts a protective role in ischemia/
reperfusion-induced renal fibrosis. Biochem Biophys Res Commun 503: 
2517–2523. https://doi.org/10.1016/j.bbrc.2018.07.009

Liu, W, Huang, J, Doycheva, D, Gamdzyk, M, Tang, J, and Zhang, 
JH (2019) RvD1binding with FPR2 attenuates inflammation via 
Rac1/NOX2 pathway after neonatal hypoxic-ischemic injury in 
rats. Exp Neurol 320: 112982. https://doi.org/10.1016/j.expneu-
rol.2019.112982

Liu Y, Zhu C, Guo J, Chen Y, Meng C (2020a) The Neuroprotective 
Effect of irisin in ischemic stroke. Front Aging Neurosci 12: 588958. 
https://doi.org/10.3389/fnagi.2020.588958

Liu Z, Liu Y, Zhu Y, Gong J (2020b) HOTAIR/miRNA-1/Cx43: 
A potential mechanism for treating myocardial ischemia-reper-
fusion injury. Int J Cardiol 308: 11. https://doi.org/10.1016/j.ij-
card.2019.12.019

Ma HL, Gong F, Tang Y, Li X, Li X, Yang X, Lu G (2015) Inhi-
bition of endometrial Tiam1/Rac1 signals induced by miR-22 up-
regulation leads to the failure of embryo implantation during the 
implantation window in pregnant mice. Biol Reprod 92: 152. https://
doi.org/10.1095/biolreprod.115.128603

288

https://doi.org/10.1038/jcbfm.2014.158
https://doi.org/10.1016/j.ijcard.2020.10.054
https://doi.org/10.1016/j.ijcard.2020.10.054
http://www.ajcr.us
https://doi.org/10.2174/1567202617666200415154822
https://doi.org/10.1002/cbic.201402449
https://doi.org/10.18632/aging.102278
https://doi.org/10.1016/j.freeradbiomed.2016.05.006
https://doi.org/10.18632/aging.101751
https://doi.org/10.1038/s41467-019-13527-1
https://doi.org/10.1038/s41467-019-13527-1
https://doi.org/10.3892/ol.2015.3831
https://doi.org/10.1080/21655979.2020.1729321
https://doi.org/10.1016/j.brainresbull.2020.12.019
https://doi.org/10.1007/s10072-017-2938-1
https://doi.org/10.3390/ijms21239193
https://doi.org/10.18632/aging.202762
https://doi.org/10.18632/aging.202762
https://doi.org/10.3892/or.2013.2300
https://doi.org/10.1111/cns.13612
https://doi.org/10.3892/or.2012
https://doi.org/10.1523/JNEUROSCI.1751-17.2017
https://doi.org/10.1016/j.bbrc.2018.07.009
https://doi.org/10.1016/j.expneurol.2019.112982
https://doi.org/10.1016/j.expneurol.2019.112982
https://doi.org/10.3389/fnagi.2020.588958
https://doi.org/10.1016/j.ijcard.2019.12.019
https://doi.org/10.1016/j.ijcard.2019.12.019
https://doi.org/10.1095/biolreprod.115.128603
https://doi.org/10.1095/biolreprod.115.128603


Vol. 70 						      501Effects and mechanism of miR-22 in OGD/R-induced neuronal injury

Marei H, Malliri A (2017) GEFs: Dual regulation of Rac1 signaling. 
Small GTPases 8: 90–99. https://doi.org/10.1080/21541248.2016.12
02635

Ryou MG, Mallet RT (2018) An in vitro oxygen-glucose deprivation 
model for studying ischemia-reperfusion injury of neuronal cells. 
Methods Mol Biol 1717: 229–235. https://doi.org/10.1007/978-1-
4939-7526-6_18

Salamon A, Zadori D, Szpisjak L, Klivenyi P, Vecsei L (2020) Neuro-
protection in Parkinson’s disease: facts and hopes. J Neural Transm 
(Vienna) 127: 821–829. https://doi.org/10.1007/s00702-019-02115-8

Smith KR, Rajgor D, Hanley JG (2017) Differential regulation of the 
Rac1 GTPase-activating protein (GAP) BCR during oxygen/glucose 
deprivation in hippocampal and cortical neurons. J Biol Chem 292: 
20173–20183. https://doi.org/10.1074/jbc.M117.796292

Song Y, Li Z, He T, Qu M, Jiang L, Li W, Shi X, Pan J, Zhang L, 
Wang Y, Zhang Z, Tang Y, Yang GY (2019) M2 microglia-derived 
exosomes protect the mouse brain from ischemia-reperfusion in-
jury via exosomal miR-124. Theranostics 9: 2910–2923. https://doi.
org/10.7150/thno.30879

Stahle M, Veit C, Bachfischer U, Schierling K, Skripczynski B, Hall 
A, Gierschik P, Giehl K (2003) Mechanisms in LPA-induced tumor 
cell migration: critical role of phosphorylated ERK. J Cell Sci 116: 
3835–3846. https://doi.org/10.1242/jcs.00679

Stankiewicz TR, Linseman DA (2014) Rho family GTPases: key players 
in neuronal development, neuronal survival, and neurodegeneration. 
Front Cell Neurosci 8: 314. https://doi.org/10.3389/fncel.2014.00314

Su Q, Liu Y, Lv XW, Ye ZL, Sun YH, Kong BH, Qin ZB (2019) 
Inhibition of lncRNA TUG1 upregulates miR-142-3p to amelio-
rate myocardial injury during ischemia and reperfusion via target-
ing HMGB1- and Rac1-induced autophagy. J Mol Cell Cardiol 133: 
12–25. https://doi.org/10.1016/j.yjmcc.2019.05.021

Suofu Y, Wang X, He Y, Li F, Zhang Y, Carlisle DL, Friedlander RM 
(2020) Mir-155 knockout protects against ischemia/reperfusion-in-
duced brain injury and hemorrhagic transformation. Neuroreport 31: 
235–239. https://doi.org/10.1097/WNR.0000000000001382.

Tang J, Zhuang S (2019) Histone acetylation and DNA methylation in 
ischemia/reperfusion injury. Clin Sci (Lond) 133: 597–609. https://
doi.org/10.1042/CS20180465

Tolias KF, Bikoff JB, Burette A, Paradis S, Harrar D, Tavazoie S, 
Weinberg RJ, Greenberg ME (2005) The Rac1-GEF Tiam1 cou-
ples the NMDA receptor to the activity-dependent development 
of dendritic arbors and spines. Neuron 45: 525–538. https://doi.
org/10.1016/j.neuron.2005.01.024

Wang X, Shi C, Pan H, Meng X, Ji, F (2020) MicroRNA-22 exerts 
its neuroprotective and angiogenic functions via regulating PI3K/
Akt signaling pathway in cerebral ischemia-reperfusion rats. J Neural 
Transm (Vienna) 127: 35–44. https://doi.org/10.1007/s00702-019-
02124-7

Yue Y, Zhang C, Zhao X, Liu S, Lv X, Zhang S, Yang J, Chen L, 
Duan H, Zhang Y, Yao Z, Niu W (2021) Tiam1 mediates Rac1 
activation and contraction-induced glucose uptake in skeletal muscle 
cells. FASEB J 35: e21210. https://doi.org/10.1096/fj.202001312R

Zeng M, Zhen J, Zheng X, Qiu H, Xu X, Wu J, Lin Z, Hu J (2020) 
The role of DNA methylation in ischemic stroke: a system-
atic review. Front Neurol 11: 566124. https://doi.org/10.3389/
fneur.2020.566124

Zhang BF, Chen J, Jiang H (2019) LncRNA H19 ameliorates myocar-
dial ischemia-reperfusion injury by targeting miR-22-3P. Int J Cardiol 
278: 224. https://doi.org/10.1016/j.ijcard.2018.11.017

Zhang L, Wang Y, Pan RL, Li Y, Hu YQ, Xv H, Zhu C, Wang X, Yin 
JW, Ma KT, Zhao D (2021a) Neuritin attenuates oxygen-glucose 
deprivation/reoxygenation (OGD/R)-induced neuronal injury by 
promoting autophagic flux. Exp Cell Res 407: 112832. https://doi.
org/10.1016/j.yexcr.2021.112832

Zhang Y, Liu J, Su M, Wang X, Xie, C (2021b) Exosomal micro-
RNA-22-3p alleviates cerebral ischemic injury by modulating 
KDM6B/BMP2/BMF axis. Stem Cell Res Ther 12: 111. https://doi.
org/10.1186/s13287-020-02091-x

Zhao J, Li L, Fang G (2020) Salvianolic acid A attenuates cerebral is-
chemia/reperfusion injury induced rat brain damage, inflammation 
and apoptosis by regulating miR-499a/DDK1. Am J Transl Res 12: 
3288–3301. https://www.ajtr.org /ISSN:1943-8141/AJTR0105946

289

https://doi.org/10.1080/21541248.2016.1202635
https://doi.org/10.1080/21541248.2016.1202635
https://doi.org/10.1007/978-1-4939-7526-6_18
https://doi.org/10.1007/978-1-4939-7526-6_18
https://doi.org/10.1007/s00702-019-02115-8
https://doi.org/10.1074/jbc.M117.796292
https://doi.org/10.7150/thno.30879
https://doi.org/10.7150/thno.30879
https://doi.org/10.1242/jcs.00679
https://doi.org/10.3389/fncel.2014.00314
https://doi.org/10.1016/j.yjmcc.2019.05.021
https://doi.org/10.1097/WNR.0000000000001382
https://doi.org/10.1042/CS20180465
https://doi.org/10.1042/CS20180465
https://doi.org/10.1016/j.neuron.2005.01.024
https://doi.org/10.1016/j.neuron.2005.01.024
https://doi.org/10.1007/s00702-019-02124-7
https://doi.org/10.1007/s00702-019-02124-7
https://doi.org/10.1096/fj.202001312R
https://doi.org/10.3389/fneur.2020.566124
https://doi.org/10.3389/fneur.2020.566124
https://doi.org/10.1016/j.ijcard.2018.11.017
https://doi.org/10.1186/s13287-020-02091-x
https://doi.org/10.1186/s13287-020-02091-x
http://www.ajtr.org


Regular paper

Circ-Sirt1 promotes osteoblast differentiation by activating Sirt1 
and Wnt/β-catenin pathway
Yuanli Li1, Junlan Nie2, Qing Wu1, Xin Yang1 and Ping Jiang1✉

1Department of Orthopedics, Affiliated Hospital of North Sichuang Medical College, Sichuan, 637000, P. R. China; 2Department of Operating 
Room, Affiliated Hospital of North Sichuang Medical College, Sichuan, 637000, P. R. China

Osteoporosis, a bone disease common in the elderly, re-
sults in bone loss and damage to bone microstructure. 
Sirtuin 1 (Sirt1), belongs to Sirtuin family, is involved 
in regulating bone quality. Circ-Sirt1 is one of the tran-
scripts of Sirt1 host gene. Here, the involvement of circ-
Sirt1 was determined in bone disease for the first time, 
proposing that circ-Sirt1 can activate the Wnt/β-catenin 
pathway to promote osteogenesis differentiation. This 
study was aimed to elucidate the potential function of 
Circ-Sirt1 and Sirt1 regulatory loop in the differentiation 
of bone marrow mesenchymal stem cells (BMSCs). The 
differentiation of bone marrow mesenchymal stem cells 
was detected by ALP, alizarin red staining and qPCR. The 
dual luciferase reporter assay was applied to reveal the 
interaction between RNAs. The result showed that Sirt1 
promoted osteogenic differentiation of BMSCs. Circ-
Sirt1, derived from Sirt1, acted as miR-132 and miR-212 
sponge, and up-regulated the expression of Sirt1. Fur-
thermore, Sirt1-mediated circ-Sirt1 promoted osteogenic 
differentiation. Finally, we unveiled that Circ-Sirt1 facili-
tates osteogenic differentiation by activating the Wnt/β-
catenin pathway. In conclusion, our data suggested that 
Circ-Sirt1 elevates osteogenic differentiation via miR-
132/212/Sirt1 and Wnt/β-catenin pathway.

Key word: Circ-Sirt1, Osteoporosis, Wnt/β-catenin pathway, mesen-
chymal stem cells (BMSCs)
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INTRODUCTION

Osteoporosis is a systemic bone disease which has 
serious complications in elderly people especially elderly 
females. It is caused by functional disproportion between 
osteoblasts and osteoclasts (Liu et al., 2020; Zhang et al., 
2020). Osteoblasts, responsible for bone formation, are 
not terminally differentiated. However, these osteoblasts 
can eventually differentiate into osteocytes through phys-
iological activities such as proliferation, secretion of pro-
tein, and calcification (Chen et al., 2019; Chu et al., 2020). 
Inhibition of the growth and physiological activities of 
osteoblasts can cause numerous bone diseases, includ-
ing osteoporosis, osteoarthritis, rheumatoid arthritis and 
osteogenesis imperfecta (Dadras et al., 2020; Edwards et 
al., 2013). Therefore, clarifying the regulatory mechanism 
of osteoblast differentiation and proliferation may pos-

sibly provide novel and effective treatment strategies for 
osteoporosis.

Sirt1 is a nicotinamide adenine dinucleotide (NAD+) 
dependent class 3 histone deacetylases which has been 
demonstrated as regulating lifespan in several model or-
ganisms (Koga et al., 2015). Sirt1 plays an important role 
in the physiological activities of bone tissue. It has been 
revealed that Sirt1 regulates SOX2 to maintain the self-
renewal and pluripotency of BMSCs (Yoon et al., 2014). 
Whereas, another study reported that Sirt1 knockout 
mice shows a low bone mass phenotype, but the specific 
signaling pathway has not been elucidated (Feng et al., 
2016). Wnt is a type of secreted protein that is rich in 
cysteine. It is well known that Wnt/β-catenin signaling 
pathway affects the differentiation balance of BMSCs in 
bone tissue. Meanwhile, it is also established that Sirt1 
is involved in TNF-α-stimulated osteogenic differentia-
tion of human Dental pulp stem cells   (DPSCs) through 
Wnt/β-catenin signal (Zainabadi et al., 2017). As core 
target of cellular aging, energy metabolism and bone me-
tabolism, Sirt1 is known to play significant role in the 
pathogenesis of osteoporosis. In this study, we sought to 
investigate the function and mechanism of Sirt1 in regu-
lating BMSCs differentiation.

Recently, the role of non-coding RNA in osteoporosis 
has been gradually discovered. Circular RNA (CircRNA) 
is a new type of non-coding RNA that has regulatory 
abnormalities in a variety of cancers, frequently involv-
ing different carcinogenic processes (Lou et al., 2020). 
CircRNA is a covalent closed loop structure formed by 
back-splicing of pre-mRNA without 5′ and 3′ ends (Salz-
man et al., 2013).

With comparison of linear exosomes, the high stability 
of them is manifested in vivo with main existing in the 
cytoplasm and classification of exosomes (Li et al., 2018) 
Previous studies have affirmed the typical modulation of 
homologous mRNAs via circRNAs as nuclear transcrip-
tional regulators, platforms for RNA-binding proteins, or 
cytoplasmic microRNA sponges (Li et al., 2015). Using 
the CircBase database, it was found that Sirt1 host gene 
may produce 11 circRNAs. However, the function and 
mechanism of circRNA derived from the Sirt1 host gene 
is still unclear in the bone related diseases, and the role 
of Circ-Sirt1 in the regulation of Wnt/β-catenin signaling 
pathway has not been fully explored.

In this study, it was found that Circ-Sirt1 derived 
from the Sirt1 gene promotes the expression of Sirt1 by 
competing with miR-132/212, and activates the Wnt/β-
catenin signaling pathway to accelerate the differentia-
tion of bone marrow mesenchymal stem cells. Therefore, 
Circ-Sirt1 may serve as a new biomarker and therapeutic 
target in bone related diseases.
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MATERIAL AND METHODS

Cell culture and treatment

BMSCs (Riken Cell Bank, cell line RCB2154, Tsuku-
ba, Japan) were cultured in α-MEM medium supple-
mented with 10% fetal bovine serum (FBS, Gibco, USA) 
and 100 U/ml penicillin, and 100 mg/ml streptomycin 
sulfate, under 5% CO2 and 37°C. Ascorbic acid (50 mg/
mL), dexamethasone (0.1 mg/mL) and sodium glyc-
erophosphate (10 mM) (Sigma-Aldrich, St. Louis, MI) 
were applied in the culture medium to stimulate the dif-
ferentiation of osteoblasts.

RNA extraction and qPCR detection

Total RNA was extracted from BMSCs using TRNzol 
reagent (TIANGEN Biotech, Beijing, China) according 
to the manufacturer’s instructions. Reverse transcription 
kit (TIANGEN Biotech, Beijing, China) was applied 
to generate cDNA from total RNA. RNA concentra-
tion was determined by NanoDrop spectrophotometer 
(TIANGEN Biotech, Beijing, China). Real-time qPCR 
was conducted by using FastFire qPCR PreMix (TIAN-
GEN Biotech, Beijing, China). Primer sequences used in 
this study were listed in Table 1.

ALP activity and ALP staining

To detect the osteogenic differentiation, BMSCs were 
cultured in osteogenic differentiation induction medium 
for 21 days. ALP activity was determined using an Alka-
line Phosphatase Assay Kit (Beyotime, Beijing, China) by 
following the manufacturer’s instructions.

Alizarin red staining

First, the osteogenic differentiation was induced in 
BMSCs for 21 days, which were then fixed the cells 
with 4% paraformaldehyde, and stained with 1% Alizarin 
Red S (Beyotime, Beijing, China) for 30 minutes. After 

washing with PBS for 3 times, the cells were visualized, 
and images were captured under an inverted microscope 
(Olympus Corporation, Japan). The alizarin red staining 
was quantified using Image J.

Luciferase reporter assay

The 3’UTR of circ-Sirt1 or Sirt1 containing miR-132 or 
miR-212 binding sites was amplified by PCR, cloned into 
the pgl3 promoter vector of Xba I (circ-Sirt1 WT or Sirt1 
WT), The mutant sequence was cloned into pgl3 pro-
moter vector to construct circ-Sirt1 MUT or Sirt1 MUT. 
Twenty-four hours before transfection, cells were trypsi-
nized (2×105 cells/mL) and then plated on 24-well plates. 
The above plasmids together with Renilla (pRLTK) plas-
mid, miR-132 mimics, miR-212 mimics, negative control 
(NC) mimics plasmids were transfected into cells using 
Lipofectamine 2000 (Invitrogen). After 6 h, the medium 
was replaced with serum-containing medium, and 48 h 
after transfection, cells were collected to detect dual-lucif-
erase activity using dual-luciferase assay system (Promega, 
USA). The relative luciferase activity was calculated from 
the ratio of firefly to Renilla luciferase signals.

RNA pull down assay

The MagCapture™ RNA Pull Down Kit (what-
man, England) was applied for RNA pull-down assay. 
In brief, BMSCs were washed with precooled PBS, and 
then incubated with beads and biotinylated miR-132/212 
probes for 1 hour. Western blot analysis was used to de-
tect proteins.

Western Blot

Total protein was extracted from BMSCs using RIPA 
buffer containing 1mM Phenylmethylsulfonyl fluoride 
(PMSF). BCA kit (Beyotime, Beijing, China) was applied 
to determine protein concentration. The protein was 
separated using SDS-PAGE (10% or 12%), and then 
transferred to PVDF membrane (Millipore, Danvers, 
MA, USA), and then incubated with primary antibod-
ies Sirt1 (1:1000; ab110304; Abcam), β-catenin (1:1000; 
ab32572; Abcam), Lamib B1 (1:1000; ab16048; Abcam), 
β-Tubulin (1:1000; ab6046; Abcam) at 4°C overnight. 
Later, membranes were washed, and incubated with re-
spective secondary antibodies HRP (anti-rabbit IgG, 
1:5000, Cell Signaling Technology, Inc., MA, USA). Fi-
nally, the membranes were exposed using ECL system 
(Beyotime, Beijing, China), and protein bands were ana-
lyzed using Quantity One software.

Statistical analyses

Data were analyzed with Graphpad Prism 8 software 
and expressed as mean ± S.D. One-way ANOVA fol-
lowed up with a post hoc test was performed for multi-
ple group comparisons. T test was used for comparison 
between the two groups. P<0.05 was considered as sta-
tistically significant.

RESULT

Sirt1 promotes BMSCs differentiation

Firstly, it was observed that the mRNA expression of 
Sirt1 was gradually increased during the differentiation of 
BMSCs (Fig. 1A), indicating that Sirt1 might play vital role 
in the differentiation of BMSCs. To evaluate the function 
of Sirt1 in BMSCs, pcDNA3.1-Sirt1 was used to over-ex-

Table 1. The sequences of Primer were provided.

Primer sequence

Sirt1
Forward 5’-TAGCCTTGTCAGATAAGGAAGGA-3’

Reverse 5’‐ACAGCTTCACAGTCAACTTTGT‐3’

Runx2
Forward 5’-TGGTTACTGTCATGGCGGGTA-3’

Reverse 5’-TCTCAGATCGTTGAACCTTGCTA-3’

OCN
Forward 5’-CACTCCTCGCCCTATTGGC-3’

Reverse 5’-CCCTCCTGCTTGGACACAAAG-3’

OPN
Forward 5’-CTCCATTGACTCGAACGACTC-3’

Reverse 5’-CAGGTCTGCGAAACTTCTTAGAT-3’

MiR-132
Forward 5’-ACACTCCAGCTGGGTAACAGTCTA-

CAGCCA-3’

Reverse 5’-TGGTGTCGTGGAGTCG-3’

MiR-212
Forward 5’-ACACTCCAGCTGGGTAACAGTCTC-

CAGTC-3’

Reverse 5’-TGGTGTCGTGGAGTCG-3’

U6
Forward 5’-CTCGCTTCGGCAGCACA-3’

Reverse 5’-AACGCTTCACGAATTTGCGT-3’

Circ-Sirt1
Forward 5’-TATGACACTGTGGCAGATTG-3’

Reverse 5’-TTTCATCACCGAACAGAAGG-3’
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press Sirt1 (Fig. 1B). Interestingly, over-expression of Sirt1 
apparently increased ALP activity and ALP staining inten-
sity in BMSCs as shown in Fig.1C-D. Moreover, osteogenic 
markers Runx2, OCN and OPN were obviously elevated 
via upregulation of Sirt1 (Fig.  1E). Alizarin red staining 
showed that BMSCs overexpressing Sirt1 was more likely 
to develop calcified nodules (Fig. 1F). These data indicated 
that Sirt1 facilitated osteoblastic differentiation in BMSCs. 
To study the effect of Sirt1 on Wnt/β-catenin signaling 
pathway, Western Blot experiment found that β-catenin in 

cytoplasm and nucleus was also detected after knockdown 
of Sirt1, affirming that β-catenin in cytoplasm was elevated, 
while in nucleus was reduced. To further confirm that Sirt1 
promoted the nuclear translocation of β-catenin, immuno-
fluorescence experiments was conducted, finding that the 
immunocytochemical strength of β-catenin in the nucleus 
of si-Sirt1 group was declined. In short, Sirt1 activates the 
Wnt/βcatenin pathway to facilitate the nuclear translocation 
of β-catenin during the osteogenic differentiation of BM-
SCs (Attached Fig. 1B, C), suggesting that Sirt1 accelerates 

Figure 1. Sirt1 promotes BMSCs differentiation. 
(A) The relative expression of Sirt1 in the differentiation of BMSCs was detected by qRT-PCR on the 3rd, 6th and 12th day. (B) The qRT-
PCR was used to detect the overexpression efficiency 24 hours after Sirt1 transfection. (C) After overexpression of Sirt1 for 24 hours, 
the relative activities of alkaline phosphatase in BMSCs were measured with the ALP kit. (D) Sirt1 was overexpressed in BMSCs for 24 
hours and stained with ALP. (E) After overexpression of Sirt1 in BMSCs, qRT-PCR was used to detect the mRNA levels of Runx2, OCN and 
OPN. (F) Sirt1 overexpressed in BMSCs for 24 hours was stained with alizarin red. All results are expressed as mean ± S.D., n=3. *P<0.05, 
**P<0.01

Figure 2. Sirt1 is the direct target of miR-132/212. 
(A, B) Relative level of miR-132/212 during BMSCs differentiation on the 0, 3rd, 6th and 12th day was detected through qRT-PCR. (C) 
miR-132/212 was overexpressed in BMSCs for 24 hours, and the overexpression efficiency was detected by qRT-PCR. (D, E) Effects of Sirt1 
luciferase activity were detected by transfection of miR-132/212 mimic in BMSCs for 24 hours. (F) RNA pull down detected Sirt1 level by 
incubating with bio-miR-132/212 (WT or Mut) for 24 hours. (G) The effect of overexpression of miR-132/212 for 24 hours on Sirt1 expres-
sion in BMSCs was detected by qRT-PCR. All results are expressed as mean ± S.D., n=3. *P<0.05, **P<0.01
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osteogenic differentiation of BMSCs through the Wnt/β 
catenin pathway.

MiR-132/212 binds to Sirt1 in BMSCs

Next, the binding of upstream miRNAs to Sirt1 was 
explored. The relative expression of miR-132/212 was 
decreased during osteogenic differentiation of BMSCs 
in a time-dependent manner (Fig. 2A–B). Then, miR-
132/212 mimics was used to increase the expression of 
miR-132/212 in BMSCs (Fig. 2C). In order to further in-
vestigate the interaction of miR-132/212 and Sirt1, miR-
132/212 mimics or mimics-NC was co-transfected with 
wt-Luc-Sirt1 or mut-Luc-Sirt1 in BMSCs. Our results 
showed that overexpression of miR-132/212 can clearly 
inhibit the luciferase activity of Sirt-WT, while overex-
pression of miR-132/212 had no effect on the relative 
luciferase activity of Sirt1-MUT in BMSCs (Fig.  2D–E). 
In addition, RNA pull down assay showed that bioti-
nylated miR-132/212-WT clearly pull down the Sirt1 
mRNA, while miR-132/212-MUT did not (Fig. 2F). Fi-
nally, it was revealed that miR-123/212 up-regulation ap-
parently reduced the expression of Sirt1 (Fig. 2G). Thus, 
it was concluded that miR-132/212 reduced the expres-
sion of Sirt1 by directly targeting the Sirt1 3’UTR.

MiR-132/212 is sponged by circ-Sirt1 in BMSCs

It was previously reported that miR-132 and miR-212 
are sponged by circ-Sirt1 in vascular smooth muscle cells 
(VSMCs) (Kong et al., 2019). The detection for circR-
NAs candidates from Sirt1 host genes in the human ge-
nome was conducted. Meanwhile, the identification of 
three circRNAs (hsa_circ_0093883, hsa_circ_0093887, 
hsa_circ_0093890) from Sirt1 host genes was exposed 
in human BMSCs (attached Fig. 1A). The up-regulation 
of Sirt1 via circ-Sirt1 was assured in BMSCs by spong-
ing miR-132/212. As shown in Fig. 3A, it was found the 
elevation of circ-Sirt1 during osteogenic differentiation 
of BMSCs in a time-dependent manner. It was further 
determined that the ectopic expression of miR-132/212 
reduced the relative luciferase activity of circ-Sirt1-WT, 

while Sirt1 overexpression further enhanced it. Where-
as, similar experimental conditions had not affected the 
relative luciferase activity of MUT-circ-Sirt1 (Fig. 3B–C). 
RNA pull down assay manifested that circ-Sirt1 was 
clearly pulled down via biotinylated miR-132/212-WT, 
while not affected via miR-132/212-MUT (Fig. 3D). 
Taken together, these results indicated that miR-132/212 
was sponged by circ-Sirt1 in BMSCs.

Sirt1 plays an essential role in circ-Sirt1-promoted 
osteoblastic differentiation

To further examine the effect of Sirt1 in circ-Sirt1 
dependent BMSCs differentiation, sh-Sirt1 was applied 
to transfect BMSCs. Our results showed that silencing 
of Sirt1 reduced the stimulatory effects of up-regulatory 
circ-Sirt1 on ALP activity and staining intensity as shown 
in Fig. 4A–B. Moreover, silencing of Sirt1 also restored 
the expression of Runx2, OCN and OPN upregulation 
as induced by circ-Sirt1 upregulation (Fig. 4C–E). These 
data suggested that Sirt1 played an essential role in the 
BMSC differentiation as regulated by circ-Sirt1.

Circ-Sirt1 promotes BMSCs differentiation by activating 
Wnt/β-catenin pathway

Finally, it was investigated whether the Wnt/β-catenin 
pathway mediated circ-Sirt1 dependent BMSCs differen-
tiation, finding that β-catenin was apparently declined via 
silencing of circ-Sirt1 in the nucleus, while an opposite 
trend manifested in the cytoplasm (Fig. 5A). The detec-
tion results of TOP/FOP Flash showed that silencing 
of circ-Sirt1 obviously reduced the TOP luciferase activ-
ity in BMSCs (Fig. 5B), indicating that silencing circ-Sirt1 
inhibited Wnt/β-catenin pathway. Finally, it was found 
that WIF-1 (Wnt/β-catenin pathway inhibitor) treatment 
obviously reduced the stimulatory effects of circ-Sirt1 up-
regulation on osteogenic differentiation of BMSCs in Fig. 
5C–H. In summary, these results indicated that circ-Sirt1 
up-regulates Sirt1 through miR-132/212, and activates 
Wnt/β-catenin pathway to promote BMSCs differentia-
tion.

Figure 3. The miR-132/212 are sponged by circ-Sirt1. 
(A) Relative expression of circ-Sirt1 in BMSC differentiation on the 0, 3rd, 6th and 12th day was detected through qRT-PCR. (B, C) The lu-
ciferase activities of WT and Mut circ-Sirt1 were detected 24 hours after overexpression of miR-132/212. (D) RNA pull down detected circ-
Sirt1 level by incubating with bio-miR-132/212 (WT or Mut) for 24 hours. All results are expressed as mean ± S.D., n=3. *P<0.05, **P<0.01
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DISSCUSSION

In this study, it was uncovered that Circ-Sirt1 pro-
moted osteoblast differentiation by activating Sirt1 and 
Wnt/β-catenin pathway (Fig. 6). It has been determined 

that Sirt1 is widely involved in the physiological activities 
of bone tissue, and the biological functions of bone cells 
(Qu et al., 2020). Inhibition of Sirt1 accelerates the acety-
lation and ubiquitination of SOX2, and represses the os-
teogenic differentiation of BMSCs. In current study, the 

Figure 4. Sirt1 is essential in Circ-Sirt1-induced BMSC differentiation. 
(A, B) The ALP activity and ALP staining of BMSCs were detected 24 hours after transfection of circ-Sirt1 and sh-Sirt1. (C–E) The mRNA 
levels of osteogenic differentiation marker were detected 24 hours after transfection of circ-Sirt1 and sh-Sirt1. All results are expressed as 
mean ± S.D., n=3. *P<0.05, **P<0.01.

Figure 5. Circ-Sirt1 regulates BMSC differentiation via regulate Wnt/β-catenin pathway. 
(A) Relative expression of nuclear β-catenin and cytoplasm β-catenin were detected by Western blot 24 hours after transfection of sh-
circ-Sirt1 in BMSCs. (B) The relative activity of TOP and FOP luciferase were detected 24 hours after transfection of sh-circ-Sirt1 in BMSCs. 
(C–D) ALP activity and ALP staining were detected in BMSCs treated with circ-Sirt1 and WIF-1 for 24 hours. E. Alizarin red was detected in 
BMSCs treated with circ-Sirt1 and WIF-1 for 24 hours. (F–H) The mRNA levels of osteogenic differentiation marker were detected in BM-
SCs treated with circ-Sirt1 and WIF-1 for 24 hours. All results are expressed as mean ± S.D., n=3. *P<0.05, **P<0.01.
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role and molecular mechanism of Sirt1 was explored in 
BMSCs differentiation, affirming that Sirt1 was elevated 
with BMSCs differentiation. Moreover, miR-132 and 
miR-212 restrain the Sirt1 dependent BMSCs differentia-
tion.

Increasing evidence showed that host genes can be 
regulated by circRNA which are formed by non-classi-
cal splicing. For example, circGFRA1 regulates GFRA1 
in breast cancer by sponging miR-34a (Bai et al., 2018). 
Similarly, CircFBLIM1 promotes HCC progression by 
sponging miR-346 (He et al., 2017). It has been stud-
ied that Circ-Sirt1 enhances Sirt1 expression through 
sequence-specific interaction with miR-132/212 binding 
in Vascular smooth muscle cells. Therefore, the study 
was aimed to investigate if Circ-Sirt1, spliced from Sirt1, 
could sponge miR-132/212 to up-regulate Sirt1 in BM-
SCs. Sirt1 and miR-132/212 have been closely associated 
with human aging and Alzheimer’s disease (Hernandez 
et al., 2016).However, the function of miR-132/212 in 
osteoporosis remains ambiguous. In this study, it was 
confirmed that circ-Sirt1 can sponge miR-132/212 as the 
ceRNA of Sirt1. Circ-Sirt1 promoted BMSCs differentia-
tion, and the silencing of Sirt1 inhibited the stimulatory 
effects of circ-Sirt1 on the differentiation of BMSCs.

Previous studies reported that Sirt1 could trigger the 
Wnt/β-catenin pathway (Hwang et al., 2015). β-catenin, 
the core molecule of Wnt/β-catenin pathway, is widely 
implicated with osteoblast differentiation and prolif-
eration (Feng et al., 2020). demonstrated that microR-
NA-378 inhibits osteogenesis and bone formation dam-
age of BMSC by inactivating the Wnt/β-catenin signaling 
pathway (Wang et al., 2021). Whereas, miR-130a-3p regu-
lates Wnt/β-catenin pathway to induce osteogenic differ-
entiation among adipose stem cells (Yang et al., 2020). 
Additionally, a study has manifested the participation of 
Sirt1 in osteoblast differentiation through Wnt/β-catenin 
signaling in endodontic stem cells. . The first detection 
of β-catenin in cytoplasm and nucleus in this study was 
conducted after Sirt1 knockdown, affirming up-regula-
tion of β-catenin in cytoplasm and decline in nucleus. 
Furthermore, the promotion of the nuclear translocation 
of β-catenin via Sirt1 was determined. Moreover, eleva-
tion of β-catenin in the cytoplasm and reduction in the 
nucleus via down-regulation of circ-Sirt1 were founded. 
Briefly, our experimental results demonstrated that circ-
Sirt1 elevates BMSCs differentiation by activating Wnt/
β-catenin signaling pathway.

In summary, our study demonstrated that circ-Sirt1 
up-regulates Sirt1 as a sponge for miR-132/212, and ac-
tivates the Wnt/β-catenin pathway to promote osteoblas-
tic differentiation of BMSCs, suggesting that circ-Sirt1 
may be associated with bone formation. Circ-Sirt1 acti-
vates the Wnt/βcatenin signaling pathway through direct 
and indirect mechanisms, respectively. However, the di-
rect and indirect effects of circ-Sirt1 are performed on 
Wnt/β catenin signaling pathway, and of them which is 

the main way remains to be further studied. The possi-
ble application of circ-Sirt1 in clinic needs further study. 
Clinical samples and in vivo experiments will be further 
explored with the permission of experimental conditions 
later.Overall, these findings provide novel directions and 
insights into potential osteoporosis therapeutics.
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MicroRNA-221-3p promotes post-burn HUVEC proliferation, 
migration, and angiogenesis by regulating CDKN1B
Kun Miao, Fei Xie and JinGui Lin✉
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China

Background and objective: Previous studies have 
shown that miR-221-3p plays an important role in vas-
cular remodeling, but it is unclear whether it contrib-
utes to angiogenesis after burn injury. The purpose of 
this study was to investigate the effect of miR-221-3p 
on angiogenesis in HUVECs after burn injury and to 
reveal its underlying molecular mechanism. Meth-
ods: The burn HUVECs model was established by heat 
treatment. Plasmid or oligonucleotide transfection 
altered the expression of miR-221-3p and CDKN1B in 
HUVECs. MTT, colony formation, Transwell, flow cy-
tometry, and tube formation experiments were ap-
plied to assess the proliferation, migration, apoptosis, 
cell cycle, and tube formation capacity of HUVECs. 
miR-221-3p, CDKN1B, Ki-67, and PCNA expression was 
assessed by RT-qPCR or Western blot. The dual-lucif-
erase reporter assay verified the targeting relationship 
between miR-221-3p and CDKN1B. Results: miR-221-
3p was lowly expressed and CDKN1B was highly ex-
pressed in burn HUVECs. Overexpression of miR-221-
3p promoted the proliferation, migration, and tube 
formation ability of burn HUVECs and inhibited apop-
tosis and the proportion of cells in the G0/G1 phase, 
whereas overexpression of CDKN1B had the opposite 
effect. Knockdown of miR-221-3p further inhibited the 
angiogenic capacity of burn HUVECs, but this effect 
was reversed by knockdown of CDKN1B. Mechanisti-
cally, miR-221-3p targeted CDKN1B. Conclusion: miR-
221-3p improves the angiogenesis of burn HUVECs by 
targeting CDKN1B expression, and the miR-221-3p/CD-
KN1B axis may serve as a potential molecular target 
for future burn therapy.

Keywords: microRNA-221-3p, CDKN1B, Burn; Human umbilical vein 
endothelial cells, Angiogenesis
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Abbreviations: BCA, Bicinchoninic acid; CDKN1B, Cyclin-dependent 
kinase inhibitor 1B; cDNA, Complementary DNA; DMEM, Dulbecco’s 
Modified Eagle’s Medium; ECL, Enhanced chemiluminiscent; EDTA, 
Ethylene diamine tetra acetic acid; FITC, Fluorescein isothiocyanate; 
GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; HUVECs, hu-
man umbilical vein endothelial cells; JAK-STAT, Janus kinase-signal 
transducer and activator of transcription; miRNA, MicroRNA; MTT, 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MUT, 
Mutant type; OD, Optical density; PBS, Phosphate buffered sa-
line; PCNA, Proliferating cell nuclear antigen; PI, Propidium iodide; 
PI3KR, Phosphatidylinositol 3-kinase, regulatory subunit 1; PVDF, 
Polyvinylidene difluoride; RIPA, Radio-Immunoprecipitation Assay; 
RT-qPCR, Reverse transcription quantitative polymerase chain reac-
tion; S.D., Standard deviation; siRNA, Small interfering RNA; 3’ UTR, 
3’ untranslated region; vWF, Von Willebrand factor; WT, Wild type

INTRODUCTION

Burn is one of the top ten causes of death in the 
world, killing more than 200 000 patients each year. In ad-
dition to a significant economic burden, burn injuries have 
a higher risk of developing mental illness (Haagsma et al., 
2016). Severe burn injuries can affect various organs and 
systems of the body, and their severity is related to the 
surface area and depth of burn throughout the body, but 
even relatively minor burn injury can still be life-threaten-
ing and life-altering (Kanitakis et al., 2011). The core prob-
lem of burn injury is the loss of vascular integrity, the de-
struction of physiological barriers, and the edema caused 
by increased interstitial pressure (Edgar et al., 2011). One 
of the key points of burn injury treatment is to maintain 
the blood volume, supply blood to the organs, and accel-
erate the exchange of skin and important nutrients, such 
as oxygen (Gelfand, Donelan, and Burke 1983). Vascular 
damage caused by burn injury can easily cause tissue ede-
ma around the wound or even systemic (van Baar et al., 
2006). Therefore, post-burn angiogenesis is an important 
factor for a good outcome of the disease.

MicroRNA (miRNA) is a class of conservative non-
coding microRNA molecules consisting of about 22 nu-
cleotides, which can regulate gene expression (Johnson 
et al., 2019). With the development of next-generation 
sequencing technology, the research on the function and 
mechanism of miRNA has become increasingly in-depth, 
and there are also more studies on miRNA targeting 
mRNA in the treatment of vascular-related diseases. For 
example, miR-342-3p/-5p has significant anti-inflammato-
ry and pro-angiogenic effects when targeting pannexin-2 
down-regulation (Ray et al., 2020); miR-210 can inhibit the 
apoptosis of arteriosclerotic occlusive vascular endothelial 
cells through JAK-STAT (Yue et al., 2019) and miR-125b 
can limit the formation of the vascular lumen through 
translation inhibition of VE-cadherin (Muramatsu et al., 
2013). This study focused on a miRNA with an important 
role in vascular remodeling, named miR-221-3p. miR-221-
3p has also been studied to mediate vascular remodeling 
in perivascular adipose tissue-derived extracellular vesicles 
(Li et al., 2019) and regulate the dysfunction of diabetic 
retinal microangiopathy (Wang et al., 2020). However, it is 
unclear whether miR-221-3p plays a role in vascular re-
modeling after burn injury.

Preliminary experiments found that miR-221-3p was 
abnormally low expressed in the serum of burn injury 
patients. It was speculated that miR-221-3p may have a 
similar role in the process of vascular remodeling after 
burn injury. Therefore, this work focused on exploring 
the effects of miR-221-3p on the proliferation, migra-
tion, tube formation, apoptosis, and cell cycle of HU-
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VECs in the burn environment, and revealed its poten-
tial downstream molecular mechanisms.

MATERIALS AND METHODS

Serum from burn injury patients

Ten burn injury patients (burns area ≥50%) in Fu-
zhou Second Hospital Affiliated to Xiamen University 
were enrolled, including 6 males and 4 females, aged 
18–55 years. Venous blood (10 mL) was collected with-
in 24  h before regular anti-shock treatment and centri-
fuged at 4°C to obtain the supernatant which was then 
stored at –80°C. Normal serum from 10 healthy volun-
teers was recruited as a control group. This study was 
approved by the Ethics Committee of Fuzhou Second 
Hospital Affiliated to Xiamen University (ethical num-
ber: 2015061129s), and written informed consent was 
obtained from all participants.

Heat treatment

HUVECs (BeNA, Beijing, China) were identified by 
STR typing. HUVECs were seeded in Petri dishes for 48 
h, harvested into 15 ml centrifuge tubes, and immersed 
in a circulating water bath at 52 °C for 3 min. The cells 
in the control group were placed in a 37°C water bath 
for 3 min. Heat-treated cells were re-seeded in Petri 
dishes and further incubated at 37°C. Cells were then 
harvested after 6 h of heat treatment.

Cell culture and transfection

Heat-treated HUVECs were grown to 80% confluence 
in an endothelial cell culture medium (Sciencell, USA) 
with 5% fetal bovine serum, 0.05% penicillin-strepto-
mycin (Thermo Fisher Scientific, USA). Then, HUVECs 
were detached with 0.25% trypsin, added with a culture 
medium to terminate the detachment, and prepared for 
a cell suspension (1×105 cells/mL). Flow cytometry con-
firmed the positive expression of CD31 and VWF in the 
purchased HUVECs (Supplementary Fig. 1 at https://
ojs.ptbioch.edu.pl/index.php/abp/).

HUVECs with a cell density of 1×105 cell/mL were in-
oculated into 96-well plates (100 μL/well), and 10% fetal 
bovine serum (Thermo Fisher) was added and incubated 
for 24 h. miR-221-3p-mimic, miR-221-3p-inhibitor, mimic/
inhibitor-negative control (mimic/inhibitor-NC), small inter-
fering RNA (siRNA) targeting CDKN1B (si-CDKN1B), si-
NC, PCDNA-CDKN1B, and pcDNA 3.1 were purchased 
from Shanghai GenePharma. The reagent was transfected 
into HUVECs instantaneously according to the manufac-
turer’s instructions for Lipofectamine 2000 (Thermo Fish-
er). After incubation for 48  h, the transfection efficiency 
was detected by RT-qPCR and western blot.

MTT method

After transfection, every 4×104 HUVECs in each well 
on the 96-well plates were combined with 20 μL of MTT 
solution (Sigma, USA) at 0 h, 24 h, 48 h, and 96  h. Then, 
the samples were further cultured for 3 h, centrifuged at 
4°C for 15 min, and dissolved by adding 150 μL of di-
methyl sulfoxide solution (Sigma). Finally, optical density 
(OD)490 nm was measured (Zhang et al., 2022).

Colony formation method

HUVECs were cultured at 700 cells/well on the 
6-well plates with the culture medium changed every 

3 days. The culture was terminated when macroscopic 
clonal clusters appeared. Then, colonies were fixed with 
4% paraformaldehyde (Leagene, Beijing, China) at 1 
mL/well for 40 min, stained with crystal violet solution 
(Leagene) at 1 mL/well for 20 min, and counted (Zhang 
et al., 2021).

Transwell experiment

A total of 2×104 HUVECs suspended in a serum-
free DMEM (Thermo Fisher Scientific) were added to 
the upper chamber of the transwell plate, and 800 μL 
of endothelial cell culture medium and 10% fetal bovine 
serum were added to the lower chamber. HUVECs after 
48-h culture were dyed with crystal violet solution for 20 
min and counted under a microscope (Wang et al., 2022).

Flow cytometry detection

Apoptosis was assessed according to Annexin V-FITC 
Apoptosis Detection Kit (ThermoFisher, USA). The log-
phase growing HUVECs were digested with EDTA-free 
trypsin, washed once with pre-cooled PBS, centrifuged at 
low speed for 15 min at 4°C, and centrifuged once again. 
After discarding the supernatant, 5 μL of Annexin V-
FITC and PI were added for 10 min, and finally, 500  μL 
of Annexin V binding buffer was supplemented to detect 
cell apoptosis by flow cytometry (He et al., 2021).

Cell cycle was assessed by the Propidium Iodide Flow 
Cytometry Kit (Abcam, USA). HUVECs were first di-
gested with trypsin to obtain a single cell suspension, 
fixed with 66% ethanol for 2 h at 4°C, and centrifuged 
at 500×g for 5 min. The cell pellet was resuspended in 
prepared 1×PI+RNase Staining solution for 20 min at 
37°C in the dark and loaded into a flow cytometer.

RT-qPCR detection

Total RNA was extracted with Trizol reagent (Thermo 
Fisher Scientific), reverse-transcribed into cDNA with 
the reverse transcription kit (Thermo Fisher Scientific). 
All primers were synthesized by Sangon (Shanghai, Chi-
na). Taking U6 and GAPDH as the internal references, 
miR-221-3p and CDKN1B expression was calculated by 
the 2-ΔΔCT method (Miao et al., 2020).

Western blot

Protein lysates were harvested by adding RIPA (Mer-
ck, Germany) and the concentration was examined by a 
BCA kit (Enzyme-Linked Biotechnology, Shanghai, Chi-
na). Proteins were separated by protein electrophoresis 
on sodium dodecyl sulfate-polyacrylamide gel (Thermo 
Fisher Scientific) and transferred to PVDF membranes 
for reaction with CDKN1B (1:1000, sc-1641), Ki67 
(1:1000, ab92742), PCNA (1:1000, sc-56) and GAPDH 
(1:1000, ab8245), together with goat anti-rabbit second-
ary antibody (1:5000, 7074). ECL solution (GlpBio, 
USA)-developed bands were tested to analyze the gray 
value (Lu & Huang, 2021).

Luciferase reporter gene assay

Prediction from the website https://starbase.sysu.edu.cn 
shows that miR-221-3p has a binding site for CDKN1B. 
Wild-type and mutant CDKN1B sequences containing the 
miR-221-3p binding site were cloned into the PGL4 lucif-
erase reporter vector (Promega). The above luciferase re-
porter vector and miR-221-3p mimic and mimic-NC were 
then co-transfected into HUVECs using Lipofectamine 
2000 (Invitrogen). The cells were collected 48 h after trans-
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fection, and the luciferase activity was detected according to 
the instructions of the luciferase activity detection kit (Pro-
mega). Renilla luciferase activity was considered as a refer-
ence for signal intensity (Dong et al., 2021).

In vitro HUVECs tube formation model

Matrigel (Merck, Germany) was added to the center 
of the μ-slide well plate and left for 15 min. Cell suspen-
sion (50 μL, 3×104/mL) was centrifuged, washed twice 
with serum-free DMEM, and centrifuged again. Cells 
were resuspended in 50 μL endothelial cell culture medi-
um (containing 10% burns serum or 10% control serum) 
and added to μ-slide well plates. Images were taken in 5 
fields of view 6 h later and analyzed by Image-pro Plus 
6.0 software (Stefanini et al., 2009).

Statistical analysis

All data were analyzed using SPSS 21.0. Data were 
presented as mean ± standard deviation (S.D.). Two 
groups were compared by Student’s t-test while multiple 
groups were compared by One-way ANOVA. All func-
tional experiments were run in triplicate. Results were 
plotted using GraphPad Prism 7.0 software. P<0.05 indi-
cated statistical significance.

RESULTS

Abnormally low expression of miR-221-3p in burn 
environment

miR-221-3p Expression was decreased in the serum of 
burn injury patients (Fig. 1A). Subsequently, miR-221-3p 
expression was found to be reduced in heat-treated HU-
VECs (Fig. 1B).

Overexpression of miR-221-3p restores the angiogenic 
capacity of burn-injured HUVECs

miR-221-3p-mimic Was transfected into burn-injured 
HUVECs. miR-221-3p-mimic promoted miR-221-3p ex-

pression in burn-injured HUVECs (Fig. 2A). MTT as-
say and colony formation assays showed that heat treat-
ment inhibited the proliferation and clonogenic ability of 
HUVECs, while overexpression of miR-221-3p allevi-
ated this phenomenon (Fig. 2B, C). Transwell assay in-
dicated that heat treatment inhibited the migration abil-
ity of HUVECs, whereas the migration ability of HU-
VECs was increased after overexpression of miR-221-3p 
(Fig.  2D). Western blot reported that heat treatment 
decreased the expression of the proliferation proteins 
Ki-67 and PCNA in HUVECs, whereas overexpression 
of miR-221-3p prevented this change (Fig. 2E, F). Flow 
cytometry demonstrated that heat treatment increased 
the apoptotic rate of HUVECs and arrested cells in G0/
G1 phase, while overexpression of miR-221-3p alleviated 
this phenomenon (Fig. 2G, H). Tube formation experi-
ments manifested that heat treatment reduced the angio-
genic capacity of HUVECs, but overexpression of miR-
221-3p increased tube formation in HUVECs (Fig. 2I).

Targeted regulation of CDKN1B by miR-221-3p

Subsequently, the potential downstream target genes 
of miR-221-3p were explored. miRNAs can often bind 
to the 3’ UTR of mRNA to regulate their expression 
(Yang et al., 2021). Through the bioinformatics pre-
diction website https://starbase.sysu.edu.cn, it was 
found that miR-221-3p had a binding site with CD-
KN1B (Fig.  3A). The luciferase reporter gene assay 

Figure 1. miR-221-3p and CDKN1B signatures in HUVECs
(A) RT-qPCR to detect miR-221-3p in the serum of healthy subjects 
and burns patients; (B) RT-qPCR to detect miR-221-3p in the nor-
mal and heat-treated HUVECs. Data are presented as mean ± S.D. 
*P<0.05.

Figure 2. Overexpression of miR-221-3p restores the angiogenic capacity of burn-injured HUVECs
miR-221-3p-mimic was transfected into burn-injured HUVECs to upregulate miR-221-3p. (A) RT-qPCR to detect miR-221-3p in HUVECs; (B) 
MTT assay to detect the proliferation of HUVECs; (C) Clone formation assay to evaluate the clonogenic ability of HUVECs; (D) Transwell 
assay to detect the migration of HUVECs; (E–F) Western blot to measure Ki-67 and PCNA; (G–H) Flow cytometry to determine apoptosis 
and cell cycle; (I) Tube formation assay to assess the tube-forming ability of HUVECs; data are expressed as mean ± S.D. *P<0.05.
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results verified the binding relationship between the 
two. The co-transfection of WT-CDKN1B and miR-
221-3p-mimic reduced luciferase activity, but that of 
MUT-CDKN1B and miR-221-3p-mimic had no effect 
on luciferase activity (Fig. 3B). In burn-injured HU-
VECs, an abnormal increase in CDKN1B expression 
(Fig. 3C) was determined. Furthermore, overexpres-
sion of miR-221-3p suppressed CDKN1B expression 
(Fig. 3D).

Overexpression of CDKN1B enhances the inhibitory 
effect of burn on HUVECs angiogenesis

Subsequently, pcDNA-CDKN1B was transfected 
into burn-injured HUVECs to explore the role of 
CDKN1B. pcDNA-CDKN1B increased CDKN1B 
expression in HUVECs (Fig. 4A). Functional experi-
ments verified that overexpression of CDKN1B fur-
ther inhibited the proliferation and colony ability of 
burn-injured HUVECs, decreased the number of mi-
grating cells, suppressed Ki-67 and PCNA protein 
expression, promoted cell apoptosis, blocked cells at 
G0/G1 phase, and reduced the number of tube for-
mations (Fig. 4B–I).

miR-221-3p Targets CDKN1B expression to improve 
angiogenesis in burn-injured HUVECs

A functional rescue experiment was implemented to 
probe the regulatory role of the miR-221-3p/CDKN1B 
axis in burn-injured HUVECs. The transfection de-
signs were as follows: Inhibitor-NC+si-NC, miR-221-
3p-inhibitor+si-NC and miR-221-3p-inhibitor + si-CD-
KN1B. The results presented that miR-221-3p inhibitor 
promoted CDKN1B expression, while si-CDKN1B re-
versed this effect (Fig. 5A). Functional experiments man-
ifested that after transfection of miR-221-3p-inhibitor, 
cell proliferation and cloning abilities were attenuated 
(Fig. 5B, C), the number of migrating cells was reduced 
(Fig. 5D), and Ki67 and PCNA protein expressions were 
reduced (Fig. 5E, F), the apoptotic rate was promoted, 
cells in G0/G1 phase were increased (Fig. 5G, H), and 
tube-forming ability was impaired (Fig. 5I), and these ef-
fects were reversed by knockdown of CDKN1B.

DISCUSSION

Burn injury damages the body caused by thermal expo-
sure, radiation, and chemical or electrical contact, which 

Figure 3. Targeted regulation of CDKN1B by miR-221-3p
(A) The binding region of miR-221-3p and CDKN1B on https://starbase.sysu.edu.cn; (B) Luciferase activity of cells after co-transfection; (C) 
RT-qPCR and Western blot to detect CDKN1B in burn-injured HUVECs; (D) RT-qPCR and Western blot to detect the effect of overexpres-
sion of miR-221-3p on CDKN1B expression; data are expressed as mean ± S.D. *P<0.05.

Figure 4. Overexpression of CDKN1B enhances the inhibitory effect of burn on HUVECs angiogenesis
pcDNA-CDKN1B was transfected into burn HUVECs to upregulate CDKN1B expression. (A) RT-qPCR and Western blot to detect CDKN1B 
in HUVECs; (B) MTT assay to detect the proliferation of HUVECs; (C) Clone formation assay to evaluate the clonogenic ability of HUVECs; 
(D) Transwell assay to detect the migration of HUVECs; (E–F) Western blot to measure Ki-67 and PCNA; (G–H) Flow cytometry to deter-
mine apoptosis and cell cycle; (I) Tube formation assay to assess the tube-forming ability of HUVECs; data are expressed as mean ± S.D. 
*P<0.05.
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induce activation of peripheral nerve fibers, initiating a 
sustained hypersensitivity response to thermal and me-
chanical stimuli (Laycock et al., 2013). The consequences 
of burns are severe, with a high mortality rate and com-
mon in low- and middle-income countries (Atwell et al., 
2020). With the development of science and technology, 
there have been many studies on gene technology treat-
ment for burn injury (Zhang et al., 2021). Bioinformatics 
analysis has identified 43 miRNAs as potential regulators 
of early burn injury response among which miR-212-3p 
is down-regulated in dermal interstitial fluid (Foessl et al., 
2021). In addition to post-burns pain management, psy-
chological counseling, scar healing, etc., post-burns an-
giogenesis is the basis of many burn treatment principles 
(Eyuboglu et al., 2018). The physiological basis of tissue 
edema and body fluid extravasation after burn injury is 
the change of vascular permeability which is one of the 
main manifestations of vascular endothelial cell damage 
(Tian et al., 2015).

Belonging to miRNAs family which affects physi-
ological processes (Amponsah et al., 2017), miR-221 is 
located in the p11.3 region of the X chromosome and is 
involved in the physiological regulation of hematopoiesis 
and angiogenesis (Liu et al., 2009). In vascular endothelial 
cells, miR-221 acts on CDKN1B and PI3KR1 and inhib-
its endothelial cell biological functions (Celic et al., 2017). 
In human aortic endothelial cells, miR-221-3p carries the 
ability to block the production of peroxisome prolifera-
tor-activated receptor λ coactivator 1α, leading to mito-
chondrial dysfunction and apoptosis (Xue et al., 2015). 
The present study found that miR-221-3p has a positive 
role in vascular remodeling after burn injury. Overexpres-
sion of miR-221-3p promoted the proliferation of HU-
VECs by reducing the ratio of HUVECs in the G0/G1 
phase, thereby mediating HUVECs migration and tube 
formation, which will benefit the angiogenic capacity of 
HUVECs in the burn environment. Cell cycle changes 
are important for the proliferation of HUVECs. When 
cells are arrested in the G0/G1 phase, the proliferation 
of HUVECs is inhibited and their tube-forming ability is 

reduced (Cota Teixeira et al., 2019; Zhang et al., 2013). 
Several studies have demonstrated the role of miRNAs 
in regulating the cell cycle and proliferation of HUVECs, 
such as miRNAs including miR-182-5p (Su et al., 2021), 
miR-20b (Dong et al., 2020). This study speculated that 
the regulation of miR-221-3p on the cell cycle of HU-
VECs will affect the ability of vascular remodeling, and 
the effect of miR-221-3p on the cell cycle of HUVECs 
needs to be further explored in subsequent studies.

CDKN1B is located on chromosome 12p 13 and has 
a promoting regulatory role in tumors (Kim et al., 2015), 
such as osteosarcoma (Gao et al., 2022). As a down-
stream target gene of miR-221, CDKN1B can promote 
the proliferation of vascular smooth muscle cells in the 
neovascular intima (Medina et al., 2008). MiR-221-3p/
CDKN1B axis can regulate the proliferation and cell 
cycle of HUVECs after burn injury, and further influ-
ence cellular migration and tube formation ability. It is 
worth noting that this study only validated the role of 
the miR-221-3p/CDKN1B axis in angiogenesis in an 
in vitro model and could be explored in future animal 
burn injury models. In addition, there are few reports 
on the regulatory mechanism of ncRNAs in burn injury, 
and the regulatory mechanism of ncRNAs is crucial in 
vascular remodeling, skin recovery and other processes. 
Therefore, it is necessary to further explore the changes 
and mechanisms of ncRNAs in burn injury.

In conclusion, this work confirmed that miR-221-3p 
affects the proliferation, migration, cell cycle, apoptosis, 
and tube formation of burn-injured HUVECs by regu-
lating CDKN1B. MiR-221-3p/CDKN1B axis may be of 
interest in future burn treatments.
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MALAT-1 regulates the AML progression by promoting the m6A 
modification of ZEB1
Jing Jin, Leihua Fu, Pan Hong and Weiying Feng✉

Department of Hematology, Shaoxing People’s Hospital, Shaoxing City, Zhejiang Province, China

Metastasis-associated lung adenocarcinoma transcript 1 
(MALAT-1) is abnormally upregulated in various human 
cancers. However, the role of MALAT-1 in acute myeloid 
leukemia (AML) remains unclear. This study investigated 
the expression and function of MALAT-1 in AML. MTT 
assay was used to determine cell viability, qRT-PCR was 
applied to determine the RNA levels. Western blot was 
performed to detect the protein expression. Flow cy-
tometry was conducted to measure cell apoptosis. RNA 
pull-down assay was carried out to detect the interaction 
between MALAT-1 and METTL14. RNA FISH assay was 
performed to determine the localization of MALAT-1 and 
METTL14 in AML cells. Our results have revealed the key 
role of MEEL14 and m6A modification in AML. Besides, 
MALAT-1 was significantly up-regulated in AML patients. 
MALAT-1 knockdown inhibited the proliferation, migra-
tion and invasion of AML cells, and induced cell apopto-
sis; additionally, MALAT-1 binding to METTL14 promoted 
the m6A modification of ZEB1. Besides, ZEB1 overexpres-
sion partially reversed the effect of MALAT-1 knockdown 
on the cellular functions of AML cells. Taken together, 
MALAT-1 promoted the aggressiveness of AML through 
regulating m6A modification of ZEB1.
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INTRODUCTION

Acute myeloid leukemia (AML) is a malignant dis-
ease of myeloid hematopoietic stem/progenitor cells 
(Cai & Levine, 2019). Before maturation, leukemic cells 
abnormally proliferate and accumulate in bone mar-
row and blood, causing loss of hematopoietic function 
(Acheampong et al., 2018; Mueller et al., 2018). AML 
is highly popular among adults, accounting for more 
than 30 percents of all leukemia cases worldwide (Zim-
ta et al., 2019). Current studies have shown that chro-
mosome abnormalities, uncontrolled gene expression, 
and non-coding RNA such as long non-coding RNAs 
(lncRNAs) could promote acute myeloid leukemia (Mer 
et al., 2018; Wang et al., 2019). Clinically, the AML re-
cuperation rate is less than 45%, while 50% relapse and 

the late survival rate is only at about 10% (Pan et al., 
2017). Because of the poor prognosis of AML, it is of 
great importance to identify new markers and therapeu-
tic targets for AML.

LncRNA is a category of transcripts larger than 200bp 
and lacks protein-coding function (Yang et al., 2019). 
Recent studies have illustrated the crucial roles of the 
lncRNAs in cell proliferation, survival, apoptosis, and 
differentiation (Ferre et al., 2016; Ju et al., 2019). How-
ever, most lncRNAs underlying mechanisms are yet to 
be studied. The lncRNA MALAT-1 is involved in the 
development of various tumors (Zhang et al., 2017; Liu 
et al., 2019; He et al., 2019). Previous studies have con-
firmed that the overexpression of MALAT-1 can pro-
mote the invasion and migration of lung cancer, cervi-
cal cancer, and ovarian cancer (Xia et al., 2018; Guo et 
al., 2018; Yu et al., 2019). It is also an essential marker 
for the early prognosis of lung adenocarcinoma, gastro-
intestinal cancer, and B-cell lymphomas (Li et al., 2016; 
Xu et al., 2018). However, the underlying mechanism of 
MALAT-1 in AML is not clear.

N6-methyladenosine (m6A) is the most accustomed 
mRNA modification; this modification affects all steps 
of RNA metabolism (Yu et al., 2018). Emerged evi-
dence showed that m6A is involved in cancer progres-
sion and proliferation; it is also engaged in cancer stem 
cells’ maintenance and differentiation (Sun et al., 2019). 
However, the mechanism of m6A in AML remains to 
be studied.

The zinc finger E-box binding homeobox 1 (ZEB1) 
leads to epithelial-mesenchymal transition (EMT) and 
confers properties of ‘stemness’, such as self-renewal 
in cancer. ZEB1 is involved in myogenesis (Postigo 
& Dean, 1999), neuronal development and differen-
tiation (Wang et al., 2019;), gastrulation (Funahashi et 
al., 1993), and T fine cell development (Higashi et al., 
1997). Copious evidence suggests that ZEB1 regulates 
stem cell self-renewal in cancer (Brabletz & Brabletz, 
2010). Although ZEB1 is a renowned regulator of the 
expression of different stem cell/cancer-related tran-
scription factors such as BMI1, KLF4, and SOX2, the 
deletion of ZEB1 promotes cell differentiation dur-
ing the development of embryonic CNS (Singh et al., 
2016) and skeletal muscle (Li et al., 2017). The com-
prehensive role of ZEB1 in normal stem cell progres-
sion remains unclear.

In the present study, we explored the underlying 
mechanism of MALAT-1 in AML. We found that the 
expression of MALAT-1 was significantly up-regulated 
in AML patients, and MALAT-1 promoted the m6A 
modification of ZEB1 through binding with METTL14, 
thereby promoting the proliferation and inhibiting the 
apoptosis of AML cells.
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MATERIALS AND METHODS

Patient samples

40 AML patients and 40 healthy controls were re-
cruited from Ningbo First Hospital. Among the AML 
patients, male: 26, female:14; age: 35.21±6.14; physi-
cal activity state score, 0-1: 27, 2-4: 13; Type, M1: 3; 
M2: 5; M3: 11; M4: 13; M5: 6; M6: 2. The periph-
eral blood was collected and stored in liquid nitrogen 
immediately until needed. The patients who received 
chemotherapy or radiotherapy were excluded from 
this study. This study was approved by the Research 
Ethics Committee of Ningbo First Hospital20190126, 
January 26th, 2019, and each patient has signed an in-
formed consent form.

Cell culture and transfection

The human bone marrow stromal cell line HS-5 
and human AML cell lines HL60 and THP-1 were ob-
tained from the Cell Bank of the Chinese Academy 
of Science (Shanghai, China). All cells were main-
tained in RPMI-1640 medium (Hyclone, Logan, UT, 
USA) and were supplemented with 10% fetal bovine 
serum (FBS, Hao Yang Bio) in a humidified atmos-
phere of 5% CO2 at 37°C. The MALAT-1 overexpres-
sion plasmids, si-MALAT1, si-METTL14, and ZEB1 
overexpression plasmids were synthesized by GeneP-
harma (Shanghai, China). Lipofectamine 2000 (Invitro-
gen, USA) was used for cell transfection following the 
manufacturers’ instructions.

Quantitative real-time RCR (qRT-PCR)

The RNA was extracted from HS-5, HL60, and THP-
1 cells using TRIzol reagent (nitrogen source). The 
cDNA was synthesized using a reverse-transcription kit 
(TRAGEN). The real-time quantitative PCR was con-
ducted on 20ng of cDNA by SYBR Green mixture 
(Shanghai Yisheng) and GAPDH was used as an internal 
control. The primer sequences are as follows:
MALAT1:
Forward 5’-AGGCGTTGTGCGTAGAGGA-3’,
reverse 5’-GGATTTTTACCAACCACTCGC-3’;
ZEB1:
Forward 5’-GATGATGAATGCGAGTCAGATGC-3’,
reverse 5’-ACAGCAGTGTCTTGTTGTTGT-3’.

MTT assay

MTT assay was used to determine the HL60 and 
THP-1 cells’ viability. 1×104 cells were seeded into 96-
well plates. Next, we added 16 µL/well MTT solution (5 
mg/mL, Sigma) and incubated for 4 h at 37°C. The cell 
viability was determined by a microplate reader (Bio-Tek, 
Winooski, USA) at 570 nm.

Cell apoptosis assay

Annexin V-FITC Apoptosis Detection kit (YEASEN, 
Shanghai) was used to evaluate cell apoptosis. In brief, 
after treating HL60 and THP-1 cells for 72h, the cells 
were washed using PBS; Then, the cells were mixed with 
the binding buffer, Annexin V-FITC and propidium io-
dide (PI) and were incubated in dark for 15 min. The 
apoptotic rates were determined using flow cytometry 
(BD).

Transwell

The transwell assay was performed to detect the cell 
invasion, while transwell without Matrigel was performed 
to analyze the cell migration. About 0.6 mL Complete 
medium was added into lower chambers. Then, the cells 
were added into the upper chambers. After incubating 
for 48 h, the non-migrated and non-invaded cells were 
removed with a swab. The 4% paraformaldehyde was 
used to immobilize the cells on the bottom surface and 
0.1% crystal violet was used to stain the cells. A light 
microscope was used to observe the cells.

RNA FISH

The RNA FISH probe for MALAT1 and METTL14 
was purchased from Biosearch Technologies (Novato, 
CA, USA) and used to visualize RNA in the interchro-
matin granule clusters. Hybridizations were performed 
according to the manufacturer’s instructions. Briefly, 
slides were hybridized overnight with 50 pmol probe in 
20  μl hybridization buffer, washed in RNAse-free PBS, 
dehydrated in ethanol, post-fixed in 1% paraformalde-
hyde (Life Technologies, Darmstadt, Germany) in PBS, 
and treated for 2 min with 0.1% Triton-X100 (Serva, 
Heidelberg, Germany).

RNA immunoprecipitation

RNA experiments were performed using a Magna RIP 
RNA-Binding Protein Immunoprecipitation Kit (Milli-
pore, USA) according to the manufacturer’s instructions.

Western blotting

HL60 and THP-1 cells were placed in an ice-cold ly-
sis buffer for 30 min (Beyotime). The supernatants were 
collected by centrifugation at 14 000 r/min for 20 min at 
4°C. Protein concentration was calculated with a BCA 
Kit (Pierce, USA). Then the protein was separated with 
10% SDS-PAGE and transferred onto PVDF mem-
branes. Afterwards, the membranes were blocked in 5% 
non-fat milk; next, the membranes were incubated with 
primary antibodies: anti-ZEB1 (1:1 000), anti-METTL14 
(1:1 000), and anti-METTL3 (1:1 000) (Boster Biological 
Technology, China) overnight at 4°C. On the next day, 
the membranes were incubated with the HRP-labeled 
secondary antibodies (Abcam, Shanghai) and treated with 
BeyoECL Plus (Beyotime, China). The bands were visu-
alized using CC-D camera (Bio-Rad, USA).

RNA pull-down

RNA pull-down assay was performed to confirm 
whether METTL14 or METTL3 can be pulled down by 
MALAT-1 in HL60 and THP-1 cells. The biotin-labeled 
METTL14 and METTL3 were transcribed with the Bio-
tin RNA Labeling Mix (Roche) and T7 RNA polymerase 
(Roche). After 2d of transfection, cells were lysed and 
then mixed with biotin-labeled METTL14 and METTL3 
and streptavidin agarose magnetic beads at 4°C for 1  h. 
Western blot was used to detect the protein levels of the 
retrieved Ago2.

Statistical analysis

Data were analyzed using SPSS17.0 software (SPSS, 
Inc.) and expressed as mean ± S.D. One-way ANOVA 
followed by Duncan’s post hoc test was used to evaluate 
the differences among groups. The differences between 
the two groups were analyzed by Student’s t-test. P<0.05 
was defined as significant.
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RESULTS

lnc-MALAT-1 was up-regulated in AML patients and 
cells

Firstly, we collected serum samples from 40 healthy 
participants and 40 AML patients, and then examined 
the expression of MALAT-1 in serum by RT-qPCR 
method. The expression level of MALAT-1 in the serum 
of patients with AML was significantly higher than nor-
mal controls (P<0.05; Fig. 1A). It was consistent with in 
vitro assay, the expression of MALAT-1 in HL60 and 
THP-1 cells were significantly increased compared with 
HS-5 cells (P<0.05; Fig. 1B).

MALAT-1 knockdown inhibited proliferation of AML 
cells

To explore the role of MALAT-1 in AML, HL60, 
and THP-1 cells were transfected with si-MALAT-1 or 
MALAT-1 overexpression plasmids, and then we ex-
amined the effects of MALAT-1 on cell proliferation. 
Results, in Fig. 2A, revealed that compared with the si-
NC group the expression of MALAT-1 was significantly 
reduced after transfection with si-MALAT1. Compared 
with the vector group, the expression of MALAT-1 was 
remarkably promoted after transfection with MALAT1 
overexpression plasmids (P<0.01). As shown in Fig. 2B–
C, knockdown of MALAT-1 significantly suppressed the 
cell viability of HL60 and THP-1, whereas overexpres-
sion MALAT-1 remarkably promoted the AML cell vi-
ability (P<0.05).

MALAT-1 knockdown promoted AML cells apoptosis

To further explore the function of MALAT-1 in 
AML, after HL60 and THP-1 cells transfection with si-
MALAT-1 or MALAT-1 overexpression plasmids, we 
examined the effects of MALAT-1 on cell apoptosis, 
migration, and invasion. Flow cytometry results showed 
that compared with the si-NC group, the apoptosis of 
HL60 and THP-1 cells was significantly increased in si-
MALAT1 group (P<0.05; Fig. 3A–B). Besides, the re-
sults of Transwell exhibited that compared with the si-
NC group, the migration and invasion abilities of the 
HL60 and THP-1 cells were significantly decreased in 

Figure 1. MALAT1 was upregulated in AML patients and AML 
cell lines.
(A) The expression of MALAT1 in serum samples from AML pa-
tients and healthy volunteers. (B) The expression of MALAT1 in 
AML in the human bone marrow stromal cell line HS-5 and hu-
man AML cell lines HL60 and THP-1. **P<0.01 vs HS-5.

Figure 2. Effects of MALAT1 on proliferation of AML cells.
(A) After AML cells were transfected with si-MALAT1 or MALAT1 for 48 h, the transfection efficiency was evaluated by qRT-PCR. (B and C) 
MTT assay was conducted to determine cell proliferation in HL60, and THP-1 cells transfected with si-MALAT1 or MALAT1. **P<0.01.

Figure 3. Effects of MALAT1 knockdown on apoptosis of AML 
cells.
After HL60 and THP-1 cells were transfected with si-MALAT1 or 
MALAT1 for 48 h, cell apoptosis  (A–B), migration  (C)  and in-
vasion (D)  were evaluated by flow cytometry assay. **P<0.01. 
***P<0.001.
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the si-MALAT1 group (P<0.05; Fig. 3C–D). These data 
revealed that MALAT1 knockdown promoted AML cell 
apoptosis and inhibited AML cell migration and inva-
sion.

METTL14 bound with MALAT-1

m6A Modification affects almost all steps of RNA me-
tabolism, including lncRNA. Therefore, RNA pull-down 
assay, RIP experiment, and RNA FISH were used to 
verify whether m6A binds with MALAT-1. The results 
of the RNA pull-down assay verified the interaction be-
tween MALAT-1 and METTL14 (Fig. 4A). Furthermore, 
METTL14 directly bound with MALAT-1 (Fig.  4B). 
Similarly, RNA FISH results also confirmed the mutual 
binding of MALAT-1 and METLL14 (Fig. 4C). Taken 
together, these data confirmed that METLL14 bound 
with MALAT-1.

MALAT-1 regulated m6A modification of ZEB1

Previous research has shown that mRNA translation 
is regulated by lncRNA and m6A modification. There-
fore, we explored the effects of MALAT-1 and m6A 
modification on ZEB1 expression. In Fig. 5A, ZEB1 
produced significant m6A methylation modification 
in both AML cells, compared with the control group. 

MALAT-1 knockdown remarkably reduced the enrich-
ments of ZEB1 in HL60 and THP-1 cells (P<0.05; Fig. 
5B). As shown in Fig. 5C, overexpression of MALAT-1 
significantly promoted the enrichments of ZEB1 com-
pared with the control group. However, these changes 
would be partly reversed in the MALAT-1+si-MET-
TL14 group (P<0.05; Fig. 5C). After transfection with 
MALAT-1 overexpression plasmids or si-METTL14, 
we detected the expression of ZEB1 in AML cells. Re-
sults showed that the expression levels of ZEB1 were 
promoted by MALAT-1 overexpression plasmids, com-
pared with the control group. The expression levels 
of ZEB1 were significantly reduced by MALAT-1+si-
METTL14 compared with the MALAT-1+si-NC group 
(P<0.05; Fig. 5C). As shown in Fig. 5D, after transfec-
tion with MALAT-1 overexpression plasmids, the stabil-
ity of ZEB1 expression was promoted, compared with 
the vector+si-NC group, which was partly reversed by 
si-METTL14 (Fig.  5D). Overexpressed MALAT-1 pro-
moted the protein expression of ZEB1 compared with 
the vector+si-NC group, while the protein expression 
of ZEB1 was decreased in the MALAT-1+si-METTL14 
group compared with the MALAT-1+si-NC group 
(P<0.05; Fig.  5E).

Figure 4. MALAT1 bound with METTL14 in AML cells.
(A)  RNA pull-down assay. (B) RNA immunoprecipitation assay. (C) MALAT1 and METTL14 location detecting by RNA FISH in AML cells.

Figure 5. Effects of MALAT1 and METTL14 on ZEB1.
(A) ZEB1 produces m6A modification in AML cells. (B) After AML cells were transfected with si-MALAT1, the enrichment of ZEB1 was 
evaluated by qRT-PCR. (C) After AML cells were transfected with MALAT1 or si-METTL14, the enrichment and expression of ZEB1 was 
evaluated by qRT-PCR. (D) The stability of ZEB1. (E) The protein expression of ZEB1. **P<0.01.
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Overexpression ZEB1 alleviated the effects of MALAT-1 
knockdown on cellular function AML cells

To further explore the role of MALAT-1 and ZEB1, 
a rescue experiment was conducted in AML cells. As 
presented in Fig 6A, MALAT-1 knockdown signifi-
cantly reduced the expression of ZEB1 compared with 
the vector+si-NC group, the expression levels of ZEB1 
were promoted by ZEB1 overexpression plasmids com-
pared with si-MALAT-1+si-NC group (P<0.05; Fig. 6A). 
Knockdown MALAT-1 significantly reduced cell viabil-
ity of HL60 and THP-1 cells, whereas overexpression 
of ZEB1 remarkably reversed the effect of MALAT-1 
knockdown (P<0.05; Fig. 6B). Knockdown of MALAT-1 
significantly induced the apoptosis of HL60 and THP-1 
cells, whereas overexpression of ZEB1 reversed the ef-
fect of MALAT-1 knockdown (P<0.05; Fig. 6C). What 
is more, knockdown of MALAT-1 significantly decreased 
the migration and invasion of the HL60 and THP-1 
cells, whereas overexpressed ZEB1 remarkably reversed 
the effect of MALAT-1 knockdown on the migration 
and invasion of AML cells (P<0.05; Fig. 6D–E).

DISCUSSION

In this study, MALAT-1 was significantly upregulated 
in patients compared with the healthy control group. Be-
sides, MALAT-1 knockdown inhibited HL60 and THP-
1 cells’ proliferation, migration, and invasion abilities, 
and promoted the apoptosis of HL60 and THP-1 cells. 

Moreover, MALAT-1 promoted m6A methylation modi-
fication of ZEB1 by binding with METTL14, thereby 
enhancing the proliferation, migration, and invasion abil-
ity of AML cells.

MALAT-1 is a highly methylated LncRNA that is 
often abnormally upregulated in human cancer tissues 
(YiRen et al., 2017; Shen et al., 2019). Recently, abnor-
mal expression of MALAT-1 can be a diagnostic marker 
for multiple myeloma at early stage (Hu et al., 2018). Ad-
ditionally, the abnormally high expression of lncRNA-
MALAT-1 was associated with the poor prognosis of 
AML patients (Huang et al., 2017). However, MALAT-1 
knockout enhances cytarabine chemosensitivity of 
AML cells (Hu et al., 2019). These findings suggest that 
MALAT-1 may function as an oncogene in AML. In 
this study, MALAT-1 was up-regulated in AML clinical 
samples and cells. Moreover, knockdown of MALAT-1 
reduced AML cells’ viability, migration, and invasion, 
and induced cells’ apoptosis, which is a key “player” in 
the occurrence and development of AML. Nevertheless, 
the underlying molecular mechanisms remain unclear.

The m6A methylation modification mediates the 0.3–
0.5% adenosine modification in human cell mRNA, and 
the main complexes responsible for the m6A modifica-
tion of mRNAs are METTL3 and METTL14 (Ianniello 
et al., 2019). The study found that METTL14 was over-
expressed in AML, which was consistent with previous 
studies (Vu et al., 2017; Barbieri et al., 2017). Overexpres-
sion of METTL14 promotes the proliferation of AML 
cells, while knockout of METTL14 promotes AML cell 
apoptosis (Weng et al., 2018). Barbieri et al. reveal that 
METLL14 is a crucial gene regulating the survival of 
AML cells (Barbieri et al., 2017). METTL3/METTL14 
methylation complex can promote the development of 
AML and maintain leukemia stem cells (Weng et al., 
2018). These results prove the oncogenic role of MET-
TL14 in AML. In this study, MALAT-1 bound with 
methyltransferase METTL14, which suggests the possi-
bility of m6A modification in AML cells.

ZEB1 is the primary regulator of EMT-related signal 
pathways related to cancer stem cells’ growth, survival, 
and metastasis. For example, up-regulating ZEB1 im-
proves the migration ability of HCC cells (Wang et al., 
2020). ZEB1 is highly expressed in AML patients and 
can be a marker for early diagnosis and prognosis of 
AML (Shousha et al., 2019). However, ZEB1 knockout 
reduces the invasiveness of leukemia stem cells (Stavro-
poulou et al., 2016). However, the reason that ZEB1 was 
overexpressed in AML cells is still unclear. In this study, 
we found that ZEB1 was rich in m6A level in AML 
cells. Additionally, MALAT-1 interacted with METTL14 
to promote m6A modification of ZEB1, which induced 
the up-regulation of ZEB1 in AML cells. Besides, over-
expression of ZEB1 promoted proliferation, migration, 
and invasion, and suppressed the apoptosis of AML 
cells.

In conclusion, MALAT-1 was overexpressed in AML. 
MALAT-1 bound with METTL14 to promote the m6A 
modification of ZEB1, which promoted the prolifera-
tion, migration, and invasion of AML cells. This might 
provide a new effective therapeutic strategy for the treat-
ment of AML.
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Figure 6. Knockdown ZEB1 reversed the effect of MALAT1 on 
AML cells.
(A) After AML cells were transfected with MALAT1 or si-ZEB1 for 
48 h, the expression of ZEB1 was detected by qRT-PCR. (B) MTT 
assay was conducted to determine cell proliferation in HL60, and 
THP-1 cells transfected with MALAT1 or si-ZEB1. (C) After HL60 
and THP-1 cells were transfected with MALAT1 or si-ZEB1 for 48 h, 
cell apoptosis was evaluated by flow cytometry assay. (D–E) After 
HL60 and THP-1 cells were transfected with MALAT1 or si-ZEB1 for 
48 h, Transwell assay was performed to detect the migration and 
invasion. *P<0.05, **P<0.01.
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CD36 is a type 2 cell surface scavenger receptor expressed in various tissues. In

macrophages, CD36 recognizes oxidized low-density lipoprotein (ox-LDL),

which promotes the formation of foam cells, the first step toward an

atherosclerotic arterial lesion. CD36 possesses a variety of posttranslational

modifications, among them N-glycosylation and O-GlcNAc modification.

Some of the roles of these modifications on CD36 are known, such as

N-linked glycosylation, which provides proper folding and trafficking to the

plasma membrane in the human embryonic kidney. This study aimed to

determine whether variations in the availability of UDP-GlcNAc could impact

Rab-5-mediated endocytic trafficking and, therefore, the cellular localization of

CD36. These preliminary results suggest that the availability of the substrate

UDP-GlcNAc, modulated in response to treatment with Thiamet G (TMG),

OSMI-1 (O-GlcNAcylation enzymes modulators) or Azaserine (HBP

modulator), influences the localization of CD36 in J774 macrophages, and

the endocytic trafficking as evidenced by the regulatory protein Rab-5, between

the plasma membrane and the cytoplasm.

KEYWORDS

CD36 localization, O-GlcNAcylation, hexosamine biosynthetic pathway, vesicular
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Introduction

Human CD36 is a class B scavenger receptor localized to the

plasma membrane that is widely expressed in immune cells like

macrophages, monocytes, dendritic cells and subsets of T and

B cells, and non-immune cells, such as platelets, immature

erythrocytes adipocytes, myocytes, specialized epithelial cells,

and microvascular endothelial cells. Its ligands include

endogenously derived ligands such as apoptotic cells,

cholesterol esters, fatty acids, oxidatively modified lipoproteins,

glycated proteins, and amyloid-forming peptides (Luiken et al.,

2016; Chen et al., 2022). Similarly, CD36 is a pattern recognition

receptor for molecular patterns presented by various pathogens on

phagocytic cells, binds, and mediates phagocytosis (Patel et al.,

2004; Baranova et al., 2008; Silverstein and Febbraio, 2009).

The endocytic system of eukaryotic cells embraces a

complex network of membrane compartments, each of

which fulfills a specific set of tasks in cargo sorting,

distribution, and catabolism (Barbero et al., 2002). Rab

GTPases organize the endocytic pathway into a mosaic of

biochemically and functionally distinct membrane domains;

they are involved in vesicle trafficking and endocytic and

exocytic processes (Rink et al., 2005). Rab5 recruits different

effector proteins that oligomerize within a membrane domain

enriched in PI(3)P (Christoforidis et al., 1999). Rab5, Rab4, and

Rab11 occupy distinct membrane domains that are sequentially

traversed by recycling cargo. Cargo destined for degradation is

first internalized into Rab5 domains in early endosomes (Yuan

and Song, 2020) and later appears in Rab7 domains in late

endosomes (Mukhopadhyay et al., 1997).

Short-term (minutes) regulation of cellular fatty acid uptake

rate occurs by reversible intracellular recycling (vesicular traffic)

of CD36 from an endosomal storage compartment to the plasma

membrane. Long-term regulation of cellular fatty acid uptake

occurs via changes in CD36 gene transcription, mediated, among

others, by fatty acid-induced PPAR activation, HIF-1, and

C/EBPα (Glatz and Luiken, 2018). CD36 expression is

regulated at both the transcriptional and posttranslational

levels; the regulation differs between different cell types. Post-

translational modifications (PTMs) modulate partner-to-partner

interactions and are responsible for protein function. A single

PTM or a combination of PTMs modifies the local conformation

of a region or domains of a protein and offers different

interaction surfaces. Therefore, a protein can interact with

many partners, changing its localization, stability, interaction

with other partners, and, ultimately, its activities (Vercoutter-

Edouart et al., 2015). The evidence concerning PTMs of

CD36 suggests that these modifications impact protein

function in a tissue-specific way; for more details, see the

reviews (Shu et al., 2022; J.J; Luiken et al., 2016).

In addition, CD36 is heavily N-linked glycosylated (Mori

et al., 2012), which is the cause for the increase in molecular mass

to 88 kDa. N-glycosylation of membrane and secretory proteins

impacts proper folding and trafficking to the plasma membrane

and enhances their stability (Hoosdally et al., 2009).

N-glycosylation occurs in the endoplasmic reticulum (ER) and

refers to the attachment of the oligosaccharideN-acetylglucosamine

(GlcNAc) to the side chain of Asparagine (Asn) through a β-1N
linkage of a protein molecule—N-glycans impact the structure and

function of some eukaryotic proteins (Reily et al., 2019). The

endoplasmic reticulum and the Golgi apparatus synthesize

glycolipids, glycoproteins, and glycans utilizing UDP-GlcNAc,

which is synthesized through the Hexosamine Biosynthetic

Pathway (HBP).

A small portion of UDP-GlcNAc acts as a versatile substrate

pool for reversible post-translational modifications known as O-

GlcNAc. This process, which occurs in the cytoplasm,

mitochondria, and nucleus, shares common features with

phosphorylation. O-GlcNAcylation and phosphorylation target

serine or threonine residues, leading to a dynamic interplay as

they compete for the same or adjacent sites (Leney et al., 2017).

Furthermore, O-GlcNAcylation engages in intricate crosstalk

with other PTMs, such as acetylation, methylation,

ubiquitination, and proteolysis, offering a myriad of

combinations that give rise to diverse protein isoforms in the

human proteome (Leutert et al., 2021). Moreover, protein

O-GlcNAcylation is very sensitive to the availability of uridine

di-phospho-N-acetylglucosamine, the GlcNAc donor for

O-GlcNAcylation, and a downstream metabolite of glucose;

therefore, O-GlcNAcylation is often referred to as a nutrient

sensor in cells (Hardivillé and Hart, 2014). A single

N-acetylglucosamine group is attached to the serine and

threonine residues of target proteins by O-GlcNAc transferase.

In contrast, the enzyme O-GlcNAcase manages the removal of

this group (Fisi et al., 2017) (Figure 1). OGT interacts with several

intracellular proteins and O-GlcNAcylation to modify proteins

associated with various human diseases such as cancer,

neurodegenerative and cardiovascular diseases (Nie and Yi,

2019). Rescue metabolites such as glucosamine and

N-acetylglucosamine are used to modulate flux through the

hexosamine pathway, and pharmacological agents or anti-

metabolites have been used to alter activity and/or substrate

for research purposes or therapeutic benefit. Since

GFAT1 catalyzes the main step in the de novo synthesis of

HBP, many studies have used inhibitors of this enzyme,

which are mainly glutamine analogs as cytotoxic

antimetabolites of glutamine, Azaserine is used to study

glutamine-dependent metabolic pathways (Van Cura et al.,

2023). OSMI-1 has been identified as a permeable Hogt

inhibitor. OSMI-1 binds to the active site of hOGT and

inhibits the enzyme with an IC50 value of 2.7 µM in vitro (Ju

Kim, 2020). On the other hand, Thiamet G is a stable sugar-based

inhibitor of the OGA enzyme with excellent inhibitory efficacy

(Ki = 21 nM) and good selectivity over human lysosomal β-
hexosaminidase (Liu et al., 2017). The effect of glycosylations on

the CD36 protein is unclear, but our study shows preliminary
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results on the localization of CD36 in response to UDP-GlcNAc

levels, using HBP pathway and O-GlcNAcylation modulators.

Materials and methods

Cell culture

The J774.2 mouse bonemarrow-derived macrophage cell line

was maintained. In RPMI-1640 medium supplemented with 10%

fetal bovine serum (FBS) and 1% antibiotic penicillin-

streptomycin at 37°C in 5% CO2.

Western blot

J774 macrophages were cultured in 6-well plates (9.6 cm2),

at 1.2 × 106 cells to confluence for 1, 8, and 12 h in RPMI

1640 medium supplemented with 1% FBS, in the presence or

absence of 10 µM of TMG (SML0244 Sigma), 50 µM OSMI-1

(SML1621 Sigma) or 0.5 µM Azaserine (A4142 Sigma). The

concentrations of the HBP modulators were taken from the

following references: OSMI-1 (Ortiz-Meoz et al., 2015),

Azaserine (Rajapakse et al., 2009), and TMG (Wani et al.,

2017). Cells were then washed with ice-cold PBS and lysed

with buffer 50 mM Tris–HCl (pH 8), 137 mM NaCl, 10% (v/v)

glycerol, 1% (v/v) Triton, 50 mM NaF, 10 mM disodium β-
glycerophosphate, 1 mM Na3VO4, and protease inhibitor

cocktail tablets (ROCHE) supplemented with 100 µM

PUGNAc (A7229 Sigma) and 4 µM TMG (SML0244 Sigma),

to preserve the O-GlcNAcylation state of the proteins during

the extraction procedure. The quantification of protein content

was determined using the BCA Protein Assay Kit (Thermo

Scientific™ 23225), according to the manufacturer’s

instructions. Forty µg of total protein was resolved by a 10%

reduction SDS-PAGE using Tris-Glycine gels and transferred to

FIGURE 1
The Hexosamine Biosynthetic Pathway (HBP) and O-GlcNAcylation. Fed for glucose and glucosamine, UDP-GlcNAc, the final product of HBP,
which is involved in the synthesis of glycoproteins and proteoglycans, integrates multiple metabolic pathways and has long been considered an
important nutrient signaling pathway, L-glutamine: D-fructose-6-phosphate amidotransferase (GFAT) is the rate-limiting enzyme of HBP, and the
regulation of HBP flux via small-molecule inhibitors of GFAT is limited to the glutamine analogs Azaserine, or OSMI-1 which inhibit the
O-GlcNAc transferase, responsible for using UDP-GlcNAc to modify proteins with O-GlcNAc. TMG inhibits the hexosaminidase O-GlcNAcase,
which removes O-GlcNAc from proteins.
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nitrocellulose membranes (GE Healthcare) at constant amperage

(10 V for 14 h). The transfer efficiency and equal loading were

verified using Ponceau red staining (17435103 Thermo

Scientific). Membranes were first saturated for 60 min with

5% (m/v) nonfat dry milk in Tris-buffered saline (TBS)-

Tween buffer [15 mM Tris·HCl, 140 mM NaCl, and 0.05%

Tween 20 (vol/vol), pH 8.0]. We used mouse monoclonal

anti-O-GlcNAc (RL2, ab2739) at a dilution of 1:1,000, and

rabbit polyclonal anti-β-actin (4,967 Cell Signaling) at a

dilution of 1:1,000 was used as a loading control. After

incubation with appropriate antibodies, the bands were

visualized using enhanced chemiluminescence reagents (ECL

Select, Amersham) and detected with a chemiluminescence

ImageQuant™ 500.

Signal density quantification by ImageJ

All western blots were performed independently in

triplicate. The obtained images were analyzed by ImageJ

software. First, they were converted to 8-bit format, then

each “O-GlcNAc protein profile was individually selected

and circumscribed with the rectangular ROI selection and

“gels” function, followed by quantification of the peak area of

the obtained histograms. For more details on the

configuration of “gel analyzer options,” see supplementary

materials. Data were acquired as arbitrary area values, and the

differences in the expression between groups were normalized

to β-actin. All data are presented as the means ± standard

deviation for all performed repetitions. Statistically significant

differences among three or more groups were analyzed by

one-way analysis of variance, followed by Tukey’s post hoc

analysis. *, **, ***, p < 0.05, p < 0.001, p < 0.0001, respectively,

ns non-significant.

Immunofluorescence

J774 cells were grown on a Chamber Slide System (Thermo

Fisher Scientific) for 12 h in 1% FBS in the absence or presence

of TMG [10 µM], OSMI-1 [50 µM], or Azaserine [0.5 µM].

Cells were washed with Phosphate-buffered saline (PBS),

fixed with 4% cold methanol for 20 min, and then washed

with PBS. Non-specific binding sites were blocked with IgG-

free 2% bovine serum albumin (BSA, Thermo Fisher

Scientific) for 30 min at room temperature. Slides were

washed and incubated with primary antibody (anti-CD36)

diluted 1:200 in PBS with 1% albumin overnight at 4°C in a

humidity chamber. Slides were washed with TBS and

incubated with a second primary antibody (anti-O-

GlcNAc) diluted 1:100, and Rab-5 (E6N8S Cell Signaling)

diluted 1:100, for 90 min in a dark humidity chamber. Then,

the chambers were washed with PBS 3 times for 5 min. We

incubated the secondary antibodies (Alexa 488-conjugated

anti-mouse and Alexa 594-conjugated anti-rabbit) diluted 1:

100 at room temperature for 60 min in a dark humidity

chamber. Slides were washed, stained, and sealed with

Fluoroshield with DAPI-mounting medium (Sigma-

Aldrich) and coverslipped. Images were obtained with a

Cytation 5 imaging reader.

Signal fluorescence quantification
by ImageJ

First, images were converted to 16 bits and freehand selected

to draw on the circumference of the cells; 10 cells were randomly

selected per image in 4 independent experiments. The “measure”

function was used to obtain an average fluorescence intensity.

Statistically significant differences between groups were analyzed

by one-way analysis of variance, followed by Tukey’s post hoc

analysis. *, **, ***, p < 0.05, p < 0.001, p < 0.0001, respectively, ns

non-significant.

Signal fluorescence colocalization
by ImageJ

Images were converted to 8-bit and analyzed with the

JACoP plug-in of the ImageJ software (2006.02.01). The

JACoP colocalization plug-in primarily uses statistics to

assess the relationship between fluorescence intensities

(Bolte and Cordelières, 2006), using Pearson correlation

coefficients that measure the strength of the linear

relationship between two variables, the gray values of

fluorescence intensity pixels of green and red image pairs,

this is mostly done using correlation coefficients that measure

the strength of the linear relationship between two variables, in

this case the gray values of fluorescence intensity pixels of

green and red image pairs. Subsequently, statistically

significant differences between groups were analyzed by

one-way analysis of variance, followed by Tukey’s post hoc

analysis. *, **, ***, p < 0.05, p < 0.001, p < 0.0001, respectively,

ns non-significant.

Results

O-GlcNAcylation protein levels respond
according to the time treatment with
modulators

To analyze the effect of TMG, OSMI-1, and Azaserine on the

levels of O-GlcNAcylated proteins, we treated J774 macrophages

in the presence of 10 µM TMG as the optimal dose, 50 µM

OSMI-1, or 0.5 µm Azaserine, the signal detected in the blot was
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measured by densitometry (Figure 2A), shows O-GlcNAc profile

proteins in response to treatments; we noticed that when

J774 cells were treated with TMG at 8 and 12 h, they had a

tendency to exhibit more O-GlcNAcylation compared to the

control. OSMI-1 and Azaserine did not show variations between

treatment times, otherwise a better response was observed at 12 h

of TMG treatment; after these results, we decided to perform the

next experiments at 12 h.

CD36 protein colocalization with
O-GlcNAc and Rab-5

To explore the effects of TMG, OSMI-1, and Azaserine

treatment on the cellular distribution of CD36, J774 cells were

examined using immunofluorescence, and we evaluated the

colocalization using Pearson correlation with the JACoP plug-

in of the ImageJ software. In control cells, CD36 and Rab-5 show

a large distribution in intracellular compartments. The increase

in UDP-GlcNAc availability under TMG treatment shows a wide

distribution to intracellular compartments and areas with

increased staining of CD36, which colocalizes with Rab-5,

located near the plasma membrane (yellow arrows).

Treatment with the OSMI-1 and Azaserine generated a

redistribution of CD36 from the cytoplasm to the surface

(white arrows). CD36 and Rab-5 colocalization showed a

significant decrease in Pearson correlation after treatment

with OSMI-1 and Azaserine (p < 0.05) (see supplementary

materials). These results suggest that CD36 trafficking is

sensitive to the environmental status of UDP-GlcNAc.

Discussion

To evaluate the effect of modulators TMG, OSMI-1, and

Azaserine on O-GlcNAc protein levels, we treated J774

macrophages. The effects of increased/decreased O-

GlcNAcylation levels, depending on the treatment with the

aforementioned modulators, were evaluated using an anti-O-

GlcNAc antibody (Rl2). The treatment with OSMI-1 and

Azaserine demonstrated a non-significant reduction of O-

GlcNAcylated proteins, because their formation depends on

the availability of UDP-GlcNAc as a substrate (Rajapakse

et al., 2009; Olivier-Van Stichelen et al., 2012; Chiaradonna

et al., 2018).

An increase in global O-GlcNAcylation levels was

observed when J774 cells were treated with TMG, for 8 and

12 h (Figure 2). Immunofluorescence staining showed

significant changes in the mean fluorescence intensity of O-

GlcNAcylation after Azaserine treatment (p < 0.0001), and we

observed a tendency to decrease O-GlcNAcylation after

treatment with OSMI-1. We significantly increased O-

GlcNAcylation levels by applying TMG treatment (p <
0.0001) (Figures 3A, B). These results confirm the function

of the modulators. CD36 and O-GlcNAc showed high

correlation rates with the control, and we detected no

changes between the treatments compared to the

control (Figure 3C).

Subsequently, we evaluated whether the availability of UDP-

GlcNAc could impact the localization of CD36. We assessed the

localization of CD36 by immunofluorescence; J774 macrophages

were treated with TMG, OSMI-1, and Azaserine for 12 h. Under

FIGURE 2
Western Blots of the profile of O-GlcNAcylated proteins in J774macrophages. (A)O-GlcNAc profile in cells without stimulation (control), in the
presence or absence of TMG (10 µM), OSMI-1 (50 µM), or Azaserine (0.5 µM), during 1, 8 and 12 h. We incubated Western Blots with anti-O-GlcNAc
and anti-actin (as a loading control). (B) The effect of TMG, OSMI-1, and Azaserine treatment on O-GlcNAc/actin protein expression is observed.
Graphs represent the means ±3 independent experiments. Statistical analysis was performed using a one-way analysis of variance followed by
Tukey’s post hoc test. *, **, ***, p < 0.05, p < 0.001, p < 0.0001, respectively, ns non-significant.
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basal conditions, a wide and even distribution of CD36 was

observed, both in the cytoplasm and in the plasma membrane.

Proteins bound to the Rab-5 antibody were observed

predominantly close to the plasma membrane (yellow arrows)

and still present in the cytoplasm, probably in intracellular

vesicles. When macrophages were treated with TMG,

CD36 was observed to be increased in specific areas close to

the plasma membrane (blue arrows), although we obtained non-

FIGURE 3
CD36 protein colocalization with O-GlcNAc and Rab-5. Macrophages were cultured with RPMI medium either in the presence or absence of
TMG, OSMI-1, or Azaserine for 12 h and processed for immunofluorescence, as described in the materials and methods section. (A) Representative
images of immunofluorescence staining for O-GlcNAc (green), CD36 (red), andmergedwith cell nuclei (blue). (B)Histograms represent themeans ±
SE from four independent experiments of mean fluorescence intensity of O-GlcNAcylation levels (green), with different treatments of TMG,
OSMI-1, and Azaserine for 12 h. (C) The graph represents the means ± SE from four independent experiments to measure the Pearson correlation of
CD36 andO-GlcNAc colocalization, using the JACoP plug-in of the ImageJ software. (D)Representative images of immunofluorescence staining for
cell nuclei (blue), Rab-5 (green), and CD36 (red), mergedwith DAPI and Rab-5/CD36. (E) Bar graphs represent themeans ± SE from four independent
experiments of Pearson correlation of Rab-5/CD36 colocalization using the JACoP plug-in in ImageJ. * Significant as compared with untreated
controls (p < 0.05), using ANOVA followed by Tukey’s post hoc test, *, **, ***, p < 0.05, p < 0.001, p < 0.0001, respectively, ns; non-.significant.
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significant changes compared to control, in colocalization results.

On the other hand, after OSMI-1 treatment, CD36 and Rab-5

tended to redistribute close to the plasma membrane (white and

green arrows, respectively). Treatment with Azaserine also

redistributed CD36 (red arrows) and Rab-5 (purple arrows) to

the plasma membrane (Figure 3D). The colocalization between

CD36 and Rab-5 showed a significant decrease with OSMI-1 and

Azaserine treatment (Figure 3E).

One study suggested that the N-glycosylations present in

CD36 are responsible for the increase of CD36 to the membrane

and the β-oxidation of oleate in rat hearts after treatment with

N-acetylglucosamine (feeder of the hexosamine pathway),

which would therefore increase the levels of UDP-GlcNAc

favoring the levels of N-glycosylation (Lauzier et al., 2011).

Alternatively, another modification involved in the recruitment

of CD36 to the plasma membrane may be O-GlcNAc, as

demonstrated by Laczy, when perfusing mouse hearts with

N-acetylglucosamine, where the binding of CD36 to OGT

was increased, improving fatty acid absorption (Laczy et al.,

2011). Our results suggest that the O-GlcNAc modification may

play a role in the recruitment of CD36 to the macrophage

membrane following treatment with TMG. TMG inhibits the

OGA enzyme, thereby increasing O-GlcNAcylation levels.

After this treatment, CD36 is predominantly found near the

plasma membrane predominantly, after this treatment.

There is evidence that both N-glycosylation and O-GlcNAc

modification can contribute to the regulation of membrane

trafficking. These modifications depend on the concentration

of UDP-GlcNAc, generated by the HBP, through the

intervention of several metabolites, such as glucose, glutamine,

ATP, and Acetyl-CoA, depending on the environmental

conditions, which are increasingly considered central

regulators that affect cellular physiology (Bond and Hanover,

2015). The control of membrane trafficking can result from the

direct modification of the receptor with O-GlcNAc or through

the O-GlcNAcylation of other proteins that regulate endocytic

trafficking processes, for example, modifying coat proteins

involved in membrane fusion and fission (Guo et al., 2014),

or proteins involved in clathrin-mediated endocytosis (Guo et al.,

2014; Rahmani et al., 2019).

The decrease in colocalization suggests a redistribution of

CD36 close to the plasmamembrane after OSMI-1 and Azaserine

treatment. This evidence also suggests that CD36 localization

may be influenced by the nutrient availability of the cell, which

determines the level of UDP-GlcNAc through the flux of the

HBP. As mentioned, there are many examples that demonstrate

the regulation of membrane trafficking through post-

translational modifications; however, much remains to be

discovered about the details of these mechanisms. One study

that evaluated the impact of O-GlcNAc levels on cellular

metabolism and energy homeostasis involved AMPK, a

heterotrimeric complex signaling protein with many targets

that regulate a wide range of cellular processes. AMPK

upregulates catabolism, inactivates anabolism, and modulates

endocytic traffic (Li and Chen, 2019). AMPK phosphorylation

increases and ameliorates autophagic flux after inhibiting

O-GlcNAcylation. Jin L et al. suggest that O-GlcNAcylation

behaves like a regulator of AMPK activity (Jin et al., 2020).

Pathogen recognition, antigen presentation, and macrophage

homeostasis are mediated by various receptors, including

mannose and scavenger receptors. It has been reported that

these receptors co-localize with Rab5 (Mukherjee et al., 2002),

and IL-4/PGE2 stimulation significantly increases the expression

of the mannose receptor, Rab5, and the Rab5 GEF Rin in mouse

bone marrow-derived macrophages (Wainszelbaum et al., 2006).

The recycling of CD36 from endosomes to the plasmamembrane

and vice versa is regulated by different families of proteins,

adapter proteins (Scales et al., 1999), and Rab-GTPases, which

regulate the binding of coat proteins to CD36-enriched areas,

leading to the generation of a vesicle that moves through the

filaments of the cytoskeleton to its target membrane (Glatz and

Luiken, 2018). The Ras superfamily of GTPases is extensively

modified by posttranslational modifications like prenylation,

phosphorylation, and ubiquitination (Shinde and Maddika,

2018), which facilitate their membrane attachment and

determine their subcellular localization and function;

phosphorylation could trap the GDP-bound Rab either in the

cytosol or at the membrane (Konstantinopoulos et al., 2007). In

Hep3B cells, hyper O-GlcNAc modification regulates Rab3A,

which attenuates the tumor suppressor effect of Rab3A on

hepatocellular carcinoma (HCC) metastasis (Wu et al., 2018).

Rab11, another traffic membrane regulator, is also modified by

O-GlcNAc (Zhong et al., 2015). The evidence above suggests that

glycosylations influence vesicular traffic by directly modifying

membrane receptors like CD36 and impacting proteins involved

in vesicular traffic, like Rab proteins.

The structure and function of receptors and vesicular

trafficking regulatory proteins are mediated by modifications

such as glycosylation, that are sensitive to metabolic conditions

and impact different physiological contexts, health, and disease.

The complexity of glycosylation on CD36 needs to be supported

by further research. The structural variation presented by

N-glycans is regulated by the modulation in the expression

profile and activity of glycosyltransferases and glycosidases,

leading to specific N-glycosylation structures in each cell type

(Croset et al., 2012; Butler and Spearman, 2014). Direct

glycosylation or phosphorylation of glycosyltransferases

promotes their activity (Agrawal et al., 2014). Furthermore,

glycosyltransferases and glycosidases and/or the availability of

their specific substrates also modulate the glycosylation profile

(Paneque et al., 2023). Then, the modulation of N-glycosylation

is regulated at the transcriptional and post-translational levels

and by the availability of substrates, revealing the complexity of

regulating N-glycosylation (Esmail and Manolson, 2021).

Nutrient availability regulates cellular O-GlcNAcylation levels

by determining the amount of UDP-GlcNAc and modulating the
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levels of OGT, OGA, and their respective adapter proteins and

substrates. Similarly, the activity of the OGT enzyme is regulated by

the nutritional conditions of the cell. In response to systemic

changes in the metabolic state (through hormonal signals) (Yang

and Qian, 2017), specific adapter proteins intervene to

O-GlcNAcylate a specific substrate, leading to the activation of

key cellular pathways, such as suppression of anabolism, stimulation

of gluconeogenesis and ketogenesis, and activation of thermogenesis

(Yang and Qian, 2017). This study modified the availability of a

single substrate, UDP-GlcNAc, a variable within a complex network

that regulates glycosylations. Further investigation using

CD36 mutants at specific glycosylation sites may provide more

compelling results for understanding its biological effects in folding,

maturation, trafficking, secretion, and function.

These results are intended to set a pattern to continue

discovering the impact of glycosylations on macrophage

functions related to CD36. There are some questions to be

addressed, such as whether aberrant modification of these

glycosylations could uniquely influence localization, similarly

influence inflammatory functions and lipid uptake, or disrupt

the physiological conditions of macrophages. Our results

suggest that UDP-GlcNAc is available for influx into CD36 and

Rab-5 redistribution between the cytoplasm and cell surface.

Limitations of the study

1. Dependence on Specific Modulators: The conclusions of this

study rely heavily on the effects of specific chemical modulators

(Thiamet G, OSMI-1, and Azaserine) on the HBP. The

observed responses may be specific to these compounds and

may not fully represent the natural physiological regulation of

O-GlcNAcylation. Hence, gene manipulations of OGT, OGA,

GFAT, and CD36, will be required in addition to the use of

agonists/antagonists of CD36.

2. In vitro Model: While the J774 macrophage cell line is a

valuable tool, it limits the applicability of the findings to in

vivo systems, where the cellular environment and interactions

are more complex. The results obtained in vitro may not fully

translate to in vivo contexts due to differences in the cellular

microenvironment and systemic factors, underscoring the

need for further research in this area.

3. Single Time-Point Analysis: Although necessary, the study’s

focus on specific time points (e.g., 12 h post-treatment) to

assess the effects of modulation on protein O-GlcNAcylation

and localization may miss transient changes and dynamic

processes at other time intervals. A more comprehensive

time-point analysis could provide a more nuanced

understanding of these processes.

4. Limitations of Quantitative Analysis: The methods used to

quantify O-GlcNAcylation levels and protein localization,

such as densitometry of Western blots and fluorescence

intensity measurements in immunofluorescence, have

inherent limitations in precision and reproducibility. These

methods are heavily dependent on the linearity and sensitivity

of the detection systems and may not accurately reflect subtle

changes in O-GlcNAcylation or protein distribution. Other

loading controls, such as β-tubulin or clathrin, may be

considered in future studies.

5. Lack of Direct Evidence for Mechanistic Pathways: While the

study discusses the potential mechanisms by which

O-GlcNAcylation affects protein function and localization,

it needs more direct experimental evidence linking specific

O-GlcNAcylation changes to observed functional outcomes.

Molecular studies or genetic interventions that directly alter

O-GlcNAcylation sites on CD36 may provide more

conclusive evidence of causality.

6. Generalizability of Findings: The findings are derived from a

single type of immune cell (macrophages) and may not be

generalizable to other cell types involved in the immune

response, such as T cells, B cells, or dendritic cells, which

may have different O-GlcNAcylation dynamics and

functional responses.
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Human chemokine receptor 8 (CCR8) is a promising drug target for

immunotherapy of cancer and autoimmune diseases. Monoclonal antibody-

based CCR8 targeted treatment shows significant inhibition in tumor growth.

The inhibition of CCR8 results in the improvement of antitumor immunity and

patient survival rates by regulating tumor-resident regulatory T cells. Recently

monoclonal antibody drug development targeting CCR8 has become a

research hotspot, which also promotes the advancement of antibody

evaluation methods. Therefore, we constructed a novel engineered

customized cell line HEK293-cAMP-biosensor-CCR8 combined with

CCR8 and a cAMP-biosensor reporter. It can be used for the detection of

anti-CCR8 antibody functions like specificity and biological activity, in addition

to the detection of antibody-dependent cell-mediated cytotoxicity and

antibody-dependent-cellular-phagocytosis. We obtained a new CCR8 mAb

22H9 and successfully verified its biological activities with HEK293-cAMP-

biosensor-CCR8. Our reporter cell line has high sensitivity and specificity,

and also offers a rapid kinetic detection platform for evaluating anti-CCR8

antibody functions.

KEYWORDS

monoclonal antibody, CCR8, engineered cell line, functional evaluation, HEK293-
cAMP-biosensor-CCR8

Introduction

Chemokine (C-C motif) receptor 8 (CCR8) is a chemokine receptor principally

expressed on regulatory T cells (Treg) (Miller et al., 1990; Vila-Caballer et al., 2019).

CCR8 is preferentially expressed in lymphoid organs and participates in the recruitment

of Tregs and Th2 cells to inflammatory and tumor sites (Miller et al., 1990; Zingoni et al.,

1998; Gombert et al., 2005). CCR8 is a promising drug target for immunotherapy of

cancer and autoimmune diseases. Compared to normal tissues, CCR8 is upregulated in

rectal cancer, melanoma, gastric cancer, metastatic brain cancer, and metastatic liver

cancer, especially in Tregs cells of breast cancer (Agarwal et al., 2013; Cao et al., 2016; Saito
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et al., 2017; Hughes and Nibbs, 2018; Kuehnemuth et al., 2018; Li

et al., 2018; Wiedemann et al., 2019). More than 30% of Tregs are

activated in the presence of CCL1(Chemokine (C-Cmotif) ligand

1) in human peripheral blood cells causing the expression of

CCR8 upregulation (Yeh et al., 2015; Barsheshet et al., 2017; Xu

et al., 2017). In recent years, monoclonal antibodies have been

successfully developed as targeted therapies for various

inflammatory diseases and cancers (Weiner et al., 2010; Scott

et al., 2012; Grilo and Mantalaris, 2019). Tregs with CCR8

were found to be sensitive to the effects of monoclonal

antibodies (mAbs), which may have a significant impact

on the immune response (García-Domínguez et al., 2021).

Many CCR8 monoclonal antibodies have been produced by

hybridomas to explore their biological function and cancer

immunotherapy (Villarreal et al., 2018).

Various assays were performed to evaluate the properties of

the antibody. The biological activities could be measured by

Enzyme-linked immunosorbent assay (ELISA) (Suárez

et al., 2016).

The biological functions of mAbs could be measured by

ELISA (Xiao and Isaacs, 2012; Waritani et al., 2017). Western

blot is a widely used analytical technique in molecular biology

and immunogenetics that detects specific proteins or antibodies,

which was used to detect the biological function, thermal

stability, and purity of antibodies (Mahmood and Yang, 2012;

Ma et al., 2019).

However, these approaches are time- and solvent-consuming

and often involve several complicated procedures. BIAcore could

be utilized to indicate the retention of antigen binding and

specificity, but it requires costly instrumentation and

specialized reagents (Hutchinson, 1995). In this study, we

developed a novel CCR8 response engineered cell to achieve

rapid dynamic detection of antibody specificity and biological

activity. First, we constructed a cAMP signaling pathway

regulated by G protein-coupled receptors in HEK293 cells by

lentiviral infection. The anti-CCR8 antibodies regulate the level

of intracellular cAMP after binding to cell surface receptors,

which characterizes the specificity and biological activity of anti-

CCR8 antibodies. Compared with ELISA and complex flow

cytometers, the operation of the experiment becomes more

convenient with the CCR8 response engineered cell sensing

system. Our detection platform can be completed in 6 h and

dynamically evaluates intracellular cAMP levels. Our reporter

cell line has high sensitivity and specificity and also offers a rapid

kinetic detection platform for evaluating antibody functions.

Materials and methods

All of the oligonucleotides used in this work were synthesized

by Genewiz. (Suzhou, China). Forskolin was obtained from

MedChemExpress (Shanghai, China). jetPRIME was from

Polyplus (Franch) and CCL1 was purchased from R&D

Systems (Minnesota, United States). SP2/0 and HEK293T

were purchased from Procell (Hubei, China). The engineered

cell lines, Jurkat-NFAT-Luc2-CD16a-V158, Jurkat-NFAT-Luc2-

CD32a-V158, BXPC-3-CCR8, CHO-K1-cyno-CCR8, CHO-K1-

CCR8 and HEK293T-CCR8 used in this work were constructed

in our previous research.

Construction of the HEK293-cAMP-
biosensor-CCR8

The DNA coding sequences for CCR8 and cAMP biosensors

were cloned into the vector pLVX to generate the pLVX-IRES-

hyg-cAMP-22F and pLVX-EF1a-IRES-puro-CCR8 vectors.

Lentiviral particles were produced in HEK293T cells by

transient co-transfection with the helper plasmids

PSPAX2 and PMD2G using jetPRIME. HEK293T was

cultured in RPMI1640 supplemented with 10% fetal bovine

serum and incubated at 37°C in a humidified atmosphere of

5% CO2/95% air for 48 h. The virus was collected and

concentrated after 12 h and resuspended in a medium to

obtain the lentiviral particles. The method of lentiviral

infection was used to gradually integrate the foreign genes

cAMP-biosensor and CCR8 into the target cell HEK293T.

HEK293T-cAMP-biosensor-CCR8 was cultured in

RPMI1640 medium supplemented with 9 μg/mL Puromycin,

100 μg/mL Hygromycin B and 10% fetal bovine serum and

incubated at 37°C in a humidified atmosphere of 5% CO2/

95% air. After antibiotic killing, gene overexpression

efficiencies were verified by Glosensor cAMP and flow cytometer.

Validation of the HEK293-cAMP-
biosensor-CCR8

Cells were collected after digestion with 0.25% trypsin-EDTA

and seeded at a density of 20,000 cells per well in a 96-well

opaque assay plate. These cells were cultured in a CO2-

independent medium supplemented with Glosensor cAMP

Reagent and 10% fetal bovine serum and incubated at 37°C in

a humidified atmosphere of 5% CO2/95% air for 2 h. 0.1 mL of

CCL1 (1 ng/mL) was added to the assay plate and incubated in

dark conditions for 0.5 h. After adding 0.01 mL of Forskolin

(1 μM), luminescence signals were measured using the BMG

CLARIO star.

Flow cytometry (FACS)

Homogenous cells of HEK293-cAMP-Biosensor-CCR8

were collected after digestion with 0.25% trypsin-EDTA and

seeded at a density of 20,000 cells per well in a 96-well assay

plate. PE Anti-human CD198 antibody was added at 1 μg/mL
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and the cells were incubated at 4°C in dark conditions for 1 h

with Anti-human-CD198 (CCR8). After cleaning with PBS, data

were acquired with a flow cytometer (Luminex Corporation, Inc.)

and analyzed using FlowJo.

Antibody validation by enzyme-linked
immunosorbent assay (ELISA)

BXPC-3-CCR8 cells were collected after digestion with 0.25%

trypsin-EDTA and seeded at a density of 20,000 cells per well in a

96-well assay plate. After the cells were fixed and washed with

PBS, the 22H9 antibody was added at a 10-fold dilution of 20 μg/

mL as the starting concentration. Mouse serum (971) was used as

a positive control, and the unrelated antibody IgG isotype was

used as a negative control. HRP-conjugated anti-mouse IgG was

incubated as a secondary antibody. ELISA signals were measured

using the TMB Substrate Reagent Set (BD Bioscience, San Diego,

United States).

Antibody-dependent cell-mediated
cytotoxicity (ADCC) and antibody-
dependent-cellular-phagocytosis
(ADCP) assays

Cells were collected after digestion with 0.25% trypsin-

EDTA and seeded at a density of 10,000 cells per well in

a 96-well opaque assay plate and then co-cultured

with Jurkat-NFAT-Luc2-CD16a V158 and Jurkat-NFAT-

Luc2-CD32a V158. 22H9 was added at a maximum

concentration of 10 μg/mL at a 10x dilution and incubated

for 6 h, followed by the addition of 50 μL luciferase substrate;

luminescence signals were measured using the BMG

CLARIO star.

Results and discussion

As shown in Figure 1, the DNA coding sequences for

CCR8 and the cAMP biosensor were cloned into the pLVX

vector. Lentiviral particles were produced in HEK-293T cells

by transient co-transfection with the helper plasmids

PSPAX2 and PMD2G using jetPRIME. Lentiviral infection

was employed to gradually integrate the foreign genes

encoding the cAMP biosensor and CCR8 into the target

HEK293 cells. CCR8 is currently recognized as the sole

receptor for CCL1 (Korbecki et al., 2020). Upon binding

and activation of CCR8 by CCL1, intracellular Gαi proteins
are recruited. These Gαi proteins inhibit the activation of

adenylate cyclase (AC), leading to a decrease in intracellular

cAMP levels (Wang et al., 2020). Antibodies that specifically

bind to CCR8 can hinder the activation of CCR8 by CCL1,

resulting in an increase in intracellular cAMP concentrations.

Intracellular cAMP concentrations can serve as an indicator of

antibody bioactivity.

Forskolin, a potent activator of AC, is known to increase the

production of intracellular cAMP (Alasbahi and Melzig, 2012;

Sapio et al., 2017). First, the cAMP biosensor vector was

transfected into HEK-293 cells. To confirm the successful

construction of the HEK293-cAMP-biosensor cell line,

Forskolin was utilized to stimulate intracellular cAMP

production, and its concentration was measured using the

Glosensor cAMP reagent. As the concentration of Forskolin

FIGURE 1
Illustration of the engineering customized cell line HEK293-cAMP-biosensor-CCR8.
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increased, intracellular cAMP levels also increased, indicating the

successful establishment of the HEK293-cAMP-biosensor cell line

(Figure 2A). Single-cell clones were generated for the HEK293-

cAMP-biosensor-CCR8 cells. The expression of CCR8 in the target

cells was verified by flow cytometry analysis (Supplementary

Figure S2). Based on the results of flow cytometry and

functional assays, the homogeneous cell clone 1B1 was selected

for further experiments. Flow cytometry analysis showed a single

peak, indicating specific binding of the CCR8 monoclonal

antibody to cell surface CCR8 expression (Figure 2B). A 30-

min kinetic assay was performed to examine the cAMP

signaling pathways in the cells (Figure 2C; Supplementary

Figure S1A), and the data from the 10-minute time point were

chosen for analysis (Figure 2D). With increasing concentrations of

Forskolin, the intracellular cAMP levels exhibited a corresponding

increase. These results suggested the successful construction of the

HEK293-cAMP-biosensor-CCR8 reporter cell line. Furthermore,

based on the findings in Figures 2A, D, forskolin concentration of

1 μM was selected for the subsequent experiments. CCL1 was

added at a concentration of 200 ng/mL, at a 10x dilution with nine

test concentrations. After incubation in the dark for 0.5 h, kinetic

detection was performed using 1 μM Forskolin (Figures 2E, F;

Supplementary Figure S1B). This established a kinetic detection

platform capable of measuring intracellular cAMP levels.

A total of 10 female Balb/c mice, aged 6–8 weeks, were

immunized by injecting CCR8 mRNA (10 μg/mouse) into the

inner thigh muscle of the hind leg. Antibody titers in the blood

were assessed by tail cutting (Supplementary Figure S3). Splenocytes

were then electrofused with SP2/0 cells to generate a hybridoma cell

line. Flow cytometry and enzyme-linked immunosorbent assay

(ELISA) were employed to evaluate the binding activity of the

monoclonal hybridoma cell supernatant (Supplementary Figures

S4, S5). The optimal antibody, 22H9, was selected for further

experiments.

The functionality of the new anti-CCR8 antibody, 22H9, was

assessed using the HEK293-cAMP-biosensor-CCR8 reporter cell

line. In this system, varying concentrations of 22H9, CCL1, and

Forskolin were co-incubated to observe the kinetics (Figure 3A;

Supplementary Figure S1C). The results indicated that the

HEK293-cAMP-biosensor-CCR8 reporter system exhibited

remarkable sensitivity, even at low antibody concentrations. As

the antibody concentration increased, the inhibitory effect of

CCL1 on the cAMP signaling pathway decreased, leading to an

increase in the induction factor (Figure 3B).We hypothesized that

FIGURE 2
Construction of a model for kinetic detection of the HEK293-cAMP-biosensor-CCR8 reporter cell line. (A) Activation of forskolin on the
HEK293-cAMP-Biosensor. The intracellular cAMP levels display a dose-dependent increase as the concentration of Forskolin also increases. The Y-
axis “Fold” represents the multiple of the dosing group versus the blank group. (B) Flow cytometry measurements of CCR8 mAb binding on the
homogeneous cell clone HEK293-cAMP-Biosensor-CCR8 1B1 reporter cell line. (C,D) Kinetics of the HEK293-cAMP-Biosensor-CCR8 reporter
cell line upon treatment with different concentrations of Forskolin. The cAMP signal value progressively increases as the concentration of Forskolin
also increases. (E,F) Kinetics of intracellular cAMP levels in the HEK293-cAMP-Biosensor-CCR8 reporter cell line treated with different
concentrations of CCL1 and Forskolin (1 μM). The cAMP signal value gradually decreases as the concentration of CCL1 increases.
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this antibody binds to the CCR8 receptor on the cell surface and

effectively blocks the activation of the chemokine CCL1. To

evaluate the ADCC and ADCP activity of 22H9, we utilized

the Jurkat-NFAT-Luc2-CD16a-V158 and Jurkat-NFAT-Luc2-

CD32a-V158 reporter cell lines, respectively. As depicted in

Figures 3C, D, the anti-CCR8 antibody 22H9 bound to its

target on the surface of the HEK293-cAMP-biosensor-

CCR8 cells, thereby activating ADCC and ADCP. The

luminescence intensity increased with higher antibody

concentrations, allowing the detection of the biological activity

of 22H9. Our engineered cell line proves useful for evaluating

antibody activity.

Typically, antibody binding activity is assessed using flow

cytometry or ELISA. In the case of the new anti-CCR8

FIGURE 3
Report cell line evaluation of antibody activity. (A) Kinetics of antibodies blocking the binding of CCL1. As the concentration of the antibody
increases, the cAMP signal value exhibits a corresponding increase. (B) Fold response of the antibody blocking the binding of CCL1. (C) Antibody-
dependent cell-mediated cytotoxicity activity against HEK293-cAMP-Biosensor-CCR8. (D) Antibody-dependent-cell-phagocytosis activity against
HEK293-cAMP-Biosensor-CCR8.

FIGURE 4
Demonstration of the specificity and biological activity of the 22H9 antibody. (A) Binding of the 22H9 antibody to HEK293T-CCR8 by flow
cytometry. (B) Binding of the 22H9 antibody to HEK293T-CCR8 by ELISA. (C) Antibody blocking the binding of CCL1 to HEK293-cAMP-
Biosensor-CCR8.
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antibody 22H9, its binding capacity was characterized by

measuring fluorescence values. The EC50 values, as

determined by flow cytometry (Figure 4A) and ELISA

(Figure 4B), were 0.0218 μg/mL and 0.236 μg/mL,

respectively. However, these methods are time-consuming,

require the use of solvents, and involve several complicated

steps. Alternatively, the binding activity of antibodies can be

evaluated using the HEK293-cAMP-biosensor-CCR8 reporter

system. In this system, 22H9 binds to CCR8, blocking the

binding activity of CCL1. Upon the addition of forskolin,

luminescence increases. Different concentrations of the

antibody elicit different responses, with an EC50 value of

0.0332 μg/mL (Figure 4C). Compared to traditional methods

using an inherent Luciferase reporter gene system, the reporter

cell system developed in this study exhibits high sensitivity and can

effectively characterize the specificity of anti-CCR8 antibodies.

Conclusion

In summary, we have successfully constructed a reporter cell

line that regulates the cAMP signaling pathway through the

CCR8 protein receptor. The anti-CCR8 antibody can specifically

bind to the cell surface G protein-coupled receptor CCR8 to

block the binding of the chemokine CCL1 to CCR8. The

specificity and biological activity of antibodies are

demonstrated by intracellular cAMP levels. In this study, we

constructed reporter cell lines to provide a rapid dynamic

detection platform for the specificity and biological activity of

CCR8 antibodies.
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Effects of Baimuxinol on the inflammation and oxidative 
stress of LPS-induced RAW264.7 macrophages via regulating 
the NF-κB/IκBα and Nrf2/ARE signaling pathway
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Baimuxinol (BAI) is a sesquiterpenoid compound isolated 
from agarwood. This study aimed to investigate the spe-
cific mechanism of BAI on the inflammation as well as 
oxidative stress of RAW264.7 cells induced by lipopoly-
saccharide (LPS). The proliferation and cell viability were 
detected with EdU and MTT assay. The levels of inflam-
matory factors and antioxidant-related indexes were 
determined with corresponding kits. The qRT-PCR and 
western blot assays were performed to detect the ex-
pression of the related genes. We found that compared 
with the control group, cell viability and proliferation 
of the RAW264.7 cells was increased in the LPS group, 
while it was decreased in the BAI groups. In addition, in 
the LPS group, the contents of TNF-α, IL-1β, IL-6, ROS, 
MDA, PC and 8-OHdG were increased, the activities of 
T-SOD and CAT were decreased in comparison with the 
control group. It was reversed after BAI treatment. Fi-
nally, we confirmed that the NF-κB/IκBα signaling path-
way is inhibited and the Nrf2/ARE signaling pathway is 
activated after BAI treatment. BAI relieved inflammation 
and oxidative stress of RAW264.7 macrophages induced 
by LPS through regulating the NF-κB/IκBα and Nrf2/ARE 
signaling pathway, which provided a novel insight for 
the therapy of sepsis.

Keywords: Baimuxinol, oxidative stress, lipopolysaccharide, prolif-
eration,  viability
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INTRODUCTION

Sepsis is a systemic inflammatory response syndrome, 
which refers to organ dysfunction caused by host re-
sponse disorder. It is a serious life-threatening disease, 
not only has a high incidence rate and mortality but also 
takes up a lot of medical resources (Arefian et al., 2017). 
In 2016, the global medical community redefined sepsis, 
pointing out that sepsis is a fatal organ dysfunction due 
to the infection (Singer et al., 2016). At present, despite 
the advances in antibiotic therapy (Alhashem et al., 2017), 
mechanical therapy (Zampieri et al., 2017), maintaining 
blood glucose balance (Dellinger et al., 2008) and other 

treatment methods, severe sepsis is still the main cause 
of death. In addition, in the process of an inflammatory 
response, macrophages recognize pathogen/injury-relat-
ed molecular patterns such as lipopolysaccharide (LPS) 
through toll-like receptor 4 (TLR4) and other pattern 
recognition receptors expressed on their cell membrane 
and then activate downstream signaling pathways, such 
as NF-κb and MAPKs (Lancaster et al., 2018). Many 
studies have confirmed that NF-κB is closely related to 
inflammation (McDaniel et al., 2016; Zaidi et al., 2018). 
The p65/p50 NF-κB usually binds to IκBα and exists in 
the cytoplasm (McDaniel et al., 2016). In response to an 
inflammatory reaction, IκBα will be phosphorylated and 
isolated from the NF-κB subunit. Free NF-κB trans-
ported to the nucleus and acted as a transcription factor, 
eventually leads to the secretion of inflammatory factors 
such as IL-6, IL-1β and TNF-α (Liang et al., 2018).

Additionally, there is the interaction between inflam-
matory response and oxidative stress, the role of oxi-
dative stress in uncontrolled inflammatory diseases has 
been gradually concerned (Tian et al., 2017). Oxidative 
stress refers to the imbalance of the redox system in the 
body under the attack of harmful stimulating factors. 
Excessive reactive oxygen species (ROS) destroy the an-
tioxidant function and lead to the inflammatory response 
(Newsholme et al., 2018; Forrester et al., 2018). Studies 
have found that Nrf2/ARE signaling pathway is close-
ly related to oxidative stress in sepsis (Li et al., 2018). 
When oxidative stress occurs, Nrf2 will enter into the 
nucleus and interact with ARE to regulate the levels of 
downstream antioxidant genes, including heme oxyge-
nase-1 (HO-1), catalase (CAT) and superoxide dismutase 
(SOD). Therefore, up-regulation of Nrf2 expression and 
activation of ARE-related antioxidant protein can im-
prove oxygenation, inhibit oxidative stress response and 
alleviate sepsis injury(Wu et al., 2020).

Eaglewood, also known as Aquilaria Sinensis (Lour.) 
Spreng. is a famous traditional Chinese medicine in 
China. It has the functions of Xiangqi Zhitong, Wen-
zhong Zhou, Naqi Pingchuan. Clinically, it is com-
monly used in the treatment of chest and abdominal 
distension and pain, stomach cold and vomiting hic-
cup, kidney deficiency and dyspnea, etc. The main ac-
tive components of Eaglewood are 2-(2-phenylmethyl) 
chromones and sesquiterpenes. Many studies have 
found eaglewood extract has anti-inflammatory and 
antioxidant effects (Zhou et al., 2008; Lin et al., 2013). 
Baimuxinol (BAI) is a sesquiterpenoid compound iso-
lated from agarwood. However, as far as we know, 
there are very limited studies on the pharmacological 
effects of BAI.
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Therefore, in the present study, we aimed to explore 
the effects of BAI on the proliferation and levels of in-
flammatory factors and antioxidant-related indexes of 
RAW264.7 cells stimulated by LPS. We hypothesized 
that BAI may alleviate LPS induced inflammation and 
oxidative stress via regulating the NF-κB/IκBα and 
Nrf2/ARE signaling pathway.

MATERIAL AND METHOD

Cell culture

RAW264.7 cells from leukemic mice were provided by 
the cell bank of Shanghai Chinese Academy of Sciences 
and cultured in high glucose DMEM medium contain-
ing 20% fetal bovine serum. 1% penicillin-streptomycin 
double-antibody was added to the medium. Then the 
cells were digested with 0.25% trypsin EDTA, passaged 
in 1:2, and cultured in a 5% CO2 incubator at 37°C.

Groups

The cells were divided into Control group (CON), 
Lipopolysaccharide group (LPS, cultured with 50 mg/L 
LPS), Low baimuxinol group (L+BAI, cultured with 
50 mg/L LPS+10 nM baimuxinol), Middle baimuxinol 
group (M+BAI, cultured with 50 mg/L LPS+50 nM 
baimuxinol), High baimuxinol group (H+BAI, cultured 
with 50 mg/L LPS+100 nM baimuxinol). Then the 
cells were cultured in a 5% CO2 incubator at 37°C for 
24  hours.

MTT

The cells were placed into 96-well plates (2×104 cells/
well). The MTT reagent was added to the cells after in-
cubation for 24 h. Then the cells were cultured with di-
methyl sulfoxide. Finally, the absorbance was measured 
at 490 nm by a microplate reader.

5-ethynyl-2-deoxyuridine (EdU) Assay

The trypsin was added to the logarithmic phase cells, 
and resuspended in a complete medium to obtain cell 
suspensions, then the cells were placed into a 96-well 
plate (2×104 cells/well) and cultured at 37°C in an at-
mosphere of 5% CO2, with the cell concentration ad-
justed to 2000 cells/well. The proliferation ability was 
measured with a Cell-Light EdU DNA Cell Proliferation 
Kit (RiboBio, Guangzhou, China) according to the in-
structions of the manufacturer.

Determination of inflammatory factors antioxidant 
related indexes

The contents of tumor necrosis factor α (TNF-α), in-
terleukin 1β (IL-1β), interleukin 6 (IL-6), malondialde-
hyde (MDA), 8-hydroxy-2’-deoxyguanosine (8-OHdG), 
protein carbonyl (PC) and ROS, and CAT and total su-
peroxide dismutase (T-SOD) activities of the cells were 
determined by the corresponding kits provided by Nan-
jing Jiangcheng Bioengineering Institute (Nanjing, Chi-
na).

Quantitative real-time polymerase chain reaction  
(qRT-PCR)

The RNA was extracted with TRIzol® (Thermo Fisher 
Scientific, MA, USA). The transcript RT Kit (TIAN-
GEN Biotech, Beijing, China) was conducted to reverse 

the RNA to cDNA. The mRNA expressions of the tar-
get genes were determined with a miScript SYBR Green 
PCR Kit (Qiagen, Germany) on a 7900 Real-Time PCR 
System. Reaction conditions: 95°C, 30 s; 95°C, 5 s, 40 
cycles; 60°C, 30 s; 95°C, 15 s; 60°C, 30; 95°C, 15 s. 
The 2−ΔΔCt method was performed to analyze the rela-
tive mRNA expressions. GAPDH was selected as the 
housekeeping gene. The primers used for qPCR were 
as follows: IL-6, For: TCCAGTTGCCTTCTTGGGAC, 
Rev: AGA-CAGGTCTGTTGGGAGTG; IL-1β, For: 
GAAATGCCACCTTTTGACAGTG and Rev: TG-
GATGCTCTCATCAGGACAG; TNF-α, For: AGC-
CGATGGGTTGTACCTTG, Rev: ATAGCAAATCG-
GCTGACGGT.

Western blot

The protein of the cells was lysed with RIPA buffer 
(Beyotime Biotechnology), and the concentration was 
detected using the BCA method (Beyotime Biotechnol-
ogy). The protein samples (give concentration=20μg) 
were separated by 12% SDS-PAGE, transferred to the 
PVDF membrane (Millipore) and blocked in TBS (50 
mmol/l Tris-HCL [PH7.6], 150mmol/l NaCl) containing 
0.1% Tween-20 (TBS-T) and 5% non-fat milk powder 
for 2 hr. Then the PVDF membranes were incubated 
with the primary antibody (Nrf2, 1:1000 dilution; HO-
1, 1:1000 dilution; NF-κB, 1:1000 dilution; p-NF-κB, 
1:1000 dilution; IκBα, 1:1000 dilution; p-IκBα, 1:1000 
dilution;GAPDH, 1:500 dilution; Abcam Trading Co. 
Ltd., Shanghai) at 4°C overnight. The incubation prod-
uct was further incubated with a secondary antibody 
(1:2000 dilution) for 1.5h. Finally, the blot was colored 
with ECL, and then exposed by LAS4000 chemilumines-
cence imaging analyzer for gray analysis.

Statistical analysis

All data were expressed as mean ± S.D. SPSS22.0 
software was performed for statistical analyses. One way 
analysis of variance (ANOVA) with a Tukey’s post hoc 
test was used for comparison among groups. P<0.05 in-
dicated significant difference.

RESULTS

BAI suppressed the viability of the RAW264.7 cells

First, we determined the effect of BAI on the viability 
of the RAW264.7 cells. The molecular structure of CEP 
was shown in Fig. 1A. Compared with the CON group, 
the viability of the cells in the LPS group was signifi-
cantly increased. After BAI treatment, the viability of the 
cells was dramatically decreased (Fig. 1B). In addition, 
the proliferation of the cells was significantly increased 
after LPS treatment and BAI inhibited the growth of the 
cells in a dose-dependent manner (Fig. 1C–D).

BAI decreased the levels of inflammatory factors in the 
RAW264.7 cells

To accurately explore the role of the BAI on the in-
flammatory response. We analyzed the TNF-α, IL-1β 
and IL-6 levels of the cells. As shown in Fig. 2, in the 
LPS group, the levels of TNF-α, IL-1β and IL-6 were 
markedly up-regulated in comparison with the CON 
group. In comparison with the LPS group, the TNF-α, 
IL-1β and IL-6 levels were markedly decreased in L-BAI, 
M-BAI and H-BAI groups in a dose-dependent manner.
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Figure 1. Role of BAI in the viability of RAW264.7 cells induced by LPS. 
(A) Molecular structure formula of BAI. (B) The viability of the cells was detected with MTT. (B–D) The proliferation of the cells was de-
tected by EdU. Notes: control, normal cells; LPS, normal cells + 50 mg/L LPS; L+BAI, normal cells + 50 mg/L LPS+10 nM baimuxinol; 
M+BAI, normal cells + 50 mg/L LPS+50 nM baimuxinol; H+BAI, normal cells + 50 mg/L LPS+100 nM baimuxinol. ***P<0.001, vs. control 
group; #P<0.05, ##P<0.01, ###P<0.001 vs. LPS group.

Figure 2. Role of BAI in the levels of TNF-α, IL-1β and IL-6 in RAW264.7 cells induced by LPS. 
The levels of IL-1β (A), IL-6 (B) and TNF-α (C) in RAW264.7 cell was detected after LPS and BAI treatment. Notes: Control, normal cells; 
LPS, normal cells + 50 mg/L LPS; L+BAI, normal cells + 50 mg/L LPS+10 nM baimuxinol; M+BAI, normal cells + 50 mg/L LPS+50 nM 
baimuxinol; H+BAI, normal cells + 50 mg/L LPS+100 nM baimuxinol. ***P<0.001, vs. control group; #P<0.05, ##P<0.01, ###P<0.001 vs. LPS 
group.

Figure 3. Role of BAI in the antioxidant function of RAW264.7 cells induced by LPS. 
(A) The levels of 8-OHdG (A), MDA (B), PC (C), ROS (D), CAT (E) and T-SOD (F) in RAW264.7 cell was detected after LPS and BAI treatment. 
Notes: Control, normal cells; LPS, normal cells + 50 mg/L LPS; L+BAI, normal cells + 50 mg/L LPS+10 nM baimuxinol; M+BAI, normal 
cells + 50 mg/L LPS+50 nM baimuxinol; H+BAI, normal cells + 50 mg/L LPS+100 nM baimuxinol. **P<0.01, ***P<0.001, vs. control group; 
#P<0.05, ##P<0.01, ###P<0.001 vs. LPS group.
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BAI relieved the oxidative stress of the RAW264.7 cells

Subsequently, we explore the effects of BAI on the 
antioxidant capacity of the RAW264.7 cells. As shown 
in Fig. 3, in the LPS group, the concentrations of the 
ROS, MDA, PC and 8-OHdG were dramatically up-
regulated, and the T-SOD and CAT activities were sig-
nificantly down-regulated in comparison with the control 

group. BAI reversed the effects of LPS on the levels of 
ROS, MDA, PC, 8-OHdG, T-SOD and CAT in a dose-
dependent manner.

BAI suppressed the NF-κB/IκBα signaling pathway

Next, we analyzed the role of BAI in mRNA expres-
sions of inflammatory factors and NF-κB/IκBα signal-

Figure 4. Role of BAI in the mRNA levels of inflammatory factors and NF-κB/IκBα signaling pathway in RAW264.7 cells induced by 
LPS.
(A) The mRNA expressions of TNF-α, IL-1β and IL-6 were measured with qRT-PCR. (B–D) The protein expressions of p-NF-κB, NF-κB, 
p-IκBα and IκBα were detected with western blot. Notes: Control, normal cells; LPS, normal cells + 50 mg/L LPS; L+BAI, normal cells + 
50 mg/L LPS+10 nM baimuxinol; M+BAI, normal cells + 50 mg/L LPS+50 nM baimuxinol; H+BAI, normal cells + 50 mg/L LPS+100 nM 
baimuxinol. **P<0.01, ***P<0.001, vs. control group; #P<0.05, ##P<0.01 vs. LPS group.

Figure 5. Role of BAI in the Nrf2/ARE signaling pathway in RAW264.7 cells induced by LPS. 
(A) The mRNA expressions of Nrf2, HO-1, CAT and SOD1 were detected by qRT-PCR. (B–D) The protein expressions of Nrf2 and HO-1 
were measured by western blot. Notes: Control, normal cells; LPS, normal cells + 50 mg/L LPS; L+BAI, normal cells + 50 mg/L LPS+10 nM 
baimuxinol; M+BAI, normal cells + 50 mg/L LPS+50 nM baimuxinol; H+BAI, normal cells + 50 mg/L LPS+100 nM baimuxinol. ***P<0.001, 
vs. control group; #P<0.05, ##P<0.01, ###P<0.001 vs. LPS group.
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ing pathway. In the LPS group. the mRNA expressions 
of TNF-α, IL-1β and IL-6 were markedly up-regulated 
in comparison with the control group. Compared with 
the LPS group, the TNF-α, IL-1β and IL-6 mRNA ex-
pressions were markedly down-regulated in L-BAI, M-
BAI and H-BAI groups in a dose-dependent manner 
(Fig.  4A). In addition, in comparison with the control 
group, the protein expressions of p-NF-κB and p-IκBα 
in the LPS group were markedly up-regulated. BAI treat-
ment significantly down-regulated the protein expres-
sions of p-NF-κB and p-IκBα in a dose-dependent man-
ner (Fig. 4B–D).

BAI suppressed the Nrf2/ARE signaling pathway

Finally, the role of BAI in the Nrf2/ARE signaling 
pathway was explored. We found the mRNA expres-
sions of Nrf2, HO-1, CAT and SOD1 were significantly 
decreased after LPS treatment, while BAI significantly 
increased the Nrf2, HO-1, CAT and SOD1 mRNA ex-
pressions in a dose-dependent manner (Fig. 5A). Addi-
tionally, the protein expressions of Nrf2 and HO-1 were 
increased in the LPS group in comparison with the con-
trol group. BAI markedly up-regulated the protein ex-
pressions of Nrf2 and HO-1 (Fig. 5B–D).

DISCUSSION

At present, the theory of uncontrolled inflammatory 
response and oxidative stress are major factors for the 
pathogenesis of sepsis. In the current study, we found 
BAI can reverse the excessive proliferation of RAW264.7 
cells caused by LPS. Additionally, BAI could relieve 
inflammation and oxidative stress by regulating the  
NF-κB/IκBα and Nrf2/ARE signaling pathway.

Macrophages is one of the main cells that participated 
in inflammation. Stimulated by LPS, macrophages could 
induce the secretion of inflammatory factors, such as IL-
1β, IL-6, TNF-α and so on, and then produce a clini-
cal inflammatory response (Cotran et al., 1999). Exces-
sive inflammation is the major factor in many chronic 
diseases, including autoimmune diseases and neurode-
generative diseases. Therefore, inhibition of excessive 
inflammatory response is an effective method for the 
therapy of chronic diseases (Tabas et al., 2013). TNF-α 
and IL-1β are the initiating factors in inflammatory me-
diators cascade reaction (Johnson et al., 2015). Among 
them, TNF-α is a pro-inflammatory cytokine in regulat-
ing immune cells. It can induce fever and apoptosis by 
producing IL-1β and IL-6 and then induce inflammation. 
The abnormal content of TNF-α leads to the occur-
rence of many diseases(Wang et al., 2020; Yosefifard et 
al., 2019; Johnson et al., 2015). IL-6 is a multifunctional 
cytokine that regulates immune, inflammatory and other 
physiological processes (Unver et al., 2018). The expres-
sion of IL-6 is positively regulated by LPS and IL-1β. 
In the present study, we confirmed that BAI decreases 
the production and mRNA expression of LPS induced 
pro-inflammatory cytokines (TNF-α, IL-1β and IL-6) in 
a dose-dependent manner, suggesting BAI has potential 
anti-inflammatory activity. Previous studies have con-
firmed that eaglewood or its extract has an anti-inflam-
matory function. Lin and coworkers found that the etha-
nol extract of eaglewood leaf has an obvious anti-inflam-
matory effect on capillary dilation, hyperpermeability, 
exudation and edema in the early stage of inflammation 
(Lin et al., 2013). Wu et al. showed that the extract of 
eaglewood can inhibit inflammation by down-regulating 
the expression of COX-2 and iNOS in the immune sig-

nal pathway (Wu et al., 2012). These results were simi-
lar to ours and indicated that the extract of eaglewood 
has an effective anti-inflammatory effect. Therefore, we 
speculate that BAI, a sesquiterpenoid isolated from ea-
glewood, maybe a key anti-inflammatory compound.

To further explore the mechanism of BAI, we ana-
lyzed the protein expression of the NF-κB/IκBα sign-
aling pathway. NF-κB is critically the control center to 
regulate inflammatory response (Tak et al., 2001). NF-κB 
usually binds to IκB in cells in the form of inactive com-
plexes. Once IκB is degraded, NF-κB dimer will transfer 
to the nucleus and start the transcription of the target 
gene. A previous study has confirmed that NF-κB can 
mediate the proliferation, differentiation and production 
of inflammatory factors of various immune cells(Hayden 
et al., 2011). In this study, the proliferation ability of 
the cells was dramatically promoted by LPS, and after 
treatment of BAI, the over-proliferation of macrophages 
RAW264.7 was decreased. In addition, we found that 
LPS activates the NF-κB/IκBα signaling pathway and 
BAI inhibited it in a dose-dependent manner. Our find-
ings indicated that the inhibitory effect of BAI on over-
proliferation may be realized by NF-κB/IκBα inhibiting 
signal pathway. However, the specific mechanism needs 
to be further explored.

In addition, ROS is an important product of oxida-
tive stress. When the body or cells are stimulated by en-
dogenous or exogenous harmful substances, the antioxi-
dant capacity will be destroyed, which results in a large 
amount of accumulated ROS and other oxides. Excessive 
ROS induces cell damage and promotes the occurrence 
of inflammatory reactions (Bae et al., 2017). On the other 
hand, inflammatory cells release many active substances 
in the inflammatory site, which will also lead to the ag-
gravation of oxidative stress (Kumar et al., 2018). In sep-
sis, a large number of pro-inflammatory factors and the 
host’s anti-inflammatory factors are released to induce 
the production of ROS, which leads to the imbalance of 
oxidation-reduction state in the body, causes oxidative 
stress reaction, and finally damages tissue cells and organ 
systems (Prauchner et al., 2017). Previous studies have 
shown that various plant extracts can relieve oxidative 
damage in sepsis, such as curcumin (Zhong et al., 2016) 
resveratrol (Aydin et al., 2016), etc. In the current study, 
we also confirmed that BAI reduces the excess ROS in-
duced by LPS. Furthermore, excessive ROS can lead to 
protein, lipid and DNA damage (Aitken, 2017), which 
was also be confirmed in this study that the MDA, PC 
and 8-OHdG levels are increased after LPS treatment. 
It implied that the cells lipid peroxidation, protein and 
DNA damage occur in the cells. It is worth noting that 
all these are relieved after BAI treatment. Nrf2/ARE 
signaling pathway is one of the most important protec-
tion systems against oxidative stress. When cells are ex-
posed to oxidative stress, Nrf2 is recognized and com-
bined with the DNA motif (GCTGAGTCA) on ARE, 
which starts the transcription of antioxidant genes, and 
then leads to the expression of antioxidants and related 
enzymes, such as HO-1 (Shaw et al., 2020). Interestingly, 
we demonstrated that expressions of Nrf2 and HO-1 are 
up-regulated after BAI treatment, which indicated that 
BAI may improve the antioxidant function via the Nrf2/
ARE signaling pathway.

To sum up, our results confirmed that BAI can effec-
tively alleviate the inflammatory response and oxidative 
stress induced by LPS through regulating the NF-κB/
IκBα and Nrf2/ARE signaling pathway. However, there 
are some limitations in this paper, such as we do not 
have in vivo experiments for validation because the con-
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ditions do not permit. Also we hope to validate it on 
multiple cells in future studies. In conclusion, this study 
is the first to confirm that BAI has antioxidant and anti-
inflammatory functions. Our findings provide a theoreti-
cal basis for the clinical application of eaglewood and a 
new method for the treatment of sepsis.
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miRNA-301 As a molecule promoting necrotizing enterocolitis 
by inducing inflammation
Dajun Zou, Fude Hu, Qili Zhou and Xiaoqing Xu✉
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Objective: Necrotizing enterocolitis (NEC) is a devastat-
ing inflammatory disease with high morbidity and mor-
tality, mainly affecting premature infants. This study 
aimed to explore the role of miRNA-301a in the patho-
genesis of NEC. Methods: The differentially expressed 
miRNAs and mRNAs were screened by collating RNA-Seq 
data from the GEO database of intestinal tissue samples. 
The differential miRNA-mRNAs regulatory network was 
constructed based on functional enrichment analysis. 
Newborn BALB/c mice were used to establish the NEC 
model. Haematoxylin and eosin staining was used to 
assess intestinal damage. The levels of IL-8 and TNF-α 
in mouse serum were evaluated by ELISA. qRT-PCR was 
used to detect the expression of miRNA-301a in intesti-
nal tissues. Results: Bioinformatics analysis showed that 
miRNA-301a was involved in intestinal lesions. Intestinal 
tissue damage was reduced and serum levels of the in-
flammatory cytokines IL-8 and TNF-α were lower in NEC 
model mice treated with miRNA-301a antagonists. The 
level of miRNA-301a in intestinal tissues of NEC model 
mice was significantly higher than in the control group 
and miRNA-301a antagonists treated group. Conclusion: 
miRNA-301a plays an important role in the pathogenesis 
of NEC by promoting inflammation, and is a potential 
therapeutic target of NEC.
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INTRODUCTION

Despite decades of studies on necrotizing enterocolitis 
(NEC), NEC continues to be the most prevalent surgi-
cal condition that crises the lives of newborns (Meister 
et al., 2020). Among very low birth weight infants, the 
prevalence of NEC ranges from 5% to 10%, and more 
than 50% of patients with NEC require surgery. Fur-
thermore, the mortality rate of NEC treated by surgery 
ranges from 30% to 50% (Flahive et al., 2020; Bell et al., 
2021). Hence, it is urgent to explore effective and reli-
able biomarkers for early identification of infants at risk 
of progression to improve the prognosis of NEC.

MicroRNAs (miRNAs) are a family of highly con-
served RNAs, ranging in size from 19 to 24 nucleotides, 
and regulate the 3’-untranslated region of target mRNA 
transcripts (Chen et al., 2013). In recent years, substantial 

progress has been achieved in understanding the role of 
diverse miRNAs in human diseases, including NEC (Cai 
et al., 2022; Donda et al., 2022). MiRNA-124 has been 
identified to facilitate NEC by targeting ROCK1 and 
promoting inflammatory cell infiltration in intestinal cells 
(Yin et al., 2019). The increased expression of miRNA-
141-3p could attenuate NEC damage to intestinal tissues 
by targeting MNX1 (Chen et al., 2020). In addition, miR-
NA-301a facilitated intestinal mucosal inflammation by 
inducing IL-17A and TNF-α in inflammatory bowel dis-
ease (IBD) and colorectal cancer (He et al., 2016). How-
ever, the role of miRNA-301a in NEC remains unclear.

In this study, a miRNA-mRNA regulatory network 
was successfully established by bioinformatics analysis 
and key miRNAs were screened based on this network. 
Next, a neonatal mouse NEC model was successfully 
established and the expression of miRNA-301a in the 
intestinal tissues and the levels of inflammatory factors 
TNF-α and IL-8 in the serum of mice were examined.

MATERIALS AND METHODS

Source of sample

MRNA and miRNA microarray data of intesti-
nal tissue samples were gathered from GEO Datasets. 
GSE115513 includes 31 normal and 30 diseased intesti-
nal tissue samples. GSE184093 includes 9 normal and 9 
diseased intestinal tissue samples. The datasets were ana-
lysed by using PERL 5.30.2 (https://www.PERL.org/). 
The two datasets were sorted in the order of normal and 
experimental groups to acquire mRNA and miRNA data.

Differentially expressed miRNAs and mRNAs

The differentially expressed miRNAs and mRNAs 
were filtered by using the LIMMA package in the R 
software (https://rstudio.com/, version 3.6.2). The fil-
tering criteria were set as |log2(fold change) |>1 and 
FDR (False Discovery Rate) <0.05. The “pheatmap” in 
R (3.6.2) was then applied to create differential volcano 
maps of the filtered differentially expressed mRNAs and 
miRNAs, respectively.

Identification of miRNA targets and construction of 
miRNA-mRNA regulatory network

The target genes of 222 differential miRNAs were 
predicted by using the gene function analysis tool Fun-
Rich (3.1.3) (http://www.funrich.org/). The differentially 
expressed mRNAs were crossed with the target genes of 
the miRNAs to generate the shared mRNAs and corre-
sponding miRNAs, and the regulatory network was visu-
alised using Cytoscape (3.7.2) (https://cytoscape.org/re-
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lease_notes_3_7_2.html) to produce the miRNA-mRNA 
regulatory network.

GO and KEGG enrichment analyses

To further elucidate the biological functions of target 
genes in the regulatory network, GO (https://geneon-
tology.org/docs/go-enrichment-analysis/) and KEGG 
enrichment analyses (https://www.genome.jp/kegg/
pathway.html) of differential mRNAs were conducted 
with a screening condition of p<0.05 and q<0.05 and all 
outcomes were presented as bar graphs using the Bio-
conductor plugin in R software (Gao et al., 2018).

Mice

Seventy-five newborn and pathogen-free BALB/c 
mice (7–10 days old) were obtained from the Animal 
Research Centre of Chengde Medical College (Chengde, 
China). All mice were housed at 28–30°C and 45–65% 
humidity for 12 hours on a light/dark cycle. This study 
was approved by the Animal Care and Use Committee 
of the Affiliated Hospital of Chengde Medical College 
(Approved No. 000134, date 2020-6-17). Mice were ran-
domized into three groups (n=25 mice per group): the 
NEC group, the control group, and the NEC+anti-miR-
NA-301a group.

Neonatal mouse NEC model

The neonatal mouse NEC model was established as 
described previously (Nolan et al., 2021). Mice in the 
NEC and NEC+anti-miRNA-301a groups (n=25) were 
fed Esbilac puppy formulae, which was complemented 
by bacteria cultured from the faeces of infants with se-
vere NEC (12.5 μl of faecal slurry in 1 ml of formula). 
Briefly, a syringe filled with formulae was attached to a 
peripherally inserted central catheter (PICC) line. Next, 
the PICC line was gently introduced into the mouse’s 
stomach by using forceps. Then the formulae were 
slowly dispensed into the stomach, and the PICC line 
was slowly withdrawn from the oral cavity (Nolan et al., 
2021). Mice were fed every 3 hours and after 3 feeds 
were placed under 5% O2 + 95% N2 for 10 minutes of 
stress to induce NEC. The feeding volume was 0.1 ml 
and gradually increased to 0.25 ml. The animals were 
sacrificed by decapitation on Day 5. For NEC+anti-
miRNA-301a group, the mice were orally administered 
miRNA-301a antagonist (sequence mGmCmUmU-
mUmGmAmCmAmAmUmAmCmUmAmUmUmGmC-
mAmCmUmG, Genecreate LTD, Wuhan, China) follow-
ing the manufacturer’s manual once a day, starting at the 
beginning of NEC induction (Day 0) and continuing to 
Day 5.

Haematoxylin and eosin (H&E) staining

The intestinal tissues were dissected and washed with 
PBS at 4°C and fixed with 4% paraformaldehyde, par-
affin-embedded, sectioned at 5 μm and stained with he-
matoxylin and eosin (H&E). The intestinal damage was 
analysed under a microscope with a 40x lens by two in-
dependent pathologists, who scored it double-blind ac-
cording to published criteria (Zhang et al., 2020).

MiRNA/mRNA isolation and reverse transcription

According to the manufacturer’s instructions, TRI-
zol reagent (Invitrogen) was used to isolate total RNA 
from the intestinal tissues of the mice. Total RNA (2 

µg) was used to generate cDNA by utilizing the Prime 
Script RT reagent kit  (Takara, Tokyo,  Japan).

qRT-PCR

QRT-PCR was undertaken by using SYBR Premix 
Ex Taq II (Perfect Real Time) (Takara, Tokyo,  Japan). 
The gene-specific primers were purchased from Ap-
plied Biosystems (Foster City, CA, USA) with follow-
ing sequences: U6: 5’-CTCGCTTCGGCAGCACA-3’ 
and 5’-AACGCTTCACGAATTTGCGT-3’, miRNA-
301a: 5’-GGCAGTGCAATAGTATTGT-3’ and 5’-TG-
GTGTCGTGGAGTCG-3’. U6 was used as an internal 
control for miR-301a expression. All experiments were 
in triplicates.

Figure 1. Volcanic map of differentially expressed miRNAs (or-
ange represents upregulated miRNAs, blue represents downreg-
ulated miRNAs, and black represents miRNAs without a signifi-
cant difference in expression).

Figure 2. Volcanic map of differentially expressed mRNAs (or-
ange represents upregulated mRNAs, blue represents downreg-
ulated mRNAs, and black represents miRNAs without a signifi-
cant difference in expression).
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ELISA

Serum was taken from all groups of mice. Paired ELI-
SA kits for IL-8 and TNF-α (all from Enzyme Linked 
Biotechnology Co., Ltd., Shanghai, China) were used to 
evaluate the concentrations of IL-8 and TNF-α in the 
serum of the mice from each group. The optical density 
(OD) values of each well were recorded at 450 nm by a 
microplate reader.

Statistical analysis

Data were analysed by using SPSS 25.0 statistical soft-
ware and expressed as mean ± standard deviation. The 

differences were considered to be statistically significant 
at p<0.05.

RESULTS

Differentially expressed miRNAs and mRNAs

After processing the dataset, a total of 222 differen-
tial miRNAs were screened, of which 172 miRNAs were 
highly expressed and 50 miRNAs were lowly expressed. 
Similarly, we obtained 2584 differential mRNAs, of 
which 1155 mRNAs were up-regulated and 1429 mR-

Figure 3. The miRNA-mRNA regulatory network (ellipses represent mRNAs, squares represent miRNAs, orange represents upregu-
lated expression, blue represents downregulated expression, and connected lines represent targeted relationships).

Figure 4. GO enrichment analysis of differentially expressed mRNAs.
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NAs were down-regulated. The volcanoes of the differ-
ential miRNAs and mRNAs were subsequently mapped 
using R software (Figs 1 and 2).

Construction of miRNA-mRNA network and functional 
enrichment analysis

The FunRich (3.1.3) was used to predict the target 
genes of 222 differential miRNAs and a total of 2908 
target genes were identified. The miRNA-mRNA regula-
tory network was then mapped using Cytoscape software 
(Fig. 3). The regulatory network showed that miRNA-
301a regulated a greater number of mRNAs. We per-
formed GO and KEGG enrichment analysis on 2584 
different mRNAs using R language with p<0.05 and 
q<0.05 as screening conditions (Figs 4 and 5).

miRNA-301a antagonist reduced histological damage in 
NEC mice

We successfully established the NEC model us-
ing a previously published protocol (Nolan et al., 2021) 
(Fig.  6A). During the experiments, two mice died both 
in the control and in NEC+anti-miRNA-301a groups, 
while three mice died in the NEC group. The difference 
in mortality among the three groups was not statistically 
significant (p>0.05). At the end of the experiments, the 
intestinal tissues of the mice in the NEC group showed 
a bluish-black colour compared to those of the mice in 
the control group. However, after treatment with the 
miRNA-301a antagonist, the degree of intestinal tissue 
necrosis in mice was significantly reduced (Fig. 6B).

The average histological score of the mice in the NEC 
group was 3.12±0.72, while the scores of the control 

Figure 5. KEGG enrichment analysis of differentially expressed mRNAs.

Figure 6. Inhibition of miRNA-301a ameliorated histological damage of NEC mice. 
(A) Illustration of the delivery of NEC formulae to neonatal mice. (B) Representative gastrointestinal images of the different groups 
of mice. (C) H&E staining was used to evaluate the severity of tissue damage in different groups of mice (n=5) Mann-Whitney U-test. 
***p<0.001. (D) Representative histological images of the terminal ileum in different groups of mice. Scale bar: 10 µm.
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group were typically <2 points (p<0.05). After treatment 
with miRNA-301a antagonist, the average histological 
score was 1.78±0.60, and the inflammation grade was 
significantly reduced (p<0.05; Fig. 6C, D).

miRNA-301a antagonist reduced serum levels of IL-8 
and TNF-α in NEC mice

The serum level of IL-8 was 13.95±1.05 pg/ml in the 
control group and 59.93±6.41 pg/ml in the NEC group 
(p<0.05). However, posttreatment with the miRNA-
301a antagonist reduced IL-8 level to 26.23±1.22 pg/ml 
(p<0.05 compared to the NEC group; Fig. 7A).

Furthermore, the serum level of TNF-α was 
94.16±3.92 and 197.04±16.19 in the control and NEC 
groups (p<0.05), respectively, and was 111.51±8.62 in 
mice that received miRNA-301a antagonist treatment 
(p<0.05 compared to the NEC group; Fig. 7B).

In addition, qRT‑PCR showed that the expression lev-
el of miRNA-301a increased in the intestinal tissues of 
the NEC group (p<0.05 compared to the control group), 
but decreased in NEC mice treated with miRNA-
301a antagonist (p<0.05 compared to the NEC group; 
Fig.  7C).

DISCUSSION

NEC is the main catastrophic cause of death in sur-
viving premature infants. The pathogenesis of NEC 
as well as potential strategies for NEC prevention and 
treatment remain elusive, although it is evident that the 
inflammatory cascade plays an important role in the de-
velopment of NEC (Niño et al., 2016; Liu et al., 2019). 
In this study, we successfully established an NEC mouse 
model to explore the role of miRNA-301a in the patho-
genesis of NEC, and we proved the association between 
high expression of miRNA-301a and increased severity 
of NEC. In addition, our study revealed that high ex-
pression of miRNA-301a promoted the release of in-
flammatory factors IL-8 and TNF-α.

Numerous studies have proven that non-encoding 
RNAs regulate inflammation through a variety of path-
ways (Zhou et al., 2021; Yang & Ge, 2018). miRNA-
301a was highly expressed in peripheral blood mononu-
clear cells and inflamed mucosa of patients with active 
IBD and may promote TNF-α production by targeting 
SNIP1, ultimately facilitating the pathogenesis of IBD 
(He et al., 2016). miRNA-301a also inhibited the ex-
pression of BTG1, thereby reducing the integrity of the 
epithelium, promoting inflammation of the mouse colon 
and stimulating tumorigenesis (He et al., 2017). In this 

study we found that the pathological inflammation of 
the mouse intestinal tissue was reduced after we treated 
NEC mice with miRNA-301a antagonist, indicating that 
miRNA-301a plays an important role in the inflamma-
tory progression of NEC.

For newborns with NEC, IL-8, IL-10, and TNF-α 
can be used as biomarkers for early diagnosis (Seliga-
Siwecka & Kornacka, 2013). Combined analysis of IFN-
γ-inducible protein 10 and TNF-α showed a specificity 
of 80% and a sensitivity of 90% (Weissenbacher et al., 
2013). In this study, we focused on TNF-α and IL-8, 
and found that the serum levels of inflammatory cy-
tokines IL-8 and TNF-α were reduced after we treated 
NEC mice with miRNA-301a antagonist, suggesting that 
miRNA-301a may be a potential therapeutic target for 
NEC. In future studies, we need to examine other pro-
inflammatory interleukins such as IL-1, IL-6 and IL-10 
(Fu et al., 2023).

Studies have shown that microRNAs play an impor-
tant role in energy metabolism, immune regulation, ho-
meostasis, cell apoptosis, cell proliferation and differen-
tiation (Qi et al., 2022; Zhong et al., 2018; Zhang et al., 
2022; Liu et al., 2022; Dai et al., 2022; Chen et al., 2021). 
Interference with these key cell functions can lead to an 
increase in apoptosis and inflammation and a decrease in 
repair capacity, which may be crucial in the pathogenesis 
of NEC (Premkumar et al., 2014; Ng et al., 2015). To 
further explore the potential mechanism of miRNA-301a 
in promoting NEC, we need to identify target genes of 
miRNA-301a that medicate the effects of miRNA-301a 
on cell proliferation, apoptosis, inflammation, mentalism 
and autophagy involved in the progression of NEC.

In conclusion, although further studies are necessary 
to confirm the role of miRNA-301a in MEC, our results 
provide the first evidence that miRNA-301a plays an 
important role in the pathogenesis of NEC by promot-
ing inflammation, and is a potential therapeutic target of 
NEC.
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Figure 7. Inhibition of miRNA-301a reduced serum levels of inflammatory factors in NEC mice (n=5) 
(A) Serum levels of IL-8 in different groups of mice. (B) Serum levels of TNF-α in different groups of mice. (C) Expression levels of miRNA-
301a in intestinal tissues of different groups of mice. All experiments were in triplicates. ***p<0.001.
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Cytokines are responsible for maintaining homeostasis 
as cell growth, differentiation, migration and apopto-
sis mediators. They play a pivotal role in immune re-
sponses to inflammatory reactions. In oncological dis-
eases, the cross-talk between cells of the immunologi-
cal system and cells of the tumour microenvironment is 
led by cytokines. Also, the overproduction of cytokines 
may change the tumour microenvironment and stimu-
late tumour development and growth. To test whether 
pro-inflammatory cytokines or associated with them 
transcription factor levels are changed in a group of 53 
paediatric cancer patients, serum levels of IL-1β, IL-6, 
TNF-α and NF-κB were assessed and compared to meas-
ures in 25 healthy controls. Increased levels of IL-6 were 
found among patients in active oncological treatment 
(P=0.002) but not among patients whose treatment was 
completed. Our data suggest that IL6, but not IL-1β, 
TNF-α and NF-κB, is elevated as a result of the immune 
response in the microenvironment around the tumour 
and in blood cancers, among patients who were not in-
fected at the time of blood collection. Thus, IL6 levels 
might serve as a potential biomarker of oncohematologi-
cal diseases.
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INTRODUCTION

Cytokines are intercellular protein mediators which 
regulate many processes, including cell growth, differ-
entiation, migration and apoptosis. They play a crucial 
role in immune responses to inflammatory reactions and, 
generally, are responsible for maintaining homeostasis. In 
the case of a healthy person, they are present locally in 
tissues or body fluids in relatively small amounts. High 

activity in low concentrations is a characteristic feature 
in certain pathological states.

These molecules are produced by many types of cells 
and may cause numerous reactions. Inversely, various 
groups of cytokines may play the same role. In addition, 
the source of cytokines may affect its final response, and 
even cause the opposite effect.

Cytokines create a complicated network of stimulation 
and inhibition processes (Jansen et al., 2022). Interleukins 
(ILs) were the first described growth and differentiation 
regulators expressed by leukocytes. With further studies, 
other factors were discovered in terms of cytokines, and 
it is now known that there are more than 50 interleukins 
and additional proteins (Brocker et al., 2010). Interleukins 
are divided according to their origin and functions, spe-
cifically to pro-inflammatory, proangiogenic, chemotactic 
or hematopoietic. Specific surface receptors are necessary 
for proper cytokine effect by increasing or decreasing its 
influence on cell metabolism.

The role of cytokines in malignant proliferation is 
widely studied. It is well known that the neoplastic pro-
cess is associated with uncontrolled cell division and dis-
turbances in metabolic regulation. Cancer cells are much 
better consumers of nutritional substances than normal 
tissue components due to their rapid growth. It includes 
amino acids, lipids, protein or glucose metabolism and 
its influence on the tumour microenvironment. The ex-
pression of adipose triglyceride lipase (ATGL) may be 
downregulated in some cancers and may be associated 
with glycolytic processes typical for most malignant tu-
mours (Pan et al., 2013).

Moreover, tumour cells may adapt by metabolic re-
programming (Tang et al., 2021). Rapidly growing tu-
mour mass requires new blood vessels, and angiogenesis 
takes place. But it is insufficient, and hypoxia is another 
process in this situation. Tumour cells use more likely 
energy from aerobic glycolysis and glutaminolysis or fat-
ty acids, which is known as Warburg effect. Such a pro-
cess may be connected with oncogene activation such as 
Myc, Ras, or inactivation of the p53 suppressor gene and 
some metabolic damage (Koppenol et al, 2011; Cairns 
et al., 2011). All these processes influence signal trans-
mission and have an impact on immunometabolism in 
cancer. Cytokines play a role as mediators between cells 
of the immunological system and cells of the tumour 
microenvironment. Cancer cell – intrinsic and extrinsic 
signalling is needed for progression and invasion of the 
neoplastic process (Briukhovetska D et al., 2021).

Cytokines play different roles in uninhibited prolifera-
tion processes, such as paracrine and autocrine factors, 
proangiogenic agents, survival factors of neoplastic cells 
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and other elements that affect invasiveness and distant 
metastasis formation.

The role of the immune system, and thus the influ-
ence of cytokines in malignancies, cannot be overesti-
mated. Inflammation, primarily chronic, and oxidative 
stress mediate different kinds of malignancies. Most of 
the studies on that correlation were collected from co-
lon cancer patients who primarily have Crohn’s disease 
(Monteleone et al., 2012; Klampfer L, 2011; Borowczak 
et al., 2022). Pro-inflammatory cytokines, such as IL-1β, 
IL-6 or TNF-α play a key role in proliferative diseases, 
and their overproduction may change the tumour micro-
environment and stimulate tumour development. Also, 
activation of transcription factors such as NF-κB is in-
volved in various cellular processes in neoplasms. This 
factor can inhibit apoptosis as well as enhance angiogen-
esis. Thus, it may play a role in developing both haema-
tological neoplasms and solid tumours.

We have attempted to answer the question if changes 
in the level of the determined substances can serve as 
an early marker of neoplastic disease or be a prognostic 
marker of the outcome.

MATERIALS AND METHODS

Patients

Paediatric cancer patients, including patients with haema-
tological malignancies and solid tumours, who were diag-
nosed and treated in the Department of Paediatrics, Hae-
matology and Oncology, Medical University of Gdansk, 
Poland, were enrolled in the study. Twenty-five patients, 
between 1 and 18 years of age (mean age 8.04 years, me-
dian age six years), were during treatment, and twenty-eight 
patients, between 3 and 18 years of age (mean age 9.79 
years, median age eleven years) were after treatment.

Inclusion criteria

We included children between 1 month and 18 years 
of age with confirmed neoplastic disease. The patients 
showed no signs of infection.

Control group

Twenty-five healthy children were recruited during 
routine medical checkup (14 males and 11 females), aged 
between 3 and 17 years (mean age 12.24 years, median 
age 14 years).

Laboratory analysis

Peripheral blood was collected from the patients dur-
ing and after successful treatment; the average duration 
of treatment was about two years.

Measurements of IL-1β, IL-6 and TNF-α were as-
sessed using R&D Systems Quantikine ELISA 
Kits  (Minneapolis, MN, USA)  and NF-κB using Nuclear 
Factor Kb P65 (NFKB P65), ELISA Kit (My BioSource, 
San Diego CA, USA). All assays were performed accord-
ing to the procedure provided by the manufacturer. All 
analyses were performed in the laboratory of the Depart-
ment of Clinical Nutrition Medical University of Gda-
nsk, Poland.

Statistical analyses

The Wilcoxon rank-sum test was used to assess dif-
ferences in subjects’ age (years) and in levels of NF-κB 
(µmol/L), TNF-α (pg/mL), IL-6 (pg/mL) and IL-1ß 
(pg/mL) between patients before treatment, patients 
during treatment, patients after treatment and healthy 
controls. The distributions of NF-κB, TNF-α, IL-6 and 
IL-1ß were skewed as assessed by Kolmogorov-Smirnov 
test. Tests were two-tailed, and P-values ≤0.05 were 
considered statistically significant. Means and stand-
ard deviations, medians and 25th–75th percentiles were 
given for continuous variables. Statistical analyses were 
calculated using SAS 9.4 (NC, USA). XLStat (Addinsoft) 
programme was used to generate plots.

RESULTS

The study population consisted of 25 patients dur-
ing treatment, 28 patients after treatment and 25 healthy 
controls (Table 1). Those groups did not differ signifi-
cantly in age at the time of blood collection. A slightly 

Table 1. Characteristics of study population.

Patients during treatment Patients after treatment Healthy controls

*Age (years)

Mean, St Dev 8.04, 5.87 9.79, 4.63 12.24, 4.69

(N) (25) (28) (25)

Median (q1-q3) 6 (3–14) 11 (6–12.5) 14 (9–16)

Sex Females 8 (32%) 12 (42.86%) 11 (44%)

Males 17 (68%) 16 (57.14%) 14 (56%)

Diagnosis acute lymphoblastic leukemia 8 (32%) 3 (10.71%)

non-Hodgkin lymphoma 1 (4%) 1 (3.57%)

neuroblastoma 2 (8%) 14 (50%)

rhabdomyosarcoma 4 (16%) 2 (7.14%)

Wilms tumor – 2 (7.14%)

retinoblastoma – 1 (3.57%)

Hodgkin lymphoma 6 (24%) 5 (17.86%)

osteosarcoma 2 (8%) –

Langerhans cell histiocytosis 2 (8%) –

*P=0.178 for a difference in age between patients during treatment vs. patients after treatment. *P=0.014 for a difference in age between patients 
during treatment vs. controls. *P=0.052 for a difference in age between patients after treatment vs controls
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higher proportion of males were included in each group; 
males constituted 68% of patients, 57.14% of survivors 
and 56% of healthy subjects. More patients than survi-
vors were diagnosed with acute lymphoblastic leukaemia 
(32% vs. 10.71%), while more survivors were diagnosed 
with neuroblastoma (50% vs 8%). Among survivors, two 
patients were diagnosed with Wilms tumour; one person 
was diagnosed with retinoblastoma. Among patients, two 
were diagnosed with osteosarcoma and two with Langer-
hans cell histiocytosis.

Levels of IL-1β, IL-6 or TNF-α and NF-κB were 
measured in blood samples collected from a healthy con-
trol group and pediatric oncological patients during treat-
ment and post-treatment. Significantly higher levels of 
IL-6 were observed in the patients during active oncolog-
ical treatment compared to both the control group and 
survivors (P=0.002, P=0.0002, respectively), as presented 
in Table 2, Figure 1. IL-6 levels in the post-treatment 
group were comparable to those in the control group 
(P=0.563). The mean value of IL-6 was 6.34±4.13  pg/
mL among patients during active oncological treatment 
versus 2.75±3.45 pg/mL among healthy controls and 
2.32±2.55 pg/mL among survivors.

In other parameters, such dependencies were not ob-
served (Table 2, Fig. 1).

DISCUSSION

Pediatric cancer patients constitute a particular group 
of patients, mainly due to the low incidence rate of this 
disease in children. Neoplasms type, both haematological 
and solid tumours, also differ from those in the adult 
population. Observations regarding the interleukin im-
pact in children concern mainly IL-2 regarding its modu-
lating effect on the immune system and the anti-tumour 
response promotion through lymphocyte activation and 
their differentiation in progressing or metastatic patients 
(Schwinger et al., 2005). It is well known that chronic 
inflammation concomitant with oxidative stress boosts 
tumour development, especially the skin, lung, colorectal 
or hepatocellular carcinoma (Bruni et al., 2020).

Pro-inflammatory cytokines such as IL-1β, IL-6 or 
TNF-α, which were under investigation in the present 
study, and NF-κB, are crucial for metabolic homeostasis. 

They are secreted by healthy cells, but their overproduc-
tion may lead to neoplastic transformation. Also, neo-
plastic cells derived from fibroblasts and macrophages 
also release IL-1, IL-6, TNF-α, that serve as source of 
paracrine factors (Bingle et al., 2002; Kunz-Schughart & 
Knuechel, 2002).

Table 2. Comparison of NF-κB, TNF-α, IL-6, IL-1 ß levels from patients before or after treatment and healthy controls.

Patients
during treatment

Patients
after treatment Healthy controls P*1 P*2 P*3

NF-κB Mean, StDev 1.83, 1.66 2.57, 1.92 2.78, 2.91 0.092 0.273 0.618

(µmol/L) (N) (25) (28) (25)

Median (q1-q3) 1.42 (0.7-3.12) 1.71 (1.15-3.82) 1.45 (1.03-3.16)

TNF-α Mean, StDev 1.62, 1.45 1.32, 0.92 1.04, 0.64 0.624 0.109 0.154

(pg/mL) (N) (25) (28) (25)

Median (q1-q3) 1.38 (0.59-1.85) 0.98 (0.78-1.69) 0.90 (0.71-1.07)

IL-6 Mean, StDev 6.34, 4.13 2.32, 2.55 2.75, 3.45 0.0002 0.002 0.563

(pg/mL) (N) (25) (28) (25)

Median (q1-q3) 6.16 (2.07-10.55) 1.27 (0.65-2.85) 1.19 (0.91-2.35)

IL-1 ß # Mean, StDev 0.1, 0.0709 0.10, 0.12 0.07, 0.06 0.203 0.116 0.950

(pg/mL) (N) (23) (28) (25)

Median (q1-q3) 0.09 (0.05-0.14) 0.05 (0.03-0.11) 0.06 (0.03-0.09)

 *Wilcoxon ranked-sum test; 1patients during treatment vs. patients after treatment; 2patients during treatment vs. controls; 3patients after treatment 
vs. controls; # two outling values: 2.49, 6.08 pg/mL were removed from analyses

Figure 1. Levels of NF-κB, TNF-α, IL-6, IL-1β from patients before 
or after treatment and healthy controls.
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Among many cytokines present in pediatric oncology 
patients’ sera, the ones determined by the authors seem 
to have a particular impact on the neoplastic process. 
The distinctive histology of childhood cancers makes it 
difficult to predict the behaviour of individual molecules, 
in contrast to the adult population where the inflamma-
tory component of the neoplastic process has been rel-
atively well studied (Dranoff, 2004; Greten et al. 2019; 
Mantovani et al., 2019).

The tumour microenvironment (TME), which in addi-
tion to cancer cells, also contains cancer-associated fibro-
blasts (CAFs), pericytes, endothelial cells, and immune 
cells, plays a significant role in tumour proliferation and 
progression processes. Pro-inflammatory cytokines serve 
as mediators in these actions (Christofi et al., 2019).

Our pediatric oncological patients showed significant 
differences in IL-6 levels during active treatment. Im-
portantly, IL-6 values achieved those observed in the 
control group after the end of treatment. IL-6 is a mul-
titasked substance. Its essential role is associated with 
the inflammatory response and active participation in 
the immunological processes. It may also be secreted by 
TME and cause further tumour development and pro-
gression (von Felbert et al., 2005). Interleukin- 6 has a 
pro-oncogenic function as it may activate carcinogenesis. 
It is one of the mediators of cytokine release syndrome. 
IL-6 signals to cells through two opposite pathways. The 
classic pathway is anti-inflammatory and takes part in 
repair processes. The trans-signaling pathway promotes 
inflammation and may contribute to the progression of 
many diseases, including cancer (Kumari et al., 2016). 
The classic pathway is based on transmembrane IL-6Rα 
receptors on a cell surface. The trans pathway occurs in 
the cells capable of expressing the gp130 protein.

IL-6 induces angiogenesis via the vascular endothe-
lial growth factor. The elevated serum level of IL-6 in 
patients with colon and breast cancer or melanoma pa-
tients is a poor prognostic factor (Ma et al., 2017; Kuc-
era et al., 2015). Furthermore, prostate cancer patients 
showed higher levels of this cytokine compared to a 
healthy control group. Moreover, it positively correlated 
with a higher Gleason score (Siemińska et al., 2015). In 
metastatic prostate cancer patients, the serum level of 
IL-6 was higher than in patients with localized disease; 
hence it may serve as a prognostic factor (Michalaki et 
al., 2004).

Similarly, in breast ductal carcinoma patients, Ma et al. 
(2017) demonstrated that elevated serum IL-6 levels pos-
itively correlated with more advanced disease stages and 
metastases to lymph nodes. Additionally, the authors no-
ticed high levels of IL-6 in ER+ or HER2+ tumours in 
contrast to those with ER- or HER2 negative. In high-
risk neuroblastoma pediatric patients, Egler and others 
(Egler et al., 2021) showed increased IL-6 levels in their 
serum and bone marrow. The researchers analyzed the 
link between the levels of inter alia, IL-6 and the genetic 
polymorphism of this interleukin. Such results may sug-
gest that particular interleukins could serve as potential 
cancer biomarkers.

Interleukin-1 was initially considered as a pro-inflam-
matory factor, which plays an essential role in severe 
systemic infections, but its part in the activation and 
stimulation of other cytokine secretion or prostaglan-
din production suggests that it should be considered in 
a broader aspect (Razavi et al., 2015). It is also known 
that IL-1 may be partially involved in tumour promo-
tion and could be responsible for metastasis. It develops 
via different mechanisms, such as matrix metalloprotein-
ases expression, or affects the excretion of VEGF, IL-6, 

IL-8 or TNF-α by the surrounding tissues (Konishi et al., 
2005, Dinarello, 1996). Anti-inflammatory mechanisms 
are enhanced by interleukin-1 via the release of e.g., 
IL-6 (Mantovani et al., 2019). Interleukin-1β belongs to 
the IL-1 family and is one of the structural components 
of IL-1. The other two are IL-1α and the IL-1 recep-
tor antagonist. More importantly, IL-1β is initially pro-
duced by macrophages as a pro-protein and then con-
verted into IL-1 ß with the use of caspase-1 (Teufel et 
al., 2022). Both alarmins, IL-1β and IL-1α, may serve as 
promotors of carcinogenic mediators: nitric oxide and 
reactive oxygen species (ROS) (Mantovani et al., 2019). 
Interleukin-1ß activates macrophages, suppresses NK 
function, and inhibits CD8+ lymphocytes by inducing 
neutrophils. The final effect is the production of pro-tu-
morigenic factors (Zhang et al., 2020). Its role in cancer 
transformation and progression was observed in colon 
and prostate cancer patients, whose sera showed elevated 
levels of this factor (Hai et al., 2016; Saylor et al., 2012). 
Studies of human cancer cells from ovarian, breast, lung 
carcinoma, sarcoma and melanoma have shown that they 
are capable of producing or up-regulating Interleukin-
1β (Elaraj et al., 2006). Barrera and others (Barrera et al., 
2018) showed that elevated IL-1β serum concentrations 
in lung cancer patients positively correlated with a high 
percentage of myeloid-derived suppressor cells and were 
associated with worse prognosis and poor survival. Also, 
studies carried out on mice demonstrated an increased 
sera level of IL-1β and IL-6 following carcinogen admin-
istration (Narayan et al., 2012). In our study, we did not 
observe increased values of IL-1β in our patients’ sera, 
either during or after treatment, compared to the control 
group.

Another cytokine, tumour necrosis factor-α (TNF-α), 
also called cachexin, is of interest to those who study 
substances involved in developing various cancer types. 
It is mainly produced by macrophages (also TAMs- tu-
mour associated macrophages) and monocytes, but also 
lymphocytes T, mast cells, fibroblasts and adipocytes. 
TNF-α is a part of the TNF superfamily, which also 
includes ligands and their receptors. When combined, 
most of them activate the nuclear transcription factor 
kappa (NF-κB) (Ware, 2008). Other signalling pathways 
for this factor are MAPK (mitogen-activated protein ki-
nase) and the apoptosis signalling pathway. It is thought 
that cachexin may be both an anti-tumour and a pro-
tumorigenic agent, depending on the dose (Dobrzycka 
et al., 2009). There are reports of a direct effect on the 
stimulation of neoplastic transformation by inducing cell 
proliferation and transformation (Wang et al, 2008).

Increased TNF-α levels are related to a higher stage 
of cancer (Zhou et al., 2014; Esquivel-Velazquez et al., 
2015). In metastatic prostate cancer patients who start-
ed hormonal therapy, elevated serum TNF-α levels are 
associated with a worse course of the disease and a 
worse prognosis (Sharma et al., 2014). The researchers 
are not unanimous. Some authors showed lower serum 
TNF-α levels in colorectal cancer patients compared to 
the control group; others did not find it at all (Godos 
et al., 2017; Abe Vincente et al., 2014). It was found that 
high levels of this cytokine are associated with stage III 
and IV colorectal cancer (Obeed et al., 2014). Additional 
studies focused on the association between TNF-α se-
rum levels and the risk of colon cancer development or 
polymorphism of the gene encoding TNF-α versus cancer 
development risk. No correlation was found (Joshi et al., 
2014; Miao et al., 2018). However, Ma and others (Ma 
et al., 2017) indicated a correlation between serum con-
centrations of TNF-α, IL-6 and IL-8 and higher stages 
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of advancement (III-stage breast ductal carcinoma) and 
metastases to lymph nodes. We did not find any depend-
ence for TNF-α in pediatric cancer patients compared to 
the control group, regardless of the treatment period.

Nuclear factor kappa B (NF-κB) constitutes a fam-
ily of transcription factors which lead some important 
signaling pathways that might control cell differentia-
tion, proliferation and angiogenesis during tumorigen-
esis (Taniguchi, 2018). The dysregulation of NF-κB is 
an essential contributor to the development of cancers 
and their progression or relapse. It is regarded as a po-
tential therapeutic target for patients with neoplastic dis-
eases. An NF-κB-inducing kinase (NIK), encoded by 
the gene  MAP3K14 is acclaimed as the central kinase 
controlling non-canonical NF-κB activation (Haselager, 
2022). This NF-κB pathway is activated upon stimulation 
of the BAFF receptor, CD40, receptor activator of NF-
κB or the lymphotoxin ß receptor. It accounts for the 
recruitment of TRAF2/3 to the receptor, resulting in the 
accumulation of NIK protein levels (Xiao et al., 2001). 
NIK plays a regulatory role in the process of inflam-
mation. Loss of NIK is associated with severe immune 
defects, whereas NIK overexpression is observed in in-
flammatory diseases and malignancies. For this reason, 
targeting NIK and the non-canonical NF-κB pathway 
may display a therapeutic potential in various diseases 
(Fei et al., 2020; Jang et al., 2020). NFκB1 is a subunit of 
NF-κB. An aberrant activation of the latter is associated 
with cancer pathogenesis. The nuclear factor kappa B 1 
(NFκB1, p105/p50) is a potential target gene of miR-
497. It has been reported that NFκB1 plays various roles 
in the development and progression of cancers. On the 
other hand, NFκB1 may act as a tumour suppressor in 
some gastrointestinal cancers (hepatocellular carcinoma, 
gastric cancer) (Chen et al., 2022).

CONCLUSIONS

A significant increase in IL-6 in patients during onco-
logical treatment and its absence after successful treat-
ment may be helpful in monitoring the disease and may 
become an early biomarker of the neoplastic process in 
combination with other substances. The research carried 
out, and the results achieved indicate a certain important 
role of the tested substances in the process of onco-
genesis and proliferation in oncohematological diseases 
in children. Further investigations are needed, including 
more potential biomarkers and patients with failure to 
check the course and level changes.
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There have been substantial advances in HIV research 
over the past three decades, but we are still far from our 
goal of eliminating HIV-1 infection entirely. Numerous 
ever-evolving antigens are produced as a result of HIV-1’s 
genetic variability. Developing an effective vaccination is 
challenging because of the structural properties of the viral 
envelope glycoprotein that obscure conserved receptor-
binding sites and the presence of carbohydrate moieties 
that prevent antibodies from reaching potential epitopes. 
To work on an HIV-specific vaccine, this study identified 5 
HIV-surface proteins, from the literature, to screen potential 
epitopes and construct an mRNA vaccine. A wide range of 
immunological-informatics techniques were utilized to de-
velop a construct that efficiently stimulated cellular and hu-
moral immune responses. The vaccine was produced with 
31 epitopes, a TLR4 agonist termed RpfE that acts as an ad-
juvant, secretion boosters, subcellular trafficking structures, 
and linkers. It was determined that this suggested vaccine 
would cover 98.9 percent of the population, making it 
widely available. We, furthermore, carried out an immuno-
logical simulation of the vaccine illustrating the active and 
stable responses from innate and adaptive immune cells, 
the memory cells remained active for up to 350 days after 
vaccine injection, whereas the antigen was excreted from 
the body within 24 hours. Docking performed with TLR-4 
and TLR-3 showed significant interaction with –11.9  kcal/
mol and –18.2 kcal/mol–1 respectively. Molecular dynamics 
simulations further validated the vaccine’s stability, with a 
dissociation constant of 1.7E-11 for the TLR3-vaccine com-
plex and 5.8E-11 for the TLR4-vaccine complex. Lastly, co-
don optimization was carried out to guarantee that the 
designed mRNA construct would be translated into the 
host successfully. This vaccine adaptation, if tested in-vitro, 
would be efficacious and potent as predicted.

Keywords: HIV-1, clinical trials, mutagenesis, membrane proteins, im-
mune stimulation.
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INTRODUCTION

AIDS or acquired immunodeficiency syndrome is 
caused by a very notorious virus called HIV or human 

immunodeficiency virus. It directly attacks and affects 
the immune system of the host and makes it vulnerable 
and susceptible to many diseases (Del Amo et al., 2020). 
The HIV consists of two strains namely HIV-1 and 
HIV-2 both having two RNA strands, 15 different viral 
proteins and could also contain a few proteins from the 
last host from which it is transferred (Jewell et al., 2020). 
All these components are encapsulated by a lipid bilayer 
membrane. It can be transferred via blood or saliva but 
not by mere contact. In general, it is transferred through 
sexual contact, sharing needles or blood transfusion. It 
can also be transferred to the baby from the mother 
through breastfeeding (Cooper et al., 2020). HIV-1 is 
transferred into the host more rapidly and is found all 
over the world. This infectious virus was first reported 
on June 5, 1981 in Los Angeles (Finlayson et al., 2019). 
By the second month of 1983, the Centers for Disease 
Control in the United States reported that approximately 
1000 people were HIV positive (Kanny et al., 2019; Sul-
livan et al., 2021). Although it was first reported in the 
United States, it had a greater impact in Africa. Nine 
countries in Africa had one-third of the world’s HIV in-
fection (Lancet HIV, 2020; Ssentongo et al., 2021).

For a long time now, Antiretroviral therapy or ART 
has been considered the best possible measure for con-
trolling HIV (Jiang et al., 2020). It basically consists of 
a combination of drugs which are prescribed to infect-
ed patients to be taken on daily. This therapy does not 
cure the viral infection but helps the infected persons 
to live a comparatively longer and healthier life (Chen, 
2019). The virus basically destroys the CD4+ T cells 
which are responsible for fighting off different infections 
and diseases. The medication basically works by reduc-
ing the amount of HIV in the body (Suryawanshi et al., 
2018). The virus is not completely eliminated by them 
but the reduced number gives the body a chance to re-
grow CD4+ T cells and fight off the infections and keep 
the body healthy (Nami et al., 2019). Another approach 
to cure HIV is to produce a suitable vaccine. To date, 
many vaccines have been developed by different re-
search institutions but none of them have been success-
ful enough to be prescribed for mass treatment (Yoshida 
et al., 2021). All of them had notable demerits due to 
which they failed the early trial stages. Also, the new ap-
proaches to HIV vaccine production were recently lever-
aged by SARS-Cov 2 response so, the dire need for suc-
cessful vaccine production remains (Karim et al., 2021).

The sequence variability of HIV is one of the primary 
underlying reasons why an HIV vaccine is not yet com-
mercially available on a worldwide basis (Vasavi et al., 
2019; Fenwick et al., 2019). There are up to 20% differ-
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ences between the strains of HIV in terms of proteins 
that are largely conserved, and there are up to 35% dif-
ferences between the strains in terms of the outer en-
velope. Additionally, there is a wide variety of ways in 
which the virus might spread (Akbari et al., 2021). Due 
to the fact that it can be introduced into the body by 
sexual contact or the intravenous route, the virus can 
spread fast throughout the body; nevertheless, it typically 
takes between one and two weeks for the virus to colo-
nize healthy cell populations (Ng’uni et al., 2020). The 
first form of vaccination, also known as the conventional 
method, involves the use of complete organisms, which 
might provoke allergic reactions due to the presence of 
big antigens in the body (Abdulla et al., 2019). Any new 
epidemic could emerge at any time in the future, just like 
SARS COV-2 did. The development of an mRNA vacci-
nation that incorporates epitopes from a variety of con-
served and membrane proteins is one strategy that can 
be implemented to reduce the severity of allergic reac-
tions (Andrabi et al., 2018; Naveed et al., 2023a; Naveed 
et al., 2023b).

The fundamental objective of this study was to design 
an in-silico technique for the construction of an mRNA-
based peptide-based immunization that was based on an-
tigenic proteins derived from HIV-1 (Liang et al., 2023). 
This was illustrated in Figure 1. (A). (Larijani et al., 2018; 
Muttaqin et al., 2021). Using a number of approaches, it 
was possible to make predictions about autoimmune dis-
ease as well as B cell, CTL, and HTL epitopes and then 
confirm these predictions. The construct of the vaccine 
was made by combining each epitope with several link-
ers and various adjuvants. RpfE was used as an adjuvant, 
and other aspects of the vaccine, including its population 
coverage, antigenicity, allergenicity, and toxicity, were in-
vestigated. Both the secondary and tertiary structures of 
the vaccine had been predicted. In addition, the TLR-3 
and TLR-4 molecular docking systems were included in 
the vaccine construct. Simulations using molecular dy-
namics confirmed that the vaccine does not lose its ef-
fectiveness over time.

MATERIALS AND METHODS

The pipeline of the methodology is described in 
Fig.  1A.

Viral Proteins Sequence Retrieval

The complete Genome of the Human Immunodefi-
ciency Virus (HIV) was obtained from National Centre 
for Biotechnology Information Database (NCBI) under 
Accession number:  MN692147.1. The proteins of HIV 
that were selected based on the previously reported data 
from UniProt with accession numbers: K0J9R5, Q01804, 
Q9QBZ6, P04585, 0.5886.

Evaluation and Analysis of Proteins

In order to determine the antigenicity of viral proteins, 
we utilized the Vaxijen 2.0 internet server. The threshold 
value was set at 0.4 so that it would be more specific. 
We utilized a technique called AllerTop to determine 
whether or not proteins were allergenic (https://www.
ddgpharmfac.net/Vaxijen/Vaxijen/Vaxijen.html) and Al-
lerTop v2 is used for determining allergenicity (https://
www.ddgpharm.net/AllerTOP/method.html).

Physiochemical Analysis

Using the ExPASy Protpram tool (https://www.ex-
pasy.org/resources/protpram), the physiochemical prop-
erties of a chosen protein, including its theoretical PI, 
amino acids composition, instability index, in-vitro and in-
vivo half-life, aliphatic index, molecular weight, and most 
important grand average of hydropathicity (GRAVY), 
were investigated.

B-Cell Epitope Prediction

For the prediction of B-cell epitopes, the IEDB Lin-
ear Epitope Prediction Tool version 2.0 was utilized, and 
its default settings were left alone. It makes use of com-
plicated algorithms that are based on the architecture of 
antigen-antibody proteins. It was put to use in an acces-
sibility examination of the surface.

CTL and HTL Epitope Prediction

IEDB was utilized in order to make a prediction re-
garding the T-cell epitopes. When a sequence is supplied 
in FASTA format, various build-in IEDB tools are used 
to create MHC-I and MHC-II epitopes. It was decided 
that humans would serve as the host species. All alleles 
with length 9 were chosen for further study. As the out-
put format, an XHTML table was utilized, and all of the 
other parameters and choices were left in their default 
states. (http://tools.iedb.org/mhcii/).

Evaluation of Epitopes

The antigenicity, allergenicity, and toxicity of each sin-
gle epitope were assessed. We used the VaxiJen antigen 
server (http://www.ddg-pharmfac.net/Vaxijen/VaxiJen/
VaxiJen.html) to assess antigenicity. In an alignment-free 

Figure 1. (A) Flow Chart of Diagram of Vaccine Design, (B) Flow 
Diagram of Vaccine Construct from N-terminal to C-terminal.
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method, the physicochemical characteristics of epitopes 
form the basis for the prediction. For this experiment, 
bacteria with a cutoff of 0.5 were used. AllerTop V.2.0 
(http://www.ddg-pharmfac.net/AllerTOP) was used for 
epitope analysis due to its user-friendly interface and 
comprehensive database. The parameters were left in 
their default states (Naveed et al., 2022b). Finally, epitope 
toxicity was quantified using the ToxinPred (https://
webs.iiitd.edu.in/raghava/txnpred/multisubmit.php) site 
for toxicity analysis. For further study, only antigenic, 
non-toxic, and allergy-free epitopes have been selected.

Resemblance with Human Proteins

Using the BLASTp program (https://blast.ncbi.nlm.
nih.gov/Blast.cgi?PAGE=Proteins), all of the predicted 
peptides were analyzed in relation to the protein data-
base for Homo sapiens (Taxid:9606). If the E-value is 
more than 0.05, then all of the peptides in the vaccine 
are evaluated as potential non-homologous peptides.

Population Coverage Calculation

Population Coverage for vaccine design aimed at tar-
geting T-lymphocyte epitopes and associated MHCI and 
MHCII alleles can be calculated using the IEDB data-
base (http://tools.iedb.org/population/). This number 
is based on how many different MHC alleles the con-
struct’s epitopes are able to identify. This is because 
there is a wide range in MHC-allele distribution across 
different regions and peoples.

Construct of the proposed vaccine

The construct of the vaccine is shown in Fig.  1B. 
Each anticipated epitope was joined together using one 
of three linkers: AAY, KK, or GPGPG. These linkers 
are necessary for separating and isolating different func-
tional domains. They are tough, bendable, and easy to 
cut. Resuscitation-promoting factor (RpfE) was utilized 
as an adjuvant in order to boost the adaptive immune 
response. The mRNA vaccine needs to have a Kozak 
sequence, which consists of an ORF start codon and 
a stop codon. In addition, two structures were added 
to the construct: first, the tissue plasminogen activator 
(tPA) secretory signal sequence (UniProt ID: P00750) in 
the 5′ region of the construct. Once translated, epitopes 
can be secreted from cells with the help of this signal se-
quence. Second, the mRNA vaccine’s 3′ locus end con-
tains an MHC I-targeting domain (MITD; UniProt ID: 
Q8WV92).

Evaluation of Vaccine Protein

Antigenicity was analyzed by the Vaxigen v2.0 and 
for allergenicity we used AllerTop. ToxinPred was used 
for toxicity analysis. Solubility analysis with the help of 
SoLpro was done to determine the purity of a substance. 
ExPasy-Protparam Tool was used for physiochemical 
properties analysis.

Peptide Secondary and Tertiary Structure Prediction
Secondary and tertiary structures were analyzed by 

the PsiPred and TsRosseta respectively to explore multi-
epitope vaccine. The tertiary structure was assessed using 
Tr Rosetta (https://yanglab.nankaledu.en/trRosetta/).

mRNA Vaccine Secondary Structure Prediction

Predicting the secondary structure of the mRNA vac-
cine with the help of the RNAfold tool (http://rna.tbi.
univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi). It 

makes use of McCaskill’s technique to determine the 
secondary structure with the lowest free energy (MFE). 
This method was used to determine the minimum free 
energy (MFE) of a structure, as well as the MFE of a 
centroid secondary structure.

Refinement and Validation of tertiary structure

The vaccine’s structure was refined using the Galaxy-
Refine server. This involved, first, the rebuilding and re-
packing of sidechains, and second, the relaxation of the 
structure using molecular dynamics simulation processes. 
(http://galaxy.seoklab.org/). Multiple servers were used 
to verify the accuracy of the 3D structure based on ref-
erences. To begin, RAMPAGE (Ramachandran Plot As-
sessment) was utilized. After that, PROCHECK was uti-
lized to verify the building’s integrity. (https://bip.weiz-
mann.ac.il/toolhox/structure/validation.htm).

Analysis of Conformation B-Cells Epitope Prediction

New conformational B-cell epitopes can be stimulated 
by the protein’s tertiary structure. Estimates of discon-
tinuous B-cell epitopes in the protein structure were gen-
erated using ElliPro, a web-based service (http://tools.
iedb.org/ellipro/). Ellipro benefits from the 3D model’s 
geometric properties. When compared to other known 
strategies for predicting discontinuous B-cell epitopes, 
ElliPro has the greatest AUC value of 0.732 for the pro-
tein model.

Docking Analysis

Peptide vaccines with either toll-like receptor 4 (TLR-
4) (PDB ID: 3FXI) or TLR-3 (PDB ID: 3FXI) (PDB 
ID: 1ZIW) To dock 3D structures on the ClusPro 
server, we employed the PIPER docking method. Both 
TLR4 and TLR3 were blocked by a RpfE adjuvant. It 
is possible that this server will produce numerous mod-
els using various scoring mechanisms. Free binding en-
ergy (G), dissociation constant (Kd), and percentages of 
charged and polar amino acids on the non-interacting 
surface were calculated by receptor-ligand 3D interaction 
using the PRODIGYY tool on the HADDOCK website 
(https://haddock.science.uu.nl/).

Evaluation of Binding Energies

T cells and MHC alleles underwent a molecular 
docking simulation to determine their binding affini-
ties. RCSB’s PDB database was queried for the tertiary 
structure of MHC alleles. PyMol was used to visualize 
the structures, and the Swiss-PDB viewer was employed 
to reduce power consumption. Epitopes were folded 
into 3D structures using the PEP-FOLD 3.5 server, and 
energy was conserved by viewing the structures in the 
Swiss-PDB viewer. The docking and binding affinity 
computations were performed on the Cluspro 2.0 server. 
Additional visualization and analysis were performed us-
ing PyMol and Discovery Studio.

Molecular Dynamics Simulations

iMods online was used for molecular dynamics sim-
ulations. It studies the molecule and interaction on the 
basis of torsion angles. It was utilized for the analysis 
of RMSD values, co-variance among residues, eigenvalue 
of interacting residues and distortion of structure. It was 
utilized to discover the stability of the complex.
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Codon Optimization and Expression Analysis of 
Proposed Vaccine

The codon  of the vaccine was optimized to ensure 
that the peptide vaccine construct was produced effi-
ciently in human cells. This was achieved with the help 
of the GenSmart Codon Optimization software (http://
www.genscript.com/). In order to determine whether or 
not a product is of high quality, GenScript uses Rare Co-
don Analysis (http://www.genscript.com/) (GS). How 
well mRNA is expressed and translated is quantified by 
the Codon Adaptation Index (CAI). The sequence was 
back-translated using the backtranseq software EMBOSS 
6.0.1 so that the mRNA protein could be expressed in 
the expression vector. after then, the Java Codon Ad-
aptation Tool was used for codon optimization (JCAT). 
As an expression vector, we employed the pub18 gene 
from E. coli. SnapGene used in-silico PCR for construct 
amplification.

Immune Simulation

C-ImmSim was used to verify the immune response. 
It uses an immune epitope and interaction with the help 
of a position-specific scoring matrix (PSSM). All the pro-
cedure was done at default parameters. (https://kraken.
iac.rm.cnr.it/C-IMMSIM)

RESULTS

Protein sequence Retrieval

The FASTA format of amino acids of Human im-
munodeficiency virus 1 proteins that are present on the 
surface or on transmembrane having accession number 
CCA61241.1, QEE91975.1, Q9QBZ6.2, NP_057849.4, 
UED13371.1 respectively, were obtained from the NCBI 
database. The function and cellular localization of the 
shortlisted proteins are given in Table 1.

B-cell Epitope Predictions

IEDB Linear Epitope Prediction v2.0 was used to pre-
dict the B cell epitopes. At first, 25 epitopes were pre-
dicted which were then filtered out on the basis of the 
antigenicity and allergenicity. At the end, only 8 epitopes 
were selected for the vaccine construct as shown in Ta-
ble 2.

CTL or HTL Epitopes and their Evaluation

T-cell Epitopes are of two types: MHC-I and MHC-
II. These epitopes are predicted or selected on the basis 
of the value of IC50. Those epitopes with values lower 
than 200 are selected.. The lower the ic50, the high the 
binding affinity of the epitope is. For this whole dataset 
of the HLA alleles are selected. A total of 40,419 MHC 
Class I Epitopes were predicted and out of them, only 8 
were selected on the basis of their antigenicity and their 
allergenicity. A total of 18,279 MHC Class II Epitopes 
were predicted and out of them, only 15 were selected 
on the basis of their antigenicity and their allergenicity. 
The shortlisted MHC I and II epitopes are shown in Ta-
ble 2.

Interaction between Epitopes and MHC-alleles

In total, there are 23 T-lymphocyte epitopes and 120 
MHC-alleles. As can be seen in Table 4, whereas some 
epitopes only recognize a single MHC allele, others can 
detect as many as seventeen different alleles. We selected 
5 epitopes that matched up with certain MHC alleles for 
further molecular docking study. The ClusPro 2.0 server 
docking results are shown in Table 4 as energy affini-
ties. With an MHC allele (HLA-A*32:01) and its asso-
ciated epitope, the YALFYKLDIV region displays the 
highest binding affinity (–9.2 kcal/mol). As can be seen 
in Figs  2A and 2B, as a result, epitopes bind compe-
tently to the MHC-allele binding fork. As can be seen 
in Fig.  3, we also assessed every potential interaction b 
etween the targeted epitope and allele residues.

Proposal for a Vaccine Construct

The proposed design of the vaccine construct is like 
the following:
5′ m7GCap- 5′ UTR–Kozak sequence-EAAAKM-
KNARTTLIAAAIAGTLVTTSPAGIANADD AGLDP-
NAAAGPDAVGFDPNLPPAPDAAPVDTPPAPED-
AGFDPNLPPPLAPDFLSPPAEEAPPVPVAYSVN-
WDAIAQCESGGNWSINTGNGYYGGLRFTAGT-
WRANGGSGSAANASREEQIRVAENVLRSQGI-
RAWPVCGRRG (adjuvant) -YVPPIRGEIGPGPGYAL-
FYKLDIVGPG PGWSNKSYDDIWGPGPGVGRK-
KRAAVGPGPGRAAVGLGAVGPGPGGLGAVLL-
GFLGPGPGAIAVANWTDRGPGPGGLIGLRIVF-
AGPGPGAARAVELLGRSSLKGKKAAVGLGAV-
LLGFLSTKKALAWDDLRSKKALFYKLDIVKKA-
PAGFAILKCRDKEFKKARAVELLGRSSLKGLK-
KAVGLGAVLLGFLSTAKKCAPAGFAILKKCA-
PAGFAILKCRDKEKKFYKLDIVPIDDNGKNKKG-

Table 1. List of Proteins selected Previous Literature

No. Protein Uniprot ID Antigenicity Function Location

1 Envelope glycoprotein 
gp160 K0J9R5 0.5767 Host-Virus Interaction Surface Protein

2 OTU domain-containing 
protein 4 Q01804 0.5 Pathogenesis and Innate Immune Response Cytoplasmic Protein

3 Gag polyprotein Q9QBZ6 0.58 Virion Assembly Cell Membrane

4 Gag-Pol polyprotein P04585 0.6778 Virion Assembly and Lipid Anchor to Host cell membrane

5 Tat- Protein Q76PP9 0.5886 Receptor Binding to Host Cytoplasmic Protein

348

http://www.genscript.com/
http://www.genscript.com/
http://www.genscript.com/
https://kraken.iac.rm.cnr.it/C-IMMSIM
https://kraken.iac.rm.cnr.it/C-IMMSIM


Vol. 70 						      411mRNA-based vaccine to provoke a robust immune response against HIV-1

DLEITTHSFNCRGEKKYDDIWNNLTWVEWERK-
KYKLDIVPIDDNGKNSKKYSPLSFQTLKKYSPLS-
FQTLTHHQREKKNVNSTKNATTPTVTPTPTSLM-
KDTGELAAYIRDKKKQEYALFAAYTIKQACP-
KMSFDPIPAAYCRDKEFNGTAAYITFNSSAGGD-
LAAYNSSSLASNNSNENAAYGKNNTNETFRPAG-
GDMRDNWRSELYKYAAYKVVKIKPLGIAPTKAR-
RRVVGRKKRAAYQEKNEQDLLALDKWASLAAY

The antigenicity score of the constructed vaccine is 
0.7056 at a threshold of 0.5. The overall allergenicity of 

the vaccine is predicted as non-allergen. This shows that 
the construct is a good vaccine candidate.

Physiochemical Properties of Vaccine

To determine the antigenicity, allergenicity, toxicity, 
and soluble nature of a construct, scientists can use pro-
grams like VaxiJen, ANTIGENpro, AllerTOP, Toxin-
Pred, and SolPro. The results showed that the vaccine 
met all of the criteria for an effective vaccine: it was ani-
genic, non-allergenic, non-toxic, and water-soluble. Ta-
ble  5 displays the results of using the ExPasy ProtParam 
service to establish the physiochemical profile of the 
construct. Based on the vaccine’s known physiochemical 
properties, it was projected that the construct would be 
thermally stable. Due to the GRAVY value being -0.357, 
it may be concluded that the vaccine is hydrophilic. 
These results indicate that the mRNA vaccine design is a 
promising potential vaccination candidate.

Prediction of Population Coverage

Combining all 120 alleles of the matching 23 epitopes 
on MHC-I and MHC-II, the IEDB population coverage 
technique was able to estimate that the human popula-
tion would be protected against all known pathogens. 
Eventually, global vaccination rates would reach about 
98.9 percent.

Immune Simulation of Vaccine

We used three vaccinations to kick off the immune 
response (see Fig. 4). Both the second and third options 
performed better than the first. After antigen suppres-
sion, immunoglobulin levels were high, and it was dis-
covered that more IgM than IgG was being produced. 
This increase may be indicative of the formation of im-
munological memory following antigen exposure. B-cell 
isotype persistence across time reveals the existence of 
memory cells within the B-cell population. It’s also true 
that more CTL and HTL cells were produced as a di-
rect consequence of memory formation. Furthermore, 
macrophage activity rose while dendritic cell activity re-
mained unchanged. IFN- and IL-2 levels also went up. 
There is a rise in both innate immunity and the number 
of epithelial cells, which play a role in innate immunity.

mRNA Vaccine Prediction for secondary structure

The mRNA vaccine’s structure was inferred using the 
RNAfold website. The free energy of the structures was 
also computed using this site. As a starting point, we 
took the codons that were optimized for usage in the 
vaccine. As shown in Fig. 5F, the mRNA vaccine had 
a minimum free energy of -930.20 kcal/mol during pro-

Table 2. List of epitopes candidates to design the vaccine

Cell Type Sequence of Epitope Antigenicity

MHC I Cells

YVPPIRGEI 0.6365

YALFYKLDIV 0.7604

WSNKSYDDIW 0.8368

VGRKKRAAV 1.5567

RAAVGLGAV 1.1827

GLGAVLLGFL 0.8696

AIAVANWTDR 1.2624

GLIGLRIVFA 1.8903

MHC II

AARAVELLGRSSLKG 0.9438

AAVGLGAVLLGFLST 1.1029

ALAWDDLRS 0.8966

ALFYKLDIV 0.8914

APAGFAILKCRDKEF 1.3346

ARAVELLGRSSLKGL 0.926

AVGLGAVLLGFLSTA 1.083

CAPAGFAIL 1.1739

CAPAGFAILKCRDKE 1.3168

FYKLDIVPIDDNGKN 0.8964

GDLEITTHSFNCRGE 1.1009

YDDIWNNLTWVEWER 0.858

YKLDIVPIDDNGKNS 1.0139

YSPLSFQTL 1.4447

YSPLSFQTLTHHQRE 1.1407

B Lympho-
cytes

NVNSTKNATTPTVTPTPTSLMKDT-
GEL 0.769

IRDKKKQEYALF 1.3047

TIKQACPKMSFDPIP 1.0224

CRDKEFNGT 0.7076

ITFNSSAGGDL 0.5866

NSSSLASNNSNEN 0.5

GKNNTNETFRPAGGDMRDNWR-
SELYKY
KVVKIKPLGIAPTKARRRVVGRKKR

0.6997

QEKNEQDLLALDKWASL 0.752

Figure 2. Docking visualization between the epitope AG-
FRQYRAASIQVGN and its corresponding MHC allele (HLA-
DRB1*01:01) using the PyMol software: (A) Surface View (B) Car-
toon View.
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duction, and the energy of its secondary centroid struc-
ture was -700.67 kcal/mol. The results indicate that the 
mRNA structure will be stable.

Secondary and tertiary structures of the mRNA vaccine

We used the PSIPRED server to try and guess the 
secondary structure of the vaccine. Figure 5A depicts the 
structure, which is composed mostly of alpha helices. 

To learn about the vaccine’s tertiary structure, we used 
the Tr Rosetta server (see Fig. 5B). The PROCHECK 
service was then used to confirm the structure’s ste-
reochemical accuracy. Figure 5C’s Ramachandran plot 
shows that 98.3% of residues were located in the recom-
mended zones, 1.6% in the additional allowance zone, 
and 0.2% in the prohibited allowance zone. The vac-
cine has an overall quality factor of 92.64211, which is 

Table 3. T-Lymphocytes and their corresponding alleles

MHC I Epitopes MHC I Binding Alleles MHC II Epitopes MHC II Binding Alleles

YVPPIRGEI
HLA-B*40:01, HLA-B*44:03, HLA-
-B*44:02, HLA-A*02:06, HLA-B*08:01, 
HLA-A*32:01, HLA-B*51:01

AARAVELLGRSSLKG
HLA-DRB1*12:01, HLA-DRB1*01:01, 
HLA-DQA1*01:02/DQB1*06:02, HLA-
-DQA1*05:01/DQB1*03:01

YALFYKLDIV
HLA-B*40:01, HLA-B*44:03, HLA-
-B*44:02, HLA-A*02:06, HLA-B*08:01, 
HLA-A*32:01, HLA-B*51:01

AAVGLGAVLLGFLST HLA-DQA1*05:01/DQB1*03:01

WSNKSYDDIW HLA-B*57:01, HLA-B*58:01, HLA-
-B*53:01, HLA-A*32:01 ALAWDDLRS HLA-DQA1*05:01/DQB1*03:01

VGRKKRAAV
HLA-A*68:01, HLA-A*31:01, HLA-
-A*33:01, HLA-A*11:01, HLA-A*03:01, 
HLA-A*30:01, HLA-A*26:01

ALFYKLDIV
HLA-DRB1*12:01, HLA-DRB1*04:01, 
HLA-DQA1*05:01/DQB1*03:01, HLA-
-DRB1*15:01

RAAVGLGAV
HLA-A*02:06, HLA-B*39:01, HLA-
-B*15:01, HLA-B*35:01, HLA-C*12:03, 
HLA-B*15:02, HLA-C*14:02

APAGFAILKCRDKEF
HLA-DRB3*02:02, HLA-DRB1*04:01, 
HLA-DRB1*09:01, HLA-DRB1*01:01, 
HLA-DRB1*07:01, HLA-DRB1*04:05, HLA-
-DRB5*01:01

GLGAVLLGFL HLA-A*68:01 ARAVELLGRSSLKGL

HLA-DRB1*15:01, HLA-DRB1*04:05, 
HLA-DRB1*07:01, HLA-DQA1*05:01/
DQB1*03:01, HLA-DRB1*09:01, HLA-
-DQA1*01:02/DQB1*06:02, HLA-
-DRB3*02:02, HLA-DRB1*04:01, HLA-
-DRB1*08:02, HLA-DPA1*02:01/DPB1*14:01, 
HLA-DRB1*01:01, HLA-DRB3*01:01, HLA-
-DQA1*01:01/DQB1*05:01

AIAVANWTDR HLA-C*12:03, HLA-A*68:02, HLA-
-A*02:06, HLA-A*68:01, HLA-C*03:03 AVGLGAVLLGFLSTA

HLA-DRB1*09:01, HLA-DRB1*01:01, HLA-
-DRB1*07:01, HLA-DRB5*01:01, HLA-
-DRB1*04:05, HLA-DRB3*01:01

GLIGLRIVFA
HLA-A*68:02, HLA-A*30:01, HLA-
-A*30:02, HLA-A*26:01, HLA-A*01:01, 
HLA-A*68:01, HLA-B*58:01

CAPAGFAIL HLA-DRB1*04:03, HLA-DRB1*04:05, HLA-
-DRB1*04:01, HLA-DRB1*04:04

HLA-A*02:01, HLA-A*02:03, HLA-
-A*02:06, HLA-A*68:02, HLA-B*51:01 CAPAGFAILKCRDKE

HLA-DRB1*04:01, HLA-DRB3*03:01, HLA-
-DRB1*13:02, HLA-DRB1*04:04, HLA-
-DRB1*04:05

HLA-A*68:02, HLA-A*30:01, HLA-
-A*30:02, HLA-A*26:01, HLA-A*01:01, 
HLA-A*68:01, HLA-B*58:01

FYKLDIVPIDDNGKN
HLA-DRB1*04:01, HLA-DRB4*01:01, HLA-
-DPA1*01:03/DPB1*02:01, HLA-DRB1*13:02, 
HLA-DRB3*02:02

GDLEITTHSFNCRGE
HLA-DRB5*01:01, HLA-DQA1*05:01/
DQB1*03:01, HLA-DRB3*02:02, HLA-
-DRB1*09:01, HLA-DRB1*04:01

YDDIWNNLTWVE-
WER

HLA-DRB3*02:02, HLA-DRB5*01:01, HLA-
-DRB1*04:01, HLA-DRB1*07:01, HLA-
-DRB1*01:01, HLA-DRB1*09:01

YKLDIVPIDDNGKNS
HLA-DRB3*02:02, HLA-DRB3*01:01, HLA-
-DRB1*09:01, HLA-DRB1*13:02, HLA-
-DRB5*01:01, HLA-DRB1*15:01

YSPLSFQTL HLA-DRB1*01:01, HLA-DRB1*15:01, HLA-
-DRB1*04:05

YSPLSFQTLTHHQRE HLA-DRB5*01:01, HLA-DRB1*04:01, HLA-
-DRB1*07:01
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Table 4. Molecular Docking of T-Lymphocytes epitopes with corresponding MHC alleles and their Binding affinity

Type of Epitope Epitope MHC Allele PDB ID Binding Affinity

MHC I

YALFYKLDIV HLA-A*32:01 4PR5 -9.2

VGRKKRAAV HLA-A*03:01 3RL1 -6.0

RAAVGLGAV HLA-B*15:01 1XR8 -4.9

MHC II
APAGFAILKCRDKEF HLA-DRB1*01:01 2FSE -5.1

ARAVELLGRSSLKGL HLA-DRB1*15:01 1BX2 -5.3

Figure 3. Different Interactions between the epitope and its corresponding MHC allele visualized using the discovery studio. (A) Con-
ventional Hydrogen Bonds (B) Salt Bridge, attractive Charge interactions (C) Hydrophobic Interactions (D) Cation-Pi interactions (E) 
Donor-Donor Clash (F) Pi Donor Hydrogen Bond

Figure 4. Immune simulation response against Vaccine construct from C-ImmSim server. 
(A) The immunoglobulin production after antigen injection. (B) The B cell population after three injections. (C) The B Cell Population per 
state (D) The Helper T Cell Population (E) The Helper T Cell Population per state (F) The Cytotoxic T Cell Population per state (G) Mac-
rophage Population per state (H) Dendritic Cell Population per state (I) Cytokines and Interleukins Production with Simpson Index of the 
immune response.
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quite high. The tertiary protein model is very consistent, 
as predicted by the ProSA-web server, which yielded a 
negative Z-score of -6.01.

Conformational B‑cell epitopes Prediction 

For the purpose of locating B-cell conformational 
epitopes, a server named ElliPro was used to execute 
vaccination model folding. Eleven discontinuous confor-
mational B-cell epitopes were forecast using this method. 
Figure 6 reveals that the anticipated score for the 285 

residues for secondary and tertiary models of conforma-
tional cell Epitopes ranges from 0.512 to 0.883.

Molecular Docking

The probable connections between the construction 
and TLR-4 and TLR-3 receptors were verified using 
ClusPro software for molecular docking. Additionally, 
we used the PRODIGY website to analyze the binding 
affinities and dissociation constants at 37°C for the more 

Figure 5. Structure prediction and validation of Vaccine Construct: 
(A) PSIPRED server results of secondary structure of vaccine (B) The Robetta server used to predict the Tertiay structure of vaccine (C) 
The PROCHECK server used to analyze the Ramachandran Plot (D) Z-score analysed by the Pro-SA webserver (E) Local Quality Factor (F) 
mRNA secondary structure

Figure 6. The ElliPro server of IEBD database for the prediction 
of eleven conformational B-cell epitopes: 
(I) Position of Conformational B-cell epitopes 2D illustration. (II) 
3D models of B-cells epitopes where yellow spheres present the 
conformational B-cell epitopes.

Figure 7. Molecular dynamics simulation, Normal Mode Analysis, 
and receptor-ligand interactions: 
(A) Vaccine-TLR4 docked complex using the Cluspro server (B) De-
formability graph (C) Eigenvalue of vaccine-TLR4 complex (D) B-
factor graph (E) Covariance matrix (F) Elastic network model using 
the iMODS server (G) Receptor-ligand interaction using the PDB-
sum webserver.
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clustered component of each complex. As a benchmark, 
we relied on the adjuvant docked complex.

There was a difference in binding affinity of 
–18.2  kcal/mol–1 between the TLR3-Vaccine complex 
and the control. At 25 degrees Celsius, the complex dis-
sociation constant for Vaccine-TLR3 was 1.7E-11, while 
the value for the control was 1.1E-06. The binding affin-
ity for the TLR4-Vaccine complex was –11.9 kcal/mol–1, 
while it was only –9.0 kcal/mol–1 for the control. Vac-
cine-TLR4 had a complex dissoiation constant at 25°C 
of 5.8E-11, significantly higher than the control’s value 

of 2.5E-07. PDBsum was used to analyze the vaccine’s 
enhanced interaction with TLR-3 and TLR-4 receptors.

Molecular Simulation of Vaccine

 When exposing the Vaccine-TLR3 and Vaccine-TLR4 
complexes to the iMOD server, molecular dynamic sim-
ulation analysis was performed. Vaccine deformable loci 
and amino acids with coiled forms are both shown by 
peaks in the deformability graph. NMA (normal mode 
analysis) is a computational tool for studying protein 
adaptability. As can be seen in Figs 7C and 8B, the B-
factor graph represents the complex’s connection to the 
Normal Mode Analysis and PDB areas. The eigenvalues 
of the docked complexes are displayed in Figures 7D 
and 7D, respectively. Figures 7E and 8E demonstrate the 

Table 5. Physiochemical Properties, Antigenicity and Allergenicity of the Vaccine

Property Measurement Indication

Total Number of Amino Acid 708 Appropriate

Molecular Weight 75209.01 KDa Appropriate

Formula C3380H5329N943O976S13 -

Theoretical pI 9.64 Basic

Total number of positively charged residues (Arg + Lys) 64 -

Total number of negatively charged residues (Asp + Glu 100 -

Total Number of Atoms 10641 -

Instability index (II) 31.84 Stable

Aliphatic Index 76.51 Thermostable

Grand Average of Hydropathicity (GRAVY) -0.357 Hydrophilic

Antigenicity VaxiJen 0.7596 Antigenic

Antigenicity AntigenPro 0.821798 Antigenic

Allergenicity Non-allergenic Non-allergenic

Toxicity Non-toxic Non-toxic

Figure 8. Molecular dynamics simulation, Normal Mode Analysis, 
and receptor-ligand interactions: 
(A) Vaccine-TLR4 docked complex using the Cluspro server (B) De-
formability graph (C) Eigenvalue of vaccine-TLR4 complex (D) B-
factor graph (E) Covariance matrix (F) Elastic network model using 
the iMODS server (G) Receptor-ligand interaction using the PDB-
sum webserver.

Figure 9. Optimized Vaccine Cloned in PUC18 Vector
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interactions between amino acid duplets in the dynamical 
area as a covariance matrix, where the red part denotes 
correlated residues, the white part for anti-correlated res-
idues, and the blue part for non-correlated residues.

Codon Adaptation and In-silico Cloning

JCat which is a codon adaptation tool was used to op-
timize the vaccine construct codon to get maximum pro-
tein expression. The optimized codon (Fig. 9) sequence 
has 70% GC Content. The optimized codon sequence 
was inserted into PUC18 Vector to make a recombinant 
plasmid which is then amplified through In-silico PCR 
using SnapGene software.

DISCUSSION

Vaccination against a particular disease not only 
protects individuals from contracting the illness but 
also results in an overall improvement in the health of 
the population, cuts down on the spread of the dis-
ease, and is very cost-efficient. However, the process 
of immunization calls for a significant investment of 
time and money while it is still in the developmental 
stage. In this context, the contribution of specialists 
is absolutely essential. Because of advances in tech-
nology and the accessibility of various bioinformatics 
tools, it is now possible to save costs while simulta-
neously reducing the amount of time spent. Analyses 
of the pathogen on the genomic and proteomic levels 
are being carried out in order to create vaccinations 
(Pandey et al., 2018). The goal of this research is to 
decrease the amount of viral material that is bound 
to virus particles and transferred to human cells by 
focusing on the outer-membrane and transmembrane 
proteins. The investigation of the secondary and ter-
tiary structure has been demonstrated to offer a highly 
antigenic potential for the development of vaccines. 
Based on the allergenicity and antigenicity report of 
the vaccine, this study demonstrates, in general, the 
potential of this in silico produced vaccine targeting 
the gp160 in membrane and trans-membrane.

As a result of advancements in the clinical research 
field, we are now able to choose and target histo-
compatibility complex (MHC) T-cells that have the 
most interaction with human leukocyte antigen (HLA) 
scheme using computational biology. Alternatively, we 
can choose to use B-cells as the source of vaccine 
design. This option is available to us. In the begin-
ning, it is necessary for us to get all of the databases 
and software that are available for all of the nucle-
ocapsid and trans-membrane epitopes that are feasible 
on the protein. The IEDB database was selected for 
the epitope prediction of B-cells because it can pre-
dict antigenicity in two different methods. The cut-
off score for antigenicity has been set to 5.0. On the 
other hand, we identified T-cell epitopes by screening 
them first to find those with an IC50 value of less 
than 200, which ensures that they are highly active 
against the targeted protein. After that, the epitopes 
are combined with MHC Class-I and MHC Class-
II Class, and then the two classes are separated for 
screening (Naveed et al. 2023c).

Vaxijen v2.0 may be used to calculate the antigenic 
characteristics of B and T cells, as well as the ACC 
of peptides based on their physiochemical parameters. 
Those with levels more than the limit are considered 
antigens in nature. This antigenic epitope should be 
safe in its natural condition, so that it does not cause 

problems when employed as an immune response 
(Cong et al., 2023). We also assess vaccine allergenicity 
since vaccine allergenicity is the greatest impediment 
to advancement in the field of vaccine development. 
Both classes’ MHC have shown a high degree of con-
servation over the world, resulting in an increase in 
the proportion of the HIV patient population protect-
ed by peptide vaccines (Meron-Sudai et al., 2023).

Following the acquisition of all necessary criteria, 
the process of vaccine manufacturing will involve the 
selection of 8 epitopes from MHC Class-I T-cells, 
8 epitopes from B-cells, and 15 epitopes from MHC 
Class-I T-cells as the subunits (Naveed et al., 2022c). 
The vaccine demonstrates a growing response of the 
vaccination in the identification of pathogens and ac-
tivation of the immune system, immune-reactivity is 
one of the features that adjuvants like 50S ribosomal 
protein L7/LI2 are used to boost. In the first stages 
of the production of multiple epitope vaccines, linkers 
are utilized for the purpose of fusing B-cell and T-cell 
epitopes together. Linkers such as EAAAK, CPGPG, 
KK and AAY were incorporated between the critical 
predicted epitopes in order to produce a viable vaccine 
with the highest antigenicity possible.

The generated protein sequence has been subjected 
to bioinformatic analysis as well as immunologic testing, 
both of which have concluded that it does not include 
any allergenic or poisonous components. GalaxyRefine 
was utilized in order to refine the 3D structure of the 
chimeric vaccine, which resulted in the acquisition of the 
desired features (Al Tbeishat, 2022). RAMPAGE, also 
known as the Ramachandran Plot, demonstrates that a 
possible vaccination candidate possesses suitable charac-
teristics. According to the findings, the majority of the 
residues are located in favorable areas, while just a few 
residues were found in regions that were considered to 
be outliers (Naveed et al., 2022e).

This demonstrates that the quality of the desired mod-
el can be considered acceptable. Clustpro2.0 is utilized 
in the Docking process, which displays the most prom-
ising models of the vaccine-receptor complex by bring-
ing them into close proximity to the reference structure. 
A simulation using molecular dynamics was carried out, 
with the goal of emulating the natural behavior of our 
dynamic system (Naveed et al., 2022d). The docked com-
plex of the vaccine construct of viral gp160 protein and 
CD4 receptor of the host should that the computational 
vaccination model of human immunodeficiency virus has 
the potential to combat Autoimmune Deficiency Syn-
drome.

The primary emphasis of this research was on the 
development of an in-silico strategy for the design of 
an mRNA peptide-based vaccination based on HIV-
1 antigenic proteins (Shabani et al., 2022). Using im-
munoinformatic methods, the advised mRNA vaccine 
was tested for stability, thermostability, antigenicity, 
lack of allergenicity, and hydrophilicity. The ability of 
the vaccine to establish memory cells upon exposure, 
as well as to produce chemokines that increase B-cell 
response and humoral response, was verified using mo-
lecular simulation after three doses were administered 
(Naveed et al., 2022a). Macrophages, dendritic cells, and 
the Simson index were markers for the development of 
memory cells. Finally, it was determined that the manu-
factured vaccine shows promise as a potential candidate 
for use in the prevention of Human Immunodeficiency 
syndrome  infections.
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CONCLUSION

Humanity has faced significant scientific, medical, and 
moral challenges due to HIV/AIDS since its discovery 
in 1983. The results of this investigation indicate that 
the vaccine design has both desirable physicochemical 
properties and immune responses against HIV-1. Using 
a variety of immune-informatics techniques or method-
ologies, it was discovered that this immunization will ac-
tivate an immunological response against HIV-1 in the 
host. Our results were supported by the immunological 
response that the vaccine elicited, as measured by Im-
mune Stimulation. Accordingly, this construct is suggest-
ed for use as a potential subject for in vitro and in vivo 
studies against S. marcescens, employing a wide variety of 
serological assays to elicit a reaction. By developing a re-
liable vaccine, this study aids the global effort to wipe 
out HIV.
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The aim of the study was to determine the level of anti-hemagglutinin

antibodies in the serum of patients during the 2021/2022 epidemic season

in Poland. A total of 700 sera samples were tested, divided according to the age

of the patients into 7 age groups: 0–4 years of age, 5–9 years of age,

10–14 years of age, 15–25 years of age, 26–44 years of age, 45–64 years of

age and ≥65 years of age, 100 samples were collected from each age

group. Anti-hemagglutinin antibody levels was determined using the

haemagglutination inhibition assay (OZHA). The results obtained confirm the

presence of anti-hemagglutinin antibodies for the antigens A/Victoria/2570/

2019 (H1N1) pdm09, A/Cambodia/e0826360/2020 (H3N2), B/Washington/02/

2019 and B/Phuket/3073/2013 recommended by World Health Organization

(WHO) for the 2021/2022 epidemic season. The analysis of the results shows

differences in the levels of individual anti-hemagglutinin antibodies in the

considered age groups. In view of very low percentage of the vaccinated

population in Poland, which was 6.90% in the 2021/2022 epidemic season,

the results obtained in the study would have to be interpreted as the immune

system response in patients after a previous influenza virus infection.
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Introduction

Influenza is a significant public health threat both in Poland and around the world. It

is an acute infectious respiratory viral disease caused by influenza viruses classified into

four types: A, B, C, and D. Influenza A virus infects not only humans, but also horses, pigs,

aquatic mammals (such as seals, whales), and birds. The influenza B virus only infects

humans, while the influenza C virus infects humans and pigs. In contrast, the influenza D

virus has so far been detected in pigs and cattle (Ducatez et al., 2015; Gliński and Żmuda,

2022). Human infection with influenza D has not been observed (Wu and Wilson, 2020).

This classification is based on antigenic differences between the main proteins of the
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virion, i.e., the M protein and the NP nucleoprotein. These types

differ epidemiologically (Brydak, 2008). Influenza epidemics are

caused by both influenza A (A/H3N2/and A/H1N1/pdm09) and

influenza B (B/Yamagata and B/Victoria) lineages, but only

influenza A viruses can cause a pandemic and dramatically

increase hospitalizations and deaths from post-flu

complications (Frey et al., 2023). In most cases, the influenza

C virus causes only mild symptoms after infection.

Seasonal influenza mainly occurs during the colder months

in regions with temperate climates. Human-to-human

transmission of the influenza virus occurs through inhalation

of infectious respiratory particles when an infected person

coughs or sneezes. There is also evidence that the influenza

virus can be transmitted by talking or breathing, that is by

transmitting small respiratory particles. The incubation period

of the influenza virus is usually 24–48 h. An infected patient is

contagious even one to 2 days before the onset of influenza

symptoms and for five to 7 days after the onset of symptoms.

Infected children and persons taking immunosuppressive drugs

may show prolonged secretion of the influenza virus (Gaitonde

et al., 2019).

The influenza A virus particle, which deceptively resembles a

chestnut with protruding spikes, has a lipid envelope originating

from the plasma membrane of the host cell. Two surface proteins

are anchored in it: hemagglutinin (HA) and neuraminidase

(NA). Hemagglutinin is responsible for the adsorption of the

influenza virus into the cell, while neuraminidase is responsible

for the release of viruses from the host cells. It is estimated that

there are approximately 400 HA spikes and 100 NA spikes per

influenza A and B virus particle. The structure of the influenza

virus genome is segmented. Influenza A and B viruses are

characterized by having 8 viral RNA segments, while the

influenza C virus has only 7 viral RNA segments. Influenza C

viruses have only one type of spike in the lipid envelope, which

serves as hemagglutinin and neuraminidase. The organization of

the influenza A virus genome in the form of segments allows for

reassortment, which is an important mechanism for the

formation of diverse strains (Gliński and Żmuda, 2022). Thus,

the influenza A virus is characterized by high antigenic

variability, and based on differences in surface antigens,

11 subtypes conditioned by neuraminidase–NA (N1-N11) and

18 subtypes conditioned by hemagglutinin–HA (H1-H18) are

distinguished (Brydak, 2008; Wierzbicka-Woś et al., 2015).

Pandemic influenza strains arise as a result of antigenic shift

and may include avian-derived hemagglutinin (HA) subtypes

(such as H5, H7, and H9) or porcine hemagglutinin variants (H1,

H2, and H3) which, by acquiring further adaptive mutations,

become capable of human-to-human transmission of infection

(Bouvier and Palese, 2008; Taubenberger and Kash, 2010;

Khalenkov et al., 2023). Vaccination against influenza is the

most effective preventive measure. Influenza vaccines reduce the

risk of being affected by influenza and prevent the development

of serious complications. They also play an important role in

pandemic preparedness plans around the world (Frey

et al., 2023).

However, in order to be effective, it requires constant and

thorough worldwide supervision and timely updates of the

formulation of the influenza vaccine (Khalenkov et al., 2023).

Influenza virus infections, like many other infections, induce an

immune response in the infected body, reducing or even

cessating virus replication and formation of so-called

immunological memory in the patient, protecting against

subsequent infection. However, this optimistic scenario is

hampered by the fact that the influenza A virus is

characterized by high antigenic variability and constant

mutations. This significantly impedes the formation of

memory and immune response, while facilitating the

transmission of infections between sick and healthy

population (Wierzbicka-Woś et al., 2015). Antigenic drift

(antigenic shift) is a consequence of point mutation of genes

in the replication of influenza viruses, leading to changes in

amino acid sequences that alter antigenic sites in epitopes. New

variants and annual influenza epidemics are the result of

antigenic changes in the H and N glycoproteins of the virus.

This results in the inability to develop a universal formulation of

the vaccine and the need to change the composition of influenza

vaccines every season (Shao et al., 2017; Gliński and Żmuda,

2022). Anti-hemagglutinin antibodies are characterized by a

relatively short persistence in blood serum (Allwinn et al.,

2013). Due to all these reasons, seasonal influenza

vaccinations are extremely important, contributing to an

increase in resistance to influenza infections of the general

population, and thus reducing the risk of post-influenza

complications and death.

The aim of this study was to determine the level of anti-

hemagglutinin antibodies in the sera of persons in different age

groups during the 2021/2022 epidemic season in Poland.

Materials and methods

The study material consisted of 700 sera collected by

employees of 16 Provincial Sanitary and Epidemiological

Stations in Poland, in accordance with the World Health

Organization (WHO) recommendations. Samples were

collected at voivodeship sanitary and epidemiological stations

(VSES) in Poland, between 1st October 2021 and 31st September

of 2022. The serum samples were divided into 7 groups according

to the age of the patients: 0–4 years of age, 5–9 years of age,

10–14 years of age, 15–25 years of age, 26–44 years of age,

45–64 years old and ≥65 years of age, 100 samples collected

from each age group (the number of samples from each

voivodeship was not the same). Prior to testing, serum

samples were stored at −80°C. Prior the testing sera were

selected and checked for haemolysis in sample. If noticed,

sample was discarded.
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All viruses were obtained from World Influenza Centre at

Francis Crick Institute, London, and then propagated in the

amniotic cavity on 11- days old chicken embryos in Influenza

Virus Research Department, National Influenza Center at the

National Institute of Public Health NIH-National Research

Institute (NIPH NIH-NRI), in accordance with WHO

recommendations (WHO, 2011). The eggs were incubated as

follows: for H3N2 and H1N1 viruses (2 days at 37°C); and for

influenza B viruses (3 days at 35°C). Then titer of each virus was

determined. Labelled vials containing viruses were stored

at −80°C upon using in research (WHO, 2011).

The study used antigens for the 2021/2022 epidemic season

recommended by WHO (Table 1).

The level of anti-hemagglutinin antibodies was determined

by hemagglutination inhibition assay (HAI). The

haemagglutination inhibition assay (OZHA) was performed

using 8 hemagglutination units of the virus. The sera were

inactivated prior to testing according to adopted standards

(Tyrell and Horsfall et al., 1952; WHO, 2011). Necessary

viruses with high titer were selected to be used in this test.

Solution of titer 1:8 from each of the virus was prepared. For

example, for virus titer 1:64, suspension of the virus was diluted

8 times. For 1:16—two Times. After preparing all necessary

solution, they were stored in 4°C upon adding them on the plates.

PBS and Alsever’s solution needed for the OZHA test are

prepared in–house. In this study V-bottom, clear, microtitration

plates were used.

For OZHA test are used chicken red blood cells. Blood cells

delivered to the laboratory were suspended in Alsever’s solution.

By centrifugation at a speed of 1200 RPM for 10 min, a

concentrate of packed blood cells was obtained and used in

further research.

Each of the sera was treated with Receptor Destroying Enzyme

(RDE) (Thermo Fisher Scientific) for 16 h at 37°C prior to the

hemaggluti-nation inhibition test. After this step, to inac-tivate the

enzyme, the mixture was incubated at 56°C for 30 min.

In OZHA test, a serial dilution of each of the sera was made in

PBS. Then, the prepared solution of the virus, which has titer of 1:

8 was added to each well on the plate. After virus addition, the

plate was incubated for 15 min at room temperature. After

incubation, 50 µL of blood cell solution was added. Readings

were taken after 30 min of incubation at room temper-ature, then

the results were read.

The analysis of the test results of the study was based on the

following parameters: geometric mean titer (GMT) of the anti-

hemagglutinin antibody in the tested sera and the protection rate

(percentage of people with anti-hemagglutinin antibodies at a

level ≥1:40 that appeared after the administration of an influenza

vaccine or during the previous infection by the influenza virus)

(Brydak, 2008; WHO, 2011; Krammer, 2019). This is the value of

anti-hemagglutinin antibody titers, which is considered a

protective value (Brydak, 2008).

Statistical analysis

The test chi-square was used to compare age groups

regarding the categorical variables (prevalence of anti-

hemagglutinin antibodies and reaching their protective titer).

The Kruskal-Wallis test was applied to compare the titer

distribution between seven age groups, and the Mann-

Whitney U test was used for two. The significance level for all

the tests was assumed to amount to 0.05. The calculations were

executed with the SPSS 12.0 PL.

Results

The analysis of the obtained results shows that antibodies

against A/Victoria/2570/2019 (H1N1) pdm09 were present in

332 people (47.4% of the studied patients). The largest number of

tested patients—649 persons (92.7% of all subjects)—had

antibodies against A/Cambodia/e0826360/2020 (H3N2). The

smallest number of tested patients had antibodies against B/

Washington/02/2019 (B/Victoria lineage), it was 288 patients

(41.1% of subjects). Antibodies against B/Phuket/3073/2013 (B/

Yamagata lineage) were present in the sera of 534 patients (76.3%

of all tested sera).

Figures 1, 2 show the percentage of patients in individual age

groups that had antibodies against a particular influenza virus.

Using the chi-square test, it was found that statistically

significant differences in the number (and therefore

percentage) of those with antibodies between the tested sera

of patients from all seven age groups apply to all four types of

antibodies for the following types and subtypes of

influenza viruses:

TABLE 1 Influenza virus strains used for the hemagglutination inhibition assay (HAI) in the 2021/2022 epidemic season.

Epidemic season 2021/2022

Influenza virus strains A/H1N1/pdm09 A/Victoria/2570/2019 (H1N1)pdm09-like virus

A/H3N2/ A/Cambodia/e0826360/2020 (H3N2)-like virus

B Victoria lineage B/Washington/02/2019 (B/Victoria lineage)-like virus

B Yamagata lineage B/Phuket/3073/2013 (B/Yamagata lineage)-like virus
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• For the H1 subtype: p < 0.001, the percentage of those with

antibodies ranged from 5% in the 10–14-year-old group to

90% in the 15–25-year-old group;

• For the H3 subtype: p = 0.024, the percentage of those with

antibodies ranged from 87% in the 0–4 years old group to

99% in the 45–64 years old group;

• For the B/Victoria line (B/Washington): p < 0.001, the

percentage of those with antibodies ranged from 3% in the

group of 10–14 years old to 93% in the group of 65 years

and over;

• For the B/Yamagata line (B/Phuket): p < 0.001, the

percentage of those with antibodies ranged from 26% in

the 5–9 years old group to 95% in the 15–25 years

old group.

In Figure 3 shows the geometric mean titers of anti-

hemagglutinin antibodies in the sera of patients according to

age groups in the 2021/2022 epidemic season in

Poland (Figure 1).

Based on the obtained test results, the highest GMT values for

hemagglutinin A/H1 were found in patients in the youngest

patients’ age group 0–4 years old (GMT = 54.3). Lower GMT

values for hemagglutinin A/H1 were obtained in the 5–9 age

group (GMT = 46.5). In the remaining age groups, GMT values

for hemagglutinin A/H1 were comparable, with the lowest value

in the age group of 26–44 years (GMT = 20.0).

The highest GMT values for hemagglutinin A/H3 was

recorded in the age groups 10–14 years (GMT = 181.0) and

26–44 years (GMT = 180.0). Lower values were found in the age

FIGURE 1
The presence of antibodies in the serum of patients aged 0–4 years, 5–9 years of age and 10–14 years of age in the 2021/
2022 epidemic season.

FIGURE 2
The presence of antibodies in the serum of patients aged 15–25, 26–44, 45–64, and 65+ years of age in the 2021/2022 epidemic season.
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group of the youngest children aged 5–9 (GMT = 151.6), in

patients aged 45–64 years (GMT = 139.1) and in the youngest

patients’ age group 0–4 years old (GMT = 103.2). In the

remaining patients, the GMT values for hemagglutinin

A/H3 remained at a similar level: in the oldest patients over

65 years of age was 39.4 and in patients aged 15–25 was 30.3.

In the case of type B/Washington/02/2019, the highest GMT

value was reported in the 10–14 age group (GMT = 31.7). In the

remaining age groups, GMT values were as follows: ≥65 years old
(GMT = 30.6), 26–44 years old (GMT = 28.0), 0–4 years old

(GMT = 27.5), 5–9 years old (GMT = 25.7), 15–25 years old

(GMT = 20.9), 45–64 years old (GMT = 16.9).

According to the analyzed data for type B/Phuket/3073/

2013, the highest geometric mean antibody titers was reported

for the youngest patients aged 0–4 years (GMT = 81.5). The age

group 26–44 had a similar GMT value (GMT = 67.0). For the

remaining age groups, the GMT values were: 10–14 years old

(GMT = 46.2), ≥65 years old (GMT = 30.4), 5–9 years old

(GMT = 29.0), 45–64 years old (GMT = 25.3), 15–25 years

old (GMT = 22.0).

In neither age group the geometric mean titer of all of anti-

hemagglutinin antibodies (H1, H3, B/Washington/02/2019 and

B/Phuket/3073/2013) was not ≥ 40. In two age groups 15–25 and

65+, the average level of none of the antibodies reached 40. Only

in the case of the youngest patients aged 0–4 years, the geometric

mean titer of three anti-hemagglutinin antibodies (H1, H3 and B/

Phuket/3073/2013) was ≥40. GMT values were respectively: for

H3 GMT = 103.2, for B/Phuket/3073/2013 GMT = 81.5, for

H1 GMT = 54.3, respectively.

Statistical analysis performed using the Kruskal-Wallis test

showed that for all types of antibodies, the difference in their titer

between all seven age groups was statistically significant (p <
0.001 in all cases).

• For the H1 subtype: antibodies found in 332 persons, the

mean GMT = 37.0, the lowest antibody level in the group of

26–44 years old (GMT = 20.0), the highest in the group of

0–4 years old–GMT = 54.3 (p < 0.001);

• For the H3 subtype: antibodies found in 649 persons, the

mean GMT = 97.1, the lowest antibody level in the group of

15–25 years old (GMT = 30.3), the highest in the group of

10–14 years old–GMT = 181.0 (p < 0.001);

• For the B/Victoria line (B/Washington): antibodies found

in 288 persons, the mean GMT = 25.2, the lowest antibody

level in the group of 45–64 years (GMT = 16.9), the highest

in the group of 10–14 years–GMT = 31.8 (p < 0.001);

• For the B/Yamagata (B/Phuket) line: antibodies found in

534 persons, the mean GMT = 38.9, the lowest antibody

level in the 15–25 years old group (GMT = 22.0), the

highest in the 0–4 years old group–GMT= 81.5 (p < 0.001).

Figure 4 shows the percentage of cases with a protective anti-

hemagglutinin antibody titer (%), i.e., ≥40, in the

2021–2022 epidemic season, in different age groups.

Studies on the effectiveness of influenza vaccination show

that the protective coefficient should reach different values

depending on the age of the patient in order to achieve the

desired effect of vaccination effectiveness. According to the

FIGURE 3
Geometric mean titers of anti-haemagglutinin antibodies (GMT) in the epidemic season 2021/2022 in age groups in Poland.
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criteria of the CPMP (Committee for Proprietary Medicinal

Products) of the European Agency for the Evaluation of

Medicinal Products (EMEA) and the Commission of the

European Communities regarding the harmonization of

requirements for influenza vaccination, parameters such as the

mean increase in anti-HA antibody titers (MFI), the protective

factor and the response rate, measured approximately 3 weeks

after vaccination should be taken into account when assessing the

serological response to this vaccination. Depending on the age of

the patient these values vary (Commission of the European

Communities, 1991; Committee for Proprietary Medicinal

Products, 1997).

Comparing the results of the protective coefficient results for

all hemagglutinins, the highest protective coefficient values were

obtained for hemagglutinin H3 and B/Yamagata (B/Phuket) line.

The conducted analyzes of the value of the protective coefficient

indicate that in the age group of 0–4, 5–9, 10–14, 26–44 and

45–64 years values above 70% and 60% for the 65+ age group have

been recorded. These values were obtained only for the above

mentioned subtypes. In other cases, the protection rate did not

reach the recommended protection level. The highest value of

protective coefficient was recorded for hemagglutinin H3. These

data correspond to the low level of vaccination of the population in

Poland in the 2021/2022 epidemic season (according to data from

the Influenza Research Institute, National Influenza Centre).

For all antibody types, there is a statistically significant

difference in protective coefficients between all seven age

groups, as was demonstrated with the use of the chi-square test.

• For the H1 subtype: 200 subjects had antibodies with titers

of ≥40, the protective coefficient was 29%, the statistical

significance of differences between age groups was p <
0.001, the protective coefficients in age groups ranged from

4% in the group of 10–14 years old to 62% in the group of

0–4 years old;

• For the H3 subtype: 532 subjects had antibodies with

titers ≥40, the protective coefficient was 76%, the

statistical significance of differences between age groups

was p < 0.001, the protective coefficients in age groups

ranged from 35% in the group of 15–25 years old to 90% in

groups of 10–14 years old and 45–64 years old;

• For the B/Victoria line (B/Washington): 108 subjects had

antibodies with titers ≥40, the protective coefficient was

15%, statistical significance of differences between age

groups was p < 0.001, protective coefficients in age

groups from 2% in the group 10–14 years old to 38% in

the group 65 years old and over;

• For the B/Yamagata (B/Phuket) line: 308 subjects had

antibodies with titers ≥40, the protective coefficient was

44%, statistical significance of differences between age

groups was p < 0.001, protective coefficients in age

groups from 13% in groups of 5–9 years old and

15–25 years old to 72% in the 0–4 years old group.

Distributions of antibody levels among the tested sera of

children (300 subjects aged 0–14) and adults (400 subjects aged

over 14) show clear differences:

FIGURE 4
Percentage of cases with a protective titer of anti-haemagglutinin antibodies (%) in the 2021/2022 epidemic season in different age groups.
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• For the H1 subtype: in adults, antibody titer values ranged

from 0 to 640, quartiles (Q1/Q2—median/Q3): 0/0

(median)/20; in children values ranged from 0 to 160,

quartile: 0/0 (median)/40; the difference in distributions is

statistically significant (p = 0.002), as determined using the

Mann-Whitney U test; the percentages of adults and

children with antibodies are similar—45% vs. 50%, the

difference is not statistically significant, as determined by

the chi-square test; the mean level of antibodies in subjects

who have them is significantly higher among children

(49.8 vs. 29.1, p < 0.001), as shown by the Mann-

Whitney U test; as expected (in both compared groups a

similar percentage of subjects have antibodies, and their

titers are clearly higher in younger ones), children reach the

protective level significantly more often (38% vs. 22%;

p < 0.001);

• For the H3 subtype: in both age groups, antibody titer

values ranged from 0 to 640; quartile among adults: 20/80

(median)/160, higher among children 80/160 (median)/

320; the difference in distributions is statistically significant

(p < 0.001)—Mann-Whitney U test; presence of antibodies

against H3 is common, 96% in adults and 89% in children,

however the difference is statistically significant (p = 0.001,

chi-square test); the mean level of antibodies (in people

who have them) is significantly higher in children (142.0 vs

74.4; p < 0.001—Mann-WhitneyU test); children are also a

group that achieves the protective level significantly more

often (86% vs. 69%; p < 0.001);

• For the B/Victoria line (B/Washington): in adults, antibody

titer values ranged from 0 to 640, quartile: 0/10 (median)/

20; in children, antibody titer values ranged from 0 to 160,

quartile 0/0 (median)/0; the difference is statistically

significant (p < 0.001)—Mann-Whitney U test; 63% of

adults and only 13% of children had antibodies against B/

Washington, the difference is statistically significant (p <
0.001, chi-square test); unlike other antibodies, there is no

difference in their mean level in children (27.3) and adults

(24.9)—as before, we only count subjects with antibodies;

as expected (antibodies in adults are present much more

often, and their average titer in both groups is similar),

adults reach the protective level significantly more often

(22% vs. 6%; p < 0.001);

• For the B/Yamagata (B/Phuket) line: in both age groups,

antibody titer values ranged from 0 to 640; quartile in

adults: 10/20 (median)/40, and in children 0/40/80;

difference in distributions bordering on statistical

significance (p = 0.053)—Mann-Whitney U test; 89% of

adults and 59% of children had antibodies against B/

Phuket, the difference is statistically significant (p <
0.001, chi-square test); the mean level of antibodies (in

subjects with antibodies) is significantly higher in children

(54.8 vs 32.7; p < 0.001—Mann-Whitney U test). The

frequency of reaching the protective level is higher

among children under 14 years of age (51% vs. 39%,

p = 0.001).

Discussion

The analysis of the study results indicates that antibodies

against all four influenza viruses included in the influenza vaccine

in the 2021/2022 influenza season were detected in the tested sera

of patients from all age groups. Due to the very low vaccination

rate of general population in Poland, which in the 2021/

2022 epidemic season, despite recommendations and solid,

multi-threaded educational campaigns, was estimated at only

6.90% (Grohskopf et al., 2021; NIPH NIH-NRI, 2023) the results

obtained in the study should be interpreted as a response of the

immune system in patients after a previous infection caused by

the influenza virus. The detection of anti-hemagglutinin

antibodies in the patient’s blood serum may indicate a past

infection with influenza viruses or the fact that the patient has

been vaccinated against influenza. Immunity after vaccination

against influenza usually appears approximately 10–14 days after

receiving the vaccine and lasts for approximately 6–12 months,

i.e., during one epidemic season, which usually covers period

from October to March. For this reason, and because the

influenza virus is subject to rapid antigenic changes, seasonal

influenza vaccination is extremely important. Vaccination is the

most effective preventive measure against influenza infection,

mitigating the course of the disease and preventing post-

influenza complications, which may be very serious, including

complications with death threat. This may not only apply to

people in high-risk groups.

Comparing the antigenic composition of the influenza

vaccine in effect in the Northern Hemisphere in the 2021/

2022 epidemic season and in the 2020/2021 epidemic season,

it can be noted that in both epidemic seasons the same antigens

for type B influenza viruses were present: B/Washington/02/2019

(B/Victoria lineage)-like virus and B/Phuket/3073/2013 (B/

Yamagata lineage)-like virus. In these two epidemic seasons,

only the antigens for influenza A viruses mutated, both for the

influenza virus of the A/H1N1/pdm09 subtype and for the

A/H3N2/virus. The influenza B/Phuket/3073/2013 (B/

Yamagata lineage)-like virus antigen has been included in the

influenza vaccine recommended for the Northern Hemisphere

for several consecutive epidemic seasons. Despite this, this virus

reached a protective level only in one age group among the

analyzed samples–among the youngest children under 4 years of

age (72%).

It is considered necessary to vaccinate 70%–80% of the

population to achieve community immunity. It is assumed

that the titer of anti-hemagglutinin antibodies in blood sera at

a level of ≥1:40 protects against influenza virus infection. The

effectiveness of vaccinations in older people is lower than in

young people. After vaccination, most young people achieve this
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titer, while in the group of older people only ¼ do (Carrat and

Valleron, 1994; Glathe and Langer, 1995; Brydak, 2008).

Emerging infectious diseases pose a serious threat to global

health security, as exemplified by the recent COVID-19

pandemic. Seasonal influenza virus infections, millions of

cases registered every epidemic season and thousands of

deaths due to post-influenza complications around the world,

as well as the threat of another influenza pandemic and cases of

human infection with avian influenza viruses in the past make

the fight against influenza one of the public health priorities.

Effective control of the threats posed by this disease depends,

among others, on effective supervision. A worrying but

unfortunately common phenomenon among the society is the

disregard of the early symptoms of the disease in particular, when

influenza is often confused with the common cold. Inmany cases,

this significantly hinders or completely prevents effective

antiviral therapy. Referring to the diagnosis of the influenza

virus, the serious consequences resulting from the incorrect

diagnosis of symptoms and the implementation of unjustified

antibiotic therapy are also worth mentioning. The arising

problem is antibiotic resistance, i.e., the lack of sensitivity of

bacteria to antibiotics. Due to frequent complications,

antibiotic therapy is implemented as part of medical

prophylaxis, despite the fact that it is widely known that

antibiotics are not used in the prevention of viral infections.

The trend of increasing drug resistance of microorganisms,

which has been observed in recent years, may lead to a very

difficult situation, which is the exhaustion of therapeutic

options against infections. The use of antibiotics should

therefore be justified by appropriate tests.

Fast and effective diagnosis of patients suspected of having

influenza may allow for the earliest possible implementation of

treatment and bring about both health-related and

economic benefits.

Conclusion

Based on the assessment of the level of anti-hemagglutinin

antibodies in sera collected from patients in seven age groups

during the 2021/2022 epidemic season in Poland, the following

conclusions can be drawn:

• The study results confirmed the circulation in the

population of four antigens of influenza virus strains

included in the influenza vaccine for the 2021/

2022 epidemic season: A/Victoria/2570/2019 (H1N1)

pdm09-like virus, A/Cambodia/e0826360/2020 (H3N2)-

like virus, B/Washington/02/2019 (B/Victoria lineage)-

like virus and B/Phuket/3073/2013 (B/Yamagata

lineage)-like virus.

• Adult patients (of over 14 years of age) had antibodies

against hemagglutinin of influenza viruses more often than

children (of under 14 years of age) (with the exception of

antibodies against A/Victoria/2570/2019 (H1N1)

pdm09—here, the level of antibodies in patients from

the two above groups was at a similar level).

• Among the tested subjects with antibodies, their titer is on

average higher in children under 14 years of age (the

exception being antibodies against B/Washington/02/

2019 (B/Victoria lineage)—here the level of antibodies

in both adult patients over 14 years of age and in

children was at a similar level).

• Tested children aged 0–14 years more often achieved a

protective level (anti-hemagglutinin antibody titer ≥40)
in case of antibodies against A/Victoria/2570/2019

(H1N1) pdm09, A/Cambodia/e0826360/2020 (H3N2)

and B/Phuket/3073/2013 (B/Yamagata lineage); the

protective level against B/Washington/02/2019 (B/

Victoria lineage) was more often achieved by adults

over 14 years of age (while as many as 87% of children

under 14 years of age did not have anti-hemagglutinin

antibodies at all).

• The low percentage of vaccinated persons in particular age

groups may indicate that the level of protection obtained

may have been the result of a past infection caused by

influenza viruses.
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Contemporary scientific discussions are increasingly focusing on Akkermansia

muciniphila due to its complex influence on intestinal physiology. This article

provides a comprehensive analysis of the various effects Akkermansia

muciniphila has on intestinal inflammation, while also exploring its potential

associations with obesity and cardiovascular diseases. A systematic literature

search was conducted using PubMed, Google Scholar, and ResearchGate with

the following keywords: Akkermansia muciniphila, obesity, cardiovascular risk,

and inflammatory bowel diseases. The aim of our mini-review was to examine

the impact of Akkermansia bacteria on the intestines, cardiovascular system,

and its relationship with obesity. Through a detailed review of current literature,

the article seeks to elucidate the complex interactions of Akkermansia

muciniphila within the human body, highlighting its potential contributions

to health improvement and medical interventions. Research indicates that

Akkermansia muciniphila positively correlates with maintaining intestinal

health, modulating the cardiovascular system, and aiding in weight

management. However, the number of studies available is small, and the

effects of Akkermansia muciniphila on human health require further research.
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Introduction

In recent years, the microbiome has emerged as a key player in

influencing various aspects of human health. Among themyriad of

microorganisms inhabiting the human gut, Akkermansia

muciniphila, isolated from feces and named in 2004 by a group

of Dutch scientists, led by professor Willem M. de Vos and PhD.

Muriel Derrien has gained considerable attention for its potential

role in shaping our overall wellbeing. This microscopic bacterium

is particularly intriguing due to its distinctive ability to thrive on

mucin, a key component of the protective mucus layer lining the

intestines. As research continues to unveil the intricate relationship

between Akkermansia muciniphila and human health, its

profound impact on inflammation within the gastrointestinal

tract and the broader implications for cardiovascular health

have become subjects of intense scientific exploration (Derrien

et al., 2010). This article delves into the multifaceted influence of

Akkermansia muciniphila on the inflammatory processes within

the intestines and its consequential effects on the obesity and

cardiovascular system (Figure 1).

Due to the frequent occurrence of diseases such as obesity and

cardiovascular diseases, it is important to prevent them through

various options, as well as to support available treatments.

Modulation of the gut microbiome may be one of the potential

possibilities. Therefore, the aim of our mini review was to examine

the impact ofAkkermansia bacteria on the effects on the intestines,

cardiovascular system and the relationship with the obesity.

Methods

A systematic literature search was conducted using the

PubMed, Google Scholar and ResearchGate with the following

keywords: Akkermansia muciniphila, obesity, cardiovascular

risk, inflammatory bowel diseases. We found 24 trials

included studies on humans and animals in 2007–2023 years

regarding A. muciniphila’s impact on the intestines,

cardiovascular risk and obesity. 11 of them were rejected

because they did not meet the criteria for an observational or

interventional study.

Characteristics of Akkermansia
muciniphila

A. muciniphila is an anaerobic, gram-negative rod,

representing the sole bacterium from the Verrucomicrobiales

family in the human body (Derrien et al., 2010). It colonizes the

mucosal layer of the crypts in the colon and rectum. Devoid of

spore-forming capabilities and independent motility, this

bacterium specializes in the degradation of mucins -

glycoprotein conjugates produced by epithelial cells to ensure

their proper functioning. Elevated production of these proteins,

integral to mucosal integrity, correlates with an increased

likelihood of colorectal cancer, particularly involving the

MUC-1 protein (Nath and Mukherjee, 2014).

FIGURE 1
The scheme of Akkermansia muciniphila impact on health.
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A. muciniphila makes its presence in the human gut as early

as the first year of life, acquired from maternal milk, constituting

approximately 1%–3% of the bacterial population (Collado et al.,

2007). Its levels are diminished in individuals with overweight or

obesity, and they exhibit an inverse correlation with age (Collado

et al., 2007; Dao et al., 2016; Dao et al., 2019). Preliminary studies

conducted on a group of nine individuals during Ramadan,

simulating intermittent fasting conditions, unequivocally

indicate a significant rise in the quantity of A. muciniphila in

the gut during intermittent fasting (Dao et al., 2016; Dao et al.,

2019; Mousavi et al., 2022). Crucially, research on a cohort of

patients who underwent bariatric surgery did not confirm a

similar increase in A. muciniphila levels despite the requisite

dietary changes, suggesting that the surge in A. muciniphila is

specific to intermittent fasting rather than a dietary shift (Dao

et al., 2016; Dao et al., 2019). However, further studies on a larger

sample size are essential for validation. Although there is no

evidence supporting the influence of diet on A. muciniphila

levels, other factors come into play such as metformin, a first-

line medication for type 2 diabetes, which has been found to

statistically positively correlate with A. muciniphila levels in the

gut (Shin et al., 2014).

A. muciniphila is categorized into four phenotypic groups,

AmI to AmIV (Becken et al., 2021). The most extensively studied

strain and widely available as a probiotic is the pasteurized MucT

strain, belonging to the AmI group. Despite initial assumptions

of being strictly anaerobic, A. muciniphila has demonstrated

adaptability to aerobic environments. Even low oxygen

concentrations can promote its growth, as evidenced by

studies on various strains of the bacterium. Strains belonging

to AmII exhibit relatively good tolerance to aerobic conditions,

with a survival rate of 60% after 24 h, whereas AmIV strains

display very low survival at 0.01% under the same conditions

after only 12 h (Becken et al., 2021). A. muciniphila also

participates in the transformation of cobalamin precursors

(Cbi) into cobalamin (vitamin B12), although it cannot

synthesize it de novo (Mok et al., 2020). To date, there is no

evidence supporting the possibility of human infection by A.

muciniphila with research indicating the absence of negative

effects associated with the administration of this bacteria

(Depommier et al., 2019).

Cardiovascular impact of Akkermansia
muciniphila

Akkermansia muciniphila significantly reduces local

inflammation of the vascular endothelium, leading to

atherosclerosis. An approximately 2.4-fold increase in the

quantity of A. muciniphila results in a 72.59% decrease in

C-reactive protein (CRP) levels, measured by a highly

sensitive method (Shin et al., 2014). Studies on mice in

2016 demonstrated that in mice fed a high-fat diet,

administering live cultures of this bacterium reduces the

adhesion of macrophages, crucial in atherosclerotic plaque

formation to the endothelium by inhibiting the expression of

tumor necrosis factor-alpha (TNF-alpha), MCP-1, and ICAM-1

(Li et al., 2016; Qu et al., 2021). Additionally, A. muciniphila

significantly lowers soluble TNF receptor II (sTNFR II), reducing

the severity of atherosclerosis. Importantly, the mechanism

influencing atherosclerosis does not involve lowering lipid and

sugar levels in circulating blood, nor does it affect the

concentration of adiponectin, an anti-inflammatory substance

(Li et al., 2016; Zhong et al., 2022). A. muciniphila plays a crucial

role in weight control by reducing the absorption of lipids,

achieved through maintaining the proper thickness of the

intestinal mucosal layer, made possible by this bacterium’s

ability to adhere to the mucous membrane (Reunanen et al.,

2015). These findings were observed exclusively in mice fed a

high-fat diet, with studies on mice fed a normal diet showing no

significant impact on these processes (Li et al., 2016).

Another significant cardioprotective action of A. muciniphila

is counteracting arterial calcification, a component of

atherosclerotic disease. This process involves the deposition of

calcium salts in atherosclerotic plaques, leading to increased

stiffness and, among other things, arterial hypertension. Short-

chain fatty acids, propionate, and butyrate produced by human

gut bacteria largely contribute to arterial calcification. Propionate

reduces arterial calcification, while butyrate increases the

intensity of this process (Zhong et al., 2022). Administering

live A. muciniphila induces the production of, among other

things, propionate, which has a protective effect on arterial

calcification. No positive effects on the production of short-

chain fatty acids were observed when pasteurized bacteria were

administered (Yan et al., 2022).

Atrial fibrillation is the most common arrhythmic pathology

in society, characterized by asynchronous atrial contractions often

exceeding 150 beats per minute. This leads to blood stasis in these

areas of the heart, which can result in clot formation and,

ultimately, cause embolisms, with the most dangerous being

those reaching the brain, often leading to a stroke. Atrial

fibrillation is induced by factors such as cardiomyopathies,

thyroid disorders, lung diseases, organ obesity, and less obvious

factors, including a decrease in ambient temperature (Fustinoni

et al., 2013). The latter also has a significant impact on the gut

microbiota, includingA. muciniphila, whose quantity is reduced at

lower temperatures. It is A. muciniphila that exerts a significant

influence on the frequency and duration of atrial fibrillation

occurrences (Luo et al., 2022). Administering A. muciniphila

cultures reduces the synthesis of trimethylamine (TMA), which

is transformed into Trimethylamine N-oxide (TMAO). TMAO is

responsible for recruiting M1 macrophages, which, by increasing

inflammation associated with cytokine production, induce

pyroptosis of cardiomyocytes in the heart atria (Luo et al.,

2022). This relationship did not occur after administering

pasteurized bacteria.
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A. muciniphila demonstrates significant therapeutic value on

a potentially large scale in the treatment of cardiovascular

diseases. However, all existing studies clearly indicate that

administering live bacteria is necessary to achieve a

therapeutic effect. The impact on the aforementioned

processes suggests the greatest potential application in

Western diets, which largely rely on low-nutrient value

products with high-saturated fat levels. The Western diet

often leads to weight gain, resulting in overweight or even

obesity and is the cause of systemic inflammation (Malesza

et al., 2021; Warmbrunn et al., 2024). Both obesity and

overweight contribute to the development of up to

50 different diseases, with a particular focus on the

cardiovascular system. The application of live cultures of A.

muciniphila reduces pyroptosis of cardiomyocytes,

counteracting the development of atrial fibrillation, thereby

reducing the risk of strokes (Christ et al., 2019). Moreover, A.

muciniphila reduces the risk of ischemia heart disease in the

African-Surinamese group playing a crucial role in

cardiovascular diseases (Christ et al., 2019). Additionally, an

increased abundance of this bacterium reduces endothelial

inflammation, preventing the formation of atherosclerotic

plaques and decreasing calcifications in already existing

plaques. The reduction in both the quantity and hardness of

atherosclerotic plaques contributes to a lower risk of unstable

angina. Weight reduction, facilitated by A. muciniphila, also

lowers average blood pressure, ultimately relieving the

workload on the cardiac muscle counteracting the

hypertrophy of the left ventricle and the development of

aortic aneurysms. Further research involving a larger sample

size is essential for the application of potential therapy. Main

studies dealing with the effects of A. muciniphila in

cardiovascular diseases are presented in Table 1.

Impact of Akkermansia muciniphila on
the intestine

The main mechanism of action of A. muciniphila in the body

is its involvement in the formation of the intestinal mucosal layer,

where it resides. A healthy mucosal layer is responsible, among

other things, for the efficient absorption of nutrients from food

and the human immune response. A deficiency of A. muciniphila

in the gut microbiota can lead to severe pathological conditions,

such as inflammatory bowel diseases, a compromised host

immune response, invasive microorganisms, or increased

susceptibility to the detrimental effects of toxins on the body.

Inflammatory bowel disease is a term used to describe a

group of chronic intestinal inflammations. The two main types

are Crohn’s disease (CD) and ulcerative colitis (UC). Despite

many similarities, these diseases differ in several aspects. CD can

affect any part of the digestive system, while UC primarily affects

the large intestine. Another difference lies in the appearance of

intestinal inflammation; CD creates skip lesions, whereas UC

inflammation spreads continuously. It has been demonstrated

that A. muciniphila supplementation significantly reduces

symptoms of dextran sulfate-induced acute colitis and that its

quantity is reduced in inflammatory bowel disease (Qu et al.,

2021). It is crucial to minimize intestinal inflammation as much

as possible, as inflammatory bowel diseases significantly increase

the likelihood of developing colorectal cancer (Yao et al., 2019),

(see Table 2).

The first mechanism through which chronic inflammatory

bowel symptoms are alleviated (reducing the severity of intestinal

inflammation, i.e., depth and extent at the histological level, as

well as mitigating weight loss associated with reduced nutrient

absorption) is the activation of NLRP3, which exhibits anti-

inflammatory and immune actions (Qu et al., 2021; Guo et al.,

2020). NLRP3 influences the production of IL-18, which plays a

crucial role in creating the protective barrier of the intestine (Guo

et al., 2020; Chiang et al., 2022). IL-18 regulates the gut

microbiota, reducing the development of invasive colonies.

Studies on mice showed significantly reduced mucin

production from goblet cells in mice with decreased IL-18

levels compared to mice with normal levels (Chiang et al.,

2022), demonstrating a positive correlation between IL-18 and

mucin levels, whose breakdown fulfills the carbon and nitrogen

needs ofA. muciniphila (Derrien et al., 2010; Collado et al., 2007).

Notably, there is an increase in the levels of Muc-2 and Muc-

3 proteins.

TABLE 1 Main studies dealing with the effects of Akkermansia muciniphila in cardiovascular diseases.

Study Description Design Size Patients Length Outcomes

Li et al. (2016) Healthy Animal study — Apoe−/−

mice
8 weeks A. muciniphila prevented inflammation induced by a Western diet

both in the circulation and in local atherosclerotic plaques

Yan et al. (2022) Healthy Observational
cohort study

92 Adults — A. muciniphila abundance negatively correlates with vascular
calcification

Luo et al. (2022) Healthy Animal study 7 Rats 3 weeks Oral supplementation of A. muciniphila mitigated pro-atrial
fibrillation properties induced by cold exposure

Warmbrunn et al.
(2024)

Healthy Prospective cohort
study

3,860 Adults — A. Muciniphila abundance is protective against ischemia heart
disease
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Another mechanism influenced by A. muciniphila is the

activation of TLR4 receptors, whose levels are increased in

patients with both Crohn’s disease and ulcerative colitis (Liu

et al., 2022; Hayashi and Nakase, 2022). The positive function of

TLR4 in the body is the recognition of PAMPs and DAMPs,

responsible for the human immune response in practice, while

negatively influencing an increased likelihood of developing

inflammatory bowel diseases (Liu et al., 2022; Moresco et al.,

2011). The TLR-4-dependent anti-inflammatory response

mainly depends on RORγt+ regulatory T lymphocytes,

whose levels are reduced in the intestine during

inflammatory bowel diseases (Liu et al., 2022). A.

muciniphila can also activate TLR-2, but about a tenfold

increase in the number of bacteria is required for this, and

the activation of this receptor does not significantly impact the

immune response stimulated by TLR receptors (Becken et al.,

2021). TLR-2 and TLR-4 receptors are much more activated by

phenotypic groups AmII and AmIV than by the AmI group, to

which the MucT strain belongs.

An additional protective effect of A. muciniphila on the

intestine is the inhibition of the expression of TNF-alpha,

MCP-1, and ICAM-1, which, similar to the vascular

endothelium, acts anti-inflammatory and inhibits the action of

macrophages.

The association with obesity

Obesity and overweight are among the primary lifestyle

diseases, affecting nearly one-third of the global population

every day. Both disorders lead to various pathological

conditions, predisposing individuals to diseases in almost

every system, including the cardiovascular, musculoskeletal,

respiratory, hormonal, and others. Cardiovascular diseases,

responsible for approximately half of global deaths, prove to

be particularly deadly. Although metabolic diseases result

from various factors, such as genetic predispositions, gut

microbiome, hormonal system, diet, upbringing during

childhood, and the culture in which a person was raised,

the most significant impact on these disorders still comes

from a person’s diet. The hope for treatment lies in many

therapies, both non-pharmacological and pharmacological,

but the key to success is their simultaneous application

(Cao et al., 2023).

Therapy typically begins with non-pharmacological

treatment focusing on diet modification and increased

physical activity. This is the healthiest way to reduce body

weight but is often ineffective due to individuals’ habits and

accompanying health conditions that limit their ability to move.

When non-pharmacological treatment proves ineffective, the

next steps involve introducing medications to assist in weight

loss. These medications are usually chosen with attention to

coexisting diseases. Examples include glucagon-like peptide-1

(GLP-1) analogs used in type II diabetes patients or thyroxine

(T4) analogs in the case of hypothyroidism both proving to

reduce weight while treating the underlying cause.

Let’s focus on pharmacological treatment by influencing

the gut microbiome. A promising and therapeutically valuable

approach is the therapy using A. muciniphila bacteria. A

widely available probiotic containing pasteurized A.

muciniphila bacteria, specifically the MucT strain of the

AmI group, has emerged worldwide. Oral therapy with A.

muciniphila significantly reduces serum glucose and

triglyceride levels, as well as tissue insulin resistance (Dao

et al., 2016; Depommier et al., 2019). The reduction in serum

glucose and triglyceride levels is likely associated with

improved liver function, as indicated by decreases in

aspartate aminotransferase (AST) and gamma-glutamyl

transferase (GGT) levels, used as markers of liver

dysfunction (Dao et al., 2016; Xu et al., 2023). An increase

in A. muciniphila levels in patients is linked to a decrease in

the average volume of adipocytes, making these individuals

metabolically healthier (Dao et al., 2016). The adoption of a

healthy diet by patients promotes and facilitates weight loss in

individuals with higher levels of A. muciniphila (Dao et al.,

2016; Cao et al., 2023). Results indicating no loss of muscle

mass in patients who lost weight and had a higher quantity of

A. muciniphila compared to those with a lower quantity of this

bacterium prove to be very valuable. The studies also

demonstrated the absence of the rebound effect in patients

(Cao et al., 2023). The reduction in insulin resistance due to A.

muciniphila lowers the risk of developing type 2 diabetes and

TABLE 2 The impact of the Akkermansia muciniphila on intestines.

Study Disease Design Size Patients Length Outcomes

Qu et al.
(2021)

Healthy Animal study 10 Dextran Sulfate
Sodium - fed mice

18 days Oral administration of A. muciniphila significantly ameliorated the
symptoms in dextran sulfate sodium (DSS)-induced acute colitis

Collado et al.
(2007)

Healthy Observatory
study

249 Infants and Adults — A. muciniphila is correlated with normal mucosa development

Liu et al.
(2022)

Healthy Animal study 30 Dextran Sulfate
Sodium - fed mice

2 weeks A. muciniphila-based mechanisms play a fundamental role in driving
the divergent induction of suppressive RORγt+ Treg cells in the gut-
specific microenvironment
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reduces drowsiness and fatigue. Additionally, it reduces

hunger attacks leading to weight gain. It also decreases the

activity of dipeptidyl peptidase-IV (DPP-IV) (Depommier

et al., 2019), which is responsible for the breakdown of

glucagon-like peptide 1 (GLP-1), responsible for inhibiting

hunger and intensifying the feeling of fullness. Due to this

many positive effects it leads to the assumption that therapies

based on A. Muciniphila may become world spread. The

studied focused on association between A. muciniphila and

obesity are presented in Table 3.

Discussion and conclusion

The continuous rise in diseases related to overweight and

obesity, including cardiovascular diseases, highlights the need

for an effective and safe method to address this issue. Diseases

associated with excess body weight are closely linked to a

systemic inflammatory state triggered by adipocytes and by

an imbalance in gut microbiota. It should be noted that while

inflammatory bowel diseases (IBD) and metabolic diseases may

seem etiologically distinct, treatment for IBD may increase the

risk of metabolic conditions, including obesity. Furthermore,

inflammation is a common factor in both, heightening the risk

of further complications. Akkermansia muciniphila meets the

criteria for potential treatment, as there is no evidence of

human infection by this bacterium, and its use has shown

promising results in promoting safe and sustainable weight

loss, alongside a reduction in systemic inflammation. There are

several reasons to believe that A. muciniphila therapy could

have a positive impact on cardiovascular diseases, particularly

atherosclerosis, which is linked to endothelial inflammation.

Additionally, increasing the levels of A. muciniphila in the gut

appears to alleviate the negative symptoms of chronic

inflammatory bowel diseases, such as ulcerative colitis (UC)

and Crohn’s disease (CD).

Akkermansia muciniphila has demonstrated potential for

comprehensive treatment of these diseases. Given the rising

global prevalence of both inflammatory bowel diseases and

metabolic disorders, this is a particularly important issue.

Moreover, treatment with Akkermansia muciniphila is

relatively affordable. However, the number of studies

exploring the association between A. muciniphila and obesity,

cardiovascular risk, and intestinal health is limited, and further

research is needed to fully understand its effects on

human health.

Future direction

The fundamental issue that needs to be addressed is the

assessment of the safety of consuming live cultures of

Akkermansia muciniphila. So far, research suggests a much

broader potential for A. muciniphila in this form to achieve

positive cardiovascular effects. It is essential to direct further

research towards the circulatory system because, despite many

indications of its positive impact, there is still a lack of large-scale

studies involving a greater number of individuals to justify the

implementation of such therapy.
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TABLE 3 Main studies dealing with the effects of Akkermansia muciniphila in bodyweight management.

Study Disease Design Size Patients Length Outcomes

Dao et al. (2019) Obesity Non-randomised
prospective study

65 Adults 12 months A. muciniphila abundance does not affect glucose tolerance and
insulin sensitivity in patients after gastric bypass surgery

Shin NR (2014) Healthy Animal study 24 HFD-fed
mice

6 weeks A. muciniphila administration reduse adipose tissue
inflammation

Depommier et al.
(2019)

Overweight and
obesity

Randomised double
blind study

32 Adults 3 months Increased A. muciniphila abundance negatively correlates with
insulin resistance, inflammation markers and liver disfunction
markers

Dao (2016) Overweight and
obesity

Randomised control
study

49 Adults 3 months Increased A. muciniphila abundance positively correlates with
insulin sensitivity

Cao et al. (2023) Obesity Randomised double
blind study

37 Adults 4 months Increased A. muciniphila abundance positively correlates with
weight loss
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Objective: This study is an exploration of the relation-
ship between chemical industrial environment and aller-
gic skin diseases. Methods: In this retrospective analysis, 
200 patients with allergic skin diseases who worked or 
lived in a chemical industrial zone and were admitted 
in our hospital between January 2018 and January 2020 
were enrolled as Group A. Besides, 500 patients with al-
lergic skin disease who lived in Zhenhai New District, 
five kilometers away from the chemical radiation zone, 
were selected as Group B. The specific immunoglobu-
lin E (IgE) levels were determined by Western blotting. 
The allergen positivity, as well as allergen positivity be-
tween different age, sex and body mass index (BMI) 
were compared between the two groups. The posi-
tive food-specific allergen IgE antibody (sIgE) and posi-
tive inhalational sIgE were compared between the two 
groups. Results: The positive rate of total IgE and inha-
lational sIgE in Group A was higher than that in Group 
B (P<0.05), while there was no significant difference 
in positive rate in food sIgE between the two groups 
(P>0.05). In Group A, the differences in positive rates of 
total IgE, food-induced sIgE and inhalational sIgE were 
not significant between patients with different ages, sex-
es and BMI (P>0.05). There was no significant difference 
between the two groups in sIgE positive rates of wheat, 
mango, soybean/peanut/cashew nut combination, limb/
beef combination, crab/shrimp/fish combination, milk 
and egg white (P>0.05). The positive rates of inhalational 
sIgE in tree combination and dust mites/household dust 
mites combination in Group A were higher than those in 
Group B (P<0.05), but had no significant difference be-
tween the two groups in the positive rates of inhalation-
al sIgE in Humulus japonicus, mold combination 1, cock-
roach, cat/dog hair combination, and ragweed/artemisia 
combination (P>0.05). Conclusion: Chemical industrial 
environment is closely associated with allergic derma-
tosis, and the positive rate of total IgE and inhalational 
sIgE increases significantly in patients living there.

Keywords: Chemical industrial environment, sIgE, skin disease, aller-
gic dermatosis, relevancy
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INTRODUCTION

Allergic diseases are frequent diseases, which are me-
diated by the production of specific immunoglobulin E 
(IgE) antibody. They seriously impair health and have 
become a major public health issue (Tramper-Stranders 
et al., 2021). Allergic diseases can occur at all ages and 
are primarily caused by the combined effects of environ-
mental factors and genetic factors (Golebski et al., 2020). 
In recent years, with the change of human dietary struc-
ture, the increase of antigenic substances, the aggravation 
of environmental pollution and the improvement of in-
dustrialization, the incidence of allergic diseases has con-
tinued to increase (Zhang et al., 2021). With the continu-
ous deterioration of environmental pollution, Zhenhai, 
as one of the chemical industrial zones, has particularly 
serious air pollution, and the occurrence of allergic dis-
eases has also increased in this area (Lau et al., 2021). 
It has been reported that air pollution in residential en-
vironment is significantly correlated with the high inci-
dence of allergic diseases (Larson et al., 2020).

At present, serum-specific allergen IgE assay (sIg) and 
skin prick test (SPT) are commonly used for detecting 
allergens (Du Toit et al., 2018). However, there are rarely 
reports on chemical industrial environment and allergic 
skin diseases, and most of which analyzed the allergens 
in patients with allergic skin diseases (Eljaszewicz et al., 
2021). But the differences in allergic skin diseases be-
tween people in chemical and non-chemical areas have 
not been reported yet. This study explored the relation-
ship between chemical industry environment and allergic 
skin diseases, aiming to provide reference for the pre-
vention of allergic skin diseases.

MATERIALS AND METHODS

General Information

This is a retrospective analysis. A total of 200 patients 
with allergic skin diseases, who worked or lived in the 
chemical industry zone and were admitted to the hospi-
tal from January 2018 to January 2020, were selected as 
Group A. Besides, 500 patients with allergic skin diseas-
es, who lived in Zhenhai New District, five kilometers 
away from the chemical radiation zone, were selected as 
Group B. This study was approved by the ethic commit-
tee of Ningbo Zhenhai People’s Hospital.

Inclusion criteria (Eljaszewicz et al., 2021): (1) Patients 
were diagnosed by examinations based on the criteria 
of Clinical Dermatology. Allergies occurred on the skin 
of the body, most of which were located on the head 
and face. The patient’s skin lesions turned white and ap-
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peared as typical white spots, most of which were the 
size of nails and coins. The lesion shapes were round, 
oval or irregular, and expanded or merged into a large 
area with different shapes. Another typical leukoplakia 
was a strip or cord of discoloration along the nerve, 
with knife-cut edges. The histopathological features: the 
epidermis obviously lacked melanocytes and melanin 
granules, and the basal layer lacked dopa-positive mel-
anocytes. (2) Patients had complete clinical data. (3) Pa-
tients received blood sampling after admission.

Exclusion criteria: (1) Patients accompanied by other 
allergic diseases that might affect the research. (2) Pa-
tients had recently taken medications such as glucocorti-
coids or immunosuppressants. (3) Patients were affected 
by serious abnormalities of heart, lung, liver or kidney.

Methods

Collection of serum specimens

Peripheral venous blood (5 mL) was collected from 
all patients, stood for 30 min and was centrifuged for 
12 min (centrifugation radius 10.5 cm, 3000 r/min). The 
collected serum was stored at –70°C until testing.

Measurement of IgE

The reagent strips were put in an incubator box, 
added with diluted washing solution thickly and put on 
a mixer to fully wet for 5 min. After the reagent strips 
were dried, 1 ml of serum specimens were added and in-
cubated in the mixer for 45 min. The above procedures 
were repeated 5 times. Thereafter, anti-human IgE an-
tibody (Hangzhou Aibo Biotechnology Co., LTD.) was 
added, incubated for 45 min, and then rinsed repeatedly 
5 times. The enzyme conjugate (Hangzhou Aibo Bio-
technology Co., LTD.) was incubated in the mixer for 20 
min, and then rinsed 5 times. The substrate was added 
and incubated in the mixer for 20 min. The strips were 
rinsed under running water, dried and scanned by an al-
lergen scanner (Mediwiss Medical Diagnostics GMBH).

Detection of allergens

The detected allergens included total IgE and allergen-
specific IgE antibodies (sIgE). The sIgE included food 
allergens and inhalational allergens. Food allergens con-
tained wheat, mango, soy/peanut/cashew combination, 
limb/beef combination, crab/shrimp/fish combination, 
milk and egg white. Inhalational allergens included tree 
combination (Willosa/Ulmus/Quercus/Parasitae/Popu-

Table 1. Comparison of clinical data of two groups

Clinical data Group A (n=200) Group B (n=500) t/χ2 r

Sex

Male 124 287

Female 76 213 . .

Age (years, x±s) 45.62±9.83 46.51±8.78 1.170 0.242

Body mass index (kg/m2, x±s) 23.24±1.97 22.95±1.89 1.812 0.071

Season of onset

Spring &  summer 135 342

Autumn &  winter 65 158 . .

Disease type

Urticaria 112 269

Atopic dermatitis 88 231 . .

Table 2. Comparison of allergen positive cases between two groups (%)

Group Number of Total IgE Food-induced Inhalational

cases
immunoglobulin

immunoglobulin E
E

Group A 200 161 (80.50) 42  (21.00) 113 (56.50)

Group B 500 307 (61.40) 87  (17.40) 204 (40.80)

χ2 23.520 1.232 14.212

P <0.001 0.267 <0.001
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lus deltoides), Humulus scandens, mold combination 1 
(Penicillium persicillium/Aspergillus fumigatus/Mycospora/alter-
naria), cockroach, cat/dog hair combination, ragweed/
Artemisia, and dust mite/house dust mite combination.

Observation of Indicators

(1) Allergen positive cases in the two groups were 
observed. (2) In Group A, allergen positive cases with 
different ages, different sexes and different body mass 
index (BMI) were observed. (3) The positive cases of 
food-induced sIgE and inhalational sIgE were observed 
in the two groups.

Statistical Processing

SPSS 26.0 software was applied for data processing. 
Measurement data were represented by (mean ± stand-
ard deviation), and the analysis method was independent 
samples t-test. Enumeration data were represented by 
n  (rate), and the analysis method was χ2 test. Two-tailed 
P<0.05 was considered as statistically significant.

RESULTS

Clinical data

There was no statistical significance between the two 
groups in sex, age, BMI, seasons of onset and disease 
types (P>0.05); see Table 1.

Comparison of allergen positive cases between two 
groups

The positive rates of total IgE and inhalational sIgE in 
Group A were higher than those in Group B (P<0.05). 

While there was no significant difference in the positive 
rate of food sIgE between the two groups (P>0.05); see 
Table 2.

Comparison of allergen positive rates between patients 
at different ages in Group A

There was no significant difference in the positive 
rates of total IgE, food-induced sIgE and inhalational 
sIgE between patients of different ages in Group A 
(P>0.05); see Table 3.

Comparison of allergen positive rates between males 
and females in Group A

There were no significant differences in the positive 
rates of total IgE, food-induced sIgE and inhalational 
sIgE between males and females in Group A (P>0.05); 
see Table 4.

Comparison of allergen positive rates between patients 
with different BMI in Group A

There was no significant difference in the positive 
rates of total IgE, food-induced sIgE and inhalational 
sIgE between patients with different BMI in Group A 
(P>0.05); see Table 5.

Comparison of food-induced sIgE positive cases 
between the two groups

There was no significant difference between the two 
groups in sIgE positive rates of wheat, mango, soybean/
peanut/cashew nut combination, limb/beef combina-
tion, crab/shrimp/fish combination, milk and egg white 
(P>0.05); see Table 6.

Table 3. Comparison of allergen positive rates between patients at different ages in Group A (%)

Age
Number of cases Total IgE Food-induced immunoglobulin Inhalational immunoglobulin

E E

>45 Years old 106 87 (82.07) 24 (22.64) 62 (58.49)

≤45 Years old 94 74 (78.72) 18 (19. 15) 51 (54.26)

χ2 0.357 0.366 0.364

P 0.550 0.545 0.547

Table 4. Comparison of allergen positive rates between males and females in Group A (%)

Gender
Number of cases Total IgE Food-induced immunoglobulin Inhalational immunoglobulin

E E

Male 124 97 (78.23） 28 (22.58） 72 (58.06）

Female 76 64 (84.21） 14 (18.42） 41 (53.95）

χ2 1.075 0.491 0.325

P 0.300 0.483 0.569
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Comparison of inhalational-sIgE positive cases between 
the two groups

The positive rates of inhalational-sIgE in tree combi-
nation and dust mites/household dust mites’ combina-
tion in Group A were higher than those in Group  B 
(P<0.05). There was no significant difference between 
the two groups in sIgE positive rates of Humulus japoni-
cus, mold combination 1, cockroach, cat/dog hair com-
bination, and ragweed/artemisia combination (P>0.05); 
see Table 7.

DISCUSSION

Allergic dermatosis is one of the most common and 
complex skin diseases with a large number of pathogenic 
causes and types. Allergens can enter the human body 
through multiple ways. The inhalational or ingested al-
lergens can combine with antibodies to produce sen-
sitization, form an immune complex to stimulate mast 

cells to degranulate and release transmitters such as leu-
kotriene and histamine, thus inducing rapid allergic reac-
tions (Venter et al., 2022; Orengo et al., 2018; Hereford 
et al., 2021). Common allergic skin diseases include at-
opic dermatitis, eczema, urticaria and Henoch-Schönlein 
purpura. Atopic dermatitis refers to skin conditions such 
as peeling, wind, itching and redness caused by exposure 
to certain allergens. The most common causes of atopic 
dermatitis include fungal allergies, chemical fiber mate-
rials, rubber shoes, detergents, fertilizers, pesticides, air 
pollution, dust, pollen, insects, mites, animal fur, food, 
etc. Atopic dermatitis is usually caused by an allergy to a 
substance and can gradually disappear when the allergen 
is removed (Güngör et al., 2019). Eczema is a common 
allergic skin disease that can occur in any part of the 
body. The specific cause of eczema has not been com-
pletely clarified. It is considered that allergic constitution 
may be the main cause of the disease (Holl et al., 2020). 
Clinical surveys have shown that the increasing incidence 
of eczema may be related to continuous mental stress, 

Table 5. Comparison of allergen positive rates between patients with BMI in Group A (%)

BMI
Number of cases Total IgE Food-induced Inhalational immunoglobulin

sIgE E

>24 kg/m2 81 67 (82.72) 19 (23.46) 47 (58.02)

≤24 kg/m2 119 94 (78.99) 23 (19.32) 66 (55.46)

χ2 0.426 0.495 0.129

P 0.514 0.482 0.720

BMI, body mass index.

Table 6. Comparison of food-induced sIgE positivity between the two groups (%)

Group Number of 
cases Wheat Mango Soybean/peanut/

cashew nut Sheep/beef Crab/shrimp/fish Milk Egg white

Group
A 200 4(2.00) 5 (2.50) 12 (6.00) 8 (4.00) 7 (3.50) 2 (1.00) 4 (2.00)

Group
B 500 9(1.8) 12 (2.40) 23 (4.60) 19 (3.20) 12 (2.40) 6 (1.20) 6 (1.20)

χ2 0.018 0.038 0.590 0.015 0.655 0.029 0.205

P 0.895 0.846 0.443 0.901 0.419 0.866 0.650

Table 7 Comparison of positive inhalational- sIgE between two groups (%)

Group Number 
of cases

Tree com-
bination

Humulus 
scandens

Mold com-
bination 1 Cockroach Cat/dog dander 

combination
Ragweed/Artemi-
sia combination

Ragweed/Artemisia 
combination

Group
A 200 10 (5.00) 1 (0.50) 2 (1.00) 1 (0.50) 1 (0.50) 3 (1.50) 95 (47.50)

Group
B 500 6 (1.20) 8 (1.60) 15 (3.00) 10 (2.00) 9 (1.80) 19 (3.80) 137 (27.40)

χ2 7.613 0.633 1.641 1.222 0.916 2.483 26.047

P 0.006 0.426 0.200 0.269 0.339 0.115 <0.001
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accelerated pace of life, poor management of wastes, en-
vironmental pollution and the abuse of chemical prod-
ucts (Yang et al., 2020). Urticaria is a common skin dis-
ease with acute and chronic types. The causes of urticar-
ia are various and complex, including parasites, bacteria, 
sunlight, drugs, nettle, mushrooms, pollen, animal feath-
ers, crab, shrimp, fish, etc. (Fang et al., 2021; Xiang et 
al., 2021). Due to the extensive food intake and contact 
with objects in daily life, it is often difficult to identify 
the fundamental cause of allergies, which leads to recur-
rent urticaria (Hoof et al., 2020). Henoch-Schönlein pur-
pura is usually considered to be caused by antigenic sub-
stances entering the body, reacting with antibodies in the 
body of the patient, and depositing in the blood vessel 
wall and causing vascular damage. It is mainly a skin and 
mucosal lesion caused by allergic inflammation of blood 
vessels, with petechia or bruise as the main clinical mani-
festations (Ünal, 2020). The etiology of allergic purpura 
remains unspecified, and it is considered to be related to 
immune factors. At the same time, it can be induced by 
insect bites, drug pollen allergy, viral and bacterial infec-
tions, and exotic protein foods such as crab, shrimp and 
fish (Hanif et al., 2019; Beaulieu et al., 2022).

As a coastal chemical industrial area, Zhenhai pro-
vides local people with a lot of seafood. Therefore, to-
tal IgE, inhalational allergens and food-induced allergens 
were selected for detection in this study. We intended 
to understand the influence of the chemical industrial 
environment on allergic skin diseases through detecting 
allergenic factors. At present, the detection of allergens 
is usually by serum specific allergen IgE and skin prick. 
Skin prick test is to drop a small amount of highly puri-
fied allergen liquid on the forearm of the patient, and 
then to gently puncture the skin surface.

Allergic response is showing as red and swollen mass-
es similar to mosquito bites and itching reaction at the 
spot within 15 minutes, and the skin color may also 
change. However, the skin prick test is an invasive test, 
which may cause severe systemic reactions, and acci-
dents may occur in patients with severe allergies in acute 
phase. Serum specific allergen IgE detection, as an in-
vitro test, is safe, painless and non-irritating. Serum spe-
cific allergen IgE detection can simultaneously conduct 
quantitative detection of more than a dozen specific IgE 
to identify allergens (Rauber et al., 2020).

Chemical industrial pollution mainly exists in the 
chemical industrial zone, and the pollution sources in-
clude air pollution, water pollution, etc. Research reports 
in Zhenhai District have shown that the harmful sub-
stance in its chemical zone is ainly sulfur dioxide in the 
air. Such polluting substances, especially the inevitable 
large amount of dust, toxic gas and waste, may lead to 
the variation of the protein structure on the surface of 
pollens in the air, so that pollens that originally are not 
allergenic become highly allergenic (Guttman-Yassky et 
al., 2019). In order to study the impact of the chemi-
cal industrial environment on allergic diseases, this article 
explored the connected factors of allergic skin diseases 
in patients who lived in Zhenhai chemical industrial dis-
trict and Zhenhai New District, aiming to clarify that 
the identification of allergens is the primary method for 
prevention, clinical diagnosis and treatment of allergic 
diseases. The detection results of allergens, serum total 
IgE degree, and allergen-specific IgE may be different 
for people of different regions, races and ages. The de-
tection of allergen-specific IgE can clarify the substances 
that cause allergic reactions in the region and help de-
termine appropriate immunotherapy (Ryu et al., 2020). 
Therefore, the application of serum allergen-specific IgE 

can help find allergens and provides a valuable basis for 
the prevention and treatment of allergic diseases. With 
regard to the selection of research population, it was re-
ported that air pollution was significantly reduced in ar-
eas 5 kilometers away from the chemical radiation zone 
(Sadreameli et al., 2021). Therefore, patients with allergic 
skin diseases living in Zhenhai New District, which was 
5 km away from the chemical industry zone, were select-
ed as the control group in this study. This study showed 
that the positive rates of total IgE and inhalational sIgE 
of patients in Group A were higher than those in Group 
B, indicating that the positive rates of total IgE and in-
halational sIgE in patients living or working in chemi-
cal industrial district were greatly increased. In terms of 
inhalational sIgE, allergies in tree combination and dust 
mites/household dust mites were significantly increased 
in patients living or working in chemical area. Our re-
sults are consistent with the previous results (Drislane 
et al., 2020), which reported states that people living in 
chemical industrial areas showed more inhalational sIgE. 
We believe that it may be due to the presence of pol-
luting substances in the air, which change the protein 
structure of pollen surface, thus triggering an increase in 
inhalation allergens.

In addition, in order to understand whether individual 
factors have an influence on allergic skin diseases, we 
analyzed sex, age and BMI (with 24.0 kg/m2 as cut-off 
value) of patients in the chemical zone. It was found 
that patient’s sex, age or BMI had no effect on the al-
lergens detection results.

However, this is only a preliminary exploration in 
patients from different regions. We did not conduct in-
depth investigations on the main pollutants and their 
concentrations in the chemical industrial area and did 
not analyze the mechanism of allergic reactions triggered 
by pollutants. Therefore, there are certain limitations in 
the current research. In follow-up studies, we will moni-
tor pollutants and their concentrations in the chemical 
industrial area to determine whether the concentration 
of pollutants is related to the incidence of allergic skin 
diseases, and analyze the influence of chemical pollutants 
on the immune function of the body and the induction 
mechanism of allergic reactions via animal experiments.

In summary, the chemical industrial environment is 
significantly involved with allergic dermatosis, and pa-
tients who live there have significantly increased total 
positive IgE and positive aspirational sIgE.
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Decrease of prothrombin level during thrombolysis in acute 
myocardium infarction
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Previously, the direct interactions of Bβ26-42 fibrin resi-
dues with prothrombin were demonstrated. It was also 
shown that forming prothrombin complexes with E- or 
DDE-fragments causes non-enzymatic prothrombin ac-
tivation. The direct measuring of the prothrombin level 
in the blood plasma of patients with acute myocardial 
infarction (AMI) allowed us to find a situation where 
such an activation can occur in vivo. Blood coagulation 
parameters in the blood plasma of patients with AMI 
were measured at 2 hours, three days, and seven days 
after the thrombolysis by streptokinase accompanied 
with intravenous administration of anticoagulants: un-
fractionated high molecular weight heparin (HMWH) and 
low-molecular-weight heparin (LMWH). The prothrom-
bin level in the blood plasma of patients with AMI was 
normal before thrombolytic therapy and substantially 
decreased after streptokinase administration. This ef-
fect was prominent in the case of concomitant antico-
agulant therapy with LMWH and was not observed when 
HMWH was applied. It can be explained by the fact that 
LMWH preferentially inhibits factor Xa, while the HMWH 
is an effective inhibitor of both factor Xa and thrombin. 
This observation suggested that the prothrombin level 
decrease was caused by the thrombin-like activity and 
possible autolysis of prothrombin by thrombin. Also, 
thrombolytic therapy with streptokinase caused the ac-
cumulation of fibrin degradation products (FDPs), some 
of which were able to bind prothrombin. The dramatic 
decrease of prothrombin level in the blood plasma of 
patients with AMI during thrombolysis allowed us to 
conclude the non-enzymatic prothrombin activation with 
the following autolysis of prothrombin that contributes 
to the pathology.
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INTRODUCTION

Thrombotic complications are the main reason for the 
development of cardiovascular diseases, particularly acute 
myocardial infarction (AMI), which causes acute or per-
sistent ischemic anoxia of the coronary artery. Such an-
oxia and the occlusion of the coronary artery are caused 
by intravascular thrombus formation that terminates the 
proper blood flow in coronary vessels (Grover et al.,., 
2018; Karbach et al.,., 2019; Hudeca et al.,., 2020; Wiec-
zór et al.,., 2020).

Activation of the blood coagulation system leads to 
the appearance in the bloodstream of a considerable 
amount of thrombin due to the activation of prothrom-
bin. Thrombin leads to the activation of platelets and 
conversion of fibrinogen to fibrin monomer, which, 
upon polymerization, forms a fibrin clot – the core of 
a thrombus (Pasupathy et al., 2018; Toshiaki et al., 2016; 
Wood et al., 2011).

Thrombin and prothrombin (its inactive precursor) 
are crucial factors in physiological and pathophysiolog-
ical coagulation. A general assessment of thrombin ac-
tivity and prothrombin content is necessary for proper 
patient management (Korolova et al., 2021). However, 
determining the prothrombin time, which characterizes 
the state of the coagulation factors of the external blood 
clotting pathway, does not allow for determining the 
contribution of prothrombin in the test result. Increases 
in thrombin generation are being detected by the deter-
mination of prothrombin fragment 1+2, thrombin-anti-
thrombin complex, prethrombin-1, or soluble fibrin as 
products of thrombin-catalyzed reactions. The total level 
of prothrombin in the blood plasma of patients needs 
to be measured (Negrier et al., 2019; Wexels et al., 2016; 
Zhao et al., 2023; Elged et al., 2016).

The purpose of our work was to apply the direct 
measuring of the level of prothrombin in the blood plas-
ma of patients with acute myocardial infarction (AMI). 
To achieve this goal, we studied blood coagulation pa-
rameters in the blood plasma of patients with AMI at 2 
hours, three days and seven days after the thrombolysis 
by streptokinase accompanied with intravenous admin-
istration of anticoagulants: unfractionated heparin and 
low-molecular-weight heparin (LMWH).
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MATERIALS AND METHODS

Materials

Chromogenic substrates S2238 (H-D-Phe-Pip-Arg-
pNA), S2765 (Z-D-Arg-Gly-Arg-pNA), and S2236 
(p-Glu-Pro-Arg-pNa) were purchased from BIOPHEN 
(Neuville-sur-Oise, France). Factor X activator from Rus-
sel vipera venom (RVV), thrombin from human blood 
plasma, sodium citrate, phosphate-buffered saline (PBS) 
tablets (pH 7.2, sodium chloride, 0.15 M) were pur-
chased from Sigma-Aldrich (St. Louis, USA). APTT-re-
agent, control donors’ blood plasma, and test systems 
for determining Protein C and antithrombin III levels 
were purchased from Siemens-Biomed (Marburg, Ger-
many). The thrombin-like enzyme was purified from the 
venom of Agkistrodon halys halys according to the method 
described in (Solovjov et al., 1998). The activator of pro-
thrombin (ecamulin) was purified from Echis multisqua-
matis venom according to the method of Solovjov and 
others (Solovjov et al., 1996). Monomeric fibrin desAB 
was purified according to the method described (Pozdn-
jakova et al., 1979).

Patients

The study included patients with large-focal and trans-
mural AIM under 70 without signs of cardiogenic shock 
(n=57). The patients were treated at the State Institu-
tional Scientific Center The M.D. Strazhesko Institute of 
Cardiology, Clinical and Regenerative Medicine of The 
National Academy of Medical Sciences of Ukraine, Kyiv.

On average, patients were taken to the division of re-
animation and intensive therapy in the first 6 hours after 
the heart attack in 3.1±0.2 h. Patients were 57.4 years 
old on average. Some of them had arterial hypertension 
(45.5%), diabetes (7%), and 64% were smokers. The av-
erage BMI was 28.4 kg/m2.

Inclusion criteria were clinical signs of acute coronary 
syndrome, registration of the elevation of the ST seg-
ment of the electrocardiogram by 2 mm or more in two 
measurements, age from 30 to 70 years.

Exclusion criteria were cardiogenic shock, severe 
forms of diabetes, bronchial asthma, kidney or liver fail-
ure, documented disorders in the blood coagulation sys-
tem, bleedings during the last six months, level of hemo-
globin below 100 g/l, violation of cerebral blood flow, 
and body weight above 110 kg or below 60 kg.

Systemic thrombolytic therapy was performed with 
streptokinase (SK) (Kabikinase from ‘Pharmacia&Up-
john’, USA) at 1500 000 IU and was carried out for 
30–40 minutes. All patients received basic anti-platelet 
therapy, therapy by beta blockers, statins, ADP inhibi-
tors, and nitrates.

Anticoagulant prophylaxis was performed with fraxi-
parin or heparin 4–6 hours after the start of thrombo-
lytic therapy. Standard unfractionated heparin was ad-
ministered by an intravenous infusion lasting 48 hours 
(activated partial thromboplastin time (APTT was con-
trolled), in an average dose of 1000 IU per hour, then 
subcutaneously four times a day for 5–7 days.

Fraxiparine (‘Sanofi-Synthelabo,’ France) was admin-
istered by bolus administration (0.6 ml) and then three 
hours later under the skin at the same dose for 3 days. 
Administration of Fraxiparine was then continued at half 
the dose until the 6–7th day of myocardial infarction.

Platelet-poor blood plasma was prepared from citrated 
blood by centrifugation at 1200×g for 30 min. Sodium 
citrate (3.8%) added immediately after collection to the 

whole blood at a 1:9 ratio was used as an anticoagulant. 
All work was conducted under the Declaration of Hel-
sinki. Studies were conducted per the Ethical Commit-
tee Approval N 3 form 04.04.2019 (Palladin Institute of 
Biochemistry of NAS of Ukraine).

Methods

Fibrinogen concentration

Fibrinogen concentration in the blood plasma was de-
termined by the modified spectrophotometric method. 
Blood plasma (0.2 ml) and PBS (1.7 ml) were mixed in a 
glass tube. Coagulation was initiated by adding 0.1 ml of 
the thrombin-like enzyme from the venom of Agkistro-
don halys halys (1 NIH/ml), which allowed to avoid fibrin 
cross-linking. The mixture was incubated for 30 min at 
37°C. The fibrin clot was removed and re-solved in 5 
ml of 1.5% acetic acid. The concentration of protein was 
measured using a spectrophotometer POP (Optizen, Ko-
rea) at 280 nm (ε=1.5) (Sokolovska et al., 2002).

Activated partial thromboplastin time

Activated partial thromboplastin time (APTT) was 
performed following the procedure: 0.1 ml of stud-
ied blood plasma was mixed with an equal volume of 
APTT-reagent and incubated for 3 minutes at 37°C. 
Then, the coagulation was initiated by adding 0.1 ml of 
0.025 M solution of CaCl2, and clotting time was moni-
tored. The clotting time was evaluated using a coagulom-
eter CT2410 (Solar, Belarus).

Prothrombin time

Prothrombin time (PT) was measured as follows: clot-
ting was initiated by mixing 0.1 ml of blood plasma with 
0.1 ml of 0.025 M CaCl2 and 0.1 ml of thromboplastin 
reagent, time of clotting was monitored. Thromboplas-
tin acts through the tissue factor pathway of coagulation 
and activates only carboxylated and uncleaved forms of 
prothrombin. The clotting time was evaluated using a 
coagulometer CT2410 (Solar, Belarus).

Prothrombin level

Total prothrombin level was measured using ecamulin 
(the prothrombin activator from Echis multisqumatis snake 
venom) and chromogenic thrombin-specific substrate 
S2238 (H-D-Phe-Pip-Arg-pNA). Ecamulin activates pro-
thrombin and all of its inactive forms to determine total 
prothrombin level (Korolova et al., 2023).

In a well of a 96-well plate, 0.02 ml of studied blood 
plasma sample, 0.03 ml of S2238 solution (0.25 mM), 
and 0.03 ml of ecamulin solution (0.06 mg/ml) were ad-
mixed in the PBS with 0.001 М CaCl2 at final volume of 
0.25 ml. The generation of colorful p-nitroaniline (pNa) 
was monitored at 405 nm using a ThermoMultiscan 
multi-plate reader (ThermoFisher, USA). Results were 
presented as % from control values.

Soluble fibrin monomeric complexes (SFMCs)

For the SFMCs measurement in the glass tube, the 0.25 
ml of studied blood plasma sample was mixed with an 
equal volume of 0.1 M KH2PO4 buffer pH 7.5. Then 0.4 
ml of 1 M KH2PO4 buffer pH 7.5 was added to the whole 
volume after gentle mixing. Samples were incubated for 30 
min at ambient temperature. After incubation, the accumu-
lation of saturated SFMCs was estimated semi-quantitatively 
in the range of concentrations 7–140  µg/ml by following 
gradation: clear solution without turbidity – negative result; 
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several dots in the solution – up to 7 µg/ml; visible turbidi-
ty – up to 35 µg/ml; formation of flakes – up to 70 µg/ml; 
formation of fibers – up to 90 µg/ml; gel-like sedimenta-
tion – up to 140 µg/ml. For the calibration, we used blood 
plasma samples with monomeric fibrin desAB added at fi-
nal concentrations from 7–140 µg/ml prepared according 
to the method (Pozdnjakova et al., 1979).

Protein C level

Protein C (PC) level was determined using the activator 
of PC (Berichrom, Germany). The generation of activated 
PC was measured by chromogenic substrate assay using 
specific chromogenic substrate S2236 (p-Glu-Pro-Arg-
pNa). The analysis was performed in 0.05 M Tris-HCl 
buffer pH 7.4, at 37°С. The chromogenic substrate con-
centration was 30 mM. The generation of para-nitroani-
line was measured at 405 nm on a microtiter plate reader 
Multiscan EX (Thermo Fisher Scientific, Waltham, USA). 
Here and below for Multiscan EX: Linearity 0–2 Abs, ± 
2.0% at 405 nm; accuracy ± 2.0% or ± 0.007 Abs at 405 
nm. Results were presented as the ratio of PC level in the 
blood plasma of the studied sample to PC level in the 
blood plasma of the healthy donor.

Antithrombin level

Antithrombin III (ATIII) activity is determined based 
on its ability to neutralize thrombin in the presence of 
heparin. The overabundance of thrombin was inhibited 
by the ATIII-heparin complex proportionally to the 
ATIII in blood plasma.

The analysis was performed according to the recom-
mendations of the manufacturer. The remaining activity 
of thrombin was measured using chromogenic thrombin-
specific substrate S2238 (H-D-Phe-Pip-Arg-pNA). Colorful 
p-nitroaniline (pNa) generation was monitored at 405 nm 
using ThermoMultiscan (ThermoFisher, USA). The amount 
of ATIII was determined using the calibration curve.

Factor X level

The total factor Х level was determined using RVV 
(Russell’s viper venom reagent that specifically activates 
factor X) and factor Xa-specific chromogenic substrate 
S22765 (Z-D-Arg-Gly-Arg-pNA). In a well of 96-well 
plate, 0.02 ml of studied blood plasma sample, 0.03 ml 
of S2765 solution (0.25 mM), and 0.01 ml of RVV solu-
tion (Sigma, USA) were admixed in the PBS with 0.001 

М CaCl2 at a final volume of 0.25 ml. Colorful p-ni-
troaniline (pNa) generation was monitored at 405 nm 
using ThermoMultiscan (ThermoFisher, USA). Results 
were presented as % of control values (Budzynski et al., 
2001).

Statistics

Statistical data analysis was performed using the Wil-
coxon-Mann-Whitney (WMW) test using an online calcu-
lator provided by Social Science Statistics (https://www.
socscistatistics.com/). Statistical analysis was performed 
using Microsoft Excel (Microsoft Corporation, Red-
mond, WA, USA). Results are presented as the group’s 
median, maximum, and minimum values. All assays were 
performed in a series of at least three replicates. Data 
were considered significant when p<0.05.

RESULTS

Blood coagulation system parameters

An analysis of the parameters of the haemostasis sys-
tem was carried out in 57 patients with great magistral 
transmural host myocardial infarction (AMI) at admis-
sion to the clinic (Table 1).

A significant reduction in the blood plasma clotting 
time in the APTT test was revealed in 49% of patients, 
an increase in fibrinogen content in 31% of patients, and 
an accumulation of SFMC (17–140 μg/ml), which indi-
cates the activation of the blood clotting system, was de-
termined in all studied samples. Simultaneously with the 
activation of the components of the coagulation system, 
the potential of the anticoagulant link of the system (PC 
and ATIII) decreases, which, together with the increased 
content of fibrinogen, can contribute to the increase of 
further thrombotic complications and re-occlusions.

Table 1. Hemostasis system parameters of the patients with AMI at the time of admission to the clinic. The median value, minimum, 
and maximum are given.

Parameter Healthy donors (n=30) Patients with AMI (n=57)

Fibrinogen level, g/l 2.5 (2.3–3.0) 3.2* (2.2–5.5)

APTT, sec 45 (41–49) 41.0* (23–71)

Prothrombin level, % 100 (85–105) 105* (64–127)

SFMCs, µg/ml 0.0 (0.0–3.0) 40.0* (17–140)

Protein C level, % 100 (90–115) 63* (40–110)

AT III level, % 100 (90–110) 100 (62–120)

Clotting factor X level, % 100 (90–100) 92 (60–120)

*p<0.05, compared to donors

Figure 1. Level of prothrombin in the blood plasma of patients 
with acute myocardial infarction before thrombolysis (before) 
and after thrombolysis accompanied by concomitant anticoag-
ulant therapy with low molecular weight heparin (LMWH after, 
n=28) or high molecular weight heparin (HMWH after, n=29). 
Samples were collected before, after 2 hours, and on the third 
day after thrombolysis. Donors – healthy donors’ group (n=30). 
*p≤0.05 in comparison to donors.

381

https://www.socscistatistics.com/
https://www.socscistatistics.com/


994											           2023D. S. Korolova and others

Prothrombin level after thrombolysis

The prothrombin level in the blood plasma of pa-
tients with AMI was determined before thrombolytic 
therapy (at the time of admission to the clinic) and af-
ter thrombolytic therapy (on the first, third, and seventh 
days). The prothrombin total level in the blood plasma 
of patients with myocardium infarction was normal 
(95±11%). During thrombolysis and concomitant thera-
py with LMWH, there was a decrease in the plasma lev-
els of prothrombin (median 55%; min 40%, max 80%, 
p<0.001). Whereas less obvious change was observed in 
the case of HMWH (median 84%; min 56, max 110%, 
p<0.001) (Fig. 1). Statistic analysis in “Statistica 7” was 
used to calculate the correlations of total prothrombin 
level.

The low level of prothrombin in the case of concomi-
tant therapy with LMWH was also found on the third 
day after thrombolysis. The normalization of prothrom-
bin level was detected only on the seventh day after 
thrombolysis in this group of patients (median 87%; min 
70, max 110%).

Correlation of prothrombin level and SFMC after 
thrombolysis

A decrease in the level of prothrombin in the blood 
plasma of patients who were injected with low molecular 
weight heparin (LMWH) is accompanied by a significant 
accumulation of SFMC (Fig. 2). In the group of patients 
who were injected with high molecular weight heparin 
(HMWH), the level of SMFC after thrombolysis was 
lower than in the case of LMWH injection. These data 
correlate to the decrease of prothrombin content at the 
same time points presented in Fig. 1.

DISCUSSION

A study of the blood coagulation system of patients 
with AIM revealed a violation of the balance between 
pro- and anticoagulants, which is a consequence of ac-
tivating the coagulation link of the hemostasis system. 
The activation of the blood coagulation system is evi-
denced by the increased level of fibrinogen, the accumu-
lation of SFMC, and the significant consumption of the 
main inhibitors – ATIII and protein C (Hudeca et al., 
2020; Hoshino et al., 2018; Refaai et al., 2018).

The accumulation of SFMC is the result of the work 
of the central enzyme of the blood coagulation system 
– thrombin (Dizhou et al., 2023). The content of SFMC 
corresponds to the activity of thrombin and character-
izes the degree of activation of the hemostasis system. 
There is no doubt that SFMC, as a marker of activation 
of the blood coagulation system, has a high prognostic 
value (Masahiro et al., 2009).

The prothrombin level in the blood plasma of pa-
tients with AMI was normal before thrombolytic therapy 
and substantially decreased after streptokinase adminis-
tration. This effect was prominent in the case of con-
comitant anticoagulant therapy with LMWH and was not 
observed when HMWH was applied. It can be explained 
by the fact that LMWH preferentially inhibits factor Xa, 
while the HMWH is an effective inhibitor of both factor 
Xa and thrombin. This observation suggested that the 
prothrombin level decrease was caused by the thrombin 
activity and possible autolysis of prothrombin by throm-
bin (Croles et al., 2019; Makarem et al., 2023; Spencer et 
al., 2000).

Another important issue is fibrin degradation products 
(FDPs) accumulation due to thrombolytic therapy with 
streptokinase. Some of the FDPs (including DDE-com-
plex and fibrin E-fragment) still have sites of interac-
tions with thrombin and prothrombin (Capitanescu et al., 
2016) (Fig. 3).

Previously, we demonstrated the direct interactions 
of high molecular weight E-fragment of fibrin (E1-frag-
ment) and DDE-complex with prothrombin. We con-
firmed that prothrombin can bind to Bβ26-42 fibrin 
residues, and the formation of such a complex causes a 
non-enzymatic prothrombin activation (Chernyshenko et 
al., 2015).

A similar complexation with the formation of a 
thrombin-like active site was shown for staphylocoagu-
lase. Staphyloprothrombin, similar to prothrombin in a 
complex with E1-fragment, is enzymatically active (Asho-
ka et al., 2020; Crosby et al., 2016).

As shown in vitro, non-enzymatic activation of pro-
thrombin in a complex with E1-fragment and DDE-
complex was assumed as the additional mechanism of 
autolysis of prothrombin (Platonova et al., 2002; Savchuk 
et al., 2006). A study of the state of a hemostatic system 
at thrombolysis in AMI allowed us to find a pathology 
in which the proposed mechanism can occur in vivo. This 
suggestion was confirmed by the dramatic decrease of 
prothrombin level that occurs alongside the accumula-
tion of FDPs and the inability to inhibit thrombin activ-
ity by low molecular weight heparin (LMWH).

Figure 2. Level of soluble fibrin monomeric complexes (SFMC) in 
the blood plasma of patients with acute myocardial infarction 
before thrombolysis (Before) and after thrombolysis accompa-
nied by concomitant anticoagulant therapy with LMWH (LMWH 
after, n=28) or HMWH (HMWH after, n=29). 
Samples were collected before, after 2 hours, and on the third 
day after thrombolysis. Donors – healthy donors’ group (n=30). 
*p≤0.05 in comparison to donors.

Figure 3. Scheme of prothrombin activation by fibrin degrada-
tion products during thrombolysis. 
1 – canonical prothrombin activation, 2 – thrombin cleaves fibrin-
ogen with fibrin formation, 3 – streptokinase activates plasmino-
gen with plasmin formation, 4 – plasmin cleaves fibrin with fibrin 
degradation products (FDP) formation, 5 – prothrombin and FDP 
form complexes, 6 – prothrombin in (prothrombin-FDP) complex 
forms thrombin-like active site.
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CONCLUSIONS

The drop in total prothrombin level in the blood plas-
ma of patients with acute myocardial infarction during 
thrombolysis was observed. It was strongly dependent 
on the type of anticoagulant therapy and was not obvi-
ous in the case of concomitant therapy with HMWH. It 
can be explained by the non-enzymatic activation of pro-
thrombin by FDPs that contain Bβ26-42 residues (DDE, 
E1 fragments). Such a novel type of non-enzymatic pro-
thrombin activation was previously shown in vitro. Cur-
rent findings allowed us to conclude the possibility of 
the activation in vivo when a huge amount of FDPs are 
forming. This newly discovered effect should be taken 
into consideration during patient management.
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In the development of NAFLD plays an important role 
the intestinal microflora. Our aim was to characterize 
role microbiota in children. Distinctive gut microbiota 
composition was observed in children, characterized and 
short-chain fatty acid producing bacteria. For the treat-
ment of NAFLD it is possible by therapeutic manipula-
tions with prebiotics and probiotics to modulate the gut 
microbiota and maintain the integrity of the intestinal 
barrier are potential agents.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is now rec-
ognized as one of the most common disorders in the 
proper functioning of the liver, both in the pediatric and 
adult population. It is estimated that it affects up to 10% 
of the entire pediatric population, including 26–41% 
children with obesity (Anderson et al., 2015; Schwim-
mer et al., 2006). In the adult population, this percent-
age ranges from 25 to 40% (Estes et al., 2018). You-
nossi and others (Younossi et al., 2016) in a systematic 
review estimated that the global prevalence of NAFLD 
reached 25%, which resulted in a significant increase in 
the interest of scientists, who are trying to find out the 
causes leading to its development. The global increase in 
NAFLD prevalence among children constitutes a poor 
prognosis for the future (Obesity Collaborators The 
GBD 2015). NAFLD by itself is defined as a metabolic 
dysfunction-associated liver disease caused by excessive 
accumulation of fat in hepatocytes, where it is possible 
to rule out secondary factors leading to accumulation of 
fat in liver cells, such as alcohol consumption, heredi-
tary disorders, and drug intake (Chalasani et al., 2012). 
Within this disease, we can distinguish a number of liver 
conditions that vary in severity degree, from steatosis to 
non-alcoholic steatohepatitis (NASH) with or without 
fibrosis, to cirrhosis (Buzzetti et al., 2015). In the long 
term, NASH might progress to hepatocellular carcinoma 

(HCC), a condition that increases liver-related morbid-
ity and mortality. NAFLD is also related to metabolic 
syndrome (MS), including insulin resistance, dyslipidemia 
and visceral obesity (Boyraz et al., 2013). The pathologi-
cal mechanism leading to the onset and development of 
NAFLD is not fully known. According to the multiple-
hit hypothesis we do know, that there are many factors 
leading to NAFLD. Among them, we can set apart ge-
netic and epigenetic factors, lipotoxicity, insulin resist-
ance, dietary determinants proinflammatory factors, and 
gut microbiome, which might be crucial due to the pro-
duction of large amounts of molecular mediators that af-
fect liver cells (Clemente et al., 2012).

GUT MICROBIOME AND IMMUNOLOGICAL RESPONSE

The gut microbiota affects host physiology at least 
in part, through the release of metabolites and complex 
bacterial structural components such as lipopolysaccha-
rides (LPS), peptidoglycans and flagellins. Metabolites 
derived from the gut microbiota include short-chain fatty 
acids (SCFAs) and branched-chain fatty acids (BCFAs), 
aromatic acid metabolites, vitamins, amino acids and 
other metabolites. Recent studies have shown that gut 
microbiome (GM) has a significant impact on the devel-
opment of NAFLD. The gut microbiota includes micro-
organisms belonging to different kingdoms, such as bac-
teria, viruses, archaea and fungi. As a whole, they form a 
complex ecosystem that lives in symbiosis with its host. 
Human GM is dominated by four bacteria phyla: Act-
inobacteria, Bacteroidetes, Firmicutes and Proteobacteria, 
where Firmicutes and Bacteroidetes are most common 
(Tremaroli et al., 2012). Bacteria are involved in many 
metabolic processes in the gut. They participate in en-
ergy harvest, regulation level of bile-acid, fermentation of 
polysaccharides, and lastly choline metabolism (Dumas et 
al., 2006). Intestinal bacteria can also produce substantial 
amounts of endogenous ethanol, which is transported 
via the portal vein to the liver, where it might trigger in-
flammation. Disturbances in the composition of the in-
testinal microbiota are associated with chronic metabolic 
syndromes such as obesity, NAFLD and type 2 diabetes 
mellitus (T2DM) (Turnbaugh et al., 2009; Loomba et al., 
2013; Donaldson et al., 2016). Diet is one of the main 
factors that modulate the composition of gut microbi-
ota – it has an influence on species richness. When the 
number of species decreases, then it comes to a condi-
tion known as dysbiosis, which has been associated with 
the pathogenesis of inflammatory diseases (Jennison et 
al., 2021). Gut microbiota is responsible for maintain-
ing of the intestinal epithelial barrier, thus preventing 
the entry of bacteria and their metabolites into the blood 
(Fig.  1). It is also known that bacterial metabolites play 
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an important role in regulating immune system activity 
and metabolic functions of the human body, for exam-
ple, they produce intestinal hormones such as glucagon-
like peptide-1 (SvegliatiBaroni et al., 2011). Symbiotic or-
ganisms are also responsible for the digestion of polysac-
charides, the production of vitamins and the absorption 
of nutrients. Bäckhed and others (Bäckhed et al., 2004) 
in his research found out that gut microbiota is involved 
in adipose tissue growth, due to modulation of energy 
absorption and stimulation of increased triglycerides syn-
thesis in the liver. Bacteria overgrowth may cause intes-
tinal permeability to increase the amount of endotoxins 
in the systematic circulation and that will allow for the 
development of endotoxemia with inflammation in the 
liver. Some other commensal metabolites may also in-
fluence the metabolism of the host and that impact can 
lead to the development and progression of NAFLD 
(Aron-Wisnewsky et al., 2020).The human intestine con-
tains at minimum 100 trillion microbes, which belong to 
at least 1000 different species with 150 times more genes 
than the human genome has (MetaHIT Consortium et al., 
2010; Chassaing et al., 2014). The most common phyla in 
the human gut are Firmicutes and Bacteroidetes, which 
are followed by frequently identified Actinobacteria, Pro-
teobacteria, Verrucomicrobia and Fusobacteria (Kamada 
et al., 2014). There are many factors that influence the 
composition of GM such as gender, age, diet, hormonal 
changes, drug intake, travel and pregnancy (Rodríguez et 
al., 2015; Uchiyama et al., 2019). It is important to keep 
in mind internal factors that affect the composition of 
the intestinal microbiota, such as the state of the intesti-
nal mucosa, which affects the permeability of the intesti-
nal barrier and the state of the host immune system (Ad-
ams et al., 2008). These factors can lead to unfavorable 
conditions for some bacteria, leading to lower microbial 
diversity – dysbiosis. Maintaining homeostasis of GM is 
crucial for keeping the human body (especially the liver) 
in good condition. It is linked with beneficial metabolites 
produced by commensal bacteria. Dysbiosis may occur 
due to an imbalance in the gut, which will manifest itself 
through excessive proliferation and overproduction of 

harmful substances that affect the liver, due to the fact 
that the portal vein transports about 70% of the total 
amount of blood to the liver. This is the main reason 
why it is exposed to endotoxins or peptidoglycans first – 
they are transported with blood to the liver, where they 
will be neutralized. The continuous influx of microbial-
derived products may cause disturbances in liver func-
tioning and that might end up with inflammation in liver 
cells. That generates a response from receptors located 
on certain types of liver cells such as Kupffer cells, sinu-
soidal cells, biliary epithelial cells and hepatocytes (Chen 
et al., 2019). Gut microbiota produce many metabolites 
and part of them have a negative impact on the liver 
causing inflammation. Among them, we can highlight 
bile acids, short-chain fatty acids (SCFAs), choline and 
ethanol (Chiang et al., 2020). All of them are involved in 
the development of NAFLD. In this study, not all mi-
crobiome metabolites were included due to the character 
and purpose of this study.

SHORT-CHAIN FATTY ACIDS (SCFAs) ON NAFLD

Another important group of bacterial metabolites are 
short-chain fatty acids (SCFAs). SCFAs are mainly pro-
duced as a result of dietary fiber fermentation in the co-
lon. Then they might be absorbed in the intestine (Liu et 
al., 2021; Rau et al., 2018). The most common SCFAs are 
acetate, propionate and butyrate, which are absorbed via 
the portal vein during lipid digestion. SCFAs are binding 
to G-protein coupled receptor (GPCR), which occurs in 
many organs, such as the liver, skeletal muscles, adipose 
tissue, and enteroendocrine L cells, exerting influence on 
their metabolic and immunological functions (Li et al., 
2022). The short-chain fatty acids, mostly acetate and 
propionate can stimulate gluconeogenesis and lipogen-
esis, leading to fat accumulation in liver cells (Bastos et 
al., 2022). Butyrate is responsible for the suppression of 
insulin resistance and obesity while high fatty diet (HFD) 
intake in mice model (Gao et al., 2009). Butyrate also has 
anti-inflammatory potential – it can reduce inflammation 
in the intestines and reduce inflammatory response due 

Figure 1. Gut microbiota imbalance contributes to the development of NAFLD, may lead to the nutrition imbalance and change the 
gut microbiota composition and its metabolites, such as SCFAs, and bile acids. 
Microbiota disorders promote the intestinal endocrine L cells to secrete GLP-1 to act on the vagus nerve to activate the gut–brain liver 
nerve pathway and regulate insulin sensitivity, glucose production, and fatty acid oxidation.
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to activation of regulatory T cells, which will inhibit T 
cells and Th17 cells (Arpaia et al., 2013). Moreover, it 
reduces levels of proinflammatory cytokines, such as tu-
mor necrosis factor-alpha (TNFα) or monocyte chemo-
tactic protein-1, while increasing levels of prostaglandin 
E2, which has an anti-inflammatory effect (Smith et al.,, 
2013; Usami et al.,, 2008; Mouzaki et al., 2019). Butyrate 
is the most potent anti-inflammatory mediator and can 
reduce local inflammation in the gut and prevent the 
progression of inflammatory responses into the system-
ic circulation. Butyrate can also promote tight junction 
function and intestinal integrity. Another beneficial ef-
fect of butyrate is to provide colonocytes with an energy 
source to maintain intestinal health. Dysbiosis leads to 
a decrease in butyrate levels which may cause increased 
gut permeability, and translocation of bacteria or li-
popolysaccharides (LPS) into the systemic circulation, 
which can lead to the development of NALFD (butyrate 
promotes the regeneration of enterocytes). T-cells are 
responsible for releasing Glucagon-like peptides, that 
stimulate fatty acids β-oxidation in hepatocytes. They 
also increase insulin sensitivity in liver cells, thus they are 
important to NAFLD development (SvegliatiBaroni et 
al., 2011]. The gut microbiota regulates bile acid homeo-
stasis through biotransformations such as deconjugation, 
dehydroxylation, oxidation and desulfation. In terms of 
deconjugation, Bacteroides, Lactobacillus, Bifidobacteri-
um, Clostridium and Listeria produce bile salt hydrolases 
(BSH) that deconjugate the taurine and glycine groups in 
the primary bile acids produced in the liver (Ticho et al., 
2019). In experimental animals with dysbiosis or treated 
with antibiotics, taurine deconjugation by intestinal bac-
teria was blocked, shifting the balance toward almost 
exclusively taurine-conjugated bile acids, resulting in in-
creased taurine-conjugated bile acids in the liver, heart 
and kidneys (Arab et al., 2017). For dehydroxylation, 
Clostridium and Eubacterium of the Firmicutes tribe 
produce 7α-dehydroxylase of bile acid, which converts 
primary bile acids (cholic acid and chenodeoxycholic 
acid) into secondary bile acids (deoxycholic acid, litho-
cholic acid and ursodeoxycholic acid) (Lund et al., 2018). 
7α- dehydroxylation occurs after deconjugation and is the 
most physiologically relevant conversion of bile acids in 
humans. Regarding oxidation, bacteria from genera such 
as Bacteroides, Clostridium, Eubacterium, Escherichia, 
Eggerthella, Peptostreptococcus and Ruminococcus pro-
duce hydroxysteroid bile acid dehydrogenases (HSDH), 
which convert toxic bile acids into ursodeoxycholic acid, 
which is less toxic to human cells and more water-sol-
uble (Ni et al., 2022). Finally, several gut bacteria, such 
as Clostridium sp. Strain S2, produce sulfatases that are 
able to enhance the desulfation of bile acids (Jackson et 
al., 2022). Desulfation of bile acids by intestinal bacte-
ria facilitates the reabsorption of bile acids (Song et al., 
2019) and is essential for the homeostasis of the bile 
acid pool (Moszak et al., 2021). In the liver are synthe-
sized bile acids by the rate-limiting enzyme cytochrome 
P450 7A1 (CYP7A1) and secreted into the intestine. 
Intestinal epithelial cells (IECs) are reabsorbed bile ac-
ids by the distal ileum via apical sodium-dependent bile 
acid transporter (ASBT) where they activate farnesoid 
X receptor (FXR), inducing the expression and secre-
tion of fibroblast growth factor 15/19 (FGF15/19) to 
inhibit hepatic bile acid synthesis. Luminal and basolat-
eral bile acids activate Takega G protein-coupled recep-
tor 5 (TGR5) in enteroendocrine L-cells, resulting in the 
release of the incretin glucagon-like peptide-1 (GLP-1), 
promoting glucose tolerance (Chiang et al., 2020; Zhou et 
al., 2014). Overproduction of bile acids can promote di-

arrhea by several distinct mechanisms. In the colon, bile 
acids disrupt barrier integrity allowing bile acids to reach 
the basolateral membrane of epithelial cells and induce 
chloride secretion, though the receptors underlying this 
phenomenon are unknown. Colonic FXR and TGR5 ac-
tivation inhibits the secretion of chloride and other elec-
trolytes, which may be a compensatory mechanism. Co-
lonic bile acids activate TGR5 on enterochromaffin cells 
(ECs), promoting 5-hydroxytryptamine (5-HT) release 
and motility. Bile acids activate neuronal TGR5, which 
either stimulates or inhibits motility, depending on the 
type of neuron and region of the GI tract. Overproduc-
tion of bile acids induces colonic secretion and enhances 
motility, producing a diarrheal phenotype (Wang et al., 
2021; Krishnan et al., 2018).

MICROBIAL SYNTHESIS OF ETHANOL

Some bacteria have the ability to produce ethanol in 
the intestine as a result of polysaccharide fermentation. 
Normally, the amount of produced ethanol is small, but 
if dysbiosis occurs its amount may be significantly bigger 
than that in healthy controls (de Medeiros et al., 2015). 
The health effect of a high concentration of ethanol 
is an increase in the permeability of the intestinal bar-
rier, which may result in the development of NAFLD 
and liver steatosis (Chen et al., 2020). Recent studies 
have shown that increased ethanol levels in the human 
body are associated with a high abundance of genera 
Escherichia, Bacteroides, Bifidobacterium, Clostridium 
and Klebsiella pneumoniae (Engstler et al., 2016; Mir et al., 
2016). Zhu et al., in their study have observed that obese 
NASH patients have higher levels of endogenous etha-
nol than non-obese NASH patients or healthy controls. 
In turn, Yuan and others (Yuan J et al., 2019) proved 
that the presence of Klebsiella pneumoniae K14 was 
common for patients with NAFLD – after transfer, 
isolates of bacteria cause NAFLD-like changes in mice. 
Also in children with NAFLD who were on the same 
diet as healthy children noticed that ethanol levels were 
significantly higher. Gut microbiota have enzymes which 
are involved in the metabolism of ethanol, e.g. aldehyde 
dehydrogenase. That enzyme converts ethanol into ac-
etaldehyde and acetate. Acetaldehyde takes part in the 
translocation of microbiota metabolites due to the weak-
ening tight junctions of the intestinal barrier (Schwimme 
et al., 2020).

OBESITY AND NON-ALCOHOLIC FATTY LIVER DISEASE

Obesity is associated with impaired intestinal bar-
rier function and dysbiosis, resulting in metabolites and 
other bacterial products such as LPS and other mo-
lecular patterns associated with the microbiota, gaining 
access to the lamina propria in higher concentrations. 
Diet-induced increases in blood LPS concentrations are 
known as metabolic endotoxemia. Changes in the intesti-
nal microbiota suggest that changes in diet and intestinal 
barrier function underlie elevated blood LPS concentra-
tions. Alteration of intestinal TJ proteins, mainly zonula 
occludens-1 (ZO-1) and occludin, is a major molecular 
mechanism contributing to increased intestinal perme-
ability (Lin et al., 2022). High-fat diets can lead to intesti-
nal inflammation which in turn can result in TJ changes 
and increased intestinal permeability. Glucagon-like pep-
tide 2 (GLP2), has been identified as a regulator of TJ 
protein expression and localization in obese mice. Al-
though the expression pattern of metabolite receptors on 
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specific tissue-resident leukocytes, such as those in the 
lamina propria of the gastrointestinal tract, is still poorly 
understood, manipulation of immune cell metabolism by 
the gut microbiota may be a powerful approach. Gut-
derived metabolites may be a powerful approach to di-
rect the immune response. As is well known, obesity is 
a risk factor for the development of NAFLD, as well as 
metabolic syndrome (Rau et al.,, 2018). The prevalence 
of overweight and obesity has increased in children and 
adolescents worldwide over the past 30 years. Gut bac-
teria produce metabolites by modifying host metabolites, 
including secondary bile acids. In addition to the clas-
sic role of metabolites in bioenergetics and biosynthesis, 
metabolites can function as signaling molecules, much 
like hormones and neurotransmitters. Signaling metabo-
lites generated from nutrients or by the intestinal micro-
biota primarily target the enteroendocrine, neuronal and 
immune cells in the lamina propria of the intestinal mu-
cosa and liver, and through these tissues to the rest of 
the body. Metabolites from intermediary metabolism act 
as metabolic stressors in adipose tissue, liver and pan-
creas, being effective regulators of pro- and anti-inflam-
matory regulators of key immune cells, which function 
as important drivers of low-level inflammation associated 
with obesity. A large number of metabolite receptors are 
expressed on immune cells of both the innate and adap-
tive immune systems. and many different types of im-
mune cells are found in the intestinal mucosa. In lean 
individuals, the immune cells of the lamina propria are 
dominated by anti-inflammatory subtypes of innate im-
mune cells, including tolerogenic macrophages and den-
dritic cells, eosinophils, IL-22-producing innate lymphoid 
cells and resident regulatory T cells (Tregs) (Miura et al., 
2014). Lean but not obese fat is enriched with a unique 
population of regulatory T cells that influence metabolic 
parameters. Diet and a sedentary lifestyle are determi-
nants of obesity in children, but obesity in infants is in-
fluenced by the gut microbiota profile. As indicated by 
recently published studies Bacteroides and Lacto Bacillus 
spp. are the most common microbes involved in over-
weight in infants. However, to date, there are no certain 
species or genera identified as causing childhood obesity 
per se (Clemente et al., 2016). Early gut microbiota in in-
fants can shape weight gain in childhood and controlling 
factors affecting early infant gut microbiota may prevent 
later overweight and obesity in children. Exposure to 
antibiotics changes the diversity of the gut microbiota. 
Infant exposure to antibiotics is strongly associated with 
childhood obesity. In children under <6 months of age, 
repeated antibiotic exposure puts boys at higher risk 
than girls of developing obesity.

CONCLUSION

In conclusion, bacterial metabolites mediate the com-
munication between the commensal microbiota and the 
immune system, affecting the balance between pro- and 
anti-inflammatory mechanisms. Gut dysbiosis has been 
associated with NAFLD because the effects of an al-
tered gut microbiota in abundance and diversity are me-
diated by many bacterial metabolites including bile acids, 
butyrate, choline, amino acids and ethanol. Modulation 
of the intestinal microbiota and supplementation of 
some bacterial metabolites may have a therapeutic ben-
efit. The heterogeneous clinical features of NAFLD can 
be explained by consumption of various dietary factors, 
interpersonal gut microbiome variability and genetics. In 
summary, the interplay of dietary factors, gut microbiota 

and intestinal barrier integrity plays an important role in 
the development of obesity and obesity-related NAFLD. 
Alteration of the gut microbiota is a result of diet, which 
can promote metabolic endotoxemia and inflammation 
contributing to the development of obesity and NAFLD. 
Understanding the role of the gut microbiome, and the 
mechanism of dietary factor influence gut microbiota, 
with the identification of components of the microbi-
ome’s metabolic activity which significantly affect host 
metabolism and possibly contribute to obesity and obe-
sity-related NAFLD, might also be an important consid-
eration for NAFLD treatment. Altogether, opportunities 
and challenges provided by microbiome research lead to 
future studies, which will hopefully elucidate the more 
specific role of gut microbiome in NAFLD and establish 
microbiota-targeted treatment approaches.

Highlights/Perceived strengths
• Intestinal microbiota plays an important role in the 

development of NAFLD.
• Impaired intestinal barrier integrity, metabolic en-

dotoxemia and inflammation are closely associated with 
obesity and NAFLD.

• The gut microbiota and intestinal barrier function, 
promoting metabolic endotoxemia and inflammation 
can alter the absorption and metabolism of energy-reach 
foods and their ingredients (e.g., fat and fructose)

• Therapeutic manipulations with prebiotics and pro-
biotics to modulate gut microbiota and maintain integrity 
of the intestinal barrier are potential efficient agents that 
should be further tested in NAFLD
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Age-related effects of fenofibrate on the hepatic expression of 
sirtuin 1, sirtuin 3, and lipid metabolism-related genes
Adrian Zubrzycki*, Agata Wrońska*✉, Piotr M. Wierzbicki and Zbigniew Kmieć
Department of Histology, Faculty of Medicine, Medical University of Gdańsk, Gdańsk, Poland

Background: Sirtuin 1 (Sirt1) and sirtuin 3 (Sirt3) par-
ticipate in the regulation of lipid metabolism. Our aim 
was to investigate the effects of the hypolipemic drug 
fenofibrate (FN) on hepatic Sirt1 and Sirt3 expression, 
in relation to the expression of lipid metabolism-relat-
ed genes and in the context of aging. Methods and Re-
sults: Young and old male Wistar rats were fed standard 
chow or supplemented with 0.1% or 0.5% FN for 30 days 
(n=7–10 in each group). In young rats, 0.1% FN did not 
affect Sirt1 expression, however, 0.5% FN decreased 
Sirt1 and both doses reduced Sirt3 protein levels. In 
old rats, 0.5% FN decreased hepatic Sirt1 mRNA and 
both doses reduced Sirt1 protein levels, but not Sirt3 
expression. Although hepatic Pparα protein levels did 
not change, FN treatment of young rats induced Cpt1b 
expression, whereas Lcad, Acox1, Pmp70, and Hmgcs2 
expression increased only after 0.1% FN, and Fas2 ex-
pression decreased after 0.5% FN. In the liver of old 
rats, both doses increased Cpt1b and Lcad expression. 
Only 0.1% FN increased Pmp70 and Hmgcs2 expression, 
and only 0.5% FN increased Acox1 and Fas2 mRNA lev-
els. Conclusions: Treatment with fenofibrate at low or 
high doses may downregulate the expression of Sirt1 
and Sirt3 proteins in the rat liver. The dosage of FN af-
fects molecular changes, and aging alters the response 
to 0.5% FN.
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INTRODUCTION

Aging decreases the ability to respond to stress and 
leads to the accumulation of molecular damage (Pyo et 
al., 2020). Aging-associated changes in energy metabolism 
and nutrient sensing pathways may lead to disorders in 
lipid homeostasis, which manifest as elevated concentra-
tions of triglycerides, total cholesterol, and LDL choles-
terol in blood plasma (Liu & Li, 2015). The hypolipemic 

drug fenofibrate (FN) is used to counteract disturbances 
in lipid metabolism. FN decreases serum triglyceride and 
VLDL- and LDL-cholesterol levels, while it increases se-
rum HDL-cholesterol (Sahebkar et al., 2017). In the liver, 
FN stimulates fatty acid oxidation in mitochondria and 
peroxisomes through the induction of peroxisome pro-
liferator-activated receptor alpha (PPARα) (Gebel et al., 
1992). FN exerts additional beneficial effects through 
PPARα-dependent and independent mechanisms, e.g. 
in cardiac, renal, and vascular disorders (Balakumar et 
al., 2019). FN may thus offer new treatment venues for 
conditions besides hyperlipidaemia. However, it has not 
been well investigated whether FN affects the expression 
of sirtuins in the liver.

Sirtuins (SIRT1-SIRT7) are a family of NAD+-depen-
dent deacetylases, which target histones and non-his-
tone proteins (Zhao et al., 2020). Sirtuins can protect 
cells against metabolic and oxidative stresses, and may 
therefore safeguard against some aging-associated alter-
ations, as evidenced by genetic studies in mice (Rod-
gers & Puigserver, 2007; Pfluger et al., 2008; Zhao et 
al., 2020). The relationships between the activity of 
sirtuins and energy metabolism make them a potential 
therapeutic target for the treatment of metabolic diseas-
es. Two members of the sirtuin family are particularly 
important for lipid metabolism. SIRT1, the best-studied 
member of the sirtuin family, decreases blood plasma 
cholesterol and triglyceride concentrations by inhibi-
tory deacetylation of sterol regulatory element-binding 
proteins (SREBP) in the liver (Walker et al., 2010). The 
SREBP belong to transcription factors that control lip-
id homeostasis by promoting the expression of lipogen-
ic (e.g. fatty acid synthase, FAS) and cholesterogenic 
genes in the fed state (Walker et al., 2010). Moreover, 
SIRT1 deacetylates peroxisome proliferator-activated 
receptor gamma coactivator 1-alpha (PGC1α) in the liv-
er (Rodgers et al., 2005; Rodgers & Puigserver, 2007), 
skeletal muscle and adipose tissue (Feige et al., 2008). 
This post-translational regulation of PGC-1α leads to 
the induction of gluconeogenic genes and glucose out-
put in the liver (Rodgers et al., 2005) and enhances ox-
idative metabolism in muscles and brown adipose tis-
sue (Feige et al., 2008). SIRT1 also interacts with the 
transcription factor PPARα at the PPAR response ele-
ment (PPRE) sequence of target genes (e.g. fibroblast 
growth factor type 21, FGF21). Upon this interaction 
with SIRT1, PPARα mediates the adaptive response to 
fasting and starvation by transcriptional activation of 
genes involved in fatty acid oxidation (Purushotham et 
al., 2009).

The mitochondrial sirtuin SIRT3 regulates multi-
ple mitochondrial enzymes both at the transcription-
al level and through their reversible deacetylation in 
mitochondria. SIRT3 is induced during fasting, and 
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through deacetylation increases the activity of long-
chain acyl-coenzyme A dehydrogenase (LCAD), a key 
enzyme of mitochondrial fatty acid β-oxidation (Hir-
schey et al., 2010). Similarly, SIRT3 deacetylates and 
activates 3-hydroxy-3-methylglutaryl-CoA synthase 2 
(HMGCS2) (Shimazu et al., 2010), the rate-limiting en-
zyme in the ketone body β-hydroxybutyrate synthesis. 
In addition, SIRT3 activates enzymes of the tricarbox-
ylic acid (TCA) cycle and the urea cycle, and regulates 
reactive oxygen species levels (reviewed by Zhao et al., 
2020). Thus, SIRT3 activity is involved in the regula-
tion of multiple metabolic pathways in mitochondria.

Importantly, both SIRT1 and SIRT3 may mitigate 
metabolic dysfunctions which are often associated 
with aging. Transgenic models have shown that in-
creased SIRT1 activity protects against insulin re-
sistance, type 2 diabetes (T2D) and diabetic compli-
cations, high-fat diet-induced hepatic steatosis, and 
adipose tissue inflammation (Rodgers & Puigserver, 
2007; Pfluger et al., 2008; Guo et al., 2015). Mice with 
whole-body SIRT3 knock-out showed peripheral insu-
lin resistance due to increased fatty acid oxidation and 
reduced glucose uptake in skeletal muscle (Lantier et 
al., 2015). When SIRT3 KO mice were fed a high-fat 
diet (HFD) they developed hyperlipidemia, impaired 
glucose tolerance, insulin resistance, and steatohepati-
tis (Hirschey et al., 2011). 

Despite the well-established roles of SIRT1 and 
SIRT3 in the control of fuel metabolism and suppres-
sion of some mechanisms of aging, there is limited 
data on the expression of these sirtuins in response 
to pharmacological challenge with fenofibrate, and in 
the context of ageing. It was reported that Sirt1 pro-
tein levels were upregulated by FN in TNFα-treated 
adipocytes (Wang et al., 2013), the kidney (Kim et al., 
2016), endothelial cells (Wang et al., 2014), and cardiac 
muscle (Liu et al., 2016) in animal models, and Sirt3 
protein abundance decreased in the mouse liver after 
bezafibrate (100 mg/kg/day for 4 weeks) (Barger et 
al., 2017). However, it is not clear whether FN affects 
Sirt1 or Sirt3 levels in the liver. We, therefore, under-
took to examine: (1) the effect of aging on hepatic 
expression of Sirt1 and Sirt3 in the rat; (2) whether 
FN affects the hepatic expression of Sirt1 and Sirt3 
in non-obese, normolipemic rats; and (3) whether this 
effect of FN is modulated by physiological aging. In 
our previous work, we have demonstrated that FN 
had a significant hypolipemic effect in normally-bred 
old rats (Zubrzycki et al., 2020). Therefore, in the 
present study, we decided to investigate the molecular 
changes brought about by FN treatment in rat liver 
in old as compared to young rats bred in standard, 
non-obesogenic conditions. We examined the gene 
expression of factors that play key roles in the reg-
ulation of lipid metabolism (Murray et al., 2012): the 
transcriptional regulators Pparα, Pgc1α, and Fgf21; the 
mitochondrial enzymes carnitine palmitoyltransferase 
1b (Cpt1b), long-chain fatty acid dehydrogenase (Lcad), 
as well as the rate-limiting ketogenic enzyme Hmgcs2. 
We also determined the expression of genes encod-
ing the peroxisomal acyl-CoA oxidase (Acox1) and the 
organelle’s marker, peroxisomal membrane protein 70 
(Pmp70). Moreover, we investigated the expression of 
genes encoding the lipogenic enzymes ATP-citrate 
lyase (Acl) and fatty acid synthase 2 (Fas2). In this 
paper, we demonstrate that depending on the dose, 
fenofibrate differently affects the expression of genes 
involved in lipid metabolism and that aging affects the 
response to high-dose fenofibrate treatment. 

MATERIALS AND METHODS

Animals, treatment, and material sampling

Young (4-month-old) and old (24-month-old) male 
Wistar-Han rats were bred in the Academic Animal Ex-
perimental Center in Gdańsk, Poland, and housed one 
per cage in standard breeding conditions (22±2°C, hu-
midity 55±10%, 12  h/12  h light/dark cycle). For 30 
days, the animals were given 0.5% FN (Glentham Life 
Sciences, Corsham, UK) mixed into standard rodent 
chow (high dose; n=10 young and 9 old animals). Con-
trol animals (n=10 young and 7 old) were fed the same 
chow without supplementation (Labofeed H, Wytwornia 
Pasz Morawski, Kcynia, Poland). The dose was expected 
to provide approximately 100 mg/day FF according to 
the measured baseline food intake (20.7±2.43 g, mean 
±  S.D., for the young and 23.4±4.97 g for the old rats). 
With respect to the mean body weight at the onset of 
the treatment (395 g for the young and 552  g for the 
old rats), the 0.5% FN dose was equivalent to 260 and 
210 mg/kg body weight in young and old rats, respec-
tively. Because the treatment with 0.5% FN had some 
negative effects on the histology of the liver in both 
young and old rats (Zubrzycki et al., 2020), in a separate 
experiment we treated rats with 0.1% FN for 30 days 
(low dose; n=9–10 animals in each group) in the same 
breeding conditions as for 0.5% FN. At the end of the 
experiments, the animals were sacrificed under full iso-
flurane anesthesia through exsanguination from heart 
puncture. Liver samples were collected and immediate-
ly frozen in liquid nitrogen for molecular analyses. The 
experimental procedures were approved by the Local 
Ethics Committee in Bydgoszcz, Poland (protocols No. 
41/2017, 58/2017, 40/2018, and 5/2019), and carried 
out accordingly.

Quantitative polymerase chain reaction (qPCR)

The mRNA levels of Acox1, Acl, Cpt1b, Fas2, Fgf21, 
Hmgcs2, Lcad, Pgc1α, Pmp70, Pparα, Sirt1, and Sirt3 were 
assessed in liver samples by qPCR method (StepOne 
Plus apparatus, Life Technologies-Applied Biosystems, 
Grand Island, NY, USA). Total RNA Mini kit (A&A 
Biotechnology, Gdynia, Poland) was used for RNA ex-
traction according to the manufacturer’s protocol, and 
the obtained RNA was stored at –80°C. 1 µg RNA 
was reverse-transcribed (RT) with M-MuLV RT enzyme 
(Thermo Fisher Scientific, Fitchburg, WI, USA) and 
oligo(dT)18 primers (Sigma-Aldrich, Munich, Germany). 
5× diluted cDNA was used in qPCR reactions with Sen-
siFastSybr™ No-Rox reagent (Bioline, London, UK) and 
primers at 200 nM final concentration. mRNA levels 
were quantified relative to the expression of the geomet-
ric mean of acidic ribosomal phosphoprotein P0 (36B4) 
and cyclophilin A (CycloA) levels, and analysed using the 
ΔΔCt method. The primers were designed using Prim-
er3Plus software based on BLAST, Ensembl, and Ace-
View databases (Table 1).

Western blotting (WB)

The semi-quantification of Sirt1, Sirt3, and Pparα 
proteins in liver samples (6 animals per group) was per-
formed using the WB method. Whole-cell lysates were 
prepared with Mammalian Cell Extraction Kit (BioVi-
sion, Milpitas, CA, USA). Protein samples were sepa-
rated by 10% SDS-PAGE, transferred to PVDF mem-
branes (Bio-Rad, Warsaw, Poland), and blocked with 
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7% non-fat milk in TBS with 0.1% Tween20 (TBST) 
for 1 h. The membranes were incubated with the fol-
lowing primary antibodies at 4°C overnight: anti-Sirt1 
(Bioss, bs-0921R; Woburn, MA, USA), anti-Sirt3 (Bioss, 
bs-6105R), or anti-Pparα (Bioss, bs-3614R) rabbit poly-
clonal antibodies, diluted 1:1 000 in 3% non-fat milk in 
TBST. After that, the membranes were washed and next 
incubated with HRP-conjugated anti-rabbit secondary 
antibodies (1:10 000 in 3% non-fat milk in TBS) (Merck 
Millipore, A9169; Darmstadt, Germany) for 2 h at room 
temperature. Bands were visualized using Clarity Western 
ECL Substrate (Bio-Rad, Hercules, CA, USA) and de-
veloped using ImageQuant LAS 500 Chemiluminescence 
CCD Camera (GE Healthcare Life Sciences, Pittsburgh, 
PA, USA). Sirt1, Sirt3, and Pparα protein levels were 
analyzed relative to glyceraldehyde 3-phosphate dehy-
drogenase (Gapdh) levels (1:50 000 in 3% non-fat milk 
in TBST, 1 h at room temperature) (Merck Millipore, 
AB2302) using QuantityOne Software (Bio-Rad).

Statistical analysis

Statistical analysis was performed using GraphPad 
Prism (v. 6.0; San Diego, CA, USA). Data were ana-
lyzed for outliers using the Grubbs’ test. Because not 
all sets of data followed a normal distribution (Shapiro-
Wilk test), statistical analysis was performed using the 
nonparametric Kruskal-Wallis ANOVA with Dunn’s 
multiple comparisons test. Data are presented as mean 
± S.D. and normalized to young control animals (expres-
sion level=1). Data obtained for control rats on normal 
diet in the two separately conducted experiments testing 
0.1% and 0.5% FF were combined after checking that 

there were no significant differences between the control 
groups. Statistical significance was set at p<0.05. 

RESULTS

Sirt1 and Sirt3 expression at the mRNA and protein 
level

Young and old control rats did not differ with respect 
to the hepatic mRNA and protein expression levels of 
Sirt1 and Sirt3 (Fig. 1).

In young rats, FN treatment at either dose did not af-
fect Sirt1 and Sirt3 mRNA levels in the liver (Fig. 1A). 
Even though Sirt1 expression was notably upregulated in 
a subset of rats treated with 0.1% FN, no statistical sig-
nificance was found. In old rats, 0.1% FN did not cause 
any changes in Sirt1 expression, but 0.5% FN decreased 
Sirt1 expression 6.25-fold (p<0.01; Fig. 1B). FN did not 
cause any changes in Sirt3 expression in the liver of old 
rats (Fig. 1B).

In the liver of young rats, 0.1% FN did not af-
fect Sirt1 protein expression; however, 0.5% FN treat-
ment decreased hepatic Sirt1 protein level by 3.33-fold 
(p<0.05; Fig. 1C). Moreover, 0.1% and 0.5% FN de-
creased Sirt3 protein levels 3.86-fold and 3.33-fold, re-
spectively (p<0.05 and p<0.001, respectively; Fig. 1C).

In old rats, 0.1% and 0.5% FN decreased hepatic Sirt1 
protein level 3.03-fold and 2.86-fold, respectively (p<0.05 
for both; Fig. 1D). However, neither dose of FN affect-
ed Sirt3 protein level in the liver of old rats (Fig. 1D).

Table 1. Primers used in qPCR.

Gene name and symbol Primer sequence [5’→3’]

Acidic ribosomal phosphoprotein P0 (36B4) F: CTCAGTGCCTCACTCCATCA
R: GGGGCTTAGTCGAAGAGACC

Acyl-CoA oxidase 1 (Acox1) F: GTCTCTTGTATTCTCTCTATGG
R: GTAAGATTCATGGACCTCTG

ATP-citrate lyase (Acl) F: ATGGCAACACCCTCGTAGAC
R: CTCACACGGAAGCTCATCAA

Carnitine palmitoyltransferase 1b (Cpt1b) F: ATGTTTGACCCAAAGCAGTACCC
R: TCGCCTGCGATCATGTAGGAAAC

Cyclophilin A (CycloA) F: TGTCTCTTTTCGCCGCTTGCTG
R: CACCACCCTGGCACATGAATCC

Fatty acid synthase 2 (Fas2) F: TACGGTCTGCAGTGCACCCA
R: GGTCAGCTTTGCCCGGTAGC

Fibroblast growth factor type 21 (Fgf21) F: AGTTTGGGGGTCAAGTCCGA
R: AGGAGACTTTCTGGACTGCCGG

Hydroxy-methylglutaryl-CoA synthase 2 (Hmgcs2) F: ACCACAAGGTGAACTTCTCTC 
R: TTTGGGTAACGGCTCTGCTC

Long-chain fatty acid dehydrogenase (Lcad) F: TCGAGCAGTTTATCCCCCAG
R: TGAACACCTTGCTTCCATTGAG

PPAR gamma coactivator-1 alpha (Pgc1α) F: CACGTTCAAGGTCACCCTACAGC
R: TAAATCACACGGCGCTCTTCAAT

70 kDa peroxisomal membrane protein (Pmp70) F: TGTTCTGCCTGCTCCACAAG
R: CACCACAGCTCGCTCTTTCT

Peroxisome proliferator-activated receptor alpha (Pparα) F: CTATAATTTGCTGTGGAGATCG
R: CTACCATCTCAGGAAAAATAG

Sirtuin 1 (Sirt1) F: CAGAACCACCAAAGCGGAAAAA
R: GAAACCCCAGCTCCAGTCAGAA

Sirtuin 3 (Sirt3) F: AAGCTGGTTGAAGCTCATGGGTC
R: TCCAGGGAGGTCCCAAGAATGAG

F, forward primer; R, reverse primer
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Pparα expression

In old as compared to young rats, hepatic Pparα gene 
expression was 4-fold higher (p<0.001), while Pparα pro-
tein levels were comparable in the two groups (Fig. 2).

In the liver of young rats, 0.1% FN increased Pparα 
expression by 3-fold (p<0.05), while 0.5% FN was with-
out effect (Fig. 2A). In the liver of old rats, 0.1% FN did 
not affect Pparα expression, whereas 0.5% FN treatment 
decreased Pparα expression by 5-fold (p<0.01; Fig.  2A).

In both young and old rats, neither dose of FN 
changed the Pparα protein level in the liver (Fig. 2B).

The effects of fenofibrate on the expression of lipid 
metabolism-related genes in the liver of young and old 
rats

In our study, aging was not associated with any chang-
es in the hepatic mRNA levels of Cpt1b, Lcad, Pgc1α, 
Hmgcs2, Acox1, Pmp70, Acl, Fas2, and Fgf21 (Fig. 3).

In young rats, FN treatment increased the hepatic 
expression of genes encoding enzymes involved in mi-
tochondrial β-oxidation of fatty acids. 0.1% and 0.5% 
FN increased Cpt1b expression levels by 100-fold and 
90-fold, respectively (p<0.001 for both; Fig. 3A) and 
0.1% FN increased Lcad expression by 1.5-fold (p<0.01). 

However, neither dose of FN affected Pgc1α expression 
(Fig. 3A).

The expression of the key ketogenic gene, Hmgcs2, 
in the liver of young rats increased 3.5-fold (p<0.001; 
Fig. 3C) upon treatment with 0.1% FN; however, 0.5% 
FN was without effect. With regard to peroxisomal 
β-oxidation, the hepatic expression of Acox1 increased 
22-fold (p<0.01; Fig. 3C) in rats treated with 0.1% FN, 
with no effect of 0.5% FN. Similarly, only 0.1% FN 
highly increased Pmp70 expression (p<0.05; Fig. 3C).

In young rats, the hepatic expression of the lipogenic 
gene Acl was not affected by FN treatment, while the 
expression of the key lipogenic gene Fas2 decreased 
4-fold (p<0.05) after treatment with 0.5% FN, with no 
effect of 0.1% FN (Fig. 3E). 

In the liver of old rats, 0.1% and 0.5% FN increased 
Cpt1b expression 15-fold and 50-fold, respectively 
(p<0.01 for both) and increased Lcad expression 6-fold 
and 2.5-fold (p<0.001 and p<0.05, respectively; Fig. 3B). 
Similarly as in the liver of young rats, the mRNA levels 
of Pgc1α were not affected by FN treatment (Fig. 3B).

The expression of the ketogenic gene Hmgcs2 in the 
liver of old rats increased 3.2-fold (p<0.01; Fig. 3D) 
upon treatment with 0.1% FN (but not 0.5% FN). In 
old rats, 0.1% FN did not affect Acox1 mRNA level, 
while 0.5% FN increased its expression 17-fold (p<0.001; 

Figure 1. Relative mRNA (A & B) and protein (C & D) expression of Sirt1 and Sirt3 in the liver of control and fenofibrate (FN)-treated 
young and old rats. 
The mRNA and protein expression levels were determined by qPCR and Western blotting, respectively, with representative blots shown. 
Data are mean ± S.D., presented relative to the level in young control rats (set as 1), n=6–10 animals per group. For clarity, data from 
young and old rats are separated into two graphs, with the scale maintained. *p<0.05, **p<0.01, ***p<0.001 (Kruskal-Wallis ANOVA). Ab-
breviations: YC young (4-month-old) control rats; YF1 young rats treated with 0.1% FN; YF5 young rats treated with 0.5% FN; OC old 
(24-month-old) control rats; OF1 old rats treated with 0.1% FN; OF5 old rats treated with 0.5% FN
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Figure 2. Relative mRNA (A) and protein (B) expression of Pparα in the liver of control and fenofibrate-treated young and old rats. 
The mRNA and protein expression levels were determined by qPCR and Western blotting, respectively. Representative blots are shown 
in (B). Data are mean ± S.D., presented relative to the level in young control rats (set as 1), n=6–10 animals per group. *p<0.05; **p<0.01; 
***p<0.001 (Kruskal-Wallis ANOVA). Abbreviations as in the description of Fig. 1.

Figure 3. Relative mRNA expression of genes involved in lipid metabolism and Fgf21 in the liver of control and fenofibrate-treated 
young and old rats.  
A & B: Cptb1, Lcad, and Pgc1α. C & D: Hmgcs2, Acox1, and Pmp70. E & F: Acl and Fas2. G: Fgf21. For clarity, data from young and old rats 
are separated into two graphs (except for G), with the scale maintained. The mRNA expression levels were determined by qPCR and pre-
sented as mean ± S.D. relative to young control rats (set as 1), n=7–10 animals per group. *p<0.05, **p<0.01, ***p<0.001 (Kruskal-Wallis 
ANOVA)
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Fig. 3D). Only 0.1% FN highly increased Pmp70 expres-
sion (p<0.05; Fig. 3D) in the liver of old rats.

The treatment of old rats with 0.5% FN did not alter 
hepatic Acl expression. However, in contrast to young 
animals, in old rats treated with 0.5% FN the hepatic ex-
pression of Fas2 increased 6-fold (p<0.01; Fig. 3F). 

The expression of Fgf21 was not affected by FN treat-
ment in either young or old rats (Fig. 3G).

DISCUSSION

We present a comprehensive analysis of Sirt1 and 
Sirt3 expression in the liver, the key organ of lipid me-
tabolism, upon 30-day treatment of young and old rats 
with two doses of FN, i.e. 0.1% (low dose) and 0.5% 
(high dose). We demonstrate that these two doses of FN 
differently affected the expression of genes involved in 
lipid metabolism, with aging affecting the response to 
0.5% FN. 

Sirt1 and Sirt3 have both been associated with pro-
tection against age-related diseases, including metabolic 
derangements (reviewed by Zhao et al., 2020). Therefore, 
we first examined whether aging affects the hepatic ex-
pression of these sirtuins. We found no age-related dif-
ferences in either mRNA or protein levels of Sirt1 and 
Sirt3. Similarly, no effect of aging on Sirt1 protein level 
was observed in the liver of 19–26 month-old C57BL/6 
mice compared to young, 2–4 month-old animals, even 
though there were reductions in other tissues (Xu et al., 
2020). In contrast, Jin and others (Jin et al., 2011) report-
ed that in the liver of old mice Sirt1 mRNA and pro-
tein expression decreased due to repression of the gene 
promoter by CCAAT/Enhancer Binding Protein/histone 
deacetylase 1 (C/EBPb-HDAC1) complex. Sirt3 protein 
level was downregulated in the liver of 20-month-old 
mice (Kwon et al., 2017) and this reduction was attribut-
ed to the decreased level of Sirt1, which deacetylates and 
stabilizes Sirt3 (Kwon et al., 2017). It is plausible that 
differences in chow composition and time of probing, 
together with different genetic backgrounds of rat and 
mouse strains may account for the discrepancies. More-
over, it is important to consider that aging-related chang-
es differ between organs and tissues. For example, in the 
same rat strain bred under similar conditions, we have 
found that the old compared to young rats showed lower 
Sirt3 expression in skeletal muscle, but maintained high 
expression in cardiac muscle (Ławniczak et al., 2022).

Considering the involvement of Sirt1 and Sirt3 in the 
control of lipid homeostasis, we examined whether the 
hypolipemic drug FN affects their hepatic expression. 
Since dyslipidemia is increasingly common with advanc-
ing age (Liu & Li, 2015), we chose normal breeding 
conditions to determine the effect of FN during phys-
iological aging. We found that depending on the dose 
and the rat’s age FN decreased the protein abundance 
of Sirt1 and Sirt3 in the liver, with little effect on the 
mRNA levels. It is generally accepted that the protein 
levels rather than mRNA are more important for the 
activity of a particular bioactive molecule. Sirt1 activity 
can be regulated by several mechanisms, including ac-
tivation through autocatalytic deacetylation (Fang et al., 
2017) or cAMP-dependent activating phosphorylation 
(Gerhart-Hines et al., 2011). With regard to Sirt3, the de-
crease in protein levels observed in our study upon FN 
treatment of young rats may be related to the reduction 
in Sirt1 level, since Sirt1 was shown to deacetylate and 
stabilize Sirt3 (Kwon et al., 2017).

To our best knowledge, this is the first study exam-
ining the expression of Sirt1 and Sirt3 in the liver of 
young and old FN-treated rats under normal breeding 
conditions. The FN-induced reduction of Sirt1 abun-
dance is consistent with some other studies conducted in 
different experimental settings. In young Wistar rats with 
HFD-induced hyperlipidaemia, the highly elevated hepat-
ic Sirt1 protein and mRNA expression was reduced after 
treatment with FN for 21 days, although to a level sig-
nificantly higher than in control animals (Le et al., 2014). 
In contrast, no effect on hepatic Sirt1 protein level was 
observed in young mice treated with approx. 400 mg/kg 
FN for 5 days (Li & Wu, 2018). Reports on hepatic Sirt3 
expression upon FN treatment showed either no impact 
of the drug (approx. 400 mg/kg/day, 5 days) (Li & Wu, 
2018) or prevention of iron overload-induced downregu-
lation of Sirt3 (100 mg/kg, i.p., 6 weeks) (Mandala et al., 
2021).

We next analyzed the hepatic expression of genes en-
coding enzymes and transcriptional regulators involved 
in lipid metabolism, the activity of which is directly or 
indirectly regulated by SIRT1 and SIRT3. We have pre-
viously reported that in our cohort of rats FN exerted 
a hypolipemic effect, which was more prominent in old 
than in young animals (Zubrzycki et al., 2020). The ma-
jor molecular target activated by FN (Gebel et al., 1992), 
the nuclear receptor PPARα, is regulated by ligand bind-
ing (Balanarasimha et al., 2014) and post-translational-
ly by phosphorylation (Nakamura et al., 2019). Similarly 
to our results, various studies demonstrated FN action 
without altering PPARα level (e.g. Zhao et al., 2015; Liu 
et al., 2016). We analyzed several transcriptional targets 
of PPARα (Rakhshandehroo et al., 2010): Cpt1b, an en-
zyme responsible for the transport of fatty acids across 
the mitochondrial outer membrane, Lcad, involved in 
mitochondrial β-oxidation of fatty acids, and Acox1, the 
rate-limiting enzyme of peroxisomal β-oxidation. Among 
the Cpt1 isoforms, the Cpt1b gene is expressed in the 
liver at lower levels than the Cpt1a isoform, which is 
known to be upregulated by FN (e.g. de la Rosa Rodri-
guez et al., 2018). The Cpt1b expression in our study was 
strongly upregulated by both doses of FN in either age 
group. Lcad expression was induced by 0.1% FN and 
to a smaller degree and only in old rats by 0.5% FN. 
Stimulation of mitochondrial fatty acid oxidation-related 
genes by FN confirms the results of most other studies 
(Karahashi et al., 2013; Zhao et al., 2017). While Acox1 
expression was induced by both FN doses in young rats, 
its induction by only the higher FN dose in old animals 
may reflect the general rule that in aging higher doses 
of activators are needed for the induction of many tar-
get genes (e.g. Kobilo et al., 2014; Zubrzycki et al., 2020). 
The expression of Pmp70, which has been described as 
a specific marker for PPARα activation and peroxisome 
proliferation (Colton et al., 2004), was highly induced by 
0.1% FN in both age groups.

SIRT1 has been reported to interact with PPARα at 
the PPAR response element sequence of target genes 
(Purushotham et al., 2009). Sirt1 levels in young rats did 
not change upon 0.1% FN treatment but decreased after 
0.5% FN. This may explain the induction of PPARα-reg-
ulated target genes for mitochondrial and peroxisomal 
enzymes primarily after 0.1% FN in young animals. 
However, old rats showed downregulation of Sirt1 pro-
tein levels after both doses, indicating Sirt1-independent 
modulation of genes for fatty acid oxidation. Indeed, 
Bonzo and others (Bonzo et al., 2014) showed that he-
patic SIRT1 is dispensable for FN-induced PPARα func-
tion in vivo. In young mice treated with 0.1% FN for 
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5  days following the HFD, hepatocyte-specific Sirt1 
knockout did not affect the induction of PPARα target 
genes (Bonzo et al., 2014).

PPARα also controls the expression of Fgf21, a hepa-
tokine that promotes lipid oxidation, lipolysis, and keto-
genesis in the liver during ketotic states (Badman et al., 
2007) and upon treatment with sodium butyrate (Li et 
al., 2012). We did not observe any significant changes 
in Fgf21 mRNA expression upon treatment with FN, 
in contrast to the induction of both mRNA and pro-
tein levels of FGF21 reported in hepatocytes treated in 
vitro with 500 μmol/L FN (Li et al., 2012). On the oth-
er hand, FGF21 has been recently demonstrated to be 
dispensable for FN action on lipogenesis- or autopha-
gy-related proteins in the murine liver (Jo et al., 2017). 
Furthermore, the ketogenesis-related gene Hmgcs2, whose 
transcription is regulated by both PPARα (Meertens et al., 
1998; Vilà-Brau et al., 2011) and reciprocally by FGF21 
(Meertens et al., 1998; Badman et al., 2007; Vilà-Brau et 
al., 2011), was induced in our study after treatment with 
0.1% FN in both young and old rats. In line with our 
results, a principal transcriptomics analysis of the livers 
of the FN-treated hepatocyte humanized mice revealed 
that among many established PPARα targets FN induced 
Hmgcs2 (de la Rosa Rodriguez et al., 2018). Likewise, di-
etary obese mice after a single injection of bezafibrate 
(100 mg/kg) showed elevated hepatic expression and 
serum concentration of FGF21, elevated expression of 
Hmgcs2, but no change in the serum concentration of the 
ketone body β-hydroxybutyrate (Li et al., 2012). In our 
experimental setting, it is unlikely that the modestly in-
creased Hmgcs2 expression led to any significant change 
in ketone body production.

SIRT1 activates PGC1α by deacetylation (Rodgers 
et al., 2005), whereas PGC1α stimulates the expression 
of SIRT3 (Kong et al., 2010). PGC-1α and PPARα co-
operate to control the transcription of genes encoding 
mitochondrial fatty acid oxidation enzymes (Vega et al., 
2000), whereas SIRT3 modulates the activity of these 
enzymes by deacetylation (e.g. Hirschey et al., 2010; 
Shimazu et al., 2010). Even though we noted no signif-
icant changes in Pgc1α mRNA expression, it should be 
stressed that this transcriptional coactivator is regulated 
primarily post-transcriptionally through phosphoryla-
tion, acetylation, monomethylation, and O-linked β-N-
acetylglucosaminylation (Housley et al., 2009). Similarly to 
Pgc1α, FN did not affect the mRNA expression of Sirt3 
in either age group. However, FN caused downregula-
tion of the Sirt3 protein, which suggests decreased sta-
bility or increased degradation of Sirt3 upon treatment. 
Regrettably, in our study, it was not possible to assess 
Sirt3 function, e.g. by examining the acetylation status of 
Sirt3 target proteins. In contrast to our results, a study 
in Pparα knockout mice treated with 100 mg/kg FN for 
6 weeks showed downregulation of hepatic Sirt3 expres-
sion, indicating the dependence of Sirt3 expression on 
PPARα in mouse liver (Mandala et al., 2021). Moreover, 
the FN treatment prevented iron-induced downregula-
tion of hepatic Sirt3 in wild-type iron-overloaded mice 
(Mandala et al., 2021). Modulation of SIRT3 expression 
by FN appears to be variable under different experimen-
tal conditions.

We observed contrasting, dose-dependent effects of 
FN on the hepatic expression of the rate-limiting li-
pogenic Fas2 gene in young and old rats, with Acl ex-
pression not significantly affected. In young rats, the 
decrease in Fas2 expression upon 0.5% FN treatment 
(though not 0.1% FN) falls in line with similar results 
reported in adult rats fed a high-fructose diet and treated 

subsequently with 100 mg/kg FN for 4 weeks (Abd El-
Haleim et al., 2016). Because FAS activity is mainly reg-
ulated at the transcriptional level by nutrients and hor-
mones, this decreased expression could contribute to re-
duced accumulation of lipid droplets, which we observed 
under a transmission electron microscope in hepatocytes 
of young 0.1% FN-treated rats (Zubrzycki et al., 2021). 
In contrast to young rats, in the old ones 0.5% FN in-
creased Fas2 expression. Similarly, a 2-week treatment 
with 0.2% FN strongly induced hepatic de novo lipogene-
sis and the expression of Fas2 in mice (age not specified) 
(Oosterveer et al., 2009). Likewise, an increase in FAS 
protein expression, concurrently with increased mSREB-
P1c level was observed in the liver of 10–12-week-old 
mice fed 50 mg/kg/day FN for 3 weeks (Jo et al., 2017). 
Further studies are needed to explain the reason for the 
apparent FN dose- and age-dependent differences with 
regard to the modulation of lipogenic genes’ expression. 
Nevertheless, it should be noted that the impact on he-
patic lipogenesis does not preclude the FN hypolipemic 
effect through mechanisms including the stimulation of 
fatty acid β-oxidation and increased lipoprotein lipase ac-
tivity.

Available evidence suggests that PPARα acts not only 
as a regulator of fatty acid catabolism but plays a broad-
er role in hepatic lipid metabolism. By using stable iso-
tope techniques, Oosterveer et al. demonstrated that the 
treatment of mice for 2 weeks with 0.2% FN induced 
hepatic de novo lipogenesis and fatty acid elongation in 
vivo in parallel with an increased expression of lipogenic 
genes (Oosterveer et al., 2009). This lipogenic induction 
was dependent on SREBP-1c which is a target for inhib-
itory deacetylation by SIRT1 (Walker et al., 2010). Thus, 
in terms of our experiment, FN-associated reduction of 
Sirt1 expression in the liver of old rats may contribute 
to the increased Fas2 expression. However, the striking 
contrast between young and old rats with respect to the 
effect of FN on lipogenic gene expression warrants fur-
ther studies. One factor contributing to this outcome 
could be food intake. We previously reported that 0.5% 
FN was associated with markedly reduced food intake 
during the first few days, followed by increased con-
sumption, more rapid in young than old rats (Zubrzycki 
et al., 2020). A re-feeding effect could contribute to the 
elevation of lipogenesis in old rats.

Our study provides yet another piece of evidence that 
at least two concentrations of the studied compound 
should be applied under both in vivo and in vitro exper-
imental conditions. We found clear discrepancies in the 
effects of low dose, i.e. 0.1% FN (equivalent to ca. 52 
and 42 mg/kg/day in young and old rats, respectively) 
versus high dose, i.e. 0.5% FN (equivalent to ca. 260 and 
210 mg/kg/day) in regard to the expression of Sirt1, 
Pparα, Lcad, Hmgcs2, Acox1, Pmp70, and Fas2. It should 
be noted that during long-term treatment in humans, FN 
is administered once daily typically at a dose of 50-150 
mg (preceded by higher doses), whereas the dosage ap-
plied to studies in rodents varies widely, from 50 mg/
kg/day (Jo et al., 2017) to 400 mg/kg/day (Li & Wu, 
2018). Comparison between FN dosage in humans and 
rodents is difficult because of species differences in the 
metabolism and elimination patterns of the drug (Cald-
well, 1989).

Our study is not without limitations. Firstly, the results 
of a study examining  PPARα agonist effects in rats can-
not be directly transferred to human conditions. Upon 
administration of peroxisome proliferator chemicals, ro-
dents respond with peroxisomes proliferation, hepato-
megaly, and increased hepatocyte proliferation, whereas 
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such a response is typically absent in humans (Klaunig et 
al., 2003; Peters et al., 2005). Secondly, we measured the 
mRNA and protein levels of Sirt1 and Sirt3. Considering 
that activation of sirtuins may be achieved by increasing 
NAD+ availability (Zhao et al., 2020), analysis of the he-
patic NAD+/NADH ratio would give more insight into 
Sirt1 and Sirt3 activity upon treatment with FN. Never-
theless, NAD+-independent mechanisms of sirtuins’ ac-
tivation also exist, including phosphorylation of SIRT1 
at Ser434 via the cAMP/PKA pathway (Gerhart-Hines et 
al., 2011). Thirdly, we measured only the mRNA expres-
sion of some genes involved in fuel metabolism, selected 
as representative for particular metabolic processes and/
or under PPARα transcriptional control. Certainly, activ-
ity assays, as well as analyses of protein levels and their 
acetylation status would be more informative with regard 
to the changes induced by FN. However, these methods 
were beyond the scope of this project. Lastly, additional 
studies are needed to examine the mechanisms responsi-
ble for the dose-dependent and age-dependent differenc-
es in fenofibrate’s action in the liver. 

CONCLUSIONS

Treatment with fenofibrate at low or high dose affects 
the hepatic expression of Sirt1 and Sirt3 proteins. The 
dosage of fenofibrate significantly affects the treatment-
induced changes in the expression of lipid metabolism-
related genes in the rat liver. Aging influences the re-
sponse to high-dose fenofibrate. The results of our study 
emphasize the importance of considering the patient’s 
age before adjusting the fenofibrate dose.
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Objective: The aim of our study was to compare the total 25(OH)D fraction, the

bioavailable vitamin fraction, and the free vitamin D fraction in spring and fall in a

group of healthy individuals.

Methods: In our study, we collected blood samples from healthy participants at

the end of both summer and winter, and measured serum levels of albumin,

DBP, and 25(OH)D. Utilizing these data, we calculated the percentage of free

and bioavailable vitamin D. Our cohort comprised 87 participants, with a male-

to-female ratio of 14:73, aged 35.95 ± 12.55 years, ranging from 19 to 70 years.

We employed the chemiluminescence method to determine the vitamin

25(OH)D levels, the ELISA method was utilized to determine DBP levels, the

albumin BCP Assay was performed using the ADVIA biochemical analyzer

(Siemens) and an online calculator was used to determine the free and

bioavailable 25(OH)D levels.

Results: Our findings indicate significantly lower 25(OH)D levels in winter

(44.13 ± 17.82 nmol/L) compared to summer (74.97 ± 22.75 nmol/L; p <
0.001). For vitamin D binding protein there was no significant difference

from summer (236.2 ± 164.39 mg/L) to winter (239.86 ± 141.9 mg/L; p =

0.77), albumin levels were significantly higher in summer (49.37 ± 4.15 g/L vs.

47.97 ± 3.91 g/L, p = 0.01), but the magnitude of the change may not be large

enough to be solely responsible for the stability of vitamin D levels throughout

the year. In the winter season a significantly lower calculated bioavailable

25(OH)D vitamin (7.45 ± 5.66 nmol/L against 13.11 ± 8.27 nmol/L; p < 0.001)

was observed, and the free fraction also showed a significant decrease (17.3 ±
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12.9 pmol/L versus 29.7 ± 19.1 pmol/L; p < 0.0001). We observed a moderately

positive correlation between 25(OH)D and bioavailable percentage inwinter (r =

0.680; p < 0.001), in contrast with a lower positive association in summer (r =

0.343; p < 0.001).

Conclusion: Our data suggest a positive correlation between total and

bioavailable 25(OH)D levels. In addition to the statistically significant variation

in 25(OH)D between the two observation periods, there was an additional

variation in the free vitamin D percentage. The summertime synthesis of vitamin

D in the skin could contribute directly to the free fraction of vitamin D.

Standardizing the measurement of free 25(OH)D and clinical studies is

necessary to establish reference values before these methods can be

implemented in clinical practice.

KEYWORDS

vitamin 25(OH)D, free fraction of vitamin D, bioavailable fraction of vitamin D, seasonal
variation, calculated fractions

Introduction

Physiological functions

Vitamin D is a pro-hormone that plays a crucial role in

phosphorus-calcium metabolism and is therefore essential for

the maintenance of healthy bones and teeth (Holick, 2008a).

Vitamin D is also involved in several other important

physiological functions, including: 1) maintaining immune

function by stimulating white blood cell production, 2)

regulating cell growth and differentiation, which is important

for maintaining healthy tissues and organs, 3) reducing the risk of

depression and improving cognitive function, and 4) regulating

gene expression through vitamin D’s involvement in the

regulation of several genes important for maintaining health

and preventing disease (Holick, 2008a; Haussler et al., 2008;

Wacker and Holick, 2013; Bouillon and Carmeliet, 2018;

Carlberg and Haq, 2018). In recent years, the status of

vitamin D has received much attention in the context of

COVID-19, which has also contributed to a significant

increase in vitamin D supplementation compared to pre-

pandemic levels (Žmitek et al., 2021; Vičič and Pandel

Mikuš, 2023).

Vitamin D insufficiency and deficiency

Vitamin D deficiency is associated with bone diseases such as

rickets and osteoporosis. Low vitamin D levels are also associated

with an increased risk of other chronic diseases such as

cardiovascular disease, cancer and autoimmune diseases

(Calvo et al., 2004; Holick, 2008b; Heaney et al., 2017).

Based on the data that are now available and clinical

considerations, various associations and organizations employ

slightly different criteria for vitamin D insufficiency, deficiency,

and sufficiency.

The Endocrine Society recommends that vitamin D status be

assessed in patients who are at risk for vitamin D deficiency by

measuring the circulating serum 25(OH)D level using an

accurate test. A 25(OH)D level of less than 20 ng/mL

(50 nmol/L) is considered to be vitamin D insufficiency,

whereas a 25(OH)D of 21–29 ng/mL (52.5–72.5 nmol/L) is

considered to be vitamin D sufficiency (Holick et al., 2011).

A multidisciplinary Polish panel developed concerns

regarding the guidelines for treating and preventing vitamin D

insufficiency in both the general population and in high-risk

patient groups. The ranges of total blood 25-hydroxyvitamin D

concentration indicating suboptimal status (>20 ng/

mL, <50 nmol/L), ideal concentration (>30–50 ng/

mL, <75 nmol/L), and vitamin D insufficiency (<20 ng/

mL, <50 nmol/L) were confirmed on the basis of network

discussions (Płudowski et al., 2023).

Vitamin D metabolism and fractions

Vitamin D sources, metabolism and bioavailability are

schematically presented in Figure 1. Vitamin D is mainly

obtained through diet and skin synthesis when exposed to

UVB rays. Sun exposure is the primary source for most

people, but without enough UVB exposure, dietary vitamin D

becomes essential (Calvo et al., 2004; Spiro and Buttriss, 2014).

Vitamin D3 is produced from 7-dehydrocholesterol (7-

DHC) in the skin through UVB radiation. It is converted to

previtamin D3, which reaches peak concentration within hours

(Holick, 2008a). This previtamin D3 is then transported to the

liver via extracellular fluid and dermal capillaries, bound to

vitamin D binding protein (DBP) (Holick et al., 2011).
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Dietary sources of vitamin D include vitamin D2

(ergocalciferol), D3 (cholecalciferol), and 25-

hydroxycholecalciferol [25(OH)D] (Taylor et al., 2014).

These forms are transported to the liver in chylomicrons

via lymph and blood plasma.

In the blood, two main fractions of vitamin D are measured.

Total 25-hydroxyvitamin D (25(OH)D) is the primary

circulating form and is often used as a marker for vitamin D

status. It binds to DBP and is taken up by the kidneys through

receptor-mediated endocytosis involving megalin and cubilin

(Nykjaer et al., 2001). The active form, 1,25-dihydroxyvitamin

D [1,25(OH)2D], is produced in the kidneys from 25(OH)D

under the influence of parathyroid hormone (Lips, 2006; Holick,

2008b). This active form binds to vitamin D receptors,

influencing calcium and phosphorus metabolism (Holick,

2008a; Bikle, 2014).

Vitamin D status typically refers to serum 25(OH)D

concentration, which does not include vitamin D stored in fat

or other tissues (Prentice et al., 2008; Bolland et al., 2018). This

status is influenced by factors like body fat, muscle mass, and

genetic variation (Cashman and Kiely, 2011; Ross et al., 2011).

Free 25(OH)D is the fraction that is not bound to DBP and

can enter cells directly (Powe et al., 2013a). Bioavailable

25(OH)D includes free and albumin-bound 25(OH)D,

making it more readily available for tissue uptake (Bikle

and Schwartz, 2019).

DBP transports and stores vitamin D, increasing its stability

and protecting it from degradation (Bikle, 2014; Speeckaert et al.,

2006). Higher DBP concentrations increase vitamin D binding

capacity, forming a larger reservoir of bound vitamin D (Smith

and Goodman, 1971).

Measuring free and bioavailable vitamin D is complex and

costly, making these measurements uncommon in clinical

practice (Chun and Nielson, 2018). These can be calculated

using total 25(OH)D, DBP, and albumin levels, although

accuracy varies (Vičič et al., 2022).

Vitamin D status fluctuates with the seasons, especially at

latitudes above 40°N where UVB exposure is insufficient during

FIGURE 1
Vitamin D sources, metabolism and bioavailability.
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autumn and winter (Spiro and Buttriss, 2014; O’Neill

et al., 2016).

Seasonal variation

Sunlight-induced vitamin D synthesis in lighter-skinned

populations begins at the end of March, with serum total

25(OH)D levels peaking after the summer months and then

declining from October onwards. Therefore, a significant

proportion of the European population relies on vitamin

D from food and endogenous stores to maintain an adequate

vitamin D status, especially during the winter season. A

rather high prevalence of vitamin D deficiency has been

reported in several countries (Spiro and Buttriss, 2014;

O’Neill et al., 2016; Zittermann et al., 2016), and was also

found in our previous studies (Hribar et al., 2020; Hribar

et al., 2023). In addition to geographic location and season,

there are other important factors that influence vitamin D

status, such as age, sex, body mass index, constitutional skin

color and various lifestyle factors (Webb et al., 2018; 1988;

Hribar et al., 2020; Žmitek et al., 2020; Hribar et al., 2023).

The amount of solar radiation reaching an area is affected

by the amount of time spent in the sun and factors that affect

the angle of the sun: season, latitude, altitude and time of the

day. Before sun rays reach the skin they can be blocked by

particles in the air (PM2.5, PM10) and later by sunscreen use,

cosmetics with SPF, clothing and obstacles such as buildings

(Neville et al., 2021). When sun rays reach the skin they are

partially blocked by melanin, which is dependent on skin

pigmentation (Webb et al., 2018; Neville et al., 2021). In our

previous study we showed that constitutive skin color, as well

as tanning, hours spent in the sun and protective behaviors

against the sun affect individual vitamin D levels (Hribar et al.,

2023). Older age is associated with decreased cholecalciferol

synthesis in the skin (MacLaughlin and Holick, 1985).

In some cases, taking vitamin D supplements may be

recommended to maintain adequate levels of this important

nutrient, especially during the winter months or in people who

are at higher risk of deficiency (Lips, 2001; Kimball et al., 2007).

Studies have shown that levels of both bioavailable vitamin D

and free vitamin D vary seasonally, with higher levels generally

observed in the summer months and lower levels observed in the

winter months (Zerwekh, 2008; Lehmann et al., 2013).

Aims

The aim of the study was to determine and evaluate the

relationship between the total 25(OH)D concentration, the

amount of free and bioavailable vitamin D and the level of

vitamin D binding protein (DBP) in Slovenian adults at the

end of winter and at the end of summer.

Materials and methods

Study participants

Our study included 87 healthy volunteers aged 35.95 ±

12.55 years in the range (19–70 years), and the male-to-female

ratio was 14:73. General information is presented in Table 1.

The participants were part of the Nutri-D study: “Challenges

in achieving adequate Vitamin D status in the adult

population.” For this study a sub-sample of the Nutri-D

study participants recruited in 2020 (the second year of the

study) was used. The study was conducted with two

observation periods, one in winter (January–February 2020)

and one after the end of summer (September 2020). The

invitation to participate in the study was posted on social

media and the website of the Nutrition Institute (Slovenia).

Caucasian race (Fitzpatrick skin types I–IV), age over 18 years,

desire to abstain from artificial UVB sources, and willingness to

adhere to all study protocols were the inclusion criteria. Pregnancy

or breastfeeding, severe sun avoidance (e.g., sun allergy), use of

sunbeds, use of supplements or medications containing vitamin D,

fish oil, or omega-3 fatty acids in the three months prior to study

enrolment, regular (daily) consumption of foods enriched with

vitamin D (e.g., fortified margarine or plant-based milk

alternatives), adherence to a diet prescribed by a dietitian or

medical staff, adherence to special diets (e.g., vegetarianism,

low-carbohydrate, high-fat, and calorie restriction); current

diseases of the kidneys, thyroid, digestive tract, osteoporosis and

other bone diseases, skin diseases and other conditions that

interfere with the absorption and synthesis of vitamin D, were

the exclusion criteria for the study.

The study protocol was carried out in compliance with

institutional and local regulations and was approved by the

Ethics Committee of the Faculty of Applied Sciences (VIST), SI-

1000 Ljubljana, Slovenia (Approval No. 2018/4-ET-SK). It was

also registered at ClinicalTrials.gov (ID: NCT03818594). To

take part, each subject had to complete an informed

consent form.

Methods of determination

In winter (January-February 2020) and after the end of

summer (September 2020) a biochemical blood tube (4 mL)

was collected. Albumin and total 25(OH)D were analyzed from

fresh serum after blood collection, while the aliquot for DBP was

stored at minus 80°C until analysis and all samples were analyzed

simultaneously. Special care was taken to ensure that samples

were taken from the same subject in the same batch on the

same plate.

Measurements were performed at the Clinical Institute of

Clinical Chemistry and Biochemistry (University Medical

Centre, Ljubljana). Serum 25(OH)D, albumin and DBP, were
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measured in all participants using the following methods: vitamin

25(OH)D concentration was measured using a competitive

luminescence immunoassay with a limit of quantification of

6 nmol/L (Architect analyzer, Abbott Diagnostics, Lake Forest,

United States), Human Vitamin D Binding Protein was

measured with ELISA (MyBioSource, Inc., San Diego, CA,

United States); the limit of quantification was 31 mg/L. The

concentration of albumin was measured with an automated

Albumin Assay (ADVIA analyzer, Siemens, New York,

United States). The assay is based on the reaction of albumin

with bromcresol green followed by spectrophotometric detection;

the limit of quantification was 10 g/L.

Specific formulas that use the amounts of total 25-

hydroxyvitamin D [25(OH)D], vitamin D-binding protein

(DBP), and albumin are used to calculate the bioavailable and

free fractions of vitamin D. Predictive equations derived from

equilibrium dialysis or ultrafiltration procedures may also be

used to approximate these formulas.

Calculation of free vitamin D

Free vitamin D can be calculated using the following formula:

Free 25 OH( )D[ ] � Total 25 OH( )D[ ]/
× 1 + KDBP × DBP[ ]( ) + KAlb × Alb[ ]( ){ }

Where:

• [Total [25(OH)D] is the total concentration of 25-

hydroxyvitamin D.

• [DBP] is the concentration of vitamin D binding protein.

• [Alb] is the concentration of albumin.

• KDBP is the affinity constant of 25(OH)D for DBP

(approximately 5.98 × 108 M−1).

• KAlb is the affinity constant of 25(OH)D for albumin

(approximately 6 × 105 M−1).

Calculation of bioavailable vitamin D

Bioavailable vitamin D includes both the free and albumin-

bound fractions. It can be calculated as follows:

Bioavailable 25 OH( )D[ ] � Free 25 OH( )D[ ] + Total 25 OH( )D[ ]/{
× 1 +KDBP × DBP[ ]) + KAlb × Alb[ ]( ) × KAlb × Alb[ ]( )( )}

Simplified, the bioavailable vitamin D formula can be

written as:

TABLE 1 Population characteristics, vitamin D status of healthy Slovenian adults aged 19–70 years. The study was conducted in winter
(January–February 2020) and after the end of summer (September 2020).

Variable Category/Unit

Age at study entry years 35.95 ± 12.55

Sex \ _ \ 73 (83.9%) _14 (16.1%)

Variable Category/Unit Winter n = 87 Summer n = 87 p-value

Total 25(OH)D nmol/L 44.13 ± 17.82 74.97 ± 22.75 <0.001

Range 10–84 28–166

<30 25.3% 2.3%

30–50 37.9% 4.6%

50–75 31.0% 54.0%

>75 5.7% 39.1%

DBP mg/L 239.86 ± 141.9 236.2 ± 164.39 0.768

Range 38.7–853.1 31.6–967.2

Albumin g/L 47.97 ± 3.91 49.37 ± 4.15 0.003

Range 38–60 41–64

Bioavailable 25(OH)D (Vermulen) nmol/L 7.45 ± 5.66 13.11 ± 8.27 <0.001

Range 0.9–35.1 2.14–60.95

Percentage of bioavailable 25(OH)D (%) 16.9 ± 12.8 17.49 ± 11.03

Free 25(OH)D pmol/L 17.3 ± 12.9 29.7 ± 19.1 <0.0001

DBP, vitamin D binding protein. All values are presented as Mean ± SD or %. Values are presented as mean ± SD, p < 0.05 was considered statistically significant (p values of significant

variables are in bold print).
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Bioavailable25 OH( )D[ ] � Total25 OH( )D[ ]/
× 1 + KDBP × DBP[ ]( ) + KAlb × Alb[ ]( )( )
× 1 + KAlb × Alb[ ]( )( )

Free and bioavailable 25(OH)D were calculated using an

online calculator (Vičič et al., 2022) based on a modified

Vermeulen equation (Vermeulen et al., 1999; Powe et al.,

2013a; Bikle et al., 2017).

Statistical methods

The observed variables in the statistical analysis were total

25(OH)D, DBP, albumin, calculated bioavailable 25(OH)D and

calculated free 25(OH)D. The explanatory variables were season

(winter/summer), sex, and age.

The Endocrine Society cut-off values were used to assess total

serum 25(OH)D levels target concentration for the optimal

vitamin D effect: 75–125 nmol/L, insufficiency: 50–75 nmol/L

and deficiency: <50 nmol/L (Holick et al., 2011; Holick et al.,

2012; Vieth and Holick, 2018).

A paired sample t-test was performed to analyze differences

between groups.

Values are expressed as mean ± SD or percentage (%) in the

case of categorical variables. Statistical analysis was performed

using SPSS, version 27 and MS Excel 2019.

A Pearson correlation coefficient was calculated to assess the

linear relationship (Mukaka, 2012).

Odds ratios (OR) were calculated using binary logistic

regression. For OR, 95% confidence intervals were calculated.

The significance level was set at p < 0.05.

Results and discussion

Our results show that vitamin D levels are lower in the winter

months than in the summer months, that serum albumin

concentrations are stable, and that DBP remains almost

unchanged. Free vitamin D and bioavailable vitamin D levels

are higher in the summer compared to the winter.

Total vitamin D levels are significantly lower in winter

44.13 ± 17.82 nmol/L compared to summer 74.97 ±

22.75 nmol/L (p < 0.001) (This is likely due to reduced sun

exposure and lower cutaneous vitamin D synthesis during the

winter, as supported by previous studies (Hribar et al., 2020;

Hribar et al., 2023).

Although there is a small but significant increase in serum

albumin concentration from winter 47.97 ± 3.91 g/L to summer

49.37 ± 4.15 g/L (p < 0.01), this change is not large enough to

explain the year-round stability of vitamin D levels.

There was no significant difference in DBP levels from winter

239.86 ± 141.9 mg/L to summer 236.2 ± 164.39 mg/L (p = 0.77).

This suggests that DBP is not a major factor in the seasonal

variation of vitamin D levels.

There is a noticeable and significant increase in the free

fraction of vitamin D from winter 17.3 ± 12.9 pmol/L to summer

29.7 ± 19.1 pmol/L (p < 0.0001), indicating higher availability of

unbound vitamin D during the summer months.

The calculated bioavailable 25(OH)D is significantly lower in

winter 7.45 ± 5.66 nmol/L compared to summer 13.11 ±

8.27 nmol/L (p < 0.001). This highlights the reduced

availability of vitamin D for physiological use during the

winter months.

The proportion of bioavailable 25(OH)D as a percentage of

the total does not show a statistically significant difference

between winter 16.9% ± 12.8% and summer 17.5% ± 11.0%.

This suggests that while the absolute levels of bioavailable

vitamin D vary seasonally, the relative proportion of

bioavailable vitamin D to total vitamin D remains stable

throughout the year.

These findings underscore the significant seasonal variation

in vitamin D status, which is primarily driven by changes in sun

exposure and subsequent synthesis of vitamin D. The stability of

the proportion of bioavailable vitamin D relative to total vitamin

D suggests that the body’s mechanisms for maintaining vitamin

D homeostasis are robust, even though absolute levels fluctuate

with the seasons.

A box plot of the winter and summer total 25(OH)D data and

the estimated values of the bioavailable percentage are displayed

in Figure 2.

Correlation analysis

As part of our study, we also calculated the correlation

between summer and winter total 25(OH)D and bioavailable

vitamin results. The results are shown in Table 2.

Wintertime Correlation of Total and Bioavailable 25(OH)D

(p = 0.680): The robust association suggests that the total 25(OH)

D levels are a reliable indicator of the bioavailable 25(OH)D

levels during the winter. This suggests that in the absence of

considerable sunlight the body’s regulatory systems may be at

work to maintain a stable percentage of bioavailable vitamin D

from the total amount available.

Winter total 25(OH)D and summer bioavailable 25(OH)D

are correlated (p = 0.370): The fact that the association is smaller

suggests that winter total 25(OH)D levels do not predict summer

bioavailable 25(OH)D levels as well. Prediction based solely on

winter levels is reduced because of seasonal variations and greater

sun exposure in the summer, which probably result in additional

factors influencing vitamin D bioavailability.

Summertime Correlation of Total and Bioavailable 25(OH)D

(p = 0.343): Summertime correlations are similar to those

observed in winter in that they are weak, meaning that

although total 25(OH)D levels do affect bioavailable 25(OH)D
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levels, the effect is not as great. This decreased correlation may be

caused by both increased sun exposure and perhaps greater

diversity in the sun exposure habits of each subject.

Summer total 25(OH)D and winter bioavailable 25(OH)D

are correlated (p = 0.307): Summer total 25(OH)D levels appear

to be a poor predictor of winter bioavailable 25(OH)D levels,

based on this weak association. This is to be expected given the

stark variations in sun exposure, which cause the amounts of

total and bioavailable vitamin D to change dramatically.

In addition, we looked at how the concentrations of total

25(OH)D and bioavailable vitamin D varied with the seasons.

The results are shown in Figure 3.

From winter to summer, there is a noticeable and

constant increase in total and bioavailable 25(OH)D levels

in all individuals. This seasonal change makes sense given the

well-documented consequences of increased sun exposure in

the summer. There is observable individual diversity in the

absolute levels of total and bioavailable 25(OH)D as well as

the degree of growth, despite the general trend. This diversity

can be explained by variations in the amount of time that

each person spends in the sun, skin type, food consumption,

and even hereditary variables that affect the metabolism of

vitamin D. Across all the individuals, the proportionate

increase in bioavailable 25(OH)D relative to total 25(OH)

FIGURE 2
Box-plot comparison of winter and summer total and bioavailable 25(OH)D of healthy Slovenian adults aged 19–70 years. Study was carried out
in winter (January-February 2020) and after the end of summer (September 2020).

TABLE 2 Pearson correlation coefficients (r) of blood biomarkers of healthy Slovenian adults aged 19–70 years. The study was conducted in winter
(January–February 2020) and after the end of summer (September 2020).

Bioavailable 25(OH)D Total 25(OH)D

Winter Summer Winter Summer

Total 25(OH)D Winter 0.680* 0.370* 1 0.568*

Summer 0.307* 0.343* 0.568* 1

Bioavailable 25(OH)D Winter 1 0.509* 0.680* 0.307*

Summer 0.509* 1 0.370* 0.343*

*Correlation is significant at the 0.01 level (2-tailed).
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D appears to remain fairly constant. This implies that the

mechanisms controlling the conversion and availability of

bioavailable vitamin D are operating consistently in response

to the elevated total vitamin D levels from summer

sun exposure.

Seasonal variation of total 25(OH)D levels

According to our research, the concentration of vitamin

25(OH)D is considerably lower in the winter than it is in the

summer (Hribar et al., 2023). This significant seasonal

variation is in line with earlier studies showing that

seasonal variations in sunlight exposure have an impact on

vitamin D levels. Several studies (Hine and Roberts, 1994; Kull

et al., 2009; Hribar et al., 2023) have shown comparable trends

and linked lower winter levels to decreased ultraviolet B

(UVB) radiation. UVB light is necessary for the production

of vitamin D in the skin.

Serum albumin concentrations

Serum albumin concentrations varied significantly

between the winter and summer (p = 0.003), but the

magnitude of the variation was small. Higher summer

levels of free and accessible vitamin D may be due in part

to albumin, a key protein that binds to vitamin D. The small

magnitude of variation, however, suggests that albumin alone

has a limited effect on the seasonal variations in vitamin

D levels.

Vitamin D binding protein (DBP) levels

According to our research, summertime vitamin D binding

protein levels are slightly lower than wintertime levels, but the

difference is not statistically significant (p = 0.77). This is

consistent with other research, including the findings of Powe

et al. (2013b) that DBP levels do not significantly fluctuate with

the seasons. The stability of DBP levels indicates that variations

in total 25(OH)D levels are more likely to be the cause of changes

in free and bioavailable vitamin D than fluctuations in DBP.

Free fraction of vitamin D

There was a noticeable increase in the percentage of free

vitamin D from winter to summer (p < 0.0001). There may be

more unbound vitamin D available throughout the summer due

to this significant seasonal increase in free vitamin D. This result

is in line with recent studies showing that summertime increases

in free vitamin D levels are caused by increased cutaneous

production and decreased binding to albumin and DBP.

Bioavailable 25(OH)D levels

With a p-value <0.001, bioavailable 25(OH)D was

considerably lower in the winter than in the summer. This

notable seasonal variation highlights the influence of a lack of

UVB exposure on vitamin D bioavailability. The decrease in

bioavailable vitamin D during the winter months may have

effects on the immune system and bone health. Bioavailable

FIGURE 3
Spaghetti plot comparison of winter and summer total and bioavailable 25(OH)D of healthy Slovenian adults aged 19–70 years. Study was
carried out in winter (January–February 2020) and after the end of summer (September 2020).
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vitamin D is essential for physiological processes and includes

both free and albumin-bound fractions. These findings support

research by several researchers (Bikle et al., 1986; Bouillon and

Van Assche, 1995; O’Mahony et al., 2011; Charoenngam and

Holick, 2020), highlighting the importance of bioavailable

vitamin D in maintaining health.

Proportion of bioavailable 25(OH)D as a
percentage of total

Research such as that of Chun et al. (2010), which addresses

the homeostatic control of vitamin D bioavailability, supports the

relatively stable proportion of bioavailable 25(OH)D as a

percentage of total vitamin D (± standard deviation), with

16.9% ± 12.8% in winter and 17.5% ± 11.0% in summer,

which is not a statistically significant difference. This stability

suggests that while absolute levels of bioavailable vitamin D vary

seasonally, the body’s regulatory mechanisms maintain a

consistent proportion of bioavailable to total vitamin D.

Correlation between total 25-
hydroxyvitamin D and bioavailable 25-
hydroxyvitamin D levels in winter
and summer

Because there are fewer daylight hours and less direct

sunlight during the winter, there is less exposure to UVB

irradiation of sufficient intensity to induce endogenous

vitamin D synthesis. As a result, in order to maintain their

vitamin D levels, humans rely primarily on food sources and

stored vitamin D (from summer sun exposure). Both newly

synthesized and stored vitamin D from food sources are

included in total 25(OH)D. Conversely, vitamin D that is

attached to albumin and the free fraction of vitamin D are

known as bioavailable vitamin D, and these are readily

absorbed by cells. Consequently, it is expected that a higher

level of bioavailable 25(OH)D would correlate with a higher level

of total 25(OH)D. This may be because, in the absence of

substantial vitamin D deficiency, part of the stored vitamin D

becomes accessible.

Summertime is when humans in our latitudes can produce

extra vitamin D in their skin due to increased sun exposure and a

higher intensity of UVB irradiation. When more freshly

generated vitamin D from sunlight is available in the summer,

the weak correlation seen in the winter may become a slightly

positive correlation. The amount of stored vitamin D that

contributes to total 25(OH)D levels decreases as more vitamin

D is produced in the skin during the summer. The association

with bioavailable vitamin D may be reduced as a result.

The higher correlation in winter indicates that the body is

more dependent on its stored vitamin D at times when vitamin D

availability is reduced. On the other hand, the reduced summer

correlation may be a result of higher synthesis rates and distinct

binding dynamics during periods of increased vitamin D

availability.

A study of healthy adults in Switzerland, for example, found

that both total and free vitamin D levels were significantly lower

in winter than in summer, while there were no seasonal

differences in bioavailable vitamin D levels (Merlo et al.,

2015). In contrast, a study of older adults in the

United Kingdom found that while total vitamin D levels were

lower in winter, there was no significant difference in free or

bioavailable vitamin D between summer and winter months

(Cashman et al., 2012; Hilger et al., 2014), Vitamin D

supplementation may increase total vitamin D levels,

including the bioavailable fraction. However, the extent to

which supplementation affects the bioavailable fraction may

depend on several factors, including the form and dose of

vitamin D, individual differences in vitamin D metabolism

and absorption, and the presence of underlying medical

conditions.

A study conducted on postmenopausal women with low

vitamin D levels found that supplementation with vitamin D3

significantly increased both total and bioavailable vitamin D

levels (Hassanein et al., 2023). Another study of overweight

and obese adults with vitamin D deficiency showed that daily

supplementation with high-dose vitamin D3 for 16 weeks

increased bioavailable vitamin D levels (Entezari et al., 2018).

However, some studies have also reported that vitamin D

supplementation does not increase bioavailable levels equally in

all individuals. For example, one study of healthy adults found

that 12 weeks of vitamin D3 supplementation did not

significantly alter bioavailable vitamin D levels (Jorde and

Grimnes, 2011; Chandler et al., 2015; Flueck et al., 2016).

Food fortification with vitamin D can be an effective strategy

for increasing vitamin D intake in populations with low sun

exposure or inadequate dietary intake.

Possibilities for food fortification with vitamin D are

numerous Examples include but are not limited to: milk, fat

spreads (Jääskeläinen et al., 2017), milk alternatives such as soy

beverages (Vatanparast et al., 2020), orange juice (Tangpricha

et al., 2003), flour and cereals (Allen et al., 2015), UV irradiated

mushrooms (Cardwell et al., 2018), UV-irradiated yeast for the

preparation of bread (EFSA Panel on Dietetic Products Nutrition

and Allergies NDA, 2014), and biofortification of chicken eggs

(Browning and Cowieson, 2014; Vičič et al., 2023). The media for

fortification should be consumed regularly by the majority of the

population and should minimally increase production costs and

prices for consumers (Pilz et al., 2018).

Reliable total 25(OH)D, DBP, and albumin levels are

necessary for calculation accuracy. Laboratory procedures and

assays can differ, which can impact the outcomes.

Genetic variants and individual variations in DBP isoforms

can affect binding affinities and concentrations, which in turn
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can affect the estimated levels of free and bioavailable 25(OH)D

(Fernando et al., 2020).

Although helpful, the formulas for determining the free and

available fractions of vitamin D have some drawbacks. These

include assumptions regarding individual biological differences,

measurement variability in proteins, and binding constants.

Immunoassays made specifically to measure free 25-

hydroxyvitamin D [25(OH)D], equilibrium dialysis, and

ultrafiltration are direct methods for determining levels of free

and bioavailable vitamin D. These techniques directly measure

the unbound and albumin-bound fractions of vitamin D, with

the goal of giving a more realistic picture of the physiologically

active forms of the vitamin but their complexity and resource

needs prevent frequent use, and are useful in research contexts

and for detailed clinical assessments.

Study limitations and future research

The use of bioavailable 25(OH)D or free 25(OH)D may be

useful in physiological and pathological conditions that affect

DBP, such as pregnancy, genetic polymorphisms, liver disease,

and kidney disease (Tsuprykov et al., 2018a), when comparing

vitamin D status in premenopausal and postmenopausal

women (Vičič et al., 2022) and in ethnically diverse

populations (Aloia et al., 2015; Tsuprykov et al., 2018a;

Abidin and Mitra, 2020). There is also a discrepancy

between calculated free 25(OH)D and directly measured free

25(OH)D. This is more pronounced in African Americans and

has been attributed to differences in DBP binding capacity

between ethnic groups (Schwartz et al., 2014). Currently there

are no generally accepted reference values for calculated or

directly measured free and bioavailable 25(OH)D. Zeng et al.

(2021) established reference values for free 25(OH)D through

linear regression models but emphasized the need for clinical

studies to validate their recommendations. Tsuprykov et al.

(2018b) established different reference values in pregnant

women for both calculated and measured free 25(OH)D.

They concluded that both methods may be appropriate.

We did not evaluate bone health or markers of other

significant diseases to determine whether bioavailable/free

25(OH)D is a better predictor of low bone mass density and

other conditions. We are currently focusing on this assessment in

patients with liver disease.

Conclusion

Calculating vitamin D fractions using formulas is a cost-

effective and convenient alternative when direct measurement of

individual fractions is not available or feasible. However, it is

important to consider the assumptions, accuracy and variability

associated with the formulas used and recognize that direct

measurement methods may provide more accurate and

reliable results.

Our study provides important insights into seasonal

variations in vitamin D status and bioavailability. We found

that vitamin 25(OH)D concentrations are significantly lower in

winter compared to summer, with a slight, non-significant

difference in vitamin D binding protein from summer to

winter, and significantly higher albumin concentrations in

summer. Both bioavailable and free vitamin D levels are

significantly lower in winter.

The primary cause of the winter decrease in total 25(OH)D

levels is reduced sunlight exposure, which limits vitamin D

synthesis. This also leads to reduced bioavailable and free

vitamin D, indicating that not only is less vitamin D

produced, but the amount available for use by the body is

also reduced. The stable DBP levels suggest that DBP is not

the main factor in the seasonal variation of free and bioavailable

vitamin D. The seasonal increase in albumin concentration

during summer may contribute to a greater amount of

bioavailable vitamin D. Albumin’s weaker binding affinity for

vitamin D compared to DBP allows for easier dissociation of

vitamin D, shifting the balance toward more free and albumin-

bound vitamin D available for cellular uptake.

There is a moderately positive correlation between total and

bioavailable 25(OH)D in winter and a lower positive correlation

in summer. This stronger winter correlation suggests that during

low vitamin D availability, the body relies more on existing

stores, while the weaker summer correlation indicates that with

higher vitamin D synthesis, bioavailability dynamics are less

dependent on total vitamin D levels.
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Objective: To explore the difference in intestinal microecology between

patients with preeclampsia and pregnant women at different stages

of pregnancy.

Methods: From January 2020 to January 2022, clinical data, including blood

routine, lipid profile, and renal function indicators, were gathered from a cohort

consisting of 5 cases of preeclampsia and 34 cases of non-preeclampsia. The

non-preeclampsia group was further categorized into 6 cases in the First

trimester, 13 cases in the Second trimester, and 15 cases in the Third

trimester. The data collection took place at the Obstetrics Department of

the Maternal and Child Health Hospital of Hubei Province. Additionally, fecal

samples were obtained from each subject for 16S rDNA gene sequencing and

subsequent analysis. The clinical data and composition characteristics of the gut

microbiota in each group were analyzed, and the correlation between gut

microbiota and clinical data was analyzed by the Spearman correlation

analysis method.

Results: In comparison to pregnant women without preeclampsia,

preeclampsia patients exhibited a statistically significant elevation in blood

routine parameters (WBC, N, L, and PLT count), a rise in lipid-related

indicators (TC, TG, and LDL-C levels), a reduction in HDL-C levels, and an

increase in renal function-related indicators (Cr, BUN, UA and Pro levels).

Compared with non-preeclampsia pregnant women, preeclampsia women

exhibited an augmented diversity of gut microbiota. Differences in gut

microbiota composition between the two groups were observed at the gate

and genus levels. Moreover, there are significant differences in the composition

of gut microbiota between the preeclampsia group and the third-trimester

group in terms of genus and species, and this difference is mainly caused by

Prevotella and s_ Bacteroides_ Uniformis and Ruminococcus_ bromii. In

addition, actinobacteria, bifidobacterium at the genus level, and

Ruminococcus_bromii at the species level are positively correlated with

clinically relevant indicators (excluding HDL-C).
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Conclusion: There are significant differences in gut microbiota between

preeclampsia pregnant women and late pregnancy pregnant without

preeclampsia, including Prevotella and Bacteroides_ Uniformis, and

Ruminococcus_ bromii. In addition, these differential bacteria are correlated

with most clinical indicators. However, additional comprehensive analysis is

required to ascertain the functional correlation between these bacteria and

clinical indicators.

KEYWORDS

preeclampsia, lipid metabolism, renal function, intestinal flora, blood cell parameters

Introduction

Preeclampsia is a kind of hypertensive disorder complicating

pregnancy (HDP) (Dimitriadis et al., 2023). The incidence of

preeclampsia in pregnant women is 3%–5%, which is one of the

main reasons for the increased mortality of pregnant women and

perinatal infants (Arechvo et al., 2023; Hallum et al., 2023).

Preeclampsia has adverse effects on the short-term and long-

term health of pregnant women, including stroke, hypertension,

and metabolic syndrome (Alanazi et al., 2022). Its offspring are

prone to premature delivery, fetal distress, fetal growth restriction

(FGR), neonatal hypoglycemia, and even death (Govender et al.,

2023). The etiology of preeclampsia is multifactorial, including

maternal factors such as family history of preeclampsia, multiple

pregnancies, chronic kidney disease, and obesity, and placental

factors such as uteroplacental insufficiency and increased placental

volume/mass ratio (Syngelaki et al., 2022). However, the

pathogenesis of preeclampsia has not been fully clarified. In

addition to actively exploring effective treatment methods for

preeclampsia and optimizing the prognosis, screening high-risk

pregnant women with preeclampsia before pregnancy and taking

targeted intervention measures may reduce the incidence of

preeclampsia and fundamentally reduce the risk of pregnancy

(Zheng et al., 2023).

In recent years, with the in-depth study of intestinal flora, it has

been gradually found that changes in intestinal flora may be related

to the onset of preeclampsia and affect the intestinal flora of

offspring (Chen et al., 2020; Huang et al., 2022). The intestinal

microbiota is a complex and huge microbial community living in

the digestive tract, which can produce a variety of compounds that

regulate the activities of remote organs and play an important role

in host metabolism, immunity, and nutrition absorption

(Ahmadian et al., 2020). Intestinal microorganisms promote the

occurrence of insulin resistance by inducing the chronic

inflammatory reaction of the host and causing the accumulation

of fat by regulating the energy metabolism gene. Metabolic changes

usually occur before clinical symptoms, so metabolic changes can

be used as a marker to predict the occurrence and development of

preeclampsia. Intestinal microorganisms and the human body form

a “superorganism,” and the change and management of intestinal

microbial structure are of great significance.

This study focuses on investigating the role of intestinal

microflora in preeclampsia by comparing pregnant women

with preeclampsia as the research group and healthy pregnant

women as the control group. The study utilizes macro genome

sequencing of stool samples to analyze the structure, species,

functional composition, and metabolic pathways of the intestinal

microflora. Furthermore, the study examines the potential

significance of key species and gene functions in the

development of preeclampsia, aiming to gain insights into its

pathogenesis. Additionally, the study aims to provide theoretical

support for the application of prevention and control strategies

by predicting the macrogenome of intestinal microflora in

preeclampsia.

Materials and methods

General information

This study collected 39 pregnant women recruited by the

Maternal and Child Health Hospital of Hubei Province from

January 2020 to January 2022. Inclusion criteria: 1) Filing for

prenatal examination at 12+6 weeks of pregnancy; 2) Intrauterine

singleton; 3) Age: 20–45 years old; 4) Regular prenatal

examination, complete clinical data, and acceptable follow-up.

Exclusion criteria: 1) hypertension and/or renal dysfunction were

diagnosed before or during pregnancy; 2) Large gastrointestinal

surgery before pregnancy; 3) History of antibiotics in the first

3 months of pregnancy; 4) Combined with acute and chronic

gastrointestinal diseases and severe autoimmune diseases; 5)

Complications included gestational diabetes, gestational heart

disease, intrahepatic cholestasis and other serious complications

of pregnancy. According to the guidelines for the diagnosis and

treatment of hypertensive disorders during pregnancy, pregnant

women who were diagnosed with preeclampsia after 20 weeks of

pregnancy were regarded as the preeclampsia group (n = 5).

Pregnant women without preeclampsia were divided into First-

trimester (1–12 weeks of pregnancy, n = 6), Second-trimester

(13–25 weeks of pregnancy, n = 13), and Third-trimester

(26–40 weeks of pregnancy, n = 15). Age, pre-pregnancy body

mass, and height were recorded, and pre-pregnancy body mass
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index (BMI) was calculated. The participants remained in a state

of rest for 5 min, subsequently assuming a seated position,

attentively relaxing their limbs, and selecting the cuff. The

blood pressure of the right upper limb was measured, the cuff

was at the same level as the heart, and the systolic blood pressure

(SBP) and diastolic blood pressure (DBP) were recorded. The

informed consent of all the subjects was signed by themselves or

their families, and the ethics committee of the Maternal and

Child Health Hospital of Hubei Province reviewed and approved

the research (approval number: 20190911).

Clinical data collection

Determination of blood cell index

Peripheral blood (30 μL) was collected from the subjects’

fingers and mixed with EDTA anticoagulant. The red blood cell

(RBC) count, white blood cell (WBC) count, neutrophil count

(N), lymphocyte count (L), platelet (PLT) count, and hematocrit

(HCT) were measured by SYSMEX 5 classification automatic

blood cell analyzer. The sample shall be tested after the quality

control is qualified.

Collection and detection of
serum samples

In the morning, 5 mL of elbow vein blood was collected from

subjects on an empty stomach and centrifuged at 3,000 r/min for

10 min. The supernatant serumwas collected, and total cholesterol

(TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-

C), high-density lipoprotein cholesterol (HDL-C), creatinine (Cr),

urea nitrogen (BUN), and uric acid were measured by Beckman

Coulter AU 5800 automatic biochemical analyzer.

Urine sample collection and detection

A sample of 24-h urine was collected, and the first urine was

discarded at 6 a.m. All urine after 24 h was collected the day before,

including urine at 6 a.m. the next day, and the 24-h total urine

output was recorded. Using a Hitachi 7180 biochemical analyzer,

the pyrogallol red method was used to measure the quantity of

urine protein per milliliter of urine. 24 h urine protein quantity =

urine protein quantity per milliliter of urine × 24 h urine volume.

Collection of stool samples and DNA
extraction

Fresh fecal samples were collected from the subjects in sterile

containers and immediately stored in liquid nitrogen. Following

the standard protocol, 200 mg of each frozen fecal sample was

obtained, and the genome was extracted using the QIAamp DNA

Fecal Genomic DNA Extraction Kit (QIAGE, Germany). The

concentration of the extracted DNA was determined using the

NanoDrop 2000 spectrophotometer (Thermo Scientific, United

States). The 16S rDNA V3 and V4 variable regions of all samples

were amplified using the forward primer 338F (5′-ACCTAC
GGGGCAG-3′) and the reverse primer (5′-
GACTACHVGGGTWTCTAAT-3′).

16S ribosomal RNA (16S rRNA) amplicon
pyrosequencing and microbial analysis

The products obtained from polymerase chain reaction

(PCR) were quantified using a QuantiFluor ST fluorometer

(Promega, United States). The mixture of PCR products was

purified using a gel extraction kit provided by QIAGEN (Hilden,

Germany). Illumina MiSeq instrument (Illumina, San Diego,

California, United States) was utilized to establish a database,

and data were assessed using fastqc (version 0.11.8) and multiqc

(version 1.10). The metagenomic data underwent automatic low-

quality data pruning and filtering using trim_galore (version

0.6.7). Bowtie (version 2.4.5) was used to compare RNA

sequences with internal reference genes. Microbiome analysis

was performed with Metapelan (version 3.0).

Usearch was used to cluster Tags with a similarity threshold

of 97%. The α diversity (Shannon index) was determined using

mother (version 1.39.1). Bray Curtis distance algorithm was used

for principal component analysis (PCA). By dividing the number

of sequences for phyla, genus, and species by the total number of

sequences, the relative abundance was determined by applying

normalization. The Linear Discriminant Analysis (LDA) method

was used to evaluate the difference in species abundance among

different samples. The threshold of LDA was 2. To facilitate a

more comprehensive comparison of microbial communities, a

phylogenetic tree was constructed using FastTree (ver2.1.9).

Statistical analysis

All statistical analyses were performed using SPSS

21.0 software (SPSS Inc., Chicago, Illinois, United States) and

the results were presented as mean ± standard deviation. The

statistical significance of differences between two or three groups

(or more) was determined using unpaired two-tailed t-tests or

one-way ANOVA. The correlation analysis was conducted using

Spearman correlation and the results were expressed as

Spearman coefficient. The p-value of the Spearman correlation

was adjusted using the FDR method. p < 0.05 was considered

statistically significant. GraphPad Prism 8.0 software (GraphPad

Software, Inc., La Jolla, CA, United States) was utilized for data

visualization.
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Results

General data comparison

The age of pregnant women in the first trimester was

(29.50 ± 3.62) years old, BMI before pregnancy was (19.69 ±

0.90) kg/m2, SBP was (117.83 ± 6.65) mmHg, and DBP was

(74.33 ± 5.20) mmHg. The age of pregnant women in the

second trimester was (30.50 ± 3.15) years old, BMI before

pregnancy was (20.35 ± 1.30) kg/m2, SBP was (112.69 ±

5.62) mmHg, and DBP was (73.15 ± 4.54) mmHg. The age

of pregnant women in the third trimester was (29.21 ± 2.58)

years old, BMI before pregnancy was (20.66 ± 1.86) kg/m2, SBP

was (117.64 ± 6.80) mmHg, and DBP was (74.07 ± 4.23) mmHg.

The age of preeclampsia pregnant women was (29.6 ± 2.65)

years old, BMI before pregnancy was (20.2 ± 1.06) kg/m2, SBP

was (115.40 ± 5.46) mmHg, and DBP was (73.40 ± 4.31) mmHg.

The results showed that age, BMI before pregnancy, and blood

pressure of preeclampsia pregnant women were not

significantly different from those of pregnant women at

different stages of pregnancy (p > 0.05) (Figures 1A–D).

Comparison of blood cell parameters

RBC count of pregnant women in early pregnancy was

(4.05 ± 0.22) × 1012/L, WBC count was (8.86 ± 0.72) × 109/L,

PLT count was (303.50 ± 25.99) × 109/L, N count was (6.98 ±

0.49) × 109/L, L count was (1.64 ± 0.15) × 109/L, and HCT was

(36.24 ± 1.24)%. RBC count of pregnant women in the second

trimester was (4.05 ± 0.25) × 1012/L, WBC count was (8.92 ±

0.68) × 109/L, PLT count was (310.00 ± 23.32) × 109/L, N count

was (7.07 ± 0.37) × 109/L, L count was (1.67 ± 0.13) × 109/L, and

HCT was (36.04 ± 2.06)%. RBC count of pregnant women in the

third trimester was (4.06 ± 0.19) × 1012/L,WBC count was (8.90 ±

0.87) × 109/L, PLT count was (307.07 ± 23.47) × 109/L, N count

was (7.10 ± 0.32) × 109/L, L count was (1.69 ± 0.12) × 109/L, and

HCT was (36.06 ± 2.47)%. RBC count of preeclampsia pregnant

women was (4.09 ± 0.14) × 1012/L, WBC count was (10.93 ±

1.23) × 109/L, PLT count was (344.00 ± 23.90) × 109/L, N count

was (8.17 ± 0.58) × 109/L, L count was (1.92 ± 0.09) × 109/L, and

HCT was (36.10 ± 2.62)%. The results showed that the WBC

count, N count, L count, and PLT count of preeclampsia

pregnant women were significantly higher than those of

FIGURE 1
Comparison of general data of preeclampsia and pregnant women at different stages of pregnancy. (A) Age; (B) Pre-pregnancy body mass
index; (C) Systolic blood pressure; (D) Diastolic blood pressure.
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pregnant women at different stages of pregnancy (p < 0.01, p <
0.001, p < 0.0001, p < 0.05) (Figures 2A–F).

Comparison of serum lipid indexes

TC, TG, LDL-C, and HDL-C were (4.32 ± 0.39) mmol/L,

(1.24 ± 0.11) mmol/L, (2.32 ± 0.11) mmol/L, and (1.60 ± 0.15)

mmol/L, respectively in early pregnancy. TC, TG, LDL-C, and

HDL-C were (4.32 ± 0.32) mmol/L, (1.26 ± 0.13) mmol/L, (2.37 ±

0.14) mmol/L, and (1.53 ± 0.19) mmol/L, respectively in the

second trimester of pregnancy. TC, TG, LDL-C, and HDL-C

were (4.40 ± 0.22) mmol/L, (1.35 ± 0.11) mmol/L, (2.38 ± 0.14)

mmol/L, and (1.52 ± 0.19) mmol/L, respectively in the third

trimester of pregnancy. In preeclampsia pregnant women, TC

was (4.98 ± 0.40) mmol/L, TG was (1.58 ± 0.11) mmol/L, LDL-C

was (2.60 ± 0.10) mmol/L, and HDL-C was (1.27 ± 0.11) mmol/L.

The results showed that the levels of TC, TG, and LDL-C in

preeclampsia women were significantly higher than those in

different stages of pregnancy (p < 0.01, p < 0.001, p < 0.0001,

p < 0.05), while the levels of HDL-C were significantly lower (p <
0.05) (Figures 3A–D).

Comparison of renal function indicators

Cr of pregnant women in early pregnancy was (37.43 ±

1.74) μmol/L, BUN was (2.70 ± 0.13) mmol/L, UA was (296.13 ±

11.27) μmol/L, and Pro was (0.11 ± 0.02) g/24h. Cr of pregnant

women in the second trimester was (37.05 ± 2.02) μmol/L, BUN

was (2.73 ± 0.21) mmol/L, UA was (308.50 ± 13.82) μmol/L, and

Pro was (0.11 ± 0.02) g/24h. Cr of pregnant women in the third

trimester was (37.85 ± 2.46) μmol/L, BUN was (2.72 ± 0.15)

mmol/L, UA was (308.86 ± 13.03) μmol/L, and Pro was (0.11 ±

0.03) g/24h. Cr of preeclampsia pregnant women was (57.10 ±

1.97) μmol/L, BUN was (3.34 ± 0.23) mmol/L, UA was (359.14 ±

22.64) μmol/L, and Pro was (0.20 ± 0.03) g/24h. The results

showed that the levels of Cr, BUN, UA, and Pro in preeclampsia

women were significantly higher than those in different stages of

pregnancy (p < 0.0001) (Figures 4A–D).

Analysis of flora results

By observing the data quality of the original data, it was found

that the sequencing data of 39 fecal samples were normal, and

FIGURE 2
Comparison of blood cell parameters between preeclampsia and pregnant women at different stages of pregnancy. (A) Red blood cell count;
(B) White blood cell count; (C) Neutrophil count; (D) Lymphocyte count; (E) Platelet count; (F) Hematocrit. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.
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most of the sequencing readings were above q30, so there was no

need to filter the samples. Shannon index can reflect the species

diversity of the community. As shown in Figures 5A, B, the

preeclampsia group and the First-trimester group had a higher

diversity of intestinal flora. In addition, the gradual progression

of the pregnancy cycle appears to be associated with a gradual

decline in the diversity of the gut microbiota of pregnant women

(Figures 5A, B).

At the gate level, the bar chart and the box chart were drawn

with the relatively abundant phylum. The results showed that

there were significant differences in the levels of Bacteroides and

Actinobacteria between preeclampsia and other gestational

periods, and the differences were more obvious between

preeclampsia and other pregnancy periods (Figures 6A–C).

At the genus level, the bar chart and box chart were drawn

with the relatively abundant bacteria. The results showed that the

level of Bacteroides and Bifidobacterium in preeclampsia and

other pregnancy periods was significantly different (Figures 7A,

B). In addition, compared with other pregnancy periods,

Lachnospiracea increased in preeclampsia (Figures 7A, B). The

PCA diagram at the generic level also showed that the difference

between preeclampsia and late pregnancy was the most obvious

in the overall difference comparison of each group, and the

difference was mainly caused by Prevotella (Figure 7C).

According to LDA, there were significant differences in

abundance between different groups. At the genus level, the

microbial community structure of the First-trimester group was

mainly represented by lachnospira and lachnochlostritium under

the phylum Firmicutes. The microbial community structure of

the Second-trimester group was mainly represented by

unclassified Proteobacteria under the phylum Proteobacteria;

The microbial community structure of the preeclampsia group

was mainly represented by Actinobacteria and Bifidobacterium

under Phylum Actinobacteria (Figure 7D).

At the species level, the bar chart and box chart were also

drawn with the top 10 species of relative abundance. The results

showed that the abundance of Bacteroides_uniforms was

relatively low in preeclampsia, while the abundance of

FIGURE 3
Comparison of serum lipid indexes between preeclampsia and pregnant women at different stages of pregnancy. (A) Total cholesterol; (B)
Triglyceride; (C) Low-density lipoprotein cholesterol; (D) High-density lipoprotein cholesterol. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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FIGURE 4
Comparison of renal function indexes between preeclampsia and pregnant women at different stages of pregnancy. (A) Creatinine; (B) Urea
nitrogen; (C) Uric acid; (D) Urine protein. ****p < 0.0001.

FIGURE 5
Alpha diversity analysis ofmicrobial communities in different stages of pregnancy and preeclampsia. (A) Shannon index analysis of each sample;
(B)Compare the Shannon index analysis of samples between groups. The Shannon index reflects themicrobial composition. A higher Shannon index
signifies a greater level of community diversity.
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Eubacterium Rectale was relatively high (Figures 8A, B). The PCA

diagram at different levels also showed that in the comparison of the

overall differences among the groups, the differences between

preeclampsia and late pregnancy were obvious, and the main

causes of the differences were Bacteroides_uniforms and

Ruminococcus_ bromii (Figures 8C, D). Based on the LDA, at

the species level, the microbial community structure in the First-

trimester group was predominantly characterized by the presence of

Lachnospira_pentinoschiza, Bacterodies_salyersiae and Bacterodies_

cellulosilyticus. In the Second-trimester group, the bacterial genus

structure was represented by Proteobacteria_bacterium_CAG_139,

Parasutterella_excrementihomins, Clostridium_citroniae, and

Clostridium_asparagiforme. Conversely, the species structure of

the preeclampsia microbiota was predominantly represented by

Ruminococcus_gnavus, Blautia_sp_CAG_257, and Streptococcus_

infantis (Figure 8E).

Correlation analysis

The correlation between different grades of bacteria and

clinical data was analyzed. The results showed that Bacteroides

at the gate level (except HDL-C) and Bacteroides at the genus

level were negatively correlated with all clinically relevant

indicators (p < 0.05, p < 0.01, p < 0.001), while Bacteroides at

the gate level was positively correlated with HDL-C level (p <
0.05) (Figure 9). Bacteroides_uniformis at different levels were

negatively correlated with WBC, TC, TG, Cr, UA, and Pro

(Figure 9). In addition, Actinomycetes at the phylum level,

Bifidobacteria at the genus level, and Ruminococcus_bromii at

the species level were positively correlated with almost all

clinically relevant indicators (except HDL-C) (p < 0.05, p <
0.01, p < 0.001), and negatively correlated with HDL-C level (p <
0.01) (Figure 9).

FIGURE 6
Analysis of bacterial flora level in different stages of pregnancy and preeclampsia. (A)Microbial distribution of each sample at the phylum level;
(B) The distribution of the top 9 microorganisms at the phylum level in each group; (C) Differences in inter-group microbiota at the phylum level of
principal component analysis (PCA).
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Discussion

Preeclampsia is a metabolic syndrome related to pregnancy

(Udenze, 2016; Hodgman et al., 2022). Hypertension and

proteinuria occur after 20 weeks of pregnancy, which is the

main cause of morbidity and mortality of pregnant women

and perinatal infants. Its pathogenesis and its relationship

with obstetric complications is a matter of concern today

(Litwinska et al., 2021). At present, there is no reliable,

effective, and economic screening method to predict

preeclampsia (Khan et al., 2020). Studies have shown that

some hematological changes occur during pregnancy, such as

preeclampsia. The pathogenesis of preeclampsia is divided into

two consecutive stages. Among them, the first stage occurs at the

maternal-fetal junction. Due to the insufficient infiltration of

trophoblast cells in the uterine wall and spiral artery, the blood

flow of the uteroplacental artery is reduced, and the placental

perfusion is insufficient, resulting in oxidative stress and

placental dysfunction. This hypoxia state can induce

inflammation by releasing chemokines, promoting cytokines,

anti-angiogenesis factors, and neutrophils. The second stage

begins with the infiltration of activated neutrophils into the

maternal vascular tissue and is related to maternal systemic

vascular inflammation, which can lead to vasoconstriction,

hypertension, endothelial dysfunction, and end-organ

ischemia. The above conditions will lead to the increase of

white blood cells and neutrophils in the peripheral blood of

preeclampsia pregnant women (Gogoi et al., 2019; Lu and Hu,

2019). A blood routine is a simple and practical test item, in

which RBC, WBC, PLT, N, and L are common peripheral blood

parameters in blood routine. The results of this study showed that

the WBC count, N count, L count, and PLT count of

preeclampsia pregnant women were significantly higher than

those of pregnant women at different stages of pregnancy. The

main reason for the increase of WBC during pregnancy is the

increase of granulocytes caused by bone marrow proliferation

and the left shift of the nucleus, that is, more immature WBC

appears in the blood circulation (Awor et al., 2023). Although the

FIGURE 7
Analysis of bacterial flora level in different stages of pregnancy and preeclampsia. (A)Microbial distribution of each sample at the genus level; (B)
The distribution of the top 10 microorganisms at the genus level in each group; (C) Differences in inter-group microbiota at the genus level of PCA;
(D) Differential taxa between groups were identified using the LEfSe analysis at a threshold of 2.
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number of WBCs increased, the chemotaxis and adhesion

function of WBCs decreased from the second trimester of

pregnancy. The inhibition of WBC function during pregnancy

was related to the inhibition of humoral-cellular immune

regulation function. Due to the poor ability of N

denaturation, WBC is detained in the capillary in the low

perfusion area of the thrombosis site, which releases

lysosomes, histamines, leukotrienes, and other substances that

are harmful to blood flow, resulting in microcirculation blood

flow disorder (Moodley et al., 2020; Abdelzaher et al., 2022). The

etiology theory of hypertensive disorder complicating pregnancy

also believes that the abnormal immune regulation function and

the toxic effect of oxidative stress reaction ultimately lead to N

inflammatory infiltration.

FIGURE 8
Analysis of bacterial flora level in different stages of pregnancy and preeclampsia. (A)Microbial distribution of each sample at the species level;
(B) The distribution of the top 10 microorganisms at the species level in each group; (C) Differences in inter-group microbiota at the species level of
PCA; (D) Phylogenetic tree analysis; (E) at the species level, differential taxa between groups were identified using the LEfSe analysis at a threshold
of 2.
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The process of lipid metabolism in vivo is complex, and its

parameters are risk factors for the occurrence and development

of coronary heart disease, atherosclerosis like artery Congee,

hypertension, and other diseases (Negre-Salvayre et al., 2022;

Salma, 2022). Research shows that with the growth of pregnancy,

the blood lipid level of normal pregnant women will increase

(Vaught et al., 2023). The change in blood lipids in pregnant

women is considered an adaptive change to support fetal

development, but abnormal blood lipids will lead to adverse

pregnancy outcomes including preeclampsia (Yang et al., 2022).

The results of this study show that the serum lipid level of

preeclampsia pregnant women were higher than that of other

pregnancy periods, suggesting that the changes in serum lipid in

early pregnancy have certain predictive value for preeclampsia.

The lipid peroxidation of pregnant women is significantly

enhanced, which can further promote the production and

secretion of inflammatory factors, cause vascular endothelial

damage, and promote the occurrence and development of

preeclampsia (Phoswa and Khaliq, 2021).

Creatinine is mainly filtered by glomerulus and not

reabsorbed by renal tubules (Tesfa et al., 2022; Wind et al.,

2022). It is a good indicator of glomerular filtration function.

Serum uric acid is the product of purine metabolism in the body,

and the physiological concentration of uric acid has a positive

effect on the body (Atigan et al., 2022). For pregnant and lying-in

women, uric acid concentration is affected by continuous

physiological changes during the whole pregnancy. In early

pregnancy, due to the increase in blood volume and

glomerular filtration rate, serum uric acid decreases by about

25%–35%. In the second trimester of pregnancy, the serum uric

acid concentration begins to rise and is close to or even higher

than the uric acid value of non-pregnant women at term.

Research shows that the sudden increase in serum uric acid

concentration may be related to the development of potential

hypertension, and the adverse outcome of preeclampsia patients

is more related to high uric acid concentration (Yu et al., 2023).

In addition, a large amount of proteinuria can lead to

hypoproteinemia, which can promote the formation of pleural

effusion and ascites in severe cases, and affect respiration

function in pregnant women. At the same time,

hypoproteinemia can also stimulate the mother to increase the

synthesis of lipids and lipoproteins (Malz, 1946). Hyperlipidemia

FIGURE 9
Correlation analysis between differential bacteria and clinical data. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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can cause placental atherosclerosis. In addition, the spasm of

placental arterioles can increase the blood flow resistance, and the

placental blood flow perfusion is insufficient, putting the fetus in

a chronic hypoxia state for a long time. It can also cause fetal

intrauterine malnutrition, fetal growth restriction, fetal distress,

and neonatal asphyxia. Therefore, the continuous occurrence of

urinary protein will lead to further aggravation of preeclampsia,

which can form a vicious circle. The results of this study showed

that the levels of Cr, BUN, UA, and Pro in preeclampsia pregnant

women were significantly higher than those in pregnant women

at different stages of pregnancy, suggesting that abnormal renal

function may be the influencing factor for the occurrence and

development of preeclampsia.

In order to adapt to the physiological state during pregnancy

and provide a good growth and development environment for

the fetus, some metabolic changes will occur in the mother, and

the abundance and diversity of intestinal flora will also change

significantly during pregnancy, including preeclampsia.

Intestinal flora can secrete inflammatory factors and anti-

inflammatory factors, which are in a stable balance. Once the

flora is out of balance, the balance will be destroyed, and

inflammatory factors will increase, which will damage vascular

endothelial cells, and then affect the stability of the blood system.

Bacteroides, Bifidobacterium, and Lachnospiraceae have been

proven to be related to the inflammatory-immune response

mediated by intestinal flora (Miao et al., 2021; Huang et al.,

2022; Lv et al., 2022). In addition, dyslipidemia and renal

dysfunction are also important factors affecting the occurrence

and development of preeclampsia. Bifidobacterium and

Lachnospiraceae have been proven to be related to

dyslipidemia and renal dysfunction (Sun et al., 2020). This is

consistent with the results of this study. In our study, we observed

a decrease in the abundance of Bifidobacteria and an increase in

the abundance of Lachnospiraceae within the preeclampsia

group. Furthermore, these patients exhibited abnormal blood

lipid profiles and renal dysfunction.

To sum up, compared with pregnant women at different

stages of pregnancy, the blood routine-related indicators (WBC

count, N count, L count, and PLT count) of preeclampsia

pregnant women were significantly increased, the blood lipid-

related indicators (TC, TG, and LDL-C levels) were significantly

increased, while the HDL-C level was significantly decreased, the

renal function-related indicators (Cr, BUN, UA, and Pro levels)

were significantly increased, the alpha diversity was relatively

high, and the flora was relatively rich, which was the largest

difference from late pregnancy. Among them, Bacteroides and

actinomycetes have great differences at the phylum level,

Bacteroides and Bifidobacteria have great differences at the

genus level, Bacteroides uniformis and Ruminococcus Bromii

have great differences at the species level, and the difference

bacteria have a correlation with the relevant indicators of

pregnancy. However, a more extensive sample size is

necessary to conduct further investigation into these findings,

particularly in relation to the outcomes of gut microbiota.
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Modified Hongyu Decoction promotes wound healing by 
activating the VEGF/PI3K/Akt signaling pathway
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Wound healing is a considerable problem for clinicians. 
Ever greater attention has been paid to the role of Chi-
nese herbal monomers and compounds on wound heal-
ing. This study aims to elucidate the wound healing 
mechanism of Modified Hongyu Decoction (MHD) in vivo 
and in vitro. MHD wound healing activity in vivo was 
evaluated using an excision rat model. H and E staining, 
Masson’s staining and immunofluorescence of wound 
tissue on days 7 and 14 were performed to evaluate 
the efficacy of MHD on wound healing. Subsequently, 
human umbilical vein endothelial cells (HUVECs) were 
used to evaluate wound healing characteristics in vitro. 
Cell Counting Kit-8 (CCK-8) and scratch assays were con-
ducted to assess the effects of MHD on the proliferation 
and migration of HUVECs. The involvement of the VEGF/
PI3K/Akt signaling pathway was assessed by western 
blotting. The rats in the MHD group displayed more neo-
vascularization and collagen fibers. Western blotting of 
wound tissue showed that VEGF, PI3K, p-Akt and p-eNOS 
expression were significantly increased (p<0.05) in the 
MHD group. Cell Counting Kit-8 and scratch assays dem-
onstrated that MHD promoted HUVECs proliferation and 
migration. MHD treatment significantly increased VEGF, 
PI3K, p-Akt and p-eNOS expression in HUVECs (p<0.05), 
which was inhibited by LY294002. Both in vivo and in vit-
ro data indicated that MHD promotes wound healing by 
regulating the VEGF/PI3K/Akt signaling pathway.

Keywords: Modified Hongyu Decoction, wound healing, angiogen-
esis, VEGF/PI3K/Akt signaling pathway
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INTRODUCTION

Chronic and refractory wounds have become not only 
a major problem in the medical field, but also a chal-
lenge for doctors. Many factors, including chronic in-
flammation, diabetes mellitus and malignant tumors, can 
lead to delayed wound healing and even failure to heal. 
Indeed, millions globally suffer from chronic wounds. 
For example, a study from Germany in 2012 found that 
the prevalence of chronic nonhealing wounds was 1% to 
2% in the general population (Heyer et al., 2016). This 
not only affects their normal activities and reduces their 
quality of life, but also results in major social and eco-
nomic problems. Care for such conditions has been re-
ported to account for 2% to 3% of the healthcare budg-
ets in developed countries (Frykberg & Banks, 2015; 
2013; Richmond et al., 2013). Many biological agents and 
dressings, containing a variety of growth factors, have 
been used to accelerate wound healing. However, there 
are also some complications, including the need for pre-
cise dosing to avoid the potential for excess scar forma-
tion and bioavailability (Zielins et al., 2015). Additionally, 
these external treatments may cause adverse stimulation 
to the local wound, and changing wound dressings may 
cause unbearable pain for patients.

Wound healing is a dynamic and complex biological 
process, normally involving four phases: hemostasis, in-
flammation, proliferation and remodeling (Landen et al., 
2016). In the proliferative stage, neovascularization is 
an essential component of tissue repair, and also a key 
step of wound healing (Eming et al., 2014; Shiojima & 
Walsh, 2002). Protein kinase B (Akt), a serine/threonine 
kinase, is a vital signal center for a wide range of cel-
lular functions. PI3 kinase-dependent activation of Akt 
further affects the activity of several downstream path-
ways involved in cell proliferation, angiogenesis, senes-
cence, apoptosis and cellular survival (Hoke et al., 2016; 
Li & Wang, 2014). As upstream proteins of extracellu-
lar signaling, growth factors, including pro-angiogenic 
growth factors, activate many signaling pathways, includ-
ing PI3K/Akt, which modulate several cellular activities 
involved in acute wound healing and maintenance of tis-
sue homeostasis (Squarize et al., 2010). Additionally, the 
bioactivities of pro-angiogenic growth factors are closely 
related to endothelial cell chemotaxis at the proliferative 
phase of angiogenesis and subsequently normal angio-
genesis (Eming et al., 2014; Zielins et al., 2015). Among 
many pro-angiogenic growth factors, vascular endothelial 
growth factor (VEGF) is the most specific pro-angiogen-
ic growth factor of the vascular endothelium (D’Alessio 
et al., 2015). It activates the PI3K/Akt signaling pathway 
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after binding with VEGF receptor 2 (VEGFR2) on the 
cell membrane of endothelial cells, thereby participat-
ing in cell proliferation and angiogenesis (Olsson et al., 
2006).

Modified Hongyu Decoction (MHD) is composed of 
Pulsatilla chinensis, Pseudostellariae radix, Sargentodoxa cuneate, 
Patrinia scabiosaefolia, Astragali radix and Cornus officinalis. 
According to the theory of traditional Chinese medicine, 
it has the effect of clearing heat and toxic materials, ben-
efiting qi for activating blood circulation. In clinical tri-
als, MHD has been shown to have an outstanding effect 
on promoting wound healing. However, the underlying 
mechanisms have not been elucidated. Some active in-
gredients of MHD have been proved to protect wounds. 
Previous studies have reported that A. radix and its ac-
tive ingredients, such as Astragaloside IV and Astragalus 
polysaccharide, promoted wound re-epithelization and 
angiogenesis and regulated extracellular matrix remod-
eling by enhancing VEGF expression and activating the 
PI3K/Akt signaling pathway (Zhang et al., 2009; Chen 
et al., 2012; Zhao et al., 2017). Other active ingredients, 
for example, 5-hydroxymethylfurfural derived from pro-
cessed C. officinalis, protected human umbilical vein en-
dothelial cells (HUVECs) injured by high glucose and 
increased p-Akt protein expression (Cao et al., 2013). 
Additionally, an aqueous extract of Patrinia villosa induced 
Akt phosphorylation and enhanced HUVECs prolifera-
tion and migration, consequently promoting angiogen-
esis (Jeon et al., 2010). The above research indicated that 
the Akt signaling pathway may be the vital pathway for 
MHD to promote wound healing. Therefore, we investi-
gated the therapeutic effect and the mechanism of MHD 
on wound healing in vivo and in vitro models.

MATERIALS AND METHODS

MHD preparation

The raw herbs for MHD were purchased from Bei-
jing Tongrentang Co. Ltd (Beijing, China) (origin place 
of the raw herbs shown in Table S1 at https://ojs.ptbi-
och.edu.pl/index.php/abp/). P. chinensis 15 g (20180620), 
P. radix 15 g (200107), S. cuneate 30 g (20191204), P. vil-
losa 30 g (200110), A. radix 30 g (20200214) and C. offici-
nalis 15 g (20191218) were combined and submerged in 
distilled water (1000 mL) for 30 min. Subsequently, the 
mixture was extracted twice (1000 mL first followed by 
500 mL) over 1 h. After two rounds of extraction, the 
resulting mixture was filtered. The filtrate was concen-
trated until the established drug content was 1.35 g/mL. 
To prepare the MHD extract used for cell experiments, 
7.5 mL MHD (1.35 g/mL) was lyophilized using a LAB-
1A-50E freeze dryer (Biocool, Beijing, China), yielding 
2.02 g powder that was used in the in vitro study.

High-performance liquid chromatography of quadrupole 
time-of-flight mass spectrometry (HPLC-Q-TOF/MS) 
analysis of the main chemicals in MHD

For the qualitative analysis of the main ingredients 
in MHD, 0.2 mL MHD was extracted by adding 1 mL 
ethanol to a 1.5 mL tube. After 10 minutes of vortex, 
the mixture was centrifuged at 21 000×g for 5 min. The 
supernatant was collected and injected into a HPLC-Q-
TOF/MS system which contained a Shimadzu UFLC 
20ADXR system (Kyoto, Japan) and TripleTOF 5600 
mass spectrometer (AB SCIEX, USA).

For the column separation, a Waters ACQUITY™ 
BEH C18 column (1.7 μm, 2.1×50; 1.7 μm) was used, 
and the column temperature was set at 35°C. Separa-
tion was achieved using a mobile phase of 0.02% for-
mic acid-water as solvent A and acetonitrile as solvent 
B. The flow rate was 0.3 mL/min and the gradient elu-
tion program was as follows: 0–2 min, 10% solvent B; 
2–30 min, 10–90% solvent B; 30–32 min, 90% solvent 
B; 32–33 min, 90–10% solvent B; 33–35 min, 10% sol-
vent B. An aliquot of 2 μL supernatant was injected 
into this system. For the MS analysis, the elution was by 
ionization using the ESI source both in the positive and 
negative modes, which could acquire more MS data. In 
this study, the m/z scan for MS1 was set at a range of 
50–1200, and for information-dependent acquisition, the 
MS2 range was 50–1000. The other parameters used in 
this study were as follows: ion source gases 1 and 2 were 
both 50 psi, DP was set at 55 eV, EP was set at 15 ev 
and the collision energy was 15 eV.

Experimental animals

Twenty-four healthy male Sprague-Dawley (SD) rats 
(175–195 g) purchased from the Medical Center of Su-
zhou University (Suzhou, China) (certificate no. SCXK 
(Su) 2017-0001) were used in this study. Before the ex-
periments, all rats were adaptively fed for one week in 
polyethylene boxes with free access to autoclaved water 
and diet under controlled temperature (25°C) and a 12-h 
light/12-h dark cycle. All experiments were performed in 
adherence to the guidelines of the Institutional Animal 
Care and Use Committee of China and were approved 
by the Ethical Committee of Zhangjiagang TCM Hospi-
tal Affiliated to Nanjing University of Chinese Medicine 
(2021-08-89).

Incisional wound rat model and treatment

The rats were randomly assigned to the following four 
groups (n=6 rats/group): control group, recombinant 
bovine basic fibroblast growth factor (rb-bFGF) group 
(as the positive group), low-dose MHD (L-MHD) group, 
high-dose MHD (H-MHD) group. All rats were weighed 
and subsequently anesthetized by intraperitoneal admin-
istration of 2% pentobarbital sodium (30 mg/kg). The 
dorsal hair was shaved, the shaved area was disinfected 
with 75% alcohol and 2 cm-diameter full-thickness skin 
wounds were produced on the dorsum in the midline of 
the backs. The skin wound lost the epidermis, most of 
the dermis, the fat, and the panniculus carnosus-expos-
ing the fascia layer (Amin et al., 2015).

After surgery, surgical dressing was applied to the rats 
and the animals were maintained in individual cages. The 
L-MHD group was given 6.975 g/kg MHD, while the 
H-MHD group received 13.95 g/kg MHD by intragas-
tric administration once daily. In the rb-bFGF group, 
each skin wound was topically given rb-bFGF (150 AU/
cm2, Zhuhai Essex Bio-Pharmaceutical Co., Ltd, Guang-
dong, China) three times daily. On days 7 and 14, three 
rats in each group were euthanized by overdose anes-
thesia (Li et al., 2015), and the wound granulation tissue, 
liver and kidney were excised from each rat. A portion 
of the harvested tissue was immediately stored in liquid 
nitrogen, and the remaining tissue, liver and kidney were 
maintained in 10% buffered formalin for the following 
tests.
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Wound contraction assay

On days 0, 3, 7, 10 and 14 after injury, an image of 
each wound area was obtained and measured. The per-
centage of wound contraction was calculated by the fol-
lowing equation (Amin et al., 2015): wound contraction 
= (initial wound area − present wound area)/(initial 
wound area) ×100%.

Histological analysis

The wound tissues, liver and kidney tissues collected 
at different time points, and livers and kidneys collected 
after rats sacrificed in each group were fixed with 10% 
formalin, dehydrated, embedded in paraffin and cut into 
5 μm sections. Hematoxylin and Eosin (H&E) staining 
and Masson trichrome staining were performed using 
staining kits (Solarbio Technology Co., Ltd, Beijing, Chi-
na) according to the manufacturer’s instructions. Wound 
healing characteristics, including new epithelium, granula-
tion tissue and collagen deposition, were observed under 
an inverted microscope (Olympus CX43). Organ sec-
tions were stained with H&E for toxicity evaluation.

Immunofluorescence staining

Paraffin sections of wound tissue from days 7 and 
14 were dehydrated with xylene and gradient ethanol 
and subsequently repaired with sodium citrate. Follow-
ing three washes with 0.3% Triton in PBS to rupture 
the cell membranes, sections were blocked with immu-
nofluorescence blocking solution for 1 hour at room 
temperature and incubated with CD31 (ab28364, 1:50, 
Abcam), α-SMA (#19245, 1:50, CST), VEGFR2 (#9698, 
1:800, CST), CD34 (ab81289, 1:100, Abcam) antibod-
ies overnight at 4°C. Subsequently, the sections were 
incubated with secondary antibodies, including Alexa 
Fluor 488 donkey anti-rabbit IgG antibody (Invitrogen, 
Carlsbad, USA) and Alexa Fluor 555 donkey anti-mouse 
IgG antibody (Invitrogen, Carlsbad, USA), for 1 hour at 
room temperature at a dilution of 1:800. Finally, slides 
were counterstained with DAPI for 10 min and were 
observed with a laser confocal microscope (Olympus, 
CKX53), with images obtained using LAS X software 
(Qimaging, USA).

Cell culture and treatment

Human umbilical vein endothelial cells (HUVECs) 
were purchased from FUHENG Biotechnology Co., Ltd 
(Shanghai, China) and identified by the American Type 
Culture Collection (ATCC; Manassas, VA, USA). The 
cells were cultured in Endothelial Cell Medium (ECM; 
FUHENG Biotechnology Co., Ltd, Shanghai, China) 
supplemented with penicillin (100 U/mL), streptomycin 
(100 μg/mL) and 15% (v/v) fetal bovine serum (FBS; 
Beijing Biological Industries Co., Ltd, China) and main-
tained at 37°C under 5% CO2. After 3 passages, the cells 
were used for the experiments.

HUVECs were incubated with different MHD con-
centrations for 24 h. For blocking assay, HUVECs were 
treated with different concentrations of general PI3K/
Akt inhibitor LY294002 (Sigma).

Cell proliferation assay

Cell proliferation was determined using the cell count-
ing kit-8 (CCK-8) kit (MedChemExpress LLC, NJ, USA) 
according to the manufacturer’s instructions. HUVECs 
(2×104 cells, 100 μL per well) with ECM containing 
15% FBS were seeded in 96-well plates and incubated 

for 24 hours at 37°C under 5% CO2. The culture me-
dium was replaced by ECM with 15% FBS and differ-
ent MHD concentrations. For the control group, cells 
were continued incubation with ECM containing 15% 
FBS. The MHD concentrations were as follows: 0.1  μg/
mL, 1 μg/mL, 5 μg/mL, 10 μg/mL, 50 μg/mL, 75 μg/
mL, 100 μg/mL, 200 μg/mL, and 500 μg/mL. Fol-
lowing incubation at 37°C under 5% CO2. After incu-
bation of 24  hours, the CCK-8 solution was added to 
each well and incubated at 37°C in humidified 95% air 
and 5% CO2 for a further 1 hour. The absorbance was 
determined at 450 nm for each well using a Microplate 
Reader (Bio-Rad, Hercules, CA, USA).

Scratch assay

The effect of MHD on HUVECs migration was as-
sessed by the scratch assay (Liang et al., 2007). HUVECs 
in ECM with 15% FBS were seeded into six-well plates 
(2×105 cells/well) and incubated at 37°C under 5% CO2. 
When the cells reached approximately 80% confluence, 
three vertical scratch lines were made in each well us-
ing a 200 μL pipette tip, and cell debris was immediately 
washed out with phosphate-buffered saline (PBS). Subse-
quently, serum-free ECM (control) and serum-free ECM 
with MHD (5 μg/mL, 10 μg/mL, 25 μg/mL or 50 μg/
mL) were added to the corresponding wells for 24 h of 
incubation at 37°C and 5% CO2. Images of the scratches 
from the same areas in each well were obtained at 0 and 
24 hours, respectively, using an inverted microphoto-
graph (Olympus CX43, Tokyo, Japan) at a magnification 
of 40×. The scratch area was measured using the Image-
J software (NIH, USA).

Western blot

Wound tissues or HUVECs were lysed using lysis 
buffer with RIPA Lysis Buffer, Phenylmethanesulfonyl 
fluoride (PMSF), Ethylene Diamine Tetraacetic Acid 
(EDTA) and protease and phosphatase inhibitor. To-
tal protein concentrations were then quantified using 
the BCA protein assay kit (Thermo Fisher Scientific, 
Waltham, USA). Subsequently, equal amounts of pro-
teins were separated by 10% sodium dodecyl sulfate-po-
lyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to polyvinylidene difluoride membranes (Millipore, 
Burlington, MA, USA) using a transfer system (Bio-Rad). 
After blocking in blocking solution for 1 hour at room 
temperature, the membranes were incubated overnight at 
4°C with primary antibodies diluted in primary antibody 
dilution buffer, followed by incubation with the horse-
radish peroxidase-conjugated secondary antibodies for 1 
hour at 37°C. The antibodies included anti-phosphoryl-
ate Akt (p-Akt, #4060, 1:1000, CST), anti-Akt (#4685, 
1:1000, CST), PI3K (#4249, 1:1000, CST), VEGFR2 
(#9698, 1:1000, CST), anti-phospho-eNOS (p-eNOS, 
ab215717, 1:1000, Abcam), anti-β-actin (ab8227, 1:5000, 
Abcam), horseradish peroxidase-conjugated anti-rabbit 
IgG (1:5000) and anti-mouse IgG (1:5000). Immunosig-
nals were detected using a chemiluminescence detection 
kit (Millipore, Burlington, MA, USA) and a gel imaging 
system (Tanon Science&Technology Co., Ltd., Shanghai, 
China). β-actin was used as an internal reference. The 
signal intensity was quantified using Image-J software.

Statistical analysis

For statistical analysis, all data values were analyzed 
and calculated using GraphPad Prism 8.0 (GraphPad 
Software Inc., San Diego, CA, USA) and expressed as 
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mean ± standard error of the mean (SEM) of three de-
terminations. The data analysis was performed by one-
way analysis of variance (ANOVA) followed by Dun-
nett’s test, and p<0.05 was considered statistically signifi-
cant.

RESULTS

HPLC-Q-TOF/MS analysis of MHD

MHD consists of six herbs that are commonly used 
in China. For the qualitative analysis of the MHD, we 
constructed an in-house component library of the MHD, 
then we compared the MS1 and MS2 data with the lit-
erature or the standard solutions. Figure 1 shows the to-
tal ion chromatography of the standards and the MHD. 
The main chemical components in MHD detected by 
HPLC–Q-TOF/MS are shown in Table S2 at https://
ojs.ptbioch.edu.pl/index.php/abp/.

Changes in body weight and hepatorenal toxicity in 
rats after MHD administration

During the entire experiment, the body weight of all 
the rats increased gradually. There was no significant dif-
ference in body weight among the four groups, which 

demonstrated that MHD did not affect body weight 
(Fig.  2A). H&E staining of rats’ liver and kidneys 
showed that, compared with the control group, there 
were no significant pathological changes in the MHD 
treatment groups, which indicated that MHD has no 
hepatorenal toxicity (Fig. 2B).

MHD promoted wound healing in vivo

The wound areas of rats were observed, and images 
were obtained on days 0, 3, 7, 10 and 14. The repre-
sentative images were combined and are presented in 
Fig.  3A. It was clear that the wound area in the four 
groups gradually decreased with time, indicating that the 
wounds were gradually healing. On day 7, the wound ar-
eas in the H-MHD and rb-bFGF groups were smaller 
than those in the control and L-MHD groups. On day 
14, the wound areas in the H-MHD and rb-bFGF groups 
were almost healed, while the wound areas in the control 
and L-MHD groups were still apparent (Fig.  3A). Then, 
the wound areas were measured, and wound contraction 
of the designated days was plotted against post wound-
ing days, as shown in Fig. 3B. From days 3 to 14, the 
percentages of wound contraction in the control group 
were respectively: 9.75%, 50.83%, 63.83% and 82.25%; 
and in the L-MHD group were respectively: 11.84%, 
46.66%, 58.07% and 87.96%; H-MHD group were re-
spectively: 11.84%, 77.94%, 93.18% and 99.52%; and 
the rb-bFGF group were respectively: 20.89%, 77.93%, 
87.26% and 99.11%. On days 7, 10 and 14, the percent-
ages of wound contraction in the H-MHD and rb-bFGF 
groups were significantly increased compared with the 
control and L-MHD groups. There was no significant 
difference in the percentages of wound contraction be-
tween the H-MHD and rb-bFGF groups (Fig. 3B). In 
general, MHD treatment promoted wound healing in 
rats.

MHD improved wound granulation tissue in vivo

H&E staining showed less inflammatory infiltration in 
the rb-bFGF and H-MHD groups compared with the 
control and L-MHD groups on day 7 (Fig. 4A). On day 
14, epithelial layer regeneration in the H-MHD group 

Figure 1. Total ion chromatography of the standards and the Modified Hongyu Decoction (MHD) in negative/positive mode by 
HPLC-Q-TOF/MS.

Figure 2. Changes in body weight and hepatorenal toxicity in 
rats after Modified Hongyu Decoction (MHD) administration. 
(A) The body weight of each group was increased with time. (B) 
Representative images of H&E staining in the liver and kidney of 
each group were observed on days 7 and 14 (40× magnification, 
scale bar=100 μm).
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was thicker and more complete than in the other groups 
(Fig. 4A). Masson’s staining revealed more collagen fib-
ers in the wounds treated with rb-bFGF or H-MHD 
than the control and L-MHD groups on both days 7 
and 14 (Fig. 4B). These data indicated that H-MHD was 
almost comparable with rb-bFGF in promoting wound 
closure, particularly during the later wound healing stage. 
In conclusion, MHD significantly increased wound clo-
sure in rats in a dose-dependent manner.

MHD enhanced angiogenesis in the wound areas of 
rats

The quantification of new blood vessel density was 
defined as the ratio of the number of VEGFR2-, CD31-, 
CD34- and α-SMA-positive staining to DAPI per field. 
As shown in Fig. 5, both on days 7 and 14, the num-
ber of VEGFR2-, CD31-, CD34- and α-SMA-positive 
staining were rarely observed in the control and L-MHD 
groups, whereas significantly more positive staining was 
seen in the rb-bFGF and H-MHD groups (Fig. 5A–B). 
The quantification showed that both rb-bFGF and H-
MHD augmented the production of VEGFR2, CD31, 
CD34 and α-SMA in the wound areas in rats, and there 

was no significant difference between these two groups 
(Fig. 5C–D). The results demonstrated that MHD could 
enhance angiogenesis in the wound areas of rats.

MHD activated the VEGF/PI3K/Akt signaling  
pathway in vivo

To investigate molecular mechanisms underlying the 
therapeutic efficacy of MHD on dorsal full-thickness 
excisional wounds in rats, we evaluated the expression 
of proteins related to the VEGF/PI3K/Akt signaling 
pathway by western blotting. Both on days 7 and 14, the 
protein expression levels of VEGFR2, PI3K, p-Akt and 
p-eNOS in the H-MHD and rb-bFGF groups were sig-
nificantly (p<0.05) higher than those in the control and 
L-MHD groups, whereas no significant differences were 
observed between the H-MHD and rb-bFGF groups 
(Fig. 6A–B). These results demonstrated that H-MHD 
activated the VEGF/PI3K/Akt signaling pathway in vivo.

MHD promoted HUVECs proliferation and migration

To determine the effect of MHD on the prolifera-
tion and migration of HUVECs, the CCK-8 assay, and 

Figure 3. Modified Hongyu Decoction (MHD) promoted wound healing in vivo. 
(A) Representative images of wound areas in each group on days 0, 3, 7, 10 and 14. (B) Percentage of wound contraction of the different 
groups on days 0, 3, 7, 10 and 14; n=3, *p<0.05, **p<0.01, compared with the control group.
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scratch assay were performed. The results showed that 
MHD promoted HUVECs proliferation in a concen-
tration-dependent manner, and that the most potent 
stimulation was at 50 μg/mL (p<0.001) (Fig. 7A). As 
shown in Fig. 7B–C, the migration areas at 24 h at lower 
MHD concentrations (5 and 10 μg/mL) were respec-
tively 18.30% and 20.03%, which was similar to that of 
the control group (11.42%) (Fig. 7B). Treatment with 25 
μg/mL MHD clearly (p<0.05) reduced the wound width 
(31.62%), while treatment with 50 μg/mL MHD exten-
sively (p<0.001) diminished the wound area (68.83%) 
at 24 h (Fig. 7B). 25 and 50 μg/mL MHD groups in-
creased the migration rate of HUVECs compared with 5 
and 10 μg/mL MHD groups (Fig. 7B). These data indi-
cated that MHD accelerated the proliferation and migra-
tion of HUVECs in a concentration-dependent manner.

MHD activated the VEGF/PI3K/Akt signaling pathway in 
HUVECs

HUVECs were incubated with different MHD con-
centrations for 24 h, and the protein expressions related 

to the VEGF/PI3K/Akt signaling pathway were detect-
ed by western blot. MHD treatment increased the pro-
tein expression of VEGFR2, PI3K, p-Akt and p-eNOS 
of HUVECs in a concentration-dependent manner. 
The protein expressions of VEGFR2, PI3K, p-Akt and 
eNOS in the 50 μg/mL MHD treatment group were 
the highest among all concentrations of MHD groups 
(Fig.  8A).

Then, we observed the effects of different treat-
ment times on the protein expression. The expression 
of VEGFR2, PI3K, p-Akt and p-eNOS protein at 5-30 
min was increased in a time-dependent manner, while 
the expressions of protein were decreased at 60-120 min. 
The expressions of VEGFR2, PI3K, p-Akt and p-eNOS 
protein at 30 min of the treatment group were highest 
among all groups (Fig. 8B). Overall, these results indicat-
ed that MHD activated the VEGF/PI3K/Akt signaling 
pathway in HUVECs.

Figure 4. MHD improved wound granulation tissue in vivo. 
(A) H&E staining was used to observe the wound tissues of each group on days 7 and 14 (upper: 40× magnification, scale bar=100 μm; 
lower: 200× magnification, scale bar=20 μm)n =3. (B) Masson’s trichrome staining was used to analyze the changes in wound tissues of 
each groups on days 7 and 14 (upper: 40× magnification, scale bar=100 μm; lower: 200× magnification, scale bar=20 μm) n=3.
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LY294002 reversed the effect of MHD on VEGF/PI3K/Akt 
signaling pathway in HUVECs

To further determine whether the angiogenic activity 
of MHD occurred through the Akt signaling pathway, 

LY294002 (a PI3K inhibitor) was used. After different 
concentrations of LY294002 treatment, the expression 
of PI3K, p-Akt, and p-eNOS were inhibited in a con-
centration-dependent manner, and the protein expres-
sion was significantly decreased after 20 μM and 50 μM 

Figure 5. Modified Hongyu Decoction (MHD) enhanced angiogenesis in the wound areas of rats. 
(A–B) CD31, VEGF, CD34 and α-SMA immunofluorescence staining of wound sections on days 7 and 14 (200× magnification, scale 
bar =100 μm) (C–D) Quantitative analysis of fluorescence intensity in CD31, VEGF, CD34 and α-SMA; n=3, *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001, compared with the control group.

Figure 6. Modified Hongyu Decoction (MHD) activated the VEGF/PI3K/Akt signaling pathway in vivo. 
(A–B) VEGFR2, PI3K and phosphorylation Akt (p-Akt) and eNOS in vivo on day 7 (A) and day 14 (B) were measured by western blot. Data 
shown in the graphs are representative of the mean ± SEM; n=3, *p<0.05, **p<0.01, ***p<0.001, compared with the control group.
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LY294002 treatment compared with 0 μM LY294002 
(Fig. 9A). Then, 20 μM LY294002 was added to MHD 
treated HUVECs. MHD treatment increased the PI3K, 
p-Akt and p-eNOS protein expression and the p-Akt/

Akt ratio in HUVECs. While LY294002 reversed the in-
creasing of PI3K, p-Akt and p-eNOS protein expression 
and the p-Akt/Akt ratio induced by MHD (Fig. 9B). 
The results indicated that angiogenic activity of Modi-

Figure 7. MHD promoted HUVECs proliferation and migration. 
(A) HUVECs were incubated with different Modified Hongyu Decoction (MHD) concentrations (0.1–500 μg/mL) for 24 h. The concentra-
tion-dependent effect of MHD on cell proliferation was determined by the CCK-8 assay; n=3, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, 
compared with the control group. (B–C) The wounds of HUVECs were created and then treated with MHD at 5–50 μg/mL for 24 h. The 
images were obtained at the same positions at time 0 h and after 24 h treatment with MHD (40× magnification, Scale bar = 100 μm), 
and cell migration rate was assessed by measuring the distance between the wound edges; n=3, *p<0.05, ****p<0.0001, compared with 
the control group.

Figure 8. Modified Hongyu Decoction (MHD) activated the VEGF/PI3K/Akt signaling pathway in HUVECs. 
(A–B) The effects of varying concentration (A, 5–50 μg/mL MHD for 30 min) and time (B, 50 μg/mL MHD for 5–120 min) of MHD on 
protein expression of VEGFR2, PI3K and p-Akt, Akt and p-eNOS in HUVECs were determined via western blot assay. Values shown are 
expressed as means ± SEM, n=3. For A, *p<0.05, **p<0.01 compared with the 0 μg/mL; For B, *p<0.05, **p<0.01, ***p<0.001, compared with 
the PBS group.
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fied Hongyu Decoction (MHD) was responsible for the 
VEGF/PI3K/Akt signaling pathway.

DISCUSSION

When a wound occurs, granulation tissue composed 
of new ECM, newly formed blood vessels and fibro-
blasts will fill the wound bed (Gurtner et al., 2008). Neo-
vascularization can provide oxygen and nutrition for the 
cells in the wound to maintain fibroblast proliferation, 
collagen synthesis and reepithelization (Zhang et al., 
2016a; Eming et al., 2014), which is essential in wound 
healing. VEGF is a powerful stimulator of angiogenesis, 
which directly induces the proliferation and migration of 
endothelial cells (Simons et al., 2016; Breen, 2007). It is 
considered to be the key signal molecule of angiogenesis 
during wound healing (Barrientos et al., 2008). VEGF 
exerts biological effects by binding and activating VEG-
FR2 on the cell membrane (Terman et al., 1992; Eremi-
na & Quaggin, 2004), after which several downstream 
signaling pathways, including the PI3K/Akt, IP3/Ca2+/
eNOS/NO, FAK, p38 mitogen-activated protein kinase 
and RAS/RAF-MEK/ERK pathways, can be activated 
(Olsson et al., 2006). Therefore, the PI3K/Akt pathway 
is defined to be a VEGF-related signaling pathway (Xu 
et al., 2014; Peng et al., 2016b; Ewald et al., 2014; Peng 
et al., 2016a), and it is the central pathway to control the 
angiogenesis process of endothelial cells (Somanath et al., 
2006). Previous studies have shown that the PI3K/Akt 
signaling pathway is essential for the epithelial-mesen-
chymal transition and keratinocyte migration, and when 
dysfunctional, leads to compromised wound healing (Lee 
et al., 2012). Our study confirmed that MHD promotes 
wound healing by activating the VEGF/PI3K/Akt path-
way in vitro and in vivo.

In the in vivo experiments, we observed that a high 
MHD dose promoted wound contraction, and the ef-
fect was equivalent to the rb-bFGF group. Histological 

analysis of wound tissues by H&E and Masson’s stain-
ing confirmed that both the high MHD dose and rb-
bFGF could decrease the number of inflammatory cells, 
facilitate granulation tissue formation and stimulate new 
blood vessels and collagen fiber formation. Moreover, 
H&E staining of the liver and kidney showed that MHD 
displayed no hepatorenal toxicity. We also labeled the 
markers of neovascular endothelial cells, such as VEGF, 
CD31, CD34 and α-SMA, using immunofluorescence. 
VEGF is an angiogenic factor which has high-efficiency 
and specific targeting characteristics for endothelial cells, 
and is closely associated with angiogenesis (Breen, 2007). 
It plays a key role in the initiation of angiogenesis and 
participates in the proliferation, migration, adhesion and 
permeability of vascular endothelial cells and other vas-
cular wall components. VEGF promotes angiogenesis 
not only in physiological processes but also in inflam-
mation, tumor, trauma and other conditions. CD31 is 
used to label endothelial cells and is expressed in nor-
mal blood vessels (Lertkiatmongkol et al., 2016). CD34 
is a type I transmembrane glycoprotein, which is also 
widely used to label vascular endothelial cells (Lanza et 
al., 2001). α-SMA is mainly expressed in vascular smooth 
muscle cells and constitutes the contractile system of the 
vascular wall (Shinde et al., 2017). The results showed 
that VEGF, CD31, CD34 and α-SMA in the high MHD 
dose and rb-bFGF were greater than in the control 
group. These results confirmed that MHD promotes 
wound healing by stimulating angiogenesis.

Previous studies suggested that traditional Chinese 
medicine and extracts, including Panax ginseng, Angelica 
sinensis, A. radix, Cinnamomum cassia and Salvia miltiorrhiza 
among others, could be used as therapeutic agents for 
wound repair by stimulating angiogenesis and collagen 
synthesis (Majewska & Gendaszewska-Darmach, 2011). 
These effects were achieved by activating the VEGF/
PI3K/Akt signaling pathway. A number of their mon-
omer components have been shown to be involved in 

Figure 9. LY294002 reversed the effect of MHD on the VEGF/PI3K/Akt signaling pathway in HUVECs. 
(A) HUVECs were incubated with different concentrations of LY294002 (0.1–50 μM) for 24 hours, and the protein expression of PI3K, p-
Akt, Akt and p-eNOS was detected by western blot assay. n=3, *p<0.05, **p<0.01, compared with the 0 μM group. (B) HUVECs were incu-
bated with LY294002 (20 μM) before the exposure to MHD (50 μg/mL)After 24 hours of incubation, the protein expression of PI3K, p-Akt, 
Akt and p-eNOS was detected by western blot assay. n=3, *p<0.05, **p<0.01, compared with the untreated cells; ##p<0.01, ###p<0.001, 
####p<0.0001, compared with MHD-treated cells.
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promoting wound healing by regulating the PI3K/Akt 
signaling pathway. For example, cinnamaldehyde was re-
ported to promote angiogenesis and wound healing by 
upregulating the PI3K signaling pathway (Yuan et al., 
2018). One of the active ingredients of MHD, astraga-
loside IV, has also been reported to significantly stimu-
late angiogenesis through the PI3K/Akt signaling path-
way (Zhang et al., 2011). Using western blotting, we also 
found that a high MHD dose increased VEGF secretion, 
activated PI3K and induced the phosphorylation of Akt 
and its downstream target eNOS, thus promoting new 
blood vessel formation. There are also some reports in 
the literature about the effect of compounds on wound 
healing. For example, Danggui Buxue extract-loaded li-
posomes in thermosensitive gel enhanced in vivo dermal 
wound healing via activation of the VEGF/PI3K/Akt 
and TGF-β/Smads signaling pathways (Cui et al., 2017). 
These studies were similar to our results and demon-
strated that MHD has the potential to promote angio-
genesis through the VEGF/PI3K/Akt signaling pathway 
and is beneficial for wound healing.

HUVECs are frequently used as an in vitro model of 
angiogenesis, as angiogenesis requires endothelial cell mi-
gration and morphogenesis (Li et al., 2017). In this study, 
we also investigated the effect of MHD on HUVECs. 
In the CCK-8 and scratch assays, MHD promoted HU-
VECs proliferation and migration. Previous studies have 
also shown that some of the components of MHD, in-
cluding P. villosa (Cao et al., 2013), C. officinalis (Jeon et al., 
2010) and Astragalus (Lai et al., 2014), stimulate HUVEC 
proliferation and migration and increase HUVECs viabil-
ity, with which our results were consistent. By western 
blotting, we demonstrated that MHD promoted VEGF 
secretion and activated the PI3K/Akt signaling pathway 
in both a concentration-dependent and time-dependent 
manner. One of the active ingredients of MHD, Astra-
galus polysaccharides, has been reported to promote vascu-
lar endothelial cell proliferation and repair by activating 
the PI3K/Akt signaling pathway (Zhang et al., 2016b). 
Additionally, astragaloside IV was also observed to dis-
play an angiogenic effect on endothelial cells, which was 
reversed by LY294002 (Zhang et al., 2011). Similarly, we 
also used LY294002 to inhibit the PI3K/Akt signaling 
pathway and found that PI3K, p-Akt, and p-eNOS were 
significantly reduced in the MHD+LY294002 group 
compared with alone MHD group. This indicated that 
the MHD promotion of HUVECs proliferation depends 
on the activation of the PI3K/Akt signaling pathway.

While MHD is effective in clinical application, it is, 
however, a compound composed of a variety of natu-
ral medicinal plants. Therefore, the VEGF/PI3K/Akt 
signaling pathway may not be the only mechanism of 
its effect on promoting wound healing. Further potential 
molecular mechanisms need to be investigated. Besides, 
the limited number of rats used is also a shortage in our 
study. More animals should be considered in the follow-
ing research.

CONCLUSIONS

This study showed that MHD significantly promotes 
wound healing by activating the VEGF/PI3K/Akt sign-
aling pathway. Our study not only helps to explain the 
mechanism of MHD, but it also provides ideas for the 
development of new methods to improve wound heal-
ing.
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Chrysophanol ameliorates oxidative stress and pyroptosis in 
mice with diabetic nephropathy through the Kelch-like ECH-
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Diabetic nephropathy (DN), a microvascular complica-
tion of diabetes, increases the risk of all-cause diabe-
tes and cardiovascular mortalities. Moreover, oxidative 
stress and pyroptosis play important roles in the patho-
genesis of DN. Rhubarb is widely used in traditional 
medicine, and chrysophanol (Chr), a free anthraquinone 
compound abundant in rhubarb, exhibits potent antioxi-
dant properties and ameliorates renal fibrosis. Therefore, 
this study aimed to investigate the effects of Chr on re-
nal injury, oxidative stress, and pyroptosis in mice with 
DN. A DN model was established by feeding the mice a 
high-sugar and fat diet and injecting them with 50 mg/
kg streptozotocin as a positive control. The DN mice 
had significantly impaired renal function, thickened glo-
merular thylakoids and basement membranes, increased 
fibrous tissue, and inflammatory cell infiltration. Super-
oxide dismutase (SOD) levels were reduced, malondial-
dehyde (MDA) levels were increased, interleukin (IL)-1β 
and IL-18 increased, and cleaved caspase-1, caspase-1, 
and gasdermin D (GSDMD) involved in the process of 
pyroptosis were upregulated in DN. Kelch-like ECH-as-
sociated protein 1 (Keap1) expression was upregulated, 
and nuclear factor erythroid 2-related factor 2 (Nrf2) ex-
pression was downregulated. Compared to those in the 
DN group, the Chr-treated mice with DN had improved 
renal dysfunction, weakened glomerular thylakoid and 
basement membrane thickening, and reduced fibrous 
tissue proliferation and inflammatory cell infiltration. 
Additionally, Chr increased SOD levels, decreased MDA, 
IL-1β, and IL-18, down-regulated caspase-1, cleaved cas-
pase-1, GSDMD, and Keap1 expression, and upregulated 
Nrf2 expression, which reversed the DN. Therefore, Chr 
reduced oxidative stress and pyroptosis in DNmice by 
activating the Keap1/Nrf2 pathway.

Keywords: Diabetic nephropathy, Chrysophanol, Keap1/Nrf2 path-
way, Oxidative stress, Pyroptosis
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INTRODUCTION

Diabetic nephropathy (DN) is the most common and 
serious microvascular complication of diabetes. More 
than 15–40% of patients with diabetes mellitus develop 
DN during their lifetime. Moreover, DN affects patients’ 
quality of life and increases the risk of all-cause diabe-
tes and cardiovascular mortality (Afkarian et al., 2013). 
Furthermore, DN is characterized by progressive re-
nal impairment with the onset of glomerular basement 
membrane thickening and widening of the thylakoid 
matrix (Tervaert et al., 2010). This is followed by trace 
urine protein, hypertension, edema, renal insufficiency, 
and even renal failure, leading to end-stage renal disease 
(ESRD) (Hirawa et al., 2001; Sagoo & Gnudi, 2020).

The glomerular filtration barrier comprises podocytes, 
which are highly differentiated glomerular epithelial cells, 
and kidney diseases linked to diabetes may result from 
damage to podocytes (Lin et al., 2020). Cell death, in-
cluding apoptosis, necrosis, autophagy, pyroptosis, and 
ferroptosis, has been observed in the process of DN 
(Sifuentes-Franco et al., 2018; Al Mamun et al., 2021; 
Chen et al., 2021). Pyroptosis is a newly discovered form 
of programmed cell death that has recently attracted in-
creasing attention. In contrast to apoptosis, pyroptosis 
is a lysis and inflammatory death dependent on inflam-
matory vesicles and cystatinases and is characterized by 
plasma membrane rupture, cell swelling, and dissolu-
tion, which is mediated by the gasdermin D (GSDMD) 
protein family (Shi et al., 2017). Evidence suggests that 
oxidative stress and inflammation play key roles in the 
development of DN. Chronic hyperglycemia in patients 
with diabetes is thought to trigger a downstream cascade 
response. Excessive production of reactive oxygen spe-
cies (ROS) in podocytes under high-glucose conditions 
can activate nucleotide-binding domain, leucine-rich–
containing family, pyrin domain-containing-3 (NLRP3) 
to induce podocyte scorching, whereas mitochondrial au-
tophagy can regulate cellular homeostasis and modulate 
ROS production (Lin et al., 2019; Qiu et al., 2019; Xiao-
dong & Xuejun, 2022). Podocytes have a huge energy 
requirement to maintain adequate mitochondrial num-
bers and normal function; thus, they are more vulnerable 
to mitochondrial damage (Gujarati et al., 2020; Su et al., 
2020a). 

Rhubarb is a common traditional Chinese medicine 
widely used in treating many diseases related to the 
circulatory, digestive, endocrine, respiratory, and skel-
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etal systems, as well as infectious diseases (Rokaya et 
al., 2012). Chrysophanol (Chr) is a natural anthraqui-
none component isolated from Rhubarb spp and is also 
known as chrysophanic acid and 1,8-dihydroxy-3-methyl-
anthraquinone. Recent reports have demonstrated that 
Chr has many beneficial effects, such as anti-inflammato-
ry, anticancer, antidepressant, and neuroprotective (Su et 
al., 2020b). Renal fibrosis is effectively improved by Chr 
as the NKD2/NF-κB pathway is inhibited (Gu et al., 
2022). Additionally, Chr alleviates cisplatin-induced ne-
phrotoxicity by simultaneously inhibiting oxidative stress, 
apoptosis, and inflammation (Ma et al., 2021). Ovarian 
cancer cell death is induced by Chr which also inhibits 
cancer invasiveness via mitochondrial calcium overload 
(Lim et al., 2018). Significant evidence suggests that Chr 
has strong antioxidant and ameliorating effects on renal 
fibrosis. However, the Chr function in DN progression 
remains unknown.

Nuclear factor erythroid 2- related factor 2 (Nrf2) and 
the endogenous inhibitor, Kelch-like ECH-associated 
protein 1 (Keap1), are ubiquitous and evolutionarily con-
served intracellular defense mechanisms that regulate the 
redox imbalance caused by oxidative stress (Yang et al., 
2013; Bellezza et al., 2018). However, Nrf2 can form an 
inactive complex with Keap1, which controls the sub-
cellular localization and steady-state level under normal 
physiological conditions. Activation of the Nrf2 signal-
ing pathway downregulates high glucose-induced ROS 
levels and podocyte apoptosis. When Nrf2 expression is 
downregulated, podocytes exposed to high glucose levels 
exhibit severe mitochondrial dysfunction (Zhang et al., 
2018). 

Benazepril is considered an effective drug for treat-
ing DN because the medication reduces kidney volume 
and alleviates DN-associated pathological changes (Xue 
et al., 2017). In the present study, we evaluated the re-
nal pathology of mice with DN, and blood samples were 
tested for blood glucose, oxidative stress, and pyrogenic 
levels to assess the effect of Chr, which provides a fur-
ther understanding of the protective mechanisms of Chr 
in DN. 

MATERIALS AND METHODS

Animal protocols

C57BL/6 mice (6 weeks old, males) were obtained 
from the Chengdu Dossy Experimental Animals Com-
pany, China. The mice were randomized into six groups 
(seven mice per group): control, DN, DN + 2.5 mg 
Chr, DN + 5 mg Chr, DN + 10 mg Chr, and DN + 
benazepril. The control and DN groups were adminis-
tered 0.9% saline, and the DN + 2.5 mg Chr, DN + 
5 mg Chr, and DN + 10 mg Chr groups were admin-
istered with Chr at a dose of 2.5, 5, and 10 mg/kg/d, 
respectively. The benazepril group was administered 
benazepril at 1 mg/kg/d (Zhao et al., 2016; Dou et al., 
2020; Ma et al., 2021). All the mice were placed in an 
animal room without specific pathogens and under con-
trolled temperature (24°C±1°C) and humidity (50–70%). 
The mice were adapted to a 12-h light and 12-h dark 
cycle. The control group was fed standard pellet feed, 
and the remaining mice were fed high-sugar and high-
fat diets for six weeks. They were then injected with 50 
mg/kg streptozotocin (STZ) to establish a DN model. 
Fasting blood glucose levels >7.0 mmol/L were con-
sidered to indicate an incidence of diabetes. When the 
model was successfully established, Chr gavage was ad-

ministered for eight weeks. Benazepril was used as the 
positive control. All experiments were performed by the 
guidelines for the care and use of laboratory animals. 
The kidneys of the mice were weighed, and kidney-to-
body weight ratios (KBWR) were calculated based on 
the weight of the mice. All experimental procedures and 
protocols were approved by the Medical Ethical Com-
mittee of West China Hospital of Sichuan University 
(20230829001).

Renal function evaluation

After eight weeks of drug treatment, the mice were 
fasted overnight. All the mice were intraperitoneally in-
jected with 1% sodium pentobarbital. Whole blood was 
centrifuged (12 000 rpm, 4°C, 15 min) to obtain serum. 
A fully automatic biochemical analyzer, Hitachi 7600-
110, was used to measure serum creatinine (Scr), blood 
urea nitrogen (BUN), and 24-hour urine protein levels. 

Hematoxylin and eosin (H&E) and MASSON trichrome 
staining

Masson trichrome and H&E staining were performed 
as described previously (Wang et al., 2022). After execu-
tion of the mice, kidney samples were isolated and fixed 
in paraformaldehyde for 24 h, subsequently embedded in 
paraffin, and sectioned (4–5 μm). Tissue sections were 
stained with H&E and Masson trichrome stains. 

Enzyme‐linked immunosorbent assay (ELISA)

After eight weeks of drug treatment, the samples of 
kidney cortex from each group of mice were collected, 
homogenized in 0.05% phosphate-buffered saline (PBS), 
and centrifuged at 2500 rpm for 20 min. Anti-interleukin 
(IL)-1β and anti-IL-18 were purchased from R&D (Min-
neapolis, MN, USA). The supernatant was collected, and 
the levels of IL-1β and IL-18 were detected using cor-
responding ELISA kits according to the manufacturer’s 
instructions.

Determination of superoxide dismutase (SOD) and 
malondialdehyde (MDA) activity

After treatment, the kidney cortex was collected from 
each group of mice, homogenized in 0.05% PBS, and 
centrifuged at 2500 rpm for 20 min. SOD and MDA 
kits (NJJCBIO) were used. Optical density was measured 
using a miniature multifunction panel reader (Biotek In-
struments, Inc.). SOD and MDA activities in each group 
were calculated, according to the manufacturer’s instruc-
tions.

Western blot (WB) analyses

The cortex tissue samples of the kidneys from each 
group were homogenized with protease inhibitors, lysis 
buffer, and a 1 mM mixture of phenylmethylsulfonyl 
fluoride. Total protein concentration was assayed using 
a bicinchoninic acid protein assay kit. Equal amounts 
of total protein extracts were separated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis at 20 μg 
per well and transferred to a polyvinylidene difluoride 
(PVDF) membrane. The PVDF membrane was im-
mersed in tris-buffered saline Tween-20 with 3% bovine 
serum albumin for 1.5 h. The membrane was then in-
cubated with the following specific primary antibod-
ies (1:1000) overnight at 4°C: anti-Keap1, anti-Nrf2, 
anti-Pro-Caspase-1, anti-cleaved Caspase-1, and anti-
GSDMD. The membranes were then incubated with 
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peroxidase-coupled anti-rabbit or anti-mouse antibodies 
for 2 h at room temperature. Super-enhanced chemilu-
minescence reagent (Applygen Technologies Inc, Beijing, 
China) was added to the membrane to visualize the tar-
get band. The band intensity was calculated using ImageJ 
software, and the relative protein intensities were calcu-
lated. Anti-Keap1, Nrf2, and caspase-1 were purchased 
from Servicebio (Wuhan, China), cleaved caspase-1 anti-
body was purchased from Santa Cruz (1:200, Dallas, TX, 
USA), and GSDMD and actin antibodies were obtained 
from Abcam (Cambridge, MA, USA). 

Statistical analyses

Data were analyzed using SPSS software (version 20.0; 
GraphPad Software, La Jolla, CA, USA), and GraphPad 
Prism 8.0 software was used for drawings. All data are 
expressed as mean ± standard deviation. Statistical anal-

yses were performed using a one-way analysis of vari-
ance and Tukey’s multiple comparison tests for multiple 
group comparisons. Statistical significance was consid-
ered at P<0.05.

RESULTS

Chrysophanol improves Renal Dysfunction in C57BL/6 
mice

As displayed in Fig. 1, after eight weeks of treatment, 
the levels of Scr, BUN, and 24-hour urine protein in the 
DN group were significantly higher than those in the 
control group. Moreover, Chr demonstrated varying lev-
els of reduced renal dysfunction in the mice, indicating 
that Chr was effective in inhibiting a decrease in renal 

Figure 1. Effects of chrysophanol (Chr) on serum creatinine (Scr, A), blood urea nitrogen (BUN, B) and 24 h urine protein (C) in mice 
with diabetic nephropathy (DN) analyzed by sarcosine oxidase method, Uricase-GIDH method, and enzyme colorimetry, respectively. 
Data are presented as mean ± S.D. Data were compared by one-way ANOVA and Tukey’s multiple comparison test. *P<0.05, **P<0.01 as 
compared with control group; #P<0.05, ##P<0.01 as compared with DN group. n=7.

Figure 2. Effects of chrysophanol (Chr) on kidney-to-body weight ratios (A) and pathological features (B and C) in mice with diabetic 
nephropathy (DN) analyzed by weighing, hematoxylin-eosin staining and Masson staining, respectively. 
Data are presented as mean ± S.D. Data were compared by one-way ANOVA and Tukey’s multiple comparison test. **P<0.01 as compared 
with control group; ##P<0.01 as compared with DN group. n=7. Magnification: ×40. Scale bar: 50 μm.
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function in the DN mice. Additionally, 10 mg of Chr 
was more effective than benazepril. 

Chrysophanol ameliorates morphological and 
pathological changes in C57BL/6 mice

The kidneys of each mouse group were evaluated. 
First, we evaluated the KBWR. The KBWR increased 
significantly in DN mice, but decreased significantly in 
Chr-treated mice (Fig. 2A). Figures 2B and 2C illustrate 
kidney slices stained with H&E and Masson’s trichrome 
stains. Thicker glomerular thylakoid and basement mem-
branes, capillary occlusion, epithelial cell swelling, small 
amounts of interstitial fibrous tissue hyperplasia, and 
lymphocytic infiltration were observed in the DN group. 
Compared to those in the DN group, the Chr-treated 
DN mice exhibited varying degrees of glomerular thy-
lakoid and basement membrane thickening. Addition-
ally, slight epithelial cell degeneration, fibrous tissue hy-
perplasia, and lymphocyte infiltration were observed in 
the 2.5  mg Chr group. In the 5 mg Chr group, swelling 
of epithelial cells with minimal fibrous tissue hyperpla-
sia was observed. No significant fibrous tissue prolifera-
tion or inflammatory cell infiltration was observed in the 
10  mg Chr group.

Chrysophanol reduces oxidative damage and pyroptosis 
of the renal cortex in C57BL/6 mice by regulating the 
Keap1/Nrf2 pathway

To evaluate kidney oxidative stress injury in the 
C57BL/6 mice, SOD, MDA, IL-1β, and IL-18 were 
measured and analyzed in the kidney cortex tissue. In 
the DN group, SOD significantly decreased, and MDA 

significantly increased (Fig. 3A and Fig. 3B). However, 
Chr upregulated SOD and decreased MDA levels in 
the kidney cortex tissue. Additionally, Chr significantly 
decreased the levels of IL-1β and IL-18 (Fig. 3C and 
Fig.  3D), which indicated that Chr could alleviate oxida-
tive stress inflammatory damage in the C57BL/6 mice.

The WB results (Fig. 4A–4G) revealed that the ex-
pression of cleaved caspase-1, caspase-1, GSDMD, and 
Keap1 was upregulated, whereas, the expression of Nrf2 
was downregulated in the DN group. Additionally, Chr 
treatment downregulated the expression of cleaved cas-
pase-1, caspase-1, and GSDMD, which are involved in 
pyroptosis, downregulated Keap1 protein, and upregu-
lated the expression of Nrf2. These results suggest that 
Chr inhibits oxidative stress and pyroptosis by regulating 
the Keap1/Nrf2 signaling pathway. 

DISCUSSION

DN is a chronic kidney disease that is a major cause 
of ESRD and is associated with significant health-
care costs. Although treatment options for DN have 
progressed, including the use of angiotensin II recep-
tor blockers, angiotensin-converting enzyme inhibitors 
sodium-glucose co-transporter protein 2 inhibitors, and 
salt corticosteroid receptor antagonists, the outcomes re-
main very limited (Fried et al., 2013; Barrera-Chimal et 
al., 2019; Tesař, 2022). Thus, an urgent need to develop 
more valid DN regimens is present. Chr a unique anth-
raquinone, is a primary component of many plant exten-
sions of traditional Chinese medicine. Moreover, Chr has 
a broad-spectrum curative potential and eco-relevance 
(Yusuf et al., 2019), and the drug has been validated to 

Figure 3. Effects of chrysophanol (Chr) on superoxide dismutase (SOD, A), malondialdehyde (MDA, B), interleukin-1β (IL-1β, C), and 
interleukin-18 (IL-18, D) in kidneys of mice with diabetic nephropathy (DN) analyzed by Enzyme-Linked Immunosorbent Assay (ELI-
SA). 
Data are presented as mean ± S.D. Data were compared by one-way ANOVA and Tukey’s multiple comparison test. **P<0.01 as compared 
with control group; ##P<0.01 as compared with DN group. n=7.
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be effective in the prevention and management of diabe-
tes and its complications (Guo et al., 2020). Benazepril is 
an angiotensin-converting enzyme inhibitor (ACEI) drug 
commonly used in treating hypertension and heart failure 
(Yan et al., 2013). Numerous studies have demonstrated 
that benazepril improves DN and reduces proteinuria in 
rats (Jin et al., 2014). In this study, we investigated the 
underlying effects and potential mechanisms of action of 
Chr on DN using benazepril as a positive control. Our 
results suggest that Chr can prevent DN by activating 

the Keap1/Nrf2 pathway to attenuate oxidative stress 
and cellular scorching and reduce inflammation.

The molecular mechanisms underlying DN include 
inflammation, fibrosis, metabolism, and hemodynam-
ics. Oxidative stress is considered a critical pathway in 
diabetic kidney injury in the presence of metabolic and 
hemodynamic abnormalities. Under normal conditions, 
ROS levels are too low to maintain cellular homeosta-
sis. However, in high conditions, ROS generation in po-
docytes increases significantly (Bhatti & Usman, 2015). 
Exposure of podocytes to ROS leads to α-dystroglycan 

Figure 4. Effects of chrysophanol (Chr) on caspase-1 (A and B), cleaved caspase-1 (A and C), gasdermin D (GSDMD, A and D), kelch-
like ECH-associated protein 1 (Keap1, E and F)  and nuclear factor erythroid 2-related factor 2 (Nrf2, E and G) in kidneys of mice with 
diabetic nephropathy (DN) analyzed by western blots (WB).
Data are presented as mean ± S.D. Data were compared by one-way ANOVA and Tukey’s multiple comparison test. *P<0.05, **P<0.01 as 
compared with control group; #P<0.05, ##P<0.01 as compared with DN group. n=7. 
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deglycosylation, thereby decreasing the number of podo-
cytes. Mitochondrial damage-induced podocyte apoptosis 
is considered to be the most devastating factor in DN 
progression (Feng et al., 2019). In this study, we identi-
fied that Chr could repair high-fat, high-sugar, and STZ-
induced mitochondrial damage, enhance antioxidative ca-
pacity, and inhibit the generation of oxidation products, 
thereby preventing apoptosis of podocytes and alleviat-
ing DN.

In addition to oxidative stress, inflammation is a key 
factor in DN development. Several studies have dem-
onstrated that activating inflammatory signaling and in-
filtrating inflammatory cells are essential for DN pro-
gression (Rayego-Mateos et al., 2020). The inflamma-
some is a multi-protein signaling platform that controls 
response to inflammation and coordinates antimicrobial 
host defense (Broz & Dixit, 2016). The NOD-like re-
ceptors (NLR), which contain the pyridine structural do-
main family 3, assemble an intracellular protein complex 
called the NLRP3 inflammasome when certain pathogen 
products or sterile danger signals are sensed (Wang et al., 
2021). Additionally, NLRP3 is present in natural immune 
and non-immune cells in the kidney, such as podocytes. 
NLRP3 recognizes a variety of pathogen- or injury-asso-
ciated molecular patterns and is involved in intrinsic im-
mune and inflammatory responses (Bai et al., 2017). The 
NLRP3 inflammasomes mediate pyroptosis and play an 
important role (Wang et al., 2017; Li et al., 2021). When 
cells are stimulated externally, they activate the inflam-
matory complex and Caspase-1, which acts as a direct 
agonist to cleave IL-1β and IL-18 precursors, thereby 
recruiting other inflammatory cells and exacerbating in-
flammatory response by releasing them extracellularly. Si-
multaneously, they shear the GSDMD, release the active 
N-terminal (GSDMD-N) to bind to phospholipids in the 
inner layer of the plasma membrane, and accelerate nu-
clear pore formation, which releases mature forms of in-
flammatory factors to induce pyroptosis (Ystgaard et al., 
2015; Rathinam & Fitzgerald, 2016; Sborgi et al., 2016; 
Sun & Scott, 2016). This inflammatory reaction further 
promotes the activation of NLRP3 inflammatory corpus-
cles, forming a vicious circle and aggravating the disease. 
In the present study, we demonstrated that Chr reduced 
caspase-1 levels and downregulated GSDMD expression 
in mice with DN to suppress inflammatory responses, 
thereby preventing pyroptosis and alleviating DN.

Proteinuria is an important indicator of DN progres-
sion (KDOQI Clinical Practice Guidelines and Clinical 
Practice Recommendations for Diabetes and Chronic 
Kidney Disease, 2007). However, assessing the severity 
or prognosis of DN solely based on the degree of pro-
teinuria is accurate (Radcliffe et al., 2017), and pathologi-
cal changes are a beneficial addition to this assessment. 
In this study, renal tissue sections from mice in the DN 
group displayed severe morphological damage and fibro-
sis. Treatment with Chr restores renal histopathologi-
cal damage to varying degrees and reduces renal fibro-
sis in C57BL/6 mice. This implies that Chr may have 
a protective effect on podocytes in DN. This protective 
mechanism might be related to the anti-inflammatory 
and antioxidant properties of Chr.

The present study confirmed that oxidative stress and 
inflammatory responses are closely associated with DN, 
and our results suggest that Chr is a potentially effective 
therapy for DN. Furthermore, because of the common 
upstream pathogenesis of many diseases, published evi-
dence suggests that Chr may ameliorate various diseases 
associated with abnormal angiogenesis, including diabetes 
and cancer, by inhibiting oxidative stress and the Keap1/

Nrf2 pathway (Guo & Mo, 2020). We suggest that this 
profile could also be deduced from other products of 
natural origin with antioxidant and anti-inflammatory 
properties for treating diabetic complications. Further-
more, the findings provide conclusive evidence that the 
Keap1/Nrf2 signaling pathway is a potential target in 
DN.

Our study has some limitations. Although the current 
study suggests that Chr can treat DN by attenuating oxi-
dative stress and inflammation, we did not directly elu-
cidate the origin of oxidative stress-induced damage in 
the mouse models. The pathogenesis of DN is complex 
and involves various distinct cell types, such as podo-
cytes, glomerular endothelial cells, thylakoid cells, and 
renal tubular epithelial cells. Numerous studies have es-
tablished that oxidative stress and inflammation can af-
fect the aforementioned cells, collectively leading to DN 
progression. Therefore, we hope that more extensive and 
targeted investigations will be conducted in the future.

CONCLUSION

In summary, our study provides evidence for the pri-
mary role and potential mechanisms of action of Chr 
in DN. The results display that Chr has a considerable 
impact on upstream events in the pathogenesis of DN 
rather than just focusing on late inflammatory infiltration 
and fiber formation. Chr can manage DN by mitigating 
both oxidative stress and inflammation and the primary 
mechanism is related to the inhibition of the Keap1/
Nrf2 pathway. 
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Amyotrophic lateral sclerosis (ALS) is a progressive neu-
rodegenerative disorder that leads to the degenera-
tion of motor neurons and the weakening of muscles. 
Despite extensive research efforts, there is currently 
no cure for ALS and existing treatments only address 
its symptoms. To address this unmet medical need, ge-
nome editing technologies, such as CRISPR-Cas9, have 
emerged as a promising solution for the development 
of new treatments for ALS. Studies have shown that 
CRISPR-Cas9-guided RNAs have the potential to provide 
accurate and effective silencing in the genetic disease of 
ALS. Results have demonstrated a 67% on-target score 
and a 98% off-target score with GC content within the 
range of 40–60%. This is further validated by the corre-
lation between the gRNA’s structural accuracy and the 
minimum free energy. The use of CRISPR-Cas9 provides 
a unique opportunity to target this disease at the molec-
ular level, offering hope for the development of a more 
effective treatment. In silico and computational thera-
peutic approaches for ALS suggest that the CRISPR-Cas9 
protein holds promise as a future treatment candidate. 
The CRISPR mechanism and the specificity of gRNA pro-
vide a novel therapeutic approach for this genetic dis-
ease, offering new hope to those affected by ALS. This 
study highlights the potential of CRISPR-Cas9 as a prom-
ising solution for the development of new treatments for 
ALS. Further research is required to validate these find-
ings in preclinical and clinical trials and to establish the 
safety and efficacy of this approach in the treatment of 
ALS.
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INTRODUCTION

Amyotrophic Lateral Sclerosis (ALS), commonly re-
ferred to as Lou Gehrig’s disease, is a degenerative neu-
rological condition that predominantly impacts the motor 

neurons that regulate voluntary muscle movement. The 
ailment was initially documented by the French neurolo-
gist Jean-Martin Charcot in 1869 and has subsequently 
been acknowledged as among the most catastrophic mo-
tor neuron disorders (Longinetti & Feng, 2019). ALS is 
a condition that impacts individuals of diverse ethnici-
ties and age groups across the globe, with a marginal 
preponderance in males. The Etiology of ALS remains 
largely elusive, albeit a small proportion of cases, rang-
ing from 5% to 10%, are deemed familial, stemming 
from heritable genetic mutations (Hardiman et al., 2017). 
The vast majority of ALS cases are sporadic, lacking a 
discernible familial background. The prevalence of ALS 
exhibits heterogeneity among diverse populations, with 
an annual occurrence rate of 1 to 3 cases per 100 000 
persons. ALS has an estimated prevalence of approxi-
mately 4-8 cases per 100 000 individuals, although certain 
regions have reported higher rates (Longinetti & Fang, 
2019). Symptoms of ALS may first appear in the mus-
cles that govern speech and swallowing, as well as in the 
hands, arms, legs, and feet. ALS has two types, depend-
ing upon the gene due to which it is caused. SOD1 and 
C9ORF72 are the genes that are responsible for this fa-
tal disease. These genes play a crucial role in many pro-
cesses including the control of motor neurons (Masrori 
& Vane Damme, 2020; Longinetti & Feng, 2019).

Regrettably, at present, there exists no remedy for 
ALS but the modern artificial intelligence-based tech-
nologies can be proved as enhanced treatment strategies 
with revolutionized drug design approaches (Naveed et 
al., 2023a; Naveed et al., 2023b). The mainstay of treat-
ment approaches is centred on symptom management, 
provision of supportive care, and enhancement of the 
patient’s quality of life. The implementation of a mul-
tidisciplinary approach entails the collaboration of a 
diverse group of healthcare professionals, such as neu-
rologists, physical therapists, occupational therapists, 
speech-language pathologists, nutritionists, and pallia-
tive care specialists (Morimoto et al., 2019). The primary 
objectives of therapy entail the deceleration of the dis-
ease advancement, effective symptom management, and 
the consideration of the emotional and psychological 
dimensions of the ailment. ALS is a disease that leads 
to paralysis and causes premature death of patients. A 
drug named Riluzole is a glutamate antagonist that in-
creases the survival of patients by a few months. An-
other drug named Endaravone was recently approved 
by FDA in 2017 (Saitoh & Takahashi, 2020; Yoshino, 
2019). However, the European Medicine Agency (EMA) 
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has not approved this drug. There is no viable treatment 
for ALS patients despite decades of constant efforts to 
understand and to develop drugs for this illness. Clinical 
therapy, including early gastrostomy tube installation for 
nutritional intervention or non-invasive positive pressure 
ventilation for respiratory intervention, can help patients 
to feel better and live longer (Shoesmith et al., 2020). 
Nevertheless, the condition cannot be cured by these 
treatments. The complexity of the condition, late diag-
nosis, and difficulties in developing a treatment that can 
effectively reach the central nervous system are all fac-
tors that can be connected to the failure of conventional 
pharmacological and interventional therapies (Varghese et 
al., 2020; Norris et al., 2020).

This research aims to design a proper gene therapy 
(Insilco) that aids the treatment of ALS. As we know 
that currently, there is no therapy for ALS other than 
the anti-glutamatergic compound riluzole, which is less 
effective in improving symptoms and only increases the 
survival period of a patient by a few months. The im-
plementation of Insilco approaches for the assessment 
of current and future treatment strategies in ALS could 
shorten trial durations and reduce costs and burden on 
patients, thereby providing hope that effective therapies 
can be rapidly translated into the ALS clinic.

MATERIALS AND METHODS

Sequence Retrieval

The reference sequence of the Superoxide dismutase-1 
(SOD1) gene was retrieved from NCBI (Nation Centre 
for Biotechnology Information) (https://www.ncbi.nlm.
nih.gov) from the specifically allocated accession ID 
NM_000454. The sequence was retrieved in the FASTA 
format and saved in a text document for further utiliza-
tion (Schoch et al., 2020).

Local alignment of the sequence

To identify the mutations, present in the SOD1 gene 
sequence, the sequence was analysed for local alignment 
by NCBI BLASTx (https://blast.ncbi.nlm.nih.gov/Blast.
cgi ). The BLASTx is a tool of NCBI that performs 
the local alignment of the query sequences with already 
available sequences in the database and gives results in 
the form of amino acids to identify the SNPs that might 
be responsible for the disease. The disease-causing SNPs 
were validated by the comparison with the NCBI db-
SNP database (https://www.ncbi.nlm.nih.gov/snp).

Cas9 Endonuclease Protein

For genome engineering, the particular enzyme Cas9 
Endonuclease protein was utilized. This enzyme should be 
used because it is simple and has all the basic capabili-
ties to split DNA molecules into single strands. The Cas9 
genome editing protein includes blunt ends and cuts sites, 
RNA-guided endonucleases, PAM site (NGG), crRNA, 
and tracrRNA. It can cut specific regions of the genomic 
DNA. Cas9 protein caused a double-strand break in the 
genomic DNA of SOD1 (Koonin et al., 2023).

Formation of gRNA

The gRNA (guide RNA) is a small synthetic sequence 
of RNA that functions as a guide for DNA targeting en-
zymes. These enzymes are used for various purposes like 
deletion, insertion, or targeting of RNA (Collins et al., 

2021). The design of gRNA can be automated through 
the use of various tools available online. Among these 
tools we prefer CHOPCHOP (https://chopchop.cbu.
uib.no), an online tool that offers a wide range of in-
puts and alignments to minimize search times. This tool 
is the most authentic and reliable for designing gRNA 
(Labun et al., 2021).

Steps for generating gRNA

The CHOPCHOP tool provides a user-friendly in-
terface for designing gRNA sequences for the CRISPR-
Cas9 system. To start, the user simply enters the gene 
name on the home page and selects the desired genome 
version or species. Next, the user selects the specific ver-
sion of the Cas9 protein to be used. The user then spec-
ifies the desired outcome of the experiment, whether it 
be gene knockout, inhibition, or repression. The general 
settings of CHOPCHOP can then be left unchanged. 
Upon clicking the “Find Target” button, the tool pro-
vides a list of all gRNA sequences present in the se-
lected gene. The user can then select the desired gRNA 
sequence for their experiment (Labun et al., 2021).

Verification of gRNA

To verify the effectiveness of gRNA, it is important 
to assess its on-target and off-target binding capacity. 
Several online tools are available for this purpose, in this 
study IDT (Integrated DNA Technology) (https://www.
idtdna.com/site/order/designtool/index/) was chosen. 
IDT is a database that facilitates molecular-level analysis 
of DNA and RNA, where gRNA sequence was submit-
ted for the checking off-target and on-target. The more 
suitable the gRNA was, the higher its on-target and off-
target binding capacity became.

Indicating the off-Target and on-Target Scores

It was found that GC, which includes three hydrogen 
bonds and is more stable, had a stronger connection be-
tween guanine and cytosine. As a result, GC content of 
up to 50% destabilized off-target hybridization while sta-
bilizing the DNA-RNA duplex. The choice of the num-
ber range was made because it fell within the SOD1 cod-
ing zone. This numerical range represented the off-target 
and on-target ratings for gRNA, with numbers running 
from 0 to 100 and 100 being considered the best score 
in each situation. The genomic area of the targeted gene 
had to be carefully chosen. In the study, the SOD1 gene 
was used to obtain accurate off-target scores by IDT 
(Integrated DNA Technology).

Assembling of gRNA Expression Vector

Assembling of gRNA was done after the selection of 
the desired gRNA. Since it is being genetically modi-
fied for this purpose, a specific expression vector that 
optimized lentiCRISPR v2 (52963) was selected. It has 
two expression cassettes, the chimeric guide RNA and 
hSpCas9. The vectors provided on this list were given 
by Feng Zhang’s laboratory (https://zlab.bio) at MIT. 
All the enlisted plasmids were different, some expressed 
nuclease-deficient Cas9 that are used for gene activation 
and repression while others are optimized for genome 
editing by using CRISPR. For this validation, a new 
plasmid lentiCRISPR v2 was selected because it includes 
Cas9 within the same vector that was optimized for the 
Human Genome (SOD1 gene).
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Calculation Thermodynamic ensemble prediction

The RNAcofold program was a reliable tool for esti-
mating hybridization energy and analyzing the thermody-
namic interaction between the target gene and the expect-
ed sgRNA. Additionally, the Vienna RNA program was 
also used for this purpose. Both programs showed how 
RNA sequences base-paired. The calculated communica-
tion energies and equilibrium duplex structure concentra-
tions were determined using the RNAcofold program.

Secondary Structure Prediction

The Mfold Web server (http://rna.tbi.univie.ac.at/cgi-
bin/RNAWebSuite/RNAfold.cgi), which included the 
UNAfold program, was used in the study and considered 
one of the most reliable and frequently referenced tools 
for predicting secondary structures. The UNAfold pro-
gram was used to predict the secondary structure of the 
sgRNA strand by minimizing free energy, and it was able 
to predict sgRNA architectures containing pseudoknots.

RESULTS

Sequence Retrieval and Analysis

In this study, the SOD1 (Superoxide dismutase 1) 
gene sequence was retrieved from the NCBI (National 
Center for Biotechnology Information) database (htt-

ps://www.ncbi.nlm.nih.gov) using the accession num-
ber NM_000454.4. The selection of the sequence was 
based on a comprehensive literature review. The cho-
sen sequence was the start codon of the SOD1 receptor 
gene located on chromosome X at position 31659693-
31668931.

Open reading frame (ORF) screening

The screening of the coding region of the SOD1 gene 
was performed using the open reading frame finder (htt-
ps://www.ncbi.nlm.nih.gov/orffinder). The ORF finder 
is a widely used tool for predicting and analysing open 
reading frames. In the case of the SOD1 gene, 56 ORFs 
were identified and were calculated from the genomic 
coordinates 31659693-31668931. Figure 1 below repre-
sents the ORFs of SOD1 gene.

Analysis of the designed guide RNA

The gRNA design was based on the objective of iden-
tifying or cutting the target gene. The CHOPCHOP tool, 
a web-based platform, was utilized to design the gRNA 
sequence. The SOD1 gene was inserted into the software 
as the targeted gene, with the exon region represented 
by a blue box and the introns indicated by red lines. The 
structural representation of SOD1 gene is given below 
in the Fig. 2 and the Table 1 below depicts the target 
sequences with their genomic locations inside the gene.

Figure 1. Graphical representation of the open reading frame (ORF) of the SOD1 gene

Figure 2. Structural representation of SOD1 gene

Table 1. Target sequences and genomic locations of the target sites in SOD1 gene

Rank Target sequence Genomic location Strand GC con-
tent (%)

Self-comple-
mentarity MM0 MM1 MM2 MM3 Effi-

ciency

1 CTAGCGAGTTATGGCGACGAAGG chr21:31659760 + 55 2 0 0 0 0 67.55

2 TAACTCGCTAGGCCACGCCGAGG chr21:31659748 - 65 4 0 0 0 1 69.6

3 CTTCGTCGCCATAACTCGCTAGG chr21:31659759 - 55 2 0 0 0 1 55.63
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off-Targets

Location No. of Mismatches Sequence

No of Targets

Shen et al., 2018 Predictions of Repair Profile – Statistics of GRNA1

Reference Sequence GGGGTTTCCGTTGCAGTCCTCGGAACCAGGACCTCGGCGTGGCCTAGCGAGTTATGGCGA
< > CGAAGGCCGTGTGCGTGCTGAAGGGCGACGGCCCAGTGCAGGGCATCATCAATTTCGAGC

Frameshift Frequency 34.94

Precision Score 0.59

Frame+0 Frequency 65.06

Frame+1 Frequency 65.06

Frame+2 Frequency 18.52

1-Bp Ins Frequency 7.46

Highest Del Frequency 44.27

Highest Ins. Frequency 4.16

Highest Outcome Frequency 44.27

Microhomology Deletion Frequency 82.80

Microhomology-Less Deletion Frequency 9.74

Pair Left primers co-
ordinates Left primer Left primer 

Tm
Right primer 
coordinates Right primer Right primer 

Tm
Pair off-
-target

Product 
size

1 Chr21:31659647-
31659669

CGGAGGTCTG-
GCCTATAAAGTA 59.6 Chr21:31659820-

31659842
CTTCTGCTCGA-
AATTGATGATG 59.8 0 195

2 Chr21:31659657-
31659679

GCCTATAAAG-
TAGTCGCGGAGA 59.9 Chr21:31659820-

31659842
CTTCTGCTCGA-
AATTGATGATG 59.8 0 185

3 Chr21:31659660-
31659682

TATAAAG-
TAGTCGCGGA-
GACGG

60.6 Chr21:31659820-
31659842

CTTCTGCTCGA-
AATTGATGATG 59.8 0 182

4 Chr21:31659657-
31659679

GCCTATAAAG-
TAGTCGCGGAGA 59.9 Chr21:31659821-

31659843
CCTTCTGCTC-
GAAATTGAT-
GAT

60.6 0 186

5 Chr21:31659647-
31459647

CGGAGGTCTG-
GCCTATAAAAG-
TA

59.6 Chr21:31659821-
31659843

CCTTCTGCTC-
GAAATT-
GATGTGAT

60.6 0 196

Table 2. The primer specifications and their off-targets for the designed primers of gRNA for rank 1

Figure 3. Graphical representation of gRNA along with its primers and off-Targets for rank 1
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Figure 4. Graphical representation of gRNA along with its primers and off-Targets for rank 2

Table 3. The primer specifications and their off-targets for the designed primers of gRNA for rank 2

Pair Left primers coor-
dinates Left primer Left primer 

Tm
Right primer 
coordinates Right primer

Right 
primer 
Tm

Pair off-
-target

Product 
size

1 Chr21:31659647-
31659669

CGGAGGTCTGGC-
CTATAAAGTA 59.6 Chr21:31659820-

31659842
CTTCTGCTC-
GAAATTGAT-
GATG

59.8 0 195

2 Chr21:31659657-
31659679

GCCTATAAAG-
TAGTCGCGGAGA 59.9 Chr21:31659820-

31659842
CTTCTGCTC-
GAAATTGAT-
GATG

59.8 0 185

3 Chr21:31659660-
31659682

TATAAAG-
TAGTCGCGGA-
GACGG

60.6 Chr21:31659820-
31659842

CTTCTGCTC-
GAAATTGAT-
GATG

59.8 0 182

4 Chr21:31659657-
31659679

GCCTATAAAG-
TAGTCGCGGAGA 59.9 Chr21:31659821-

31659843
CCTTCTGCTC-
GAAATTGAT-
GAT

60.6 0 186

5 Chr21:31659647-
31459647

CGGAGGTCTGGC-
CTATAAAAGTA 59.6 Chr21:31659821-

31659843
CCTTCTGCTC-
GAAATT-
GATGTGAT

60.6 0 196

Highest Outcome Frequency 24.03

Microhomology Deletion Frequency 77.97

Microhomology-Less Deletion Frequency 17.49

off-Targets

Location No. of Mismatches Sequence

chr1:157046129 3 CCTCGGCGcGGCCTAGCGgGTTc

Shen et al., 2018 Predictions of Repair Profile – Statistics of GRNA1

Reference Sequence ACTGGGCCGTCGCCCTTCAGCACGCACACGGCCTTCGTCGCCATAACTCGCTAGGCCACG<>CCGAGGT
CCTGGTTCCGAGGACTGCAACGGAAACCCCAGACGCTGCAGGAGACTACGACG

Frameshift Frequency 60.99

Precision Score 0.49

Frame+0 Frequency 39.01

Frame+1 Frequency 44.70

Frame+2 Frequency 16.29

1-Bp Ins Frequency 4.54

Highest Del Frequency 24.03

Highest Ins. Frequency 2.37

447



648											           2023M. Naveed and others

Figure 5. Graphical representation of gRNA along with its primers and off-Targets for rank 3

off-targets

Location No. of Mismatches Sequence

chr16:49703781 3 CTagGTCGCCcTAACTCGCTGGG

Shen et al., 2018 Predictions of Repair Profile – Statistics of GRNA1

Reference Sequence TGATGCCCTGCACTGGGCCGTCGCCCTTCAGCACGCACACGGCCTTCGTCGCCATAACTC<>GC
TAGGCCACGCCGAGGTCCTGGTTCCGAGGACTGCAACGGAAACCCCAGACGCTGCAGG

Frameshift Frequency 75.30

Precision Score 0.46

Frame+0 Frequency 24.70

Frame+1 Frequency 35.83

Frame+2 Frequency 39.47

1-Bp Ins Frequency 10.15

Highest Del Frequency 16.98

Highest Ins. Frequency 7.20

Highest Outcome Frequency 16.98

Microhomology Deletion Frequency 68.14

Microhomology-Less Deletion Frequency 21.70

Table 4. The primer specifications and their off-targets for the designed primers of gRNA for rank 3

Pair Left primers coor-
dinates Left primer Left primer 

Tm
Right primer 
coordinates Right primer Right pri-

mer Tm
Pair off-
-target

Product 
size

1 Chr21:31659647-
31659669

CGGAGGTCTG-
GCCTATAAAG-
TA

59.6 Chr21:31659820-
31659842

CTTCTGCTCGA-
AATTGATGATG 59.8 0 195

2 Chr21:31659657-
31659679

GCCTATAAAG-
TAGTCGCG-
GAGA

59.9 Chr21:31659820-
31659842

CTTCTGCTCGA-
AATTGATGATG 59.8 0 185

3 Chr21:31659660-
31659682

TATAAAG-
TAGTCGCGGA-
GACGG

60.6 Chr21:31659820-
31659842

CTTCTGCTCGA-
AATTGATGATG 59.8 0 182

4 Chr21:31659657-
31659679

GCCTATAAAG-
TAGTCGCG-
GAGA

59.9 Chr21:31659821-
31659843

CCTTCTGCTCGA-
AATTGATGAT 60.6 0 186

5 Chr21:31659647-
31459647

CGGAGGTCTG-
GCCTATA-
AAAGTA

59.6 Chr21:31659821-
31659843

CCTTCTGCTCGA-
AATTGATGTGAT 60.6 0 196
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The CHOPCHOP tool was utilized to generate mul-
tiple gRNA sequences for the target gene [3]. CHOP-
CHOP displayed the sequence with the minimum num-
ber of mismatches at the top, as it was crucial for the 
number of mismatches to be zero. If the number of 
mismatches were greater than one, both the targeted and 
non-targeted regions of the gene would have been cut. 
The top three target sequences were carefully selected 
from the CHOPCHOP results, taking into considera-
tion both efficiency and 100% matching with the target. 
Figure 3 depicts the graphical representation of gRNA 
along with its primers and off-targets below. The specifi-
cations of the designed primers and their off-targets are 
given below in the Table 2.

The first rank was selected based on the target se-
quence CTAGCGAGTTATGGCGACGA and its 
genomic location on chromosome 21 at position 
31659760. The target had a GC content of 55% and 2 
instances of self-complementarity. The first pair of prim-
ers for the left coordinates on chromosome 21, located 
between positions 31659647 and 31659669, had a se-
quence of CGGAGGTCTGGCCTATAAAGTA with a 
melting temperature (TM) of 59.6°C. The right primer 
coordinates, located between positions 31659820 and 
31659842, had a primer sequence of CTTCTGCTC-
GAAATTGATGATG and had zero off-targets with a 
product size of 195. The location of the first gRNA was 
in the first exon, but in the case of general, mutations 

near the C terminus of a protein are less likely to re-
sult in loss of function for that protein [4]. The graphical 
representation of the gRNA and primers for rank 2 are 
given below in the Fig. 4 and the primer specifications 
and off-targets are given below in the Table 3.

As represented in Fig. 4, the selection was made 
for rank 3 with a target sequence of CTTCGTCGC-
CATAACTCGCT and a genomic location locat-
ed at chr21:31659759, exhibiting a GC content of 
59.6% and 2 instances of self-complementarity. 
The primer pair for the left primers was situated at 
chr21:31659647-31659669, with a primer sequence of 
CGGAGGTCTGGCCTATAAAGTA and a melting 
temperature (TM) of 59.6°C. The right primer was 
positioned at chr21:31659820-31659842, possessing 
a primer sequence of CTTCTGCTCGAAATTGAT-
GATG, with zero off-target pairs and a product size 
of 195. It was generally observed that mutations close 
to the C-terminus of a protein had a reduced prob-
ability of causing a loss-of-function mutation in the 
protein [5]. The graphical representation of the gRNA 
and primers for rank 3 are given below in the Fig. 5 
and the primer specifications and off-targets are given 
below in the Table 4.

Above figure represents the selection of rank 6, 
with a target sequence of GTCGCCCTTCAGCACG-
CACA located on chr21:31659783 and a GC content of 
65%, with zero self-complementarity. The first primer 

Table 5. The target sequences, chromosomal position, and target sources of the SOD1 target

sgRNAs Target sequence (5’-3’) Position of SOD1 gene off-target sources on-target sources GC% Content

sg(SOD1)1 CTAGCGAGTTATGGCGACGA Ch21:31659760 98 67 55

sg(SOD1)2 CTTCGTCGCCATAACTCGCT Ch21:31659759 96 57.6 55

sg(SOD1)3 GTCGCCCTTCAGCACGCACA Ch21:31659783 82 53 65

Table 6. Validation of the designed primers

Chr21:31659647-31659669
Assembly 1 FWD
 5’ CGGAGGTCTGGCCTATAAAGTA3’
 Position +/
Tm 60°C
Length
22
GC Content
50%
Melting Temp. Tm
59.6°C

Chr21: 31659820-31659842
Assembly 1 REV
 5’ CTTCTGCTCGAAATTGATGATG 3’
 Position –/
Tm 60°C
Length
22
GC Content
40.9%
Melting Temp. Tm
59.8°C

Chr21:31659657-31659679
Assembly 2 FWD
 5’ GCCTATAAAGTAGTCGCGGAGA3’
 Position +/
Tm 60°C
Length
22
GC Content
50%
Melting Temp. Tm
59.9°C

Chr21:31659821-31659843
Assembly 2 REV
 5’ CCTTCTGCTCGAAATTGATGAT3’
 Position –/
Tm 60°C
Length
22
GC Content
40.9%
Melting Temp. Tm
60.6°C

Chr21:31659657-3659679
Assembly 2 FWD
 5 GCCTATAAAGTAGTCGCGGAGA 3’
 Position +/
Tm 60°C
Length
22
GC Content
50%
Melting Temp. Tm
59.9°C

Chr21:31659902-31659920
Assembly 2 REV
 5’CCCGCTCCTAGCAAAGGT3’
 Position –/
Tm 60°C
Length
18
GC Content
61.1%
Melting Temp. Tm
60.4°C
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pair had a left primer at coordinate’s chr21:31659647-
31659669, with a primer sequence of CGGAGGTCTG-
GCCTATAAAGTA and a melting temperature of 
59.6°C. The right primer was located at coordinate’s 
chr21:31659828-31659848, with a primer sequence of 
CCTTGCCTTCTGCTCGAAAT, and its paired off-tar-
gets were zero, with a product size of 201. There were 
three miss-matches in this gRNA, which were caused by 
the off-target, and it was generally noted that mutations 
close to the C terminus of a protein are less likely to re-
sult in a loss of function mutation of that protein.

Three gRNAs were designed, sgRNA1, sgRNA2, and 
sgRNA3. SgRNA1 was positioned at chrX:31659760 in 
the SOD1 gene, within the target sequence CTAGC-
GAGTTATGGCGACGAAGG. SgRNA2 was po-
sitioned at chrX:31659759 in the SOD1 gene se-
quence, within the target sequence CTTCGTCGCCA-
TAACTCGCTAGG, and sgRNA3 was positioned at 
chrX:31659783 in the SOD1 gene sequence, within the 
target sequence GTCGCCCTTCAGCACGCACACGG. 
The results are explained in Table 5.

Primer validation

For the validation of the primer CHOPCHOP tool 
was used and the results obtained from it are shown in 
Table 6.

Design of lentiCRISPR v2 for genome editing

The design of the detailed vector plasmid was ob-
tained through the use of a benching tool, and the 
different regions were depicted in Fig. 6. The plasmid 
consisted of two expression cassettes, including the 
chimeric guide RNA and hSpCas9. The vector was 
digested using BsmBI, and a pair of annealed oligos 
were cloned into the single gRNA scaffold. The oli-
gos were designed based on the target sequence site 
(20bp) and were flanked at the 3’ end by a 3bpPAM 
sequence (AGG) upstream of the protospacer.

The use of LentiCRISPR v2 plasmids was studied 
for the delivery of CRISPR materials and targeted 
genome editing in the SOD1 gene, work on high-ef-
ficiency multiplex genome editing of the SOD1 gene 
using an engineered mechanism of CRISPR-Cas9. In 
this study, the LentiCRISPR v2 plasmid was designed 
by inserting a gRNA expression cassette, from which 
the Cas9 gRNA was co-expressed with a gRNA that 
recognized the target sequence or gene. As a result, 
it was hypothesized that the gRNA expression cas-

Table 7. The approximate prediction of the secondary structure free energy model

Target No Target RNA sequence Free Energy of Thermodynamic Frequency of the MFE Ensemble Diversity

01 CTAGCGAGTTATGGCGACGAAGG –1.87 kcal/mol 75.45 % 2.14

02 CTTCGTCGCCATAACTCGCTAGG –0.89 kcal/mol 45.27 % 2.58

03 GTCGCCCTTCAGCACGCACACGG –1.73 kcal/mol 42.28 % 3.55

Figure 6. Designed plasmid for the expression of edited target 
in SOD1

Figure 7. (A) The minimum free energy (MFE) structure, a ther-
modynamic ensemble of RNA structures, and the centroid 
structure were represented. The optimal secondary structure, 
CTAGCGAGTTATGGCGACGAAGG was shown to have a minimum 
free energy of –1.87 kcal/mol and was depicted in the graph. 
(B) The MFE structure, the thermodynamic ensemble of RNA 
structures, and the centroid structure were represented. The 
graph depicted the optimal secondary structure CTTCGTCGC-
CATAACTCGCTAGG with a frequency of minimum free energy 
–0.89 kcal/mol. (C) the MFE structure, thermodynamic ensemble 
of RNA structures, and the centroid structure were represented. 
The graph displayed the optimal secondary structure, GTCGCC-
CTTCAGCACGCACACGG, with a minimum free energy of –1.73 
kcal/mol. (D) The percentage GC Content.
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sette within the LentiCRISPR viral vector would be 
targeted and destroyed along with the target sequence 
of the gene, leading to sustained expression of Cas9. 
The LentiCRISPR v2 carried gRNAs targeting both 
the Cas9 and SOD1 genes.

Thermodynamic ensemble prediction

The approximate prediction of the secondary structure 
free energy model was represented in Table 7. The fre-
quency of the minimum free energy and ensemble di-
versity were analyzed against the target gRNA sequences. 
The RNAfold web server (http://rna.tbi.univie.ac.at/cgi-
bin/RNAWebSuite/RNAfold.cgi) was used to predict 
the thermodynamic ensemble prediction, as shown in 
Figs 9, 10, and 11 (Graphical Representation of Thermo-
dynamic Ensemble Energy).

Figure 8. (A) Secondary structure of target gRNA1 fold (B) Sec-
ondary structure of target gRNA1 MaxExpect (C) Secondary 
structure of target gRNA1 Partition.

Figure 9. (A) Secondary structure of target gRNA1 fold (B) Sec-
ondary structure of target gRNA1 MaxExpect (C) Secondary 
structure of target gRNA1 Partition.

Figure 10. (A) Secondary structure of target gRNA1 fold (B) 
Secondary structure of target gRNA1 MaxExpect (C) Secondary 
structure of target gRNA1 Partition.

Figure 11. The specificity of the complex was encoded in the 
first 20 nucleotides of the gRNA
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Calculation of the GC Content

In the study, the “RNA /DNA GC Content Calcula-
tor” (http://www.endmemo.com/bio/gc.php) was used 
to predict the GC content. The gene to be knocked 
down needed to have a standard percentage of GC con-
tent as a requirement for use as a sgRNA CRISPR-Cas9. 
The Mfold server was used to predict the free energy of 
folding and secondary structure for the sgRNA. By using 
this server, it was found that the gRNA had 52%, 48%, 
and 43% GC content, respectively. The percentage GC 
content is given above in Fig. 8 (D).

Prediction of the secondary structure

The secondary structure of gRNA was predicted us-
ing an online tool from Mathew’s lab (https://rna.urmc.
rochester.edu/RNAstructure.html). The RNA sequence 
of interest was first input into the software, which then 
performed calculations including energy minimization 
and partition function analysis to predict the most likely 
secondary structure of the RNA molecule. The tool pre-
dicted the structure in a graphical format, such as a dot 
plot or a secondary structure diagram and outputted the 
structure in various formats for further analysis.

The Mathew Lab RNA Structure tool was widely used 
in the RNA research community, and it was capable of 
predicting the secondary structure of RNAs with high 
accuracy. However, it is important to note that these 
predictions were based on thermodynamics, which may 
not always reflect the true structure of an RNA mole-
cule, particularly in the presence of specific proteins or 
other molecules that could impact its structure.

Designed gRNA evaluation

In this step, two sgRNAs (sgRNA1 and sgRNA2) 
were designed to target a specific sequence in the SOD1 
gene. The specificity of the complex was encoded in 
the first 20 nucleotides of the gRNA, which were repre-
sented in Fig. 11 (A) and (B) respectively, represented in 
green. The alteration of these 20 nucleotides resulted in 
changes to the DNA sequence.

The analysis of the gRNAs was performed. The Cas-
9RNP was joined with the (-) sense strand of the gene 
and produced the double-strand break at the locations 
31659693 and 31659843.

It was crucial to ensure that the gRNA was attached 
to the complementary sequence. The results confirmed 
the strong incorporation of the guided strand. The abil-
ity of the sgRNA to bind with the complementary se-
quence of the target region demonstrated its capability 
as a gRNA. 

DISCUSSION

Amyotrophic lateral sclerosis (ALS) is a progressive 
neurodegenerative disease that affects nerve cells in the 
brain and spinal cord. It is also known as Lou Gehrig’s 
disease, after the famous baseball player who was diag-
nosed with the disease in the 1930s. The disease causes 
the degeneration and death of motor neurons, which 
are the nerve cells that control muscle movement. As 
the motor neurons die, the muscles they control weak-
en and eventually stop working, leading to symptoms 
such as difficulty in speaking, swallowing, and breath-
ing. The progression of the disease varies widely, with 
some people experiencing a rapid decline in their health, 
while others may live for many years with the disease 
(Krishnan et al., 2020).

The current study demonstrates the proof-of-concept 
utilizing the cellular disorder model whereby genetic de-
fect ALS could be corrected using CRISPR-Cas9 with 
results indicating that they are more similar to 99%. It 
demonstrates the on-target and off-target scores that 
hold GC content within 40-60%, observed by RNA /
DNA GC Content Calculator (Meijboom et al., 2022). 
This prediction is considered significant for the imple-
mentation of sgRNAs action. The CRISPR-Cas9 mecha-
nism on the mutant SOD1 gene is shown in Figure 6. 
Three target sites of the SOD1 gene were selected for 
designing target sgRNAs based on their location in the 
exonic region. Notably, the designed sgRNA1 and sgR-
NA2 targeted a sequence in the SOD1 gene. The speci-
ficity of this complex is encoded in the first 20nt of the 
gRNA as shown in Figure 5 (A) and (B). The binding 
ability of sgRNA with the complementary sequence of 
the target region proves their aptitude for working as 
gRNA (Raikwar et al., 2019).

The target region in the mutant human SOD1 gene is 
near the start codon. Scissors indicate the double-strand 
break location; black color highlights the CAG repeats in 
the SOD1 gene, and orange or yellow indicates sgRNA 
cassettes. Further validations are the minimum free ener-
gy that is considered a benchmark of sgRNAs structural 
accuracy. It measures the stability of the guide strand. 
The Mfold web server was used to calculate the mini-
mum free energy (Tyagi et al., 2020).. RNA structure 
webserver was used to predict the secondary structure 
of an oligonucleotide by folding minimum free energy. 
This server predicts the most stable structures of an 
oligonucleotide with max-expected accuracy as shown in 
the graphical representation in Graphs 1, 2, and 3. These 
graphs represent the MFE structure, the thermodynamic 
ensemble of RNA structures, and the centroid structure. 
The folded structures of oligonucleotides were predicted 
at a specific temperature of 39°C. These results indicate 
that CRISPR-Cas9 can provide one of the best therapeu-
tic approaches to ALS.

Imbued by the CRISPR mechanism and suitability of 
gRNA, pharmaceuticals and researchers are working to 
utilize this strategy as a therapeutic approach for the next 
generation. By using CRISPR technology researchers can 
easily modify the gene function and alter the DNA se-
quence. The emergence of CRISPR technology opens 
a new avenue to correct genetic disorders (Duan et al., 
2020; Tyagi et al., 2020). Recently, it has been used as 
an efficient tool for site-specific genome editing in sin-
gle cells and entire organisms in a specific manner. This 
study presents a specific possible future candidate in the 
treatment of SBMA that holds a tremendous potential 
therapeutic approach for a genetic disorder (Muhammad 
et al., 2023a; Muhammad et al., 2023b, Muhammad et al., 
2023c; Naveed et al., 2022)

Although these methodologies offer significant per-
spectives, they are unable to comprehensively depict the 
intricate biological mechanism within a living organism. 
Additional investigation utilizing animal models and clin-
ical trials involving humans is imperative to authenticate 
the effectiveness and safety of CRISPR-Cas9 as a treat-
ment for ALS (Kim et al., 2020).

CONCLUSION

Using bioinformatics techniques, we predicted three 
sgRNAs against the SOD1 gene on the X chromosome. 
The fast development of genome editing technologies 
and applications has been greatly aided by computational 
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and experimental work. Advanced alignment techniques 
are being used simultaneously to enhance gRNA design 
and forecast off-target regions, which might hasten the 
development of better and more precise editing tools. 
It is extremely advantageous to create multiple sgRNAs 
with the aid of CRISPR technology for the silencing of 
important genes in different biological systems. CRISPR 
technology may be an emerging key to a novel therapy 
against SOD1. Compared to other gene-editing methods 
including TALENs and ZFNs, the CRISPR-Cas9 meth-
od is being widely used for gene editing and gene cor-
rection treatment strategy for several genetic disorders. 
All this is because of its cost-effectiveness and ability to 
edit multiple genes at the same time. This research may 
open a milestone corridor in the therapy of ALS. Re-
search revealed that CRISPR technology is an effective 
gene silencing method to cure genetic disorders in the 
future with much higher efficiency.

RECOMMENDATIONS

Since ALS is a disease caused by the production of 
toxin proteins, in this research we attempted to block the 
disease-causing expression of the gene by using CRISPR. 
The designed gRNA will bind to the target site allowing 
the enzyme to perform cleavage and this will result in 
the removal of those extra CAG repeats. This will cause 
the restoration of regular protein production similar to 
the use of CRISPR in other diseases, which are caused 
by abnormal numbers of CAG repeats in the gene, e.g., 
Huntington’s disease. The bioinformatics-based approach 
has shown accurate results, which need to be backed by 
in vitro and in vivo results for the clinical manifestation 
of this method.  We encourage further research on this 
particular and seemingly possible way of curing this dis-
ease as CRISPR-based gene editing has a tremendous 
potential for doing miracles in medical science. 
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Vitamin D has anti-proliferative, anti-inflammatory, and 
apoptotic abilities. Vitamin D deficiency can induce de-
oxyribonucleic acid (DNA) damage. The aim of the study 
was to create a systematic review to analyze the rela-
tionship between vitamin D and DNA damage in various 
populations. PubMed, Scopus, EbscoHost, Google Schol-
ar, and Epistemonikos were used to identify literature 
regarding the relationship between vitamin D and DNA 
damage. Assessment of study quality was carried out 
by three independent reviewers individually. A total of 
25 studies were assessed as eligible and included in our 
study. Twelve studies were conducted in humans con-
sisting of two studies with experimental design and ten 
studies with observational pattern. Meanwhile, thirteen 
studies were conducted in animals (in vivo). It is found 
that the majority of studies demonstrated that vitamin 
D prevents DNA damage and minimizes the impact of 
DNA damage that has occurred (p<0.05). However, two 
studies (8%) did not find such an association and one 
research only found a specific association in the cord 
blood, not in maternal blood. Vitamin D has a protective 
effect against DNA damage. A diet rich in vitamin D and 
vitamin D supplementation is recommended to prevent 
DNA damage.

Keywords: vitamin D, DNA damage, observational studies, in vivo 
studies, systematic review
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INTRODUCTION

Vitamin D and its receptors play an essential role in 
cancer development due to its anti-proliferative, anti-in-
flammatory, and apoptotic properties (Nair-Shalliker et 
al., 2012a; Deuster et al., 2017; Elhusseini et al., 2018). 
Endogenous synthesis of vitamin D begins with choles-
terol oxidation, producing pro-vitamin D3. In the skin, 
Ultraviolet B (UVB) from sunlight converts pro-vitamin 
D3 to pre-vitamin D3. Then, isomerization of pre-vi-
tamin D3 is done, with vitamin D3 (cholecalciferol) as 
its main end product (Osmancevic et al., 2015). Two 
hydroxylations by the enzymes vitamin D 25-hydroxy-

lase (CYP27A1) and renal mitochondrial 1-hydroxylase 
(CYP27B1) are required to convert vitamin D3 to ac-
tive 1,25(OH)2D3 (calcitriol). Calcitriol binds to vitamin 
D receptors (VDRs) belonging to the nuclear receptor 
family and forms a complex with RXR to regulate gene 
expression (Deuster et al., 2017). VDRs are nuclear re-
ceptor superfamily members expressed in tumours to 
regulate cell cycle-related proliferation and angiogenesis 
(Khrisnan et al., 2012; Christakos et al., 2015). In addi-
tion, vitamin D has been shown in several studies to be 
effective in stimulating Deoxyribonucleic acid (DNA) 
synthesis in mature alveolar cells, modulating epitheli-
al cell proliferation, and repairing injury (Usman et al., 
2021).

Furthermore, adequate vitamin D levels help to main-
tain DNA integrity. Vitamin D’s role can be divid-
ed into two categories: primary functions that prevent 
DNA damage and secondary processes that regulate cell 
growth rate (Nair-Shalliker et al., 2012a; Wenclewska et 
al., 2019). Vitamin D is really crucial since its deficiency 
is associated with an increased frequency of chromosom-
al aberrations, sister chromatid exchanges, micronuclei 
formations, and alteration of comet assays (related to 
oxidative stress, hypoxic, and apoptotic process), some 
important indicators of DNA damage (Peng et al., 2010; 
Nair-Shalliker et al., 2012a; O’Callaghan-Gordo et al., 
2017; Liu et al., 2019). The potential of vitamin D in re-
ducing oxidative DNA damage in humans refers to clin-
ical trials in which vitamin D supplementation reduced 
levels of 8-hydroxy-2’-deoxyguanosine (8-OH-dG), an 
oxidative damage biomarker found in colorectal epithe-
lial crypt cells (Nair-Shalliker et al., 2012a). Vitamin D 
administration has also been shown to reduce oxidative 
stress-induced damage and chromosomal aberration, pre-
vent telomere shortening, and inhibit telomerase activi-
ty in animal models and cell lines (Siebert et al., 2018). 
Vitamin D’s secondary functions in preventing DNA 
damage include regulating poly-adenosine diphosphate/
ADP-ribose polymerase activity on the DNA damage 
response pathway during the DNA lesion detection pro-
cess. Vitamin D can also inhibit the replication of dam-
aged DNA and regulate apoptosis, which promotes cell 
death (Nair-Shalliker et al., 2012a).

Although vitamin D has long been discussed as one 
of the essential DNA protectors, a systematic review of 
the relationship between vitamin D and DNA damage 
has yet to be found. As a result, the purpose of this 
study is to use a systematic review approach to examine 
the association between vitamin D and DNA damage in 
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different populations of human studies and animal mod-
els.

METHODS

The manuscript was arranged using the Preferred Re-
porting Items for Systematic Reviews and Meta-Analysis 
(PRISMA) 2020 guidelines (Page et al., 2021). All mem-
bers approved the review panel’s study procedure be-
fore conducting the literature search. The protocol has 
been registered in the International prospective register 
of systematic reviews (PROSPERO) with the registration 
number: CRD42023393054.

Literature retrieval

A comprehensive literature search was conducted 
across five databases to identify manuscripts on the rela-
tionship between vitamin D levels and DNA damage in 
human and animal subjects. The articles were discovered 
using Scopus, PubMed, EBSCOHost, Google Scholar, 
and Epistemonikos. Hand-searching was also conducted 
based on the included study bibliography to identify rele-
vant publications that were not indexed in the previously 
reported databases (Umar et al., 2022). There will be no 
restrictions on geographical region or gender. However, 
we restricted our search to studies published between 
January 2012 and January 2023. The investigation was 
completed by January 19th, 2023. To ensure its valid-
ity, the study must be published in English. The search 
terms for this study are available as Supplementary Ta-
ble  1 at https://ojs.ptbioch.edu.pl/index.php/abp/.

Study selection

We sought animal and human studies investigating the 
link between vitamin D levels and DNA damage. Stud-
ies must demonstrate the influence of a single vitamin D 
substance administration on DNA damage  (rather than a 
formulation containing multiple compounds) to be con-
sidered. The study was deemed ineligible if its design 
consisted of a literature review (e.g., systematic review, 
narrative review, scoping review), opinion, book chapter, 
and editorial. Meanwhile, included studies must have ac-

cess to the full text. As a result, we excluded conference 
abstracts, posters, and unretrieved complete records. Du-
plicates were removed from the literature retrieval. Three 
independent reviewers (VL, MK, and ZH) assessed titles 
and abstracts (primary screening) using a semi-automated 
process aided by Rayyan QCRI software (Ouzzani et al., 
2016; Umar & Siburian, 2022). Following the completion 
of the first screening stage, the full text was assessed by 
two reviewers (IAL and TPU) to determine its eligibil-
ity for inclusion in the review. Any disagreements were 
discussed and resolved by a senior author (MIL) at any 
stage of manuscript evaluation.

Data extraction

The following information was extracted from the 
data: authorship, country of study, research participant 
data in the form of age, sex, and comorbidities (human), 
as well as experimental research data on animal type and 
age (animal studies), DNA damage parameters (comet 
tail length, tail DNA, and tail moment; phosphorylated 
Histone H2AX (γH2AX), 8-hydroxy-2’-deoxyguanosine 
(8-OHdG), chromosomal aberration, DNA damage 
score, micronuclei formation, telomere length, urinary 
cyclobutane thymine (T–T) dimer, and DNA repair indi-
cator), and main findings. The information was recorded 
on the extraction sheet using Microsoft Office Excel 
2019. Because of the vast diversity among included stud-
ies, the findings were presented as a qualitative synthesis 
rather than a meta-analysis.

Risk of bias analysis

The risk of bias (RoB) analysis was conducted for the 
animal studies using The Systematic Review Center for 
Laboratory Animal Experimentation’s risk of bias (SYR-
CLE’s RoB) tool. The RoB tool from SYRCLE contains 
ten items related to selection bias, performance bias, de-
tection bias, reporting bias, and other biases (Hooijmans 
et al., 2014). Meanwhile, we used three different scales 
for human studies: the Newcastle-Ottawa Scale (for 
observational studies), the Risk Of Bias In Non-rand-
omized Studies – of Interventions (ROBINS-I), and Ver-
sion 2 of the Cochrane risk-of-bias tool for randomized 
trials (ROB-2). The Newcastle Ottawa Scale is divided 

Figure 1. Study selection flow
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into three major domains (selection, comparability, and 
outcome) (Liana et al., 2022). In contrast, the ROBINS-I 
(Sterne et al., 2016) and ROB-2 (Sterne et al., 2019) are 
divided into several parts within the pre-intervention, in-
tervention, and post-intervention stages. The evaluation 
was carried out independently by two authors (IAL and 
TPU). In the event of a disagreement, the decision is 
made by a senior author (KM).

RESULTS

The search strategy identified a total of 942 studies. 
The search query found 551 studies on SCOPUS, 140 
on Google Scholar, 211 on PubMed, 28 on EbscoHost, 
and 12 on Epistemonikos. Following duplicate detection, 
243 studies were excluded. Then, 699 studies entered ti-
tle and abstract screening, where 56 studies were deemed 
eligible for full-text screening, which resulted in 24 stud-
ies being included in the final analysis. Meanwhile, six 
studies were identified from the citation search, and only 
one was finally contained. This process resulted in 25 se-
lected studies (13 animal studies/in vivo and 12 human 
studies (two experimental studies and ten observational 
research)) considered in the final process of manuscript 
evaluation (Fig. 1).

Study characteristics

All of the included studies evaluated the association of 
vitamin D with DNA damage. Animal studies (Table  1) 
were done on the vitamin D-deficient diet (Chen et al., 
2018; Elhusseini et al., 2018; Merino et al., 2018), hy-
pertension (Machado et al., 2016, 2019), oxidative stress 
(Haq et al., 2019; Liu et al., 2019), and neurological disor-
der (Alfawaz et al., 2014; Mehri et al., 2020). Meanwhile, 
all of the following parameters were assessed only in one 
study: diabetes mellitus (Meerza et al., 2012), high-fat diet 
(Merino et al., 2018), kidney disease (Mohammed et al., 
2019), aging (Qiao et al., 2020), and ovariectomy (Siebert 
et al., 2018) model. There are four main DNA damage 
detection methods, including immunohistochemistry 

(Chen et al., 2018; Elhusseini et al., 2018; Mohammed et 
al., 2019), comet assay (alkaline comet assay) (Alfawaz 
et al., 2014; Liu et al., 2019; Machado et al., 2016, 2019; 
Siebert et al., 2018), Enzyme-linked immunosorbent assay 
(ELISA) (Haq et al., 2019; Mehri et al., 2020), and micro-
nuclei detection (Liu et al., 2019; Machado et al., 2016). 
Meanwhile, other detection methods are flow cytome-
try (Merino et al., 2018), gel electrophoresis (Haq et al., 
2019), Western blot (Qiao et al., 2020) and reverse tran-
scription polymerase chain reaction (RT-PCR) (Siebert 
et al., 2018). Rodents, both mice and rats, were used as 

Figure 2. Risk of Bias for Animal Studies

Figure 3. Risk of Bias for Human Studies. 
A, Newcastle-Ottawa Scale; B, Risk of Bias in Non-randomised 
Studies – of Interventions (ROBINS-I); C, Version 2 of the Cochrane 
risk-of-bias tool for randomized trials (ROB-2)

Figure 4. Risk of Bias Summary. 
A, Animal studies; B, Human studies (limited to observational 
studies since experimental research only consisted of one study)
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animal models in all studies. It was found that all DNA 
damage parameters are associated with vitamin D levels, 
except in one study which did not find significant differ-
ence in the percentage of DNA in comet tails in the vi-
tamin D deficiency group when compared to the control 
group (Machado et al., 2019). Another study also showed 
that the preventive impact of vitamin D supplementation 
is better than its treatment effect to ameliorate DNA 
damage (Alfawaz et al., 2014).

Human research (Table 2) were conducted in exper-
imental (randomized and non-randomized clinical trial) 
(Wenclewska et al., 2019; Gungor et al., 2022) and obser-
vational (cross-sectional and cohort) (Ladeira et al., 2015; 
Lan et al., 2014; Nair-Shalliker et al., 2012b; Najeeb et al., 
2020; Ng et al., 2021; O’Callaghan-Gordo et al., 2017; Pe-
tersen et al., 2014; Usman et al., 2021; Wang et al., 2016; 
Fagundes et al., 2019) design. In human studies, the most 
commonly employed parameter is comet assay (comet 
tail length, DNA damage score, and percentage of DNA 
in comet tail) (Fagundes et al., 2019; Lan et al., 2014; 
Najeeb et al., 2020; Ng et al., 2021; Wang et al., 2016; 
Wenclewska et al., 2019) and micronuclei formation 
(buccal or lymphocyte) (Fagundes et al., 2019; Ladeira et 
al., 2015; Nair-Shalliker et al., 2012b; O’Callaghan-Gor-
do et al., 2017; Usman et al., 2021). Other parameters 
are aniline blue staining (sperm DNA damage) (Gungor 
et al., 2022), thymine dimer (Petersen et al., 2014), and 
ELISA (urinary 8-OHdG) (Usman et al., 2021). Several 
conditions were observed in the included studies, such 
as diabetes mellitus, cancer, obesity, vitamin D-deficient 
state, and infertility. A similar finding was also observed 
in animal studies when the majority of the investigations 
revealed a significant association between vitamin D and 
DNA damage status. However, a study on workers oc-
cupationally exposed to formaldehyde (Ladeira et al., 
2015) and on the general population (Nair-Shalliker et al., 
2012b) did not show a significant association between 
vitamin D level and micronuclei formation, while anoth-
er study only found the association in cord blood but 
not in maternal blood (O’Callaghan-Gordo et al., 2017). 
Another research also did not present any association 
between vitamin D level and comet assay result as the 
DNA damage marker in the general population (Wang 
et al., 2016).

Risk of Bias

All of the animal studies included in the analysis fol-
lowed a similar pattern (Figs 2 and 4), with a low risk 
of bias on baseline characteristics, random outcome as-
sessment, selective outcome reporting, and other biases. 
However, it is noteworthy that allocation concealment, 
random housing, and intervention blinding were not met 
by all studies, resulting in a high risk of bias. Meanwhile, 
only four studies (Liu et al., 2019; Mehri et al., 2020; 
Mohammed et al., 2019; Siebert et al., 2018) have a low 
risk of bias for outcome assessor blinding, and only two 
studies (Mehri et al., 2020; Siebert et al., 2018) have a low 
risk of bias for incomplete outcome data analysis.

We assessed the risk of bias in human studies (Fig.  3) 
using three scales: NOS, ROBINS-I, and ROB-2. Most 
studies (10/12; 83.33%) have moderate/some concerns 
about bias. A non-randomized study, on the other 
hand, runs the risk of bias due to insufficient interven-
tion classification. Meanwhile, there is only one study 
(O’Callaghan-Gordo et al., 2017) that has a low overall 
risk of bias. According to the summary graph (Fig. 4) on 
observational studies, 70% have a high risk of bias on 
comparability due to a lack of explanation on confound-
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ing control. However, regarding selection, 70% of the 
studies have a low risk of bias, and 20% of the includ-
ed research has a high risk of bias. Most studies have a 
moderate risk of bias in outcome assessment, primarily 
due to non-blinding outcome assessment.

DISCUSSION

DNA damage can be divided into two types, endog-
enous and exogenous. Endogenous DNA damage stems 
from chemically active DNA involved in hydrolytic and 
oxidative reactions with air and reactive oxygen spe-
cies (ROS), which are naturally present in cells. On the 
contrary, exogenous DNA damage occurs due to the 
involvement of environmental, physical, and chemical 
substances such as UV and ionizing radiation, alkylating 
agents, and cross-linking agents (Chatterjee & Walker, 
2018). Vitamin D is regarded as an essential factor in the 
status of DNA damage (Najeeb et al., 2020). Vitamin D 
deficiency (plasma 25(OH)D <50 nmol/l) and severe de-
ficiency (<30 nmol/l) have been associated with elevated 
oxidative stress, DNA damage promotion, and overall 
mortality (Wang et al., 2016). The impact of vitamin D 
on DNA damage is prominent in several disorders, in-
cluding hyperglycemia and cancer (Gabryanczyk et al., 
2021).

Hyperglycemia increases the production of free radi-
cals and also induces DNA damage (Giacco & Brown-
lee, 2010). Studies conducted in patients with type 2 
diabetes mellitus (T2DM) showed that vitamin D sig-
nificantly prevented DNA damage and oxidative stress in 
patients with T2DM (p<0.05). A vitamin D-responsive 
element has been identified in the promotion region of 
the insulin receptor gene in human (Gikas et al., 2009). 
Pancreatic cells express the nuclear receptor for 1,25-di-
hydroxyvitamin D3 (1,25(OH)2D3), which modulates in-
sulin action (Bland et al., 2004). Furthermore, vitamin D 
minimizes insulin resistance  by its effect on calcium and 
phosphorus metabolism along with the upregulation of 
the insulin receptor gene, as well as suppression of the 
synthesis of proinflammatory cytokines that contribute to 
insulin resistance, including interleukins and  TNF-α  due 
to its antioxidative properties (Wenclewska et al., 2019; 
Maestro et al., 2002; Talaei et al., 2013).

In malignancy, vitamin D had positive functions as 
anti-proliferative, proapoptotic, anti-inflammatory, anti-
angiogenesis, anti-metastatic, and anti-invasion as well 
as estrogen signaling inhibitor (Vuolo et al., 2012; Deus-
ter et al., 2017; Wacker & Holiack, 2013). Calcitriol (the 
active form of vitamin D) inhibits the proliferation of 
many malignant cells by inducing cell cycle arrest and 
cell accumulation in the G0/G1 phase of the cell cycle. 
In cells, calcitriol causes G1/G0 arrest in a p53-depend-
ent manner by increasing the expression of the cyclin-
dependent kinase inhibitors p21Waf/Cip1 and p27Kip1, 
decreasing the activity of cyclin-dependent kinase 2 
(CDK2), and causing hypo-phosphorylation. Calcitriol 
also increases the expression of p73, a homolog of p53, 
which is associated with the induction of apoptosis in 
several human and murine tumor systems. Suppression 
of p73 abrogates calcitriol-induced apoptosis and reduces 
the ability of calcitriol to enhance the cytotoxic effect 
of agents such as gemcitabine and cisplatin in a squa-
mous cell carcinoma (SCC) model (Krishnan & Feld-
man, 2010; Khrisnan et al., 2012). In the previous study, 
it was found that vitamin D deficiency is a risk factor 
for malignancy (cancer) and accelerates the invasion 
process (Najeeb et al., 2020; Migliaccio et al., 2022). The 

population of the 25 studies in this systematic review is 
diverse. Twelve studies conducted in humans analyzed 
DNA damage in patients with comorbid diseases such as 
T2DM, obesity, infertility, cancer patients, and the gener-
al population. Meanwhile, thirteen in vivo studies analyzed 
DNA damage using animal models with hypertension, 
ovariectomy, nephrotoxicity, vitamin D deficiency, and 
oxidative stress.

Several studies on vitamin D indicated that the vita-
min has a beneficial impact on all organ systems of the 
human body. Both 25(OH)D and its hormonally active 
form, 1,25(OH)2D are vital for physiological functions, 
especially to reduce inflammation and excessive cellular 
oxidative stress. The 1,25(OH)2D hormone or calcitriol 
modulates cell proliferation through direct and indirect 
pathways, such as by the inhibition of the transcription 
factor, Nuclear factor kappa-light-chain-enhancer of ac-
tivated B cells (NF-κB) which is associated with an el-
evation of oxidative stress and cellular response to in-
flammation and injury (Tilstra et al., 2012). Due to sup-
pression of NF-κB activation, calcitriol helps to reduce 
chronic inflammation (Myszka & Klinger, 2014). How-
ever, more research into the relationship between DNA 
damage, oxidative stress, and vitamin D is required.

Vitamin D receptor (VDR) is found in testicular tis-
sue, prostate, and spermatozoa. In addition, the intense 
metabolism of vitamin D in the male reproductive sys-
tem and increased expression of VDR in the neck of the 
sperm cause males to require vitamin D for functionally 
active sperm (Jensen et al., 2011). Incubation of semen 
samples with vitamin D for 30 minutes led to a signifi-
cant increase in sperm velocity parameters. This progres-
sive increase in motility is due to vitamin D-dependent 
calcium release and subsequent cyclic AMP/protein ki-
nase A (cAMP/PKA) activation and Adenosine triphos-
phate (ATP) production (Gunter et al., 2004). There was 
a significant negative correlation (p<0.05) between vita-
min D and sperm DNA damage in this systematic re-
view. After binding to the VDR receptor, vitamin D ini-
tiates slow genomic effects by stimulating the release of 
ligand-activated transcription factors in the nucleus. In 
unexplained infertile patients with vitamin D deficiency, 
sperm DNA damage may occur due to delayed genomic 
effects (Jurutka et al., 2001).

Studies in various animal models showed that vitamin 
D exerts a protective effect on DNA. Vitamin D can 
reduce the DNA damage index (percentage of DNA in 
comet tails assessed from comet tests). In addition, in 
genomic instability animal models induced by cyclophos-
phamide, vitamin D can reduce the frequency of micro-
nuclei formation (a marker of DNA damage). Besides 
the percentage of DNA in comet tails and the frequency 
of micronuclei, DNA damage can also be assessed by 
the levels of 8-OHdG, a marker of oxidative DNA dam-
age (Smith et al., 2005). Elevated levels of 8-OHdG in 
rat animal models are also associated with a complete 
loss of VDR expression. Because the expression of VDR 
depends on the availability of 1,25(OH)2D, the loss of 
VDR suggests that there may be a role for 1,25(OH)2D 
in protecting cells against hyperproliferation and oxida-
tive DNA damage (Kállay et al., 2002; Nair-Shalliker et 
al., 2012a). Decreased levels of 8-OHdG after vitamin D 
supplementation was proven in the animal model studies 
(Haq et al., 2019; Mohammed et al., 2019). The results of 
studies in animal models (in vivo) are in line with those 
of studies in cells (in vitro) (Chen et al., 2018; Liu et al., 
2019). These outcomes can confirm that vitamin D has 
a protective effect on DNA.
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Various parameters of oxidative stress are also pre-
sented in this systematic review. In human studies, vi-
tamin D supplementation led to a significant decrease in 
NO and total thiols and an increase in the concentra-
tion of reduced glutathione (GSH) leading to a decrease 
in oxidative processes in cells (Fagundes et al., 2019). 
In a study of animal models with hypertension, vitamin 
D was not significantly associated with DNA damage. 
However, vitamin D3 deficiency alters the level of Thio-
barbituric Acid Reactive Substance (TBARS) in a mouse 
model of spontaneous hypertension, which is an indica-
tor of Reactive Oxygen Species (ROS)-initiated peroxida-
tion of unsaturated fatty acids in membrane lipids and 
alters the permeability, fluidity, and integrity of the plas-
ma membrane (Potter et al., 2011). Lipid peroxidation 
predisposes patients to conditions such as hypertension 
and thromboembolic (Yavuzer et al., 2016). Vitamin D 
can reduce oxidative stress that occurs in cells thereby 
reducing DNA damage.

This systematic review proved that vitamin D protects 
against DNA damage. However, there are some limita-
tions to this systematic review. First, the study popula-
tions are largely heterogeneous with different diseases 
and DNA damage parameters; thus, the results can be 
biased. In addition, human studies are still sparse (only 
one randomized controlled trial/RCT) and mainly with 
a moderate RoB. Consequently, the application of the 
results to humans still needs to be considered. Further 
studies with randomized controlled trial designs are ex-
pected in the future to increase the strength of evidence.

CONCLUSION

There is a significant association between vitamin D 
and DNA damage. However, although the majority of 
studies have found that vitamin D has a protective effect 
against DNA damage, other research found contradicto-
ry findings. Thus, the need of further investigations with 
stricter criteria must be commenced. Nevertheless, it is 
safe to conclude that a diet with sufficient vitamin D 
content and supplementation (more than 1000 IU/day, 
preferably about 2000–5000 IU/day) is recommended to 
prevent DNA damage and oxidative stress in cells.
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LncRNA AC093850.2 predicts poor outcomes in patients with 
triple-negative breast cancer and motivates tumor progression 
by sponging miR-4299
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Background: Accumulating evidence displays that non-
coding RNAs (ncRNAs) are involved in the progression 
of triple-negative breast cancer (TNBC). This study aimed 
to investigate the role of lncRNA AC093850.2 in TNBC. 
Methods: The AC093850.2 levels were compared using 
RT-qPCR in TNBC tissues and corresponding normal tis-
sues. The Kaplan-Meier curve method was conducted to 
assess the clinical significance of AC093850.2 in TNBC. 
Bioinformatic analysis was used to predict potential miR-
NA. Cell proliferation and invasion assays were carried 
out to explore the function of AC093850.2/miR-4299 in 
TNBC. Results: lncRNA AC093850.2 expression is raised 
in TNBC tissues and cell lines, which is related to the 
shorter overall survival of patients. AC093850.2 is direct-
ly bound to miR-4299 in TNBC cells. Downregulation of 
AC093850.2 reduces tumor cell proliferation, migration, 
and invasion abilities, while miR-4299 silence attenu-
ated AC093850.2 silencing induced inhibition of cellular 
activities in TNBC cells. Conclusion: In general, the find-
ings suggest that lncRNA AC093850.2 was closely related 
to the prognosis and progression of TNBC by sponging 
miR-4299, which might be a prognosis predictor and po-
tential target for treating TNBC patients.

Keywords: AC093850.2, triple-negative breast cancer, miR-4299, 
prognosis, progression
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INTRODUCTION

The incidence and mortality of breast cancer have ob-
vious regional variations around the world (Azamjah et al., 
2019). In recent years, the incidence of breast cancer in 
China has been increasing year by year, and women tend 
to be younger (Li et al., 2016). The etiology of breast can-
cer is complex and closely related to a variety of genetic 
and non-genetic factors (Cappetta et al., 2021). Studies have 
manifested that being unmarried, childless, on high-fat diet, 
obese, having multiple x-rays and obvious benign breast 
diseases are all risk factors for the occurrence of breast can-
cer (Rojas & Stuckey, 2016; Sun et al., 2017). Currently, sur-
gical resection and chemotherapy are the main treatments 
for breast cancer. However, breast cancer has the character-
istics of being highly metastatic and spreads easily through 

lymphatic metastases (Kim, 2021). Breast cancer patients 
are prone to recurrence after surgical treatment, and the 
quality of life is also low, which seriously affects the clinical 
effect of breast cancer prevention and treatment. Among 
the subtypes of breast cancer, triple-negative breast can-
cer (TNBC) has a higher risk of recurrence and metasta-
sis (Yin et al., 2020). Due to the obvious heterogeneity of 
TNBC and the lack of expression of ER, PR, and HER-2, 
the clinical treatment is more difficult, so the survival rate 
of TNBC patients is not significantly improved (Yin et al., 
2020). Therefore, it is of great significance to explore effec-
tive methods and strategies for improving the prevention 
and treatment of breast cancer. 

The functions of non-coding RNA (ncRNA) genes 
have attracted more attention in normal physiological 
functions and pathological processes (Panni et al., 2020). 
ncRNAs are a general term for RNA that are not partic-
ipating in protein-coding, such as long non-coding RNA 
(lncRNA) and microRNA (miRNA) (Yang et al., 2020; 
Zhao et al., 2020). With the continuous in-depth study 
of ncRNA, it was unexpectedly discovered that the mu-
tation or differential expression of ncRNA is related to 
the occurrence and progression of many diseases (Ana-
stasiadou et al., 2017). Currently, the role of lncRNA in 
the process of cell proliferation, differentiation, and dis-
ease occurrence has received more and more attention 
(Mori et al., 2018; Romano et al., 2017). LncRNAs are 
relatively non-conservative in evolution and can regulate 
cellular activities at multiple levels, including chromatin 
modification, transcriptional level, and post-transcription-
al level regulation (Barreca et al., 2021). The abnormal 
lncRNA expression can not only affect tumor growth 
and metastasis but also serve as indicators for clinical de-
tection and treatment (Schmitt & Chang, 2016; Wang et 
al., 2017). Several lncRNAs are reported to be involved 
in the progression of breast cancer, such as NR2F1-AS1 
(Zhang et al., 2020), H19, and NEAT1 (Müller et al., 
2019). LncRNA AC093850.2 expression was increased in 
lung adenocarcinoma (Qiu et al., 2015) and gastrointesti-
nal esophageal cancer (Su et al., 2022). A previous study 
reported that AC093850.2 has prognostic significance for 
breast cancer based on Gene Expression Profiling Inter-
active Analysis (GEPIA) (Zhang et al., 2019), while its 
involvement in TNBC is elusive. 

Herein, we investigated the role of AC093850.2 in the 
progression of TNBC. The expression of AC093850.2 
was increased in TNBC tissues. miR-4299 functions as a 
suppressive miRNA in some types of cancer, such as lung 
cancer (Yang et al., 2018). We observed that AC093850.2 
functioned as the sponge of miR-4299 to regulate the 
progression of TNBC. Thus, the increased expression of 
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AC093850.2 may serve as a prognostic marker for TNBC 
patients and be a novel potential therapeutic target.

MATERIALS AND METHODS

Specimen source

A total of 135 cases of TNBC tissues and correspond-
ing paracentral tissue specimens were collected from Wei-
fang People’s Hospital from January 2014 to December 
2016 and stored in liquid nitrogen until use. All patients 
signed the informed consent. This study was approved 
by the Ethics Committee of Weifang People’s Hospital. 
The inclusion criteria: 1) patients were first onset and ini-
tial operation; 2) patients were pathologically diagnosed as 
TNBC; 3) patients have a complete medical history and 
five-year follow-up information. The median age of pa-
tients was 50.5 years, ranging from 29 to 82 years. 

Cell lines and transfection

TNBC cell lines (BT549, MDA-MB-231, and 
HCC1937), other subtypes of breast cancer cell lines 
(SKBR3, MCF7, BT474), and normal breast epithelial 
cell line MCF-10A were acquired from ATCC and were 
stored in our laboratory. Cells were cultured in a DMEM 
medium (Gibco) containing 10% FBS (Hyclone) in a 5% 
CO2 incubator at 37°C, and the medium was changed 
every 48–72 h. The cells in good conditions were cul-
tured in 6-well plates until the logarithmic growth period. 

MDA-MB-231 and HCC1937 cells were used for cell 
transfection. The AC093850.2 siRNA (si-AC093850.2), 
siRNA NC, miR-4299 mimic, mimic negative control 
(mimic NC), miR-4299 inhibitor (inhi-miR-4299), in-
hibitor NC were obtained from GenePharma (Shanghai, 
China). These vectors were transfected or co-transfected 
into TNBC cells using Lipofectamine 2000 reagent. 

RNA isolation and RT-qPCR

Total RNA was prepared from tissue specimens and 
cell lines using a pre-cooled Trizol isolation kit (Invitro-
gen) and cDNA synthesis was performed using a Tran-
scriptor First Strand cDNA Synthesis Kit (Roche, Man-
nheim, Germany) for lncRNA and a miRVana miRNA 
isolation kit (Applied Biosystems) for miRNA. Then 
cDNA was amplicated by RT-qPCR using an SYBR 
Green PCR Kit (TaKaRa) for lncRNA or miRCURY 
LNA miRNA SYBR Green PCR kit (Qiagen) for miR-
NA. GAPDH and U6 were used as normalization con-
trols. The relative levels of lncRNA and miRNAs were 
calculated by the comparative Ct method.

MTS assay for cell proliferation

Cell proliferation rate was evaluated using an MTS as-
say. The cells (3000 cells/well) were incubated in 96-well 
plates at 37°C. After 24, 48, and 72 h of incubation, the 
MTS reagent (Promega) was added to the well in a dark 
environment and incubated in the incubator for 2 h. After 
incubation, the absorbance value (OD value) of each well 
was detected at 490 nm by the microplate reader (BioRad).  

Transwell assays

For migration and invasion assays, a 24-well Transwell 
chamber (8 μm core; Corning, NY) was adopted to carry 
out the experiments. The membrane in the upper chamber 
of the transwell was precoated with Matrigel (BD), which 
was used for the evaluation of the invasion abilities of tu-

mor cells. The migration assay does not need to be pre-
coated with Matrigel. The serum-free medium was used 
to incubate the cells (1×105 cells) in the top chamber, and 
a 600 μl culture medium with 10% FBS was included in 
the lower chamber. The invading and migrating cells were 
fixed, stained, and counted with a microscope (Olympus).

Dual-luciferase reporter assay

The 3’UTR of AC093850.2 fragment with miR-4299 
binding sites was inserted into the pmirGLO dual-lucif-
erase vector (Promega) and named as AC093850.2 3’-
UTR WT. The mutant 3’UTR of AC093850.2 was sub-
cloned into pmirGLO and named as AC093850.2 3’UTR 
MUT. The WT or MUT fragment was co-transfected 
with miR-4299 mimic, or mimic NC into TNBC cells 
for 48 h. The luciferase activities were detected using a 
Dual-luciferase reporter assay kit (KeyGen, China).

Statistical analysis

Results were acquired from at least three independ-
ent experiments and were presented as mean ± S.D. The 
significance was assessed by the SPSS and GraphPad 
Prism software using the χ2 test, Student’s t-test, or one-
way ANOVA. The survival rates and clinical prognostic 
value were evaluated by the Kaplan-Meier method and 
multivariate Cox regression analysis. The difference was 
considered statistically significant when P<0.05 for all 
statistical analyses.

RESULTS

High AC093850.2 expression was related to 
clinicopathological parameters and shorter overall 
survival

The expression of AC093850.2 was monitored using 
RT-qPCR in 135 pairs of tissue specimens. AC093850.2 

Figure 1. Increased expression of AC093850.2 was related to the 
shorter overall survival of TNBC patients. 
(A) The expression level of AC093850.2 in paired tumor tissues 
and normal tissues was analyzed by RT-qPCR. ***P<0.001. (B) The 
expression level of AC093850.2 in TNBC cell lines was measured 
by RT-qPCR. **P<0.01, ***P<0.001. (C) The Kaplan-Meier curve was 
conducted to assess the survival outcome of AC093850.2 in TNBC 
(log-rank test, P=0.017).
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expression was upregulated in TNBC tissues (P<0.001, 
Fig. 1A). Further, the higher AC093850.2 expression was 
observed in TNBC cell lines (BT549, MDA-MB-231, 
and HCC1937) as shown in Fig. 1B (P<0.01). The ex-
pression of AC093850.2 in other subtypes of breast can-
cer cells was measured. The expression of AC093850.2 
was also increased in other subtypes of breast cancer 
(SKBR3, MCF7, BT474) (P<0.01, Supplementary Fig. 1 
at https://ojs.ptbioch.edu.pl/index.php/abp/), but not 
as high as that in TNBC cells except for SKBR3 cell. 

The χ2 test was used to evaluate whether the expres-
sion of AC093850.2 was associated with the clinical 
characteristics of TNBC patients. The results in Table  1 
indicated that high expression of AC093850.2 was re-
lated to the aggressive characteristics of TNBC, includ-
ing positive lymph node metastasis (P=0.007), advanced 
TNM stage (P=0.001), larger tumor size (P=0.048), 
and high Ki67 level (P=0.024). The data suggest that 
AC093850.2 was potentially associated with a higher 
risk of disease, which may be correlated with patients’ 
survival. The clinical analysis verified high AC093850.2 
expression in correlation with poor survival data of pa-

tients with TNBC (log-rank P=0.017, Fig. 1C). These 
results revealed that AC093850.2 upregulation may par-
ticipate in the progression of TNBC and be potentially 
a valuable prognostic predictor for this disease. Moreo-
ver, multivariate Cox regression analysis included clinical 
characteristics and AC093850.2 expression in the evalua-
tion of prognostic-related risk factors in TNBC. The re-
sults in Table 2 revealed that age and pathological stage 
were not independent risk factors for prognosis of pa-
tients, while AC093850.2 expression, tumor size, lymph 
node metastasis, TNM stage, and Ki67 were independent 
risk factors for the shorter prognosis of TNBC patients.  

LncRNA AC093850.2 targeted miR-4299 and regulated 
its expression

Bioinformatics prediction (LncBase Predicted v.2) 
showed that AC093850.2 could potentially bind to sev-
eral miRNAs, including miR-4299. Among these miR-
NAs, miR-4299 expression was found to be increased 
in AC093850.2-knockdown TNBC cells, as shown in 
Fig. 2A (P<0.001). The targeting relationship between 
AC093850.2 and miR-4299 was displayed in Fig. 2B. 

Table 1. Association of LncRNA AC093850.2 expression and clinicopathological parameters of TNBC patients

Variable Cases
(n=135)

AC093850.2 expression
P-value

Low (n=67) High (n=68)

Age (years) 0.436

≤ 50 70 37 33

> 50 65 30 35

Tumor size (cm) 0.048

≤ 2 61 36 25

> 2 74 31 43

Pathological stage 0.098

I-II 75 42 33

III 60 25 35

Lymph node metastasis 0.007

Negative 75 45 30

Positive 60 22 38

TNM stage 0.001

I-II 77 48 29

III 58 19 39

Ki67 0.024

≤ 14% 86 49 37

> 14% 49 18 31

Table 2. Multivariate Cox analysis of factors for survival of TNBC patients

Variables
Multivariate Cox analysis

HR 95%CI P value

AC093850.2 expression (low vs high) 0.226 0.060–0.846 0.027

Age (≤50 vs >50 years) 0.447 0.160–1.246 0.124

Tumor size (≤2 vs >2 cm) 0.202 0.044–0.920 0.039

Pathological stage (I–II vs III) 0.449 0.149–1.349 0.154

Lymph node metastasis (Negative vs Positive) 0.177 0.036–0.865 0.032

TNM stage (I–II vs III) 0.269 0.083–0.870 0.028

Ki67 (≤14% vs >14%) 0.305 0.099–0.939 0.039
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Whereafter, the downregulation of miR-4299 expres-
sion in TNBC tissues was observed compared with that 
in normal tissues (P<0.001, Fig. 2C). The dual-luciferase 
reporter assay validated the binding relationship between 
AC093850.2 and miR-4299 and the results demonstrated 
that the luciferase activity of cells co-transfected with 
AC093850.2-WT and miR-4299 mimic was decreased 
(P<0.001), while no significant changes were observed 
in cells co-transfected with AC093850.2-MUT and miR-
4299 mimic (Fig. 2D and 2E). The above results re-
vealed that AC093850.2 targeted and regulated the ex-
pression of miR-4299.

Silence of AC093850.2 weakened cell proliferation 
possibly by regulating miR-4299

After transfection, downregulation of AC093850.2 
by si-AC093850.2 reached more than 200% in cells of 

both TNBC cell lines (P<0.001, Fig. 3A). Silence of 
AC093850.2 led to the increased expression of miR-
4299 in both cell lines, while downregulation of miR-
4299 restrained the increased levels of miR-4299 by si-
AC093850.2 (P<0.001, Fig. 3A). 

Results of cell proliferation experiments indicated that 
silencing AC093850.2 inhibited proliferation abilities, 
while knockdown of miR-4299 reversed the inhibitory 
effect of si-AC093850.2 on the proliferation of cancer 
cells (P<0.05, Fig. 3B).

Influence of knockdown of AC093850.2 on cellular 
migration and invasion activities by regulating miR-4299

Following the above cellular experiments, Transwell 
assays were performed to evaluate the influence of si-
AC093850.2 on cell migration and invasion capacities. 
Silencing of AC093850.2 expression effectively inhib-
ited the migration of cells (P<0.001), whereas the im-

Figure 2. AC093850.2 directly binds to miR-4299 in TNBC cells. 
(A) miR-4299 was increased in AC093850.2 silenced cells. ***P<0.001. (B) Sequencing alignment showed putative binding sites between 
AC093850.2 and miR-4299. (C) The expression of miR-4299 was detected using RT-qPCR in TNBC tissues. ***P<0.001. (D) Overexpres-
sion of miR-4299 decreased relative luciferase activity of AC093850.2-WT but not AC093850.2-MUT in MDA-MB-231 cells. ***P<0.001. 
(E) Increased expression of miR-4299 reduced relative luciferase activity of AC093850.2-WT but not AC093850.2-MUT in HCC1937 cells. 
***P<0.001.

Figure 3. AC093850.2 acts as a ceRNA that regulate cell proliferation by sponging miR-4299. 
(A) RT-qPCR analysis of AC093850.2 or miR-4299 expression in MDA-MB-231 and HCC1937 cells after transfection. ***P<0.001. (B) The 
proliferation abilities were inhibited by the knockdown of AC093850.2 while reversed by the silence of miR-4299. ***P<0.001. 
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pact of knockdown of AC093850.2 was reversed by a  
miR-4299 inhibitor (P<0.001, Fig. 4A). Similar results 
were observed in invasion assays (P<0.001, Fig. 4B). 
These data suggest that AC093850.2 interference is a to-
wardly strategy to prevent TNBC progression by target-
ing miR-4299. 

DISCUSSION

TNBC is difficult to cure, easy to relapse, and has a 
high metastasis rate, which has become a major problem 
in the treatment of breast cancer. Hence, exploring novel 
prognostic and therapeutic targets is extremely important 
for improving clinical strategies and outcomes for TNBC 
patients. Growing studies suggest that lncRNAs involved 
in tumor prognosis and progression have been identified 
(Huang et al., 2021; Volovat et al., 2020). For instance, 
lncRNA HAGLR (Jin et al., 2021), CARMN (Sheng et 
al., 2021), and Uc003xsl.1 (Xu et al., 2022) were involved 
in the tumor progression of TNBC and were associated 
with patients’ prognosis. In this study, we clarified the 
expression levels of AC093850.2 that were remarkably 
increased in TNBC tissues compared with correspond-
ing paracancerous normal tissues. Similarly, the expres-
sion pattern of AC093850.2 was observed in TNBC cell 
lines. These results speculated that AC093850.2 may be 
involved in the regulation of the malignant evolution of 
TNBC. Interestingly, a high expression of AC093850.2 
was observed in an HER-positive breast cancer cell line 
(SKBR3 cell), which imply that AC093850.2 may not 
have an actual impact only on TNBC. In this study, we 
mainly investigated the role of AC093850.2 in TNBC. 

To further investigate the association between 
AC093850.2 and the clinical properties of TNBC, 
the clinicopathological characteristics of patients were 
gathered and statistically analyzed. The expression of 

AC093850.2 affected the tumor size, lymph node metas-
tasis, TNM stage, and Ki67 of TNBC patients. However, 
TNBC is regulated by a variety of lncRNAs or other 
genes, and the expression levels of different lncRNAs in 
TNBC are not the same, and the relationship with the 
clinical characteristics of TNBC is not the same. For in-
stance, serum lncRNA SUMO1P3 levels were related to 
positive lymphovascular invasion, lymph node metastasis, 
or high grade, but not related to tumor size (Na-Er et 
al., 2021). Herein, further survival analysis revealed that 
TNBC patients with high AC093850.2 expression had a 
poor survival outcome. Multivariate Cox regression anal-
ysis revealed that AC093850.2 expression is a risk factor 
for the overall survival of TNBC patients. The clinical 
prognostic significance of AC093850.2 was reported in 
esophageal squamous cell carcinoma (Huang et al., 2018). 
A previous differently identifying RNA expression pro-
files study indicated that AC093850.2 has a prognostic 
value for breast cancer (Zhang et al., 2019). Similarly, 
results in this study validated the prognostic value of 
AC093850.2 in TNBC using a bunch of TNBC patients. 
Therefore, AC093850.2 may be an independent prognos-
tic factor for TNBC. 

lncRNAs could act as a competitive endogenous RNA 
to regulate miRNA function. For instance, lncRNA 
XLOC-006390 as a ceRNA facilitates cervical cancer 
tumorigenesis by inhibiting miR-331-3p and miR-338-
3p (Luan & Wang, 2018). The expression of lncRNA 
PCED1B-AS1 expression is increased in colorectal ad-
enocarcinoma tissues and knockdown of PCED1B-AS1 
suppresses tumor progression by sponging miR-633 (Liu 
et al., 2022). In this study, we used an online database to 
identify miRNAs with AC093850.2 binding sites, which 
showed a binding relationship between miR-4299 and 
AC093850.2. The expression of miR-4299 was increased 
in AC093850.2-silenced tumor cells. We also observed 
that AC093850.2 functions as a sponge for miR-4299 in 

Figure 4. Downregulation of miR-4299 reverses the inhibition of migration and invasion potential in TNBC cells induced AC093850.2 
silencing. 
(A) A Transwell migration assay was conducted to determine the effects of AC093850.2/miR-4299 knockdown on cell migration. 
***P<0.001. (B) Transwell invasion assay was performed to measure the effects of AC093850.2/miR-4299 silencing on cell invasion capaci-
ties. ***P<0.001.
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TNBC. We also observed that miR-4299 expression was 
downregulated in TNBC tumor tissues. These data re-
vealed that lncRNA AC093850.2 may act as a ceRNA to 
regulate tumor progression of TNBC by inhibiting miR-
4299 expression. 

The role of lncRNAs in tumorigenesis and progres-
sion has been widely investigated. Further cellular ex-
periments were conducted to explore the influence 
of AC093850.2/miR-4299 on the cellular activities of 
TNBC cells. miR-4299 was downregulated in non-small 
cell lung cancer tissues and restrained tumor cell pro-
liferation, migration, and invasion by modulating the 
activation of the PTEN/AKT/PI3K signaling pathway 
(Yang et al., 2018). The expression of miR-4299 was also 
decreased in follicular thyroid carcinoma cells and could 
mediate the invasive properties by targeting ST6 (alpha-
N-acetyl-neuraminyl-2,3-beta-galactosyl-1,3)-N-acetyl-
galactosaminide alpha-2,6-sialyltransferase 4 (ST6GAL-
NAC4) (Miao et al., 2016). The current results revealed 
that knockdown of AC093850.2 restrained cell viability 
and migration of TNBC cells, whereas the impact of 
AC093850.2 knockdown was recovered by miR-4299 in-
hibitor, indicating that AC093850.2 interference is a to-
wardly strategy to impede TNBC progression by target-
ing miR-4299. 

There are some limitations of this study. This study 
mainly investigated the role of AC093850.2 in TNBC, 
but its impact on other subtypes of breast cancer re-
mains to be explored. In future studies, other subtypes 
of breast cancer patients will be enrolled to explore the 
clinical role of AC093850.2 in other subtypes of breast 
cancer. On the other hand, the detailed mechanism of 
AC093850.2 in TNBC needs to be investigated in the 
future. 

In general, lncRNA AC093850.2 was elevated in 
TNBC tissues and related to patients’ prognosis. 
AC093850.2/miR-4299 suggests crosstalk between lncR-
NA and miRNA that might drive TNBC progression. 
This crosstalk between AC093850.2 and miR-4299 may 
reveal the mechanism of AC093850.2 in TNBC, which 
may be a potential target for TNBC treatment and prog-
nosis prediction.
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Anaplastic thyroid cancer (ATC) is a rare but lethal hu-
man malignant cancer with no known cure. Ellagic acid 
(EA), a natural plant extract, has shown antitumor activ-
ity against multiple cancers; however, its effects on the 
malignant phenotypes of ATC cells remain unknown. 
This study aimed to evaluate the effects of EA on prolif-
eration, migration, and invasion of ATC cells and further 
explore the associated signaling mechanisms. The nor-
mal human thyroid cell line Nthy-ori3-1 and ATC cell line 
BHT-101 were used. Cytotoxicity assay was performed 
using the Cell Counting kit-8 (CCK-8) assay. Cell prolifer-
ation, migration, and invasion assays were performed us-
ing the CCK-8 and colony formation, wound healing, and 
Transwell invasion assays, respectively. Western blotting 
was used to detect the levels of related proteins. β-cat-
enin nuclear protein levels were measured to evaluate 
the Wnt/β-catenin pathway. The phosphorylation level 
of the Akt protein was measured and calculated to eval-
uate the PI3K/Akt pathway. LiCl and IGF-1 were used as 
pathway agonists to determine the involvement of the 
corresponding pathway. The results showed that EA in-
hibited the proliferation, migration, and invasion of ATC 
cells. Furthermore, both the Wnt/β-catenin and PI3K/Akt 
pathways were suppressed by EA treatment, and acti-
vation of these two pathways reversed the EA-induced 
inhibition of the pathological phenotypes of ATC cells. 
These findings demonstrate that EA inhibits prolifera-
tion, migration, and invasion of ATC cells by suppressing 
the Wnt/β-catenin and PI3K/Akt pathways, suggesting 
that EA is a potential drug candidate for treating ATC 
and provides a theoretical basis for further in vivo exper-
iments and clinical applications.
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INTRODUCTION

Thyroid cancer is the most common malignant endo-
crine tumor with an increasing incidence worldwide every 
year (Hsu et al., 2014; Haymart, 2021). Anaplastic thyroid 
cancer (ATC), also known as undifferentiated thyroid 
cancer, is a rare subtype of thyroid cancer. Although this 
subtype accounts for 1–2% of all thyroid cancers, it is 
the most lethal subtype (Molinaro et al., 2017). Unfortu-
nately, there is currently no effective treatment for ATC. 
Previous studies have shown that traditional cancer treat-
ments, including surgery, chemotherapy and radiothera-
py, do not significantly improve the prognosis of ATC 
patients (Tuttle et al., 2017; Tiedje et al., 2018). There-
fore, it is important to explore novel ATC treatment 
strategies. Attenuation of proliferation, migration, and 
invasion of ATC cells is considered an effective strategy 
for suppressing the development of ATC.

Ellagic acid (EA) (molecular formula C14H6O8; 
Fig.  1A) is a natural polyphenolic compound and di-
meric gallic acid derivative that is widely distributed in 
various fruits and nuts. EA possesses a wide range of 
biological activities, including antioxidant, antiviral, and 
antitumor activities (Shakeri et al., 2018). In the field of 
antitumor therapy, EA has been reported to exert inhibi-
tory effects on various cancers, such as colorectal, breast, 
and prostate cancers (Ceci et al., 2018). Additionally, in 
our previous study, we demonstrated that EA inhibited 
the proliferation and migration of hypertrophic scar fi-
broblasts (Liu et al., 2021). However, the role of EA in 
ATC remains unclear.

The canonical Wnt/β-catenin and PI3K/Akt pathways 
play key roles in tumor development. Unphosphorylated 
β-catenin enters the nucleus and initiates the transcrip-
tion of downstream target genes; the nuclear β-catenin 
level represents the activation level of the Wnt/β-catenin 
pathway (Rao & Kühl, 2010). Akt is a key molecule in-
volved in the PI3K/Akt pathway, and its phosphoryla-
tion level represents the activation level of this pathway 
(Jiang et al., 2020). Aberrant activation of the Wnt/β-
catenin and PI3K/Akt pathways is associated with ATC 
progression (Saji & Ringel, 2010; Sastre-Perona & San-
tisteban, 2012; Jiang et al., 2022; Zhang et al., 2022).

In this study, we evaluated the effects of EA on pro-
liferation, migration, and invasion of ATC cells. Fur-
thermore, we investigated whether Wnt/β-catenin and 
PI3K/Akt signaling pathways are involved in EA-in-
duced regulation.

Vol. 70, No 1/2023
109–115

https://doi.org/10.18388/abp.2020_6317

470

mailto:jiangyang@jlu.edu.cn
mailto:liuxianjun@jlenu.edu.cn
https://doi.org/10.18388/abp.2017_


110											           2023X. Meng and others

MATERIALS AND METHODS

Cells culture

The normal human thyroid cell line Nthy-ori3-1 (cat. 
no. CTCC-003-0031) was obtained from Meisen Cell 
(Zhejiang, China), and ATC cell line BHT-101 (cat. no. 
BNCC359868) was obtained from the BeNa Culture 
Collection (Beijing, China). Both cell lines were cultured 
in Roswell Park Memorial Institute (RPMI) 1640 medi-
um containing 10% fetal bovine serum (FBS) and 1% 
penicillin/streptomycin at 37°C with 5% CO2. All cell 
culture reagents were purchased from Gibco (Thermo 
Fisher Scientific, MA, USA).

Antibodies and drugs

The primary antibodies used for western blotting were 
as follows: anti-β-catenin (1:5000, cat. no. ab32572; Ab-
cam, Cambridge, UK), anti-Histone H3 (1:2000, cat. no. 
ab1791; Abcam), anti-phospho-pan-Akt (1:500; cat. no. 
AF0016; Affinity, OH, USA), anti-pan-Akt (1:500; cat. 
no. AF6261; Affinity), and anti-β-actin (1:2000; 60008-
1-Ig; Proteintech, IL, USA). The secondary antibodies 
(1:5000; goat anti-mouse cat. no. SA00001-1, goat an-
ti-rabbit cat. no. SA00001-2; Proteintech) were used 
for western blotting analysis. EA (cat. no. B21073; Yu-
anye Biotech, Shanghai, China) was dissolved in 1 M 
NaOH. The final concentration of NaOH was ≤ 0.1% 
(v/v), which did not induce toxicity (Duan et al., 2019). 
Lithium chloride (LiCl) (cat. no. L9650; Sigma-Aldrich, 
MO, USA), an agonist of the Wnt/β-catenin pathway, 
was dissolved in sterile double-distilled water and used 
at a concentration of 25 mM. Recombinant human in-
sulin-like growth factor-1 (IGF-1) protein (cat. no. 291-
G1; R&D Systems, MN, USA), an agonist of the PI3K/
Akt pathway, was dissolved in RPMI 1640 and used at a 
concentration of 100 ng/mL.

Cytotoxicity assay

The Cell Counting kit (CCK-8) assay was used to per-
form the cytotoxicity assay. The assay was performed as 
previously described (Liu et al., 2021). Briefly, cells were 
seeded at a density of 5×104 cells per well in a 96‑well 
plate (n=3). After cell attachment, the cells were treat-
ed with varied concentrations of EA (0–160 µM). Af-
ter treatment for 24 hours, 10 µL of CCK‑8 (cat. no. 
40203ES60; Yeasen, Shanghai, China) reagent was added 
to each well. After incubation for 2 hours at 37°C, the 
absorbance was measured at 450 nm wavelength using a 
microplate reader (Thermo Fisher Scientific, MA, USA). 
The results were expressed as cell survival rates. Cell sur-
vival rate (%) = (OD value of treated group – OD value 
of blank)/(OD value of control group – OD value of 
blank) × 100.

Proliferation assay

A CCK-8 assay was used to assess cell proliferation. 
BHT-101 cells were seeded at 5×103 cells per well in a 
96‑well plate (n=3), and the OD values were measured 
at 24, 48, and 72 h after treatment according to the ex-
perimental requirements. In addition, the OD value de-
tection method was the same as that of the cytotoxicity 
assay. The results are expressed as OD values.

A plate colony formation assay was performed to as-
sess cell proliferation. BHT-101 cells were seeded in 12-
well plates (n=3) at a density of 200 cells/well. After in-
cubation for 12 days at 37°C, colonies were fixed with 

4% paraformaldehyde (cat. no. P1110; Solarbio, Beijing, 
China) for 20 min at room temperature and stained with 
0.5% crystal violet stain solution (cat. no. 60506ES60; 
Yeasen) for 10 min at room temperature, and the num-
ber of colonies was counted using ImageJ software (ver-
sion 1.51w).

Migration assay

A wound healing assay was used to assess cell migra-
tion. This assay was performed as previously described 
(Liu et al., 2021). Briefly, BHT-101 cells were cultured in 
a 12‑well plate (n=3) with RPMI 1640 containing 10% 
FBS until the cell confluence reached 100%. A scratch 
wound was made in the middle of each well using a 200-
µL pipette tip. The culture medium was then replaced 
with serum-free RPMI 1640 medium. At 0 and 24 h 
after scratching, images were captured in five random 
fields of view using an inverted light microscope (magni-
fication 100×; Olympus Corporation, Tokyo, Japan). The 
wound area was measured using ImageJ software. The 
results were expressed as migration rates. Migration rate 
(%) = (initial wound area – wound area at 24 h)/initial 
wound area ×100.

Transwell invasion assay

Transwell invasion assay was used to assess cell inva-
sion. Transwell plates (24-well, 8 μm; Labgic, Beijing, 
China) were pre-coated with Matrigel (BD Biosciences, 
CA, USA) for 30 min at 37°C. BHT-101 cells were seed-
ed in the upper chambers of Transwell plates (n=3) at a 
density of 5×104 cells/well and incubated in serum-free 
RPMI 1640 medium. The lower chambers were supplied 
with a culture medium containing 10% FBS. After 48 h, 
non-invading cells on the upper face of the membrane 
were removed with a cotton swab, and the invaded cells 
were fixed with 4% paraformaldehyde for 20 min at 
room temperature and stained with 0.5% crystal violet 
stain solution for 10 min. Images were captured in five 
random fields of view using an inverted light microscope 
(magnification 200×). The number of cells was counted 
using ImageJ software.

Western blotting

Western blotting was used to assess protein expression 
levels. The harvested cells were processed using a nucle-
ar and cytoplasmic protein extraction kit (cat. no. P0028; 
Beyotime, Shanghai, China) to extract nucleoproteins and 
RIPA lysis buffer (cat. no. 9806S; CST, MA, USA) to 
extract the total protein. Western blotting was performed 
to detect the levels of β-catenin and Histone H3 (loading 
control) in nucleoprotein, and total Akt (t-Akt), phos-
phorylated Akt (p-Akt), and β-actin (loading control) in 
total protein, as described previously (Liu et al., 2021). 
Samples were separated using 10% SDS‑PAGE gels, and 
subsequently electro‑transferred to PVDF membranes 
(Millipore, MA, USA) for immunoblotting analysis. After 
incubation with primary antibodies, the membranes were 
incubated with the corresponding secondary antibodies. 
Protein chemiluminescence was detected using the Super 
ECL Detection Reagent (cat. no. 36208ES60; Yeasen) 
using a KETA GL Imaging System (Wealtec, NV, USA), 
and the gray values of the bands were quantified using 
ImageJ software.

Statistical analysis

The quantified data are presented as mean ± standard 
deviation (S.D.). The data were assessed for normality 
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using the Shapiro-Wilk test and were analyzed by one-
way ANOVA followed by post hoc Dunnett’s or Sidak 
test using the GraphPad Prism (version 7.03) statistical 
package. A P-value of <0.05 indicated a statistically sig-
nificant difference.

RESULTS

Effect of EA on the proliferation of ATC cells

To determine the appropriate concentration of EA for 
use in ATC cells, we performed a cytotoxicity assay for 
EA on Nthy-ori3-1 cells, a normal human thyroid cell 
line, using the CCK-8 assay. The results showed that EA 
did not cause significant cytotoxicity in normal cells at a 
concentration ≤100 μM, which suggested the concentra-
tion range used in the following experiments (Fig. 1B). 
We also examined the cytotoxicity of EA in BHT-101 
cells, an ATC cell line, and found that ATC cells were 
more tolerogenic (Fig. 1B). Next, we evaluated the ef-

fect of EA on ATC cell proliferation using CCK-8 and 
colony formation assays. As shown in Fig. 1C, ATC 
cell viability was significantly reduced in the EA-treated 
group (40 or 80 μM) at all time points. Notably, as the 
concentration of EA increased, cell viability significantly 
decreased. Additionally, the results of the colony forma-
tion assay showed that the colony number of ATC cells 
in the EA-treated group (40 or 80 μM) was significantly 
lower than that in the control group (0 μM), and a high-
er EA concentration resulted in lower colony number 
(Fig. 1D and 1E), which exhibited a similar trend to the 
CCK-8 assay. These data indicated that EA inhibited the 
proliferation of ATC cells in a dose-dependent manner.

Effect of EA on the migration of ATC cells

To evaluate the effect of EA on ATC cell migra-
tion, we performed a wound healing assay. As shown in 
Fig.  2A and 2B, the migration rate of ATC cells from 
the treated group (40 or 80 μM) was significantly lower 
than that of the control group (0 μM). As the concentra-

Figure 1. Effect of EA on the proliferation of ATC cells. 
(A) The structural formula of EA. (B) Cytotoxicity assay of EA in Nthy-ori3-1 and BHT-101 cells was performed using the CCK-8 assay. The 
effect of EA on the proliferation of ATC cells was detected by the CCK-8 assay at the indicated time points and colony formation assay. 
(C) CCK-8 assay results. (D) Colony formation assay. (E) Histogram of the colony number in each group. Untreated cells (0 µM) were used 
as control. Data are expressed as mean ± S.D.; #P>0.05, *P<0.05 and **P<0.01.

Figure 2. Effect of EA on the migration of ATC cells. 
(A) The effect of EA on the migration of ATC cells was detected by the wound healing assay (yellow dashed lines denote the wound 
edge; scale bar =100 µm). (B) Histogram of the migration rate of ATC cells in each group. Untreated cells (0 µM) were used as control. 
Data are expressed as mean ± S.D.; #P>0.05, *P<0.05 and **P<0.01.
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tion of EA increased, the migration rate of ATC cells 
decreased. These data indicated that EA inhibited the 
migration of ATC cells in a dose-dependent manner.

Effect of EA on the invasion of ATC cells

To evaluate the effect of EA on the invasion of ATC 
cells, we performed the Transwell invasion assay to as-
sess cell invasion ability. As shown in Fig. 3A and 3B, 
the number of invaded ATC cells in the treated group 
(40 or 80 μM) was significantly lower than that in the 
control group (0 μM). With an increase in EA concen-
tration, the invasion of ATC cells decreased. These data 
indicated that EA inhibited the invasion of ATC cells in 
a dose-dependent manner.

Role of Wnt/β-catenin pathway in EA-induced 
regulation of ATC cells

We further investigated the role of the Wnt/β-catenin 
pathway in EA-induced inhibition of ATC cells. First, 
we evaluated the effect of EA (80 μM) on this signal-
ing pathway in ATC cells. The nucleoprotein level of 
β-catenin, a marker of the Wnt/β-catenin signaling 
pathway, was examined by western blotting. As shown 
in Fig. 4A, EA treatment significantly reduced the level 
of β-catenin, suggesting that EA inhibited the Wnt/β-
catenin pathway in ATC cells. Next, we used LiCl (25 
mM), an agonist of the Wnt/β-catenin pathway, to ver-
ify whether this signaling pathway was involved in EA-
induced inhibition of ATC cells. The results of west-
ern blotting showed that LiCl significantly up-regulated 
the level of β-catenin (LiCl treated group vs. untreated 
group), and it significantly reversed EA-induced β-catenin 
down-regulation (EA+LiCl group vs. EA treated group), 
confirming the validity of LiCl and demonstrating that 
LiCl could reverse EA-induced inhibition of the Wnt/β-
catenin pathway (Fig. 4A). We then measured the effects 
of activating the Wnt/β-catenin pathway on the EA-
induced inhibition of proliferation, migration, and inva-
sion of ATC cells. The results of the CCK-8 and colony 
formation assays showed that activation of the Wnt/β-
catenin pathway significantly reversed the EA-induced 
inhibition of ATC cell (Fig. 4B and 4C). The results of 
the wound healing assay showed that activation of the 
Wnt/β-catenin pathway significantly reversed the EA-
induced inhibition of ATC cell (Fig. 4D). The results of 
the Transwell invasion assay showed that activation of 
the Wnt/β-catenin pathway significantly reversed the in-
hibition of ATC cell invasion by EA (Fig. 4E). These 
data demonstrated that EA attenuated the proliferation, 
migration, and invasion of ATC cells by inhibiting the 
Wnt/β-catenin pathway.

Role of the PI3K/Akt pathway in EA-induced regulation 
of ATC cells

In addition to the Wnt/β-catenin pathway, we evaluat-
ed the role of the PI3K/Akt pathway, another ATC-as-
sociated signaling pathway, in the EA-induced antitumor 
effects. First, we assessed the effect of EA (80 μM) on 
the PI3K/Akt pathway by evaluating the phosphoryla-
tion level of the Akt protein, which was determined by 
the p-Akt/t-Akt ratio. As shown in Fig. 5A, EA treat-
ment significantly decreased Akt phosphorylation levels, 
indicating that EA inhibited the PI3K/Akt pathway in 
ATC cells. Next, we used IGF-1 (100 ng/mL), an ag-
onist of the PI3K/Akt pathway, to investigate whether 
this pathway was involved in the EA-induced regulation 
of ATC cells. The results of western blotting showed 
IGF-1 significantly increased Akt phosphorylation levels 
(IGF-1 treated group vs. untreated group), and it signifi-
cantly reversed EA-induced inhibition of Akt phosphor-
ylation level (EA+IGF-1 group vs. EA treated group), 
which proved the validity of IGF-1 as an agonist of the 
PI3K/Akt pathway (Fig. 5A). We then evaluated the ef-
fects of activating the PI3K/Akt pathway on the EA-in-
duced suppression of cell proliferation, migration, and 
invasion of ATC cells. The results showed that activa-
tion of the PI3K/Akt pathway significantly reversed the 
EA-induced inhibition of cell proliferation (Fig. 5B and 
5C), migration (Fig. 5D), and invasion (Fig. 5E). These 
data demonstrated that EA attenuated the proliferation, 
migration, and invasion of ATC cells by inhibiting the 
PI3K/Akt pathway.

DISCUSSION

In recent years, an increasing number of natural plant 
extracts have attracted the attention of researchers owing 
to their low toxicity and few side effects. Some natural 
extracts have been reported to possess anti-ATC activi-
ties. Yu and others found that chrysin (Yu et al., 2013b), 
a natural flavonoid, and resveratrol (Jaskula-Sztul et al., 
2013a), a natural polyphenol phytoalexin, suppressed the 
growth and Notch1 signaling pathway in multiple ATC 
cell lines. Patel and others found that hesperetin, a natu-
ral flavonoid, exerted antitumor effects on ATC cells by 
inducing cell apoptosis and cellular differentiation (Pa-
tel et al., 2014). Lepore et al. found that cynaropicrin, a 
natural sesquiterpene lactone, inhibited the proliferation 
of ATC cells by reducing NF-κB expression and STAT3 
phosphorylation (Lepore et al., 2019). Our study, for the 
first time, demonstrated that EA inhibited the tumor 
phenotypes of ATC cells and identified associated down-
stream signaling pathways, which expands our knowl-
edge in the field.

Figure 3. Effect of EA on the invasion of ATC cells. 
(A) The effect of EA on the invasion of ATC cells was detected by the Transwell invasion assay (scale bar =50 µm). (B) Histogram of the 
number of invaded ATC cells in each group. Untreated cells (0 µM) were used as control. Data are expressed as mean ± S.D.; #P>0.05 and 
**P<0.01.
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Uncontrollable proliferation is an important charac-
teristic of tumor cells. EA has been reported to inhibit 
the proliferation of multiple cancers. Malik and others 
reported that EA treatment inhibited the proliferation 
of prostate cancer cells (Malik et al., 2011). In ovar-
ian carcinoma, EA was found to inhibit the growth of 
ES-2 and PA-1 cells (Chung et al., 2013). Wang and oth-
ers suggested that EA exerts an inhibitory effect on the 
proliferation of glioblastoma cells (Wang et al., 2016). 
Similar to the above results, our study demonstrated 
that EA treatment effectively suppressed the prolifera-
tion of ATC cells (Fig. 1). Cell migration and invasion 
play key roles in the metastasis of malignant tumor. It 
has also been shown to inhibit cell migration and inva-
sion in some cancers. Xu and others reported that EA 
inhibits the migration and invasion of osteosarcoma cells 
by down-regulating c-Jun expression (Xu et al., 2018). 
In melanoma, EA was found to be able to inhibit cell 
migration and invasion of WM115 and A375 cells via 
the epidermal growth factor receptor pathway (Wang et 
al., 2020). Our results were consistent with these stud-
ies, and we found that EA attenuated the migration and 
invasion of ATC cells (Fig. 2 and 3). In addition, the 
antiproliferative activity of EA was verified in these two 

studies. These findings may reveal the broad suppres-
sive effects of EA on cancer cell proliferation, migration, 
and invasion. However, this has yet to be experimentally 
confirmed in other cancers.

Previous studies on EA against cancers have revealed 
that regulation of signaling pathway is involved. Ani-
tha and others found that EA treatment suppressed the 
Wnt/β-catenin pathway in an animal model of oral on-
cogenesis (Anitha et al., 2013). In another in vitro study, 
EA inhibited the Wnt/β-catenin pathway in colon can-
cer cells (Fang et al., 2015). Similar to these two stud-
ies, our work showed the inhibitory effect of EA on the 
Wnt/β-catenin pathway, and further demonstrated that 
this pathway was involved in EA-induced suppression 
of the pathological phenotypes of ATC cells (Fig. 4). 
As for the PI3K/Akt pathway, another ATC-associated 
signaling pathway, Liu et al. reported that EA exerted 
an inhibitory effect on this pathway in A549 lung cancer 
cells (Liu et al., 2018). Our study also showed that EA 
treatment inhibited the PI3K/Akt pathway, by which 
EA attenuated the proliferation, migration, and invasion 
of ATC cells (Fig. 5). These results enrich the mecha-
nistic research on the antitumor activity of EA. Our 
study elaborated on specific signaling mechanisms for 

Figure 4. Role of the Wnt/β-catenin pathway in EA-induced regulation of ATC cells. 
(A) The level of the Wnt/β-catenin pathway was assessed by detecting the protein level of β-catenin using western blotting. Cell pro-
liferation assay was performed using the (B) CCK-8 and (C) colony formation assays. (D) Cell migration assay was performed using the 
wound healing assay (yellow dashed lines denote the wound edge; scale bar =100 µm). (E) Cell invasion assay was performed using the 
Transwell invasion assay (scale bar =50 µm). EA was used at 80 µM; LiCl was used at 25 mM as a pathway agonist. Data are expressed as 
mean ± S.D.; *P<0.05 and **P<0.01. 
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the EA-induced inhibition of ATC cells (Fig. 6, created 
with BioRender.com). The mechanisms underlying the 
EA-induced regulation of ATC remain to be elucidated. 

The present study has several limitations; the effects of 
EA on other phenotypes of ATC cells, such as drug re-
sistance, remain to be investigated. Further in vivo animal 

Figure 5. Role of the PI3K/Akt pathway in EA-induced regulation of ATC cells. 
(A) The level of the PI3K/Akt pathway was assessed by detecting the phosphorylation level of Akt using western blotting. Cell prolifera-
tion assay was performed using the (B) CCK-8 assay and (C) colony formation assay. (D) Cell migration assay was performed using the 
wound healing assay (yellow dashed lines denote the wound edge; scale bar =100 µm). (E) Cell invasion assay was performed using the 
Transwell invasion assay (scale bar =50 µm). EA was used at 80 µM; IGF-1 was used at 100 ng/mL as a pathway agonist. Data are ex-
pressed as mean ± S.D.; *P<0.05 and **P<0.01.

Figure 6. Schematic illustration of this study. 
EA inhibits cell proliferation, migration, and invasion of ATC cells via the Wnt/β-catenin and PI3K/Akt pathways.
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experiments are required to validate the antitumor effect 
of EA on ATC. These issues will be explored in future 
research.

In conclusion, this study demonstrated that EA in-
hibits the proliferation, migration, and invasion of ATC 
cells by inhibiting the Wnt/β-catenin and PI3K/Akt 
signaling pathways. These findings support EA as a can-
didate drug for ATC treatment and provide a theoretical 
basis for further in vivo experiments and clinical applica-
tions.
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JNK promotes the progression of castration-resistant prostate 
cancer
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Background: Prostate cancer is one of the most common 
cancers in men worldwide. This study aims to elucidate 
the roles of c-Jun N-terminal kinase (JNK) in the pro-
gression of castration-resistant prostate cancer (CRPC). 
Methods: JNK overexpressing and knockdown cell lines 
were established on the PC-3 prostate cell line. qPCR 
and Western blotting were performed to determine the 
mRNA and protein levels of target genes in prostate tis-
sues and cell lines. MTT and Matrigel invasion assays 
were conducted to evaluate the cell viability and inva-
sive ability, respectively. The Kaplan-Meier estimator 
was performed to estimate the overall survival rate and 
second progression-free survival rate. Pearson’s correla-
tion coefficient was used to evaluate the relationship be-
tween JNK and prostate-specific antigen (PSA). Results: 
Relative JNK expression was correlated with Gleason 
score and PSA value in patients with CRPC. Kaplan-Meier 
analysis revealed that patients with low JNK expression 
exhibited high overall survival and second progression-
free survival rate. In vitro assays demonstrated that JNK 
overexpression promoted cell viability and invasion as 
well as the protein expressions of extracellular signal-
regulated kinase (ERK) and matrix metalloproteinase 1 
(MMP1) in PC-3 cell lines. Conclusions: JNK overexpres-
sion promotes the development of CRPC via the regula-
tion of ERK and MMP1.
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JNK
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INTRODUCTION

Prostate cancer is ranked as the second most common 
cancer among men and the fourth most common can-
cer among all types of cancers worldwide (Siegel et al., 
2021; Sung et al., 2022). The incidence of prostate cancer 
is gradually increasing over the past decades (Schatten, 

2018; Siegel et al., 2022). For instance, the incidence rates 
of prostate cancer in the advanced stage have increased 
by 4%~6% annually from 2014 to 2018 (Schatten, 
2018). In 2020, there are an estimated 1.4 million peo-
ple who are diagnosed with prostate cancer in the world 
(Sung et al., 2021). Depending on the stage of prostate 
cancer and its metastasis status, therapeutic options for 
prostate cancer include surgery, chemotherapy, radiation, 
androgen deprivation therapy (ADT), and combination 
therapy (Keyes et al., 2013; Sowery et al., 2007). Andro-
gens are known as a key factor for stimulating prostate 
cancer cell growth, by lowering or stopping androgens 
are able to suppress proliferation and invasion of cancer 
cells (Harris et al., 2009; Sharifi et al., 2005). As one of 
the standard therapy options for prostate cancer, ADT 
is commonly used for patients with advanced prostate 
cancer and is shown to effectively control tumor growth. 
However, one of the major challenges is castration re-
sistance, as supported by ADT therapy became less ef-
fective towards inhibit prostate cancer growth, and most 
of the patients who had ADT therapy developed castra-
tion-resistant prostate cancer (CRPC) (Chandrasekar et 
al., 2015; Harris et al., 2009; Sharifi et al., 2005). Hence, 
developing new strategies that can overcome castration 
resistance is urgently required.

Several molecular pathways, such as the androgen 
receptor (AR) signaling pathway, c-Jun-N2-terminal ki-
nase (JNK) signaling pathway, phosphoinositide 3-ki-
nase (PI3K) signaling pathway, etc., are known to be in-
volved in the prostate cancer (Mazaris & Tsiotras, 2013; 
Shtivelman et al., 2014). The major underlying molecu-
lar mechanisms inducing CRPC are closely linked with 
the dysregulation of those signaling pathways (Dutt & 
Gao, 2009). For instance, the activation of PI3K leads 
to the phosphorylation of Akt and downstream cel-
lular events, which is known as one of the major driv-
ers of CRPC (Bitting & Armstrong, 2013). The aberrant 
modifications of AR increase the post-transcriptions of 
AR-related genes, leading to castration resistance (Yuan 
et al., 2014). Interestingly, in vitro and in vivo data sup-
ported that targeting PI3K and AR signaling pathways 
by a combination of AR inhibitor (BEZ235) and mTOR 
inhibitor (EPI-002) effectively inhibited tumor growth as 
well as reduced prostate cancer resistance to ADT (Kato 
et al., 2016). In addition, JNK is known to play a crucial 
role in the invasive prostate cancer (Xu & Hu, 2020). 
In 2020, Li and colleagues reported that a combination 
of JNK inhibitor (AS602801) and AR inhibitor (Enzalu-
tamide) effectively suppressed proliferation and invasion 
of androgen-resistant prostate cancer cells in vitro and re-
duced tumor growth in vivo (Li et al., 2020). These results 
suggest that targeting JNK might be an effective strategy 
for ameliorating prostate cancer resistance to ADT.
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MATERIAL AND METHODS

Enrollment of participants

As demonstrated in Fig. 1, a total of 280 patients 
were enrolled to assess eligibility. All patients have read 
and signed the informed consent. The patients that were 
aged less than 18 years old were excluded. Eastern Co-
operative Oncology Group (ECOG) performance was 
assessed for all patients. Patients with ECOG perfor-
mance status scored at 0 or/and 1 were included. In ad-
dition, only CRPC patients CRPC without any metastatic 
diseases were included. Finally, 161 patients who meet 
eligibility criteria participated in this study. The study 
was approved by the ethics committee of LONGHUA 
Hospital Shanghai University of Traditional Chinese 
Medicine, and the patients signed written consent.

Construction of cell lines

The PC3 cell line was obtained from ATCC (Manas-
sas, VA) and cultured in the complete RMPI medium 
containing 10% fetal bovine serum and Penicillin-Strep-
tomycin antibiotics. The construction of JNK overex-
pressing PC3 cell line (JNK OE) and JNK knockdown 
cell line (sh-JNK) were performed as previously report-
ed. The cells were seeded into the 6-well microplates 
and incubated overnight to reach 70~80 % confluency. 
After that, the cells were transfected with plasmid con-
taining JNK sequence or the plasmid containing JNK se-
quence plus shJNK by using Lipofectamine Transfection 
Reagent (ThermoFisher Scientific, Waltham, MA).

Cell viability and cell invasion assays

To evaluate the cell viability and cell invasion, 
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay and Matrigel invasion assay were de-
termined, respectively. For the MTT assay, cells includ-
ing PC3 cells, JNK overexpressing PC3 cells, and PC3 
cells that were transfected with shJNK were seeded into 
the 96-well microplates at 1 000 cells per well. Abirater-
one at concentrations of 5, 10, and 20 μM was added 
and incubated for another 3 days. Next, MTT working 
solution (5 mg/mL) was added to each well and incubat-
ed for 4 hours in the dark. Dimethyl sulfoxide solution 
was then added to dissolve the purple crystals. The plate 

was read by using a microplate reader at wavelengths of 
590 nm and 690 nm (reference wavelength).

For the Matrigel invasion assay, the invasion chambers 
were coated with Matrigel (0.5 mg/mL). Next, the cells 
were seeded into the upper chamber with serum-free 
medium and the lower chamber was filled with complete 
RPMI medium. Next, the cells were incubated for 48 
hours and the non-invasive cells in the upper chamber 
were removed, and invasive cells were then fixed and 
stained with crystal violet staining solution. The cells 
were observed under a microscope and the number of 
invasive cells was counted.

qPCR

The prostate cancer tissue samples were collected 
from the participants. Total RNAs were isolated from 
the prostate cancer tissues by using the RNA extraction 
reagent (Invitrogen, Waltham, MA). The cDNA library 
was then constructed by using a reverse transcription 
kit (Invitrogen). The primers of JNK and internal con-
trol GADPH were synthesized by Descript. After that, 
the PCR reaction was performed and the mRNA levels 
of JNK were normalized to GAPDH. The Melt curves 
were applied to ensure the accuracy of the PCR reaction.

Western blotting

Protein was isolated from the prostate cancer tissues 
as previously reported (Yang et al., 2017). In brief, a cold 
radio-immunoprecipitation assay reagent (Bio-Rad, Her-
cules, CA) was added to the shredded tumor tissues. 
A homogenizer was used to create the uniformed pro-
tein mixture buffer and centrifuge was used to remove 
the tissue debris. Next, the bicinchoninic acid assay 
reagent was used to qualify the protein concentration. 
Protein was loaded into the gel followed by the incuba-
tion with the primary antibody solution including anti-
JNK (1:2000, Abcam, Cambridge, MA), anti-extracellular 
signal-regulated kinase (ERK, 1:2000, Abcam), anti-
matrix metalloproteinase 1 (MMP1, 1:2500, Abcam), or 
GADPH (1:3000, Sigma, St. Louis). Next, the membrane 
was blocked with blocking buffer (5% bovine serum 
albumin) followed by the incubation of the secondary 
antibody solution. Chemiluminescence blot imaging was 
used to detect the proteins. The protein expression was 
normalized to GAPDH.

Statistical analysis

The Kaplan–Meier estimator was performed to es-
timate the overall survival percentage and second pro-
gression-free survival in patients with low JNK and high 
JNK. Pearson’s correlation coefficient was used to ana-
lyze the correlation between JNK expression and PSA 
levels in patients with CRPC. Prism Software was used 
for data analysis. Data were expressed as the means 
±  standard deviation (S.D.). One-way ANOVA with 
Tukey’s multiple-comparisons test was applied for mul-
tiple groups. Any p-values that were less than 0.05 were 
considered as statistical difference.

RESULTS

Trial patients and their clinical characteristics

As displayed in Fig. 1, initially 280 patients were as-
sessed for eligibility, and we finally recruited 161 eligi-
ble patients for this study. After sampling and analysis, 

Figure 1. Schematic diagram of study profile.
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we conducted a 3-year follow-up study. After excluding 
the participants who were unwilling to continue, we ana-
lyzed the data from the 142 patients. Two cohorts in-
cluding patients with low JNK levels and patients with 
high JNK levels were included (Table 1). We noticed 
that the levels of PSA in patients with low JNK levels 
were significantly decreased as compared to patients with 
high JNK levels (p=0.002). In addition, we observed less 
lymph node metastases in patients with low JNK levels 
as compared to patients with high JNK levels (24 vs 38). 
These results demonstrated that the levels of JNK were 
associated with the levels of PSA and lymph node me-
tastases in patients with CRPC.

Relative JNK expression was correlated with Gleason 
score and PSA value in patients with CRPC

Next, we determined the relative JNK expression in 
CRPC patients with different Gleason scores. Interesting-
ly, we found that the relative JNK expression in CRPC 
patients with low Gleason score (Gleason score ≤7) was 
significantly decreased as compared to the CRPC pa-

tients with high Gleason score (Gleason score>7), indi-
cating the correlation between JNK and Gleason score 
(Fig. 2a). Besides, we also observed a positive correlation 
of JNK and PSA in patients with CRPC (Fig. 2b).

Patients with low JNK expression exhibited high overall 
survival and second progression-free survival rate

To explore the relationship between JNK expression 
and survival rate, we conducted a 3-year follow-up study. 
We found that patients with low JNK expression showed 
a higher overall survival rate as compared with those 
patients with high JNK expression (p=0.033, Fig.  3a). 
Consistently, we observed that patients with low JNK 
expression showed high second progression-free survival 
rate as compared with those patients with a high JNK 
expression (p=0.005, Fig. 3b). These results supported 
that patient with low JNK expression exhibited higher 
overall survival and second progression-free survival rate 
as compared to patients with high expression.

Table 1. Patient Characteristics.

Low JNK level
(n=71)

High JNK level
(n=71) p-value

Age (years) 63.2 (7.0) 62.8 (6.7) 0.729

ECOG performance status

0 58 (81.7) 55 (77.5)
0.678

1 13 (18.3) 16 (22.5)

PSA (ng/ml) 7.2 (2.7) 8.8 (3.2) 0.002

Gleason score

≤7 48 (67.6) 30 (42.3)
0.004

>7 23 (32.4) 41 (57.7)

Metastasis during follow-up

Bone metastases 21 (29.6) 29 (40.8) 0.219

Lymph node metastases 24 (33.8) 38 (53.5) 0.028

Visceral metastases 13 (18.3) 17 (23.9) 0.538

Therapies

Abiraterone 63 (88.7) 61 (85.9) 0.802

Docetaxel 52 (73.2) 55 (77.5) 0.697

Cabazitaxel 12 (16.9) 14 (19.7) 0.829

Data are n (%) or mean (S.D.). ECOG, Eastern Cooperative Oncology Group. PSA, prostate-specific antigen.

Figure 2. Relative JNK expression was correlated with Gleason score and PSA value in patients with castration-resistant prostate can-
cer (CRPC). 
(a) The relative JNK expression in patients with different Gleason scores. (b) Pearson correlation showed the correlation of relative JNK 
expression with PSA levels in patients with CRPC. Data were expressed as the means ± S.D. **p<0.01.
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JNK overexpressing promoted cell viability and invasion 
of PC3 cells

To confirm the roles of JNK expression in the CRPC, 
we tested cell viability and invasion in the abiraterone-
treated prostate cancer cell line. We found that the cell 
survival rate of PC3 cells was significantly decreased in 
the treatment of abiraterone. However, cells with JNK 
overexpression displayed a higher survival rate as com-
pared with those cells transfected with shJNK (Fig. 4a). 
Consistently, cell invasion assay also showed that JNK 
overexpressing cell lines have a higher number of in-
vasive cells, whereas cells that were transfected with 
shJNK have a smaller number of invasive cells (Fig. 4b). 
Taken together, these results suggested that JNK overex-
pression promoted cell viability and invasion of prostate 
cancer cells.

JNK overexpression enhanced the protein levels of ERK 
and MMP1 in PC3 cells

Finally, we explored the changes of other cytoplasm 
proteins in the presence of JNK overexpression in PC3 
cells. Cytoplasm proteins including ERK and MMP1 
were determined by using Western blotting. The protein 
expressions of JNK were significantly increased in the 
JNK overexpressing cells, indicating that the JNK over-

expressing cells were successfully constructed (Fig. 5a 
and 5b). In addition to JNK, we found that protein ex-
pressions of ERK and MMP1 were also increased in the 
JNK overexpressing cells as compared to the PC3 cells 
and JNK overexpressing cells that were transfected with 
shJNK (Fig. 5a, 5c, and 5d). These results suggested that 
JNK overexpression enhanced the protein levels of ERK 
and MMP1 in PC3 cells.

DISCUSSION

In this study, we found that JNK expression was pos-
itively correlated to Gleason score and PSA value in pa-
tients with CRPC. Interestingly, high JNK expression in 
prostate tumor tissues is associated with low overall sur-
vival and second progression-free survival rate as com-
pared with those patients with low JNK expression. In 
vitro data suggested that JNK overexpression promotes 
cell proliferation, invasion, and sensitivity to abiraterone 
treatment, whereas inhibiting JNK reversed these cel-
lular events, suggesting the relationship between JNK 
and CRPC. Moreover, targeting JNK also resulted in the 
changes in ERK and MMP1, indicating the roles of JNK 
on prostate cancer associated with those cytoplasm pro-
teins.

Figure 3. Kaplan-Meier analysis estimated the overall survival percentage (a) and second progression-free survival (b) in patients 
with low JNK and high JNK.

Figure 4. Effects of JNK on cell viability and invasion of PC3 
cells. PC3 cells with JNK overexpressing or knockdown were 
constructed. 
(a) JNK overexpressing enhanced abiraterone resistance, whereas 
the presence of sh-JNK decreased cell viability in PC3 cells. Be-
sides, (b) Cell invasion of PC3 cells was evaluated by using the 
Transwell assay. Data were expressed as the means ± S.D. *p<0.05, 
**p<0.01 as compared with the control group. #p<0.05 as com-
pared with the JNK OE group.

Figure 5. Effect of JNK on the protein levels of ERK and MMP1 
in PC3 cells. 
(a) Protein expressions of JNK (b), ERK (c), and MMP1 (d) were de-
termined by using Western blotting. The relative expressions of 
those biomarkers were expressed as the fold of control. Data were 
expressed as the means ± S.D. *p<0.05, **p<0.01 as compared 
with the control group. #p<0.05, ##p<0.01 as compared with the 
JNK OE group.

480



Vol. 70 						      821Role of JNK in prostate cancer

ADT is commonly recommended for patients with 
advanced prostate cancer. However, CRPC is still one 
of the major challenges (Gunner et al., 2016). Previous 
studies have demonstrated that JNK exerts a variety of 
functions in the regulation of cell differentiation, prolif-
eration, invasion, and apoptosis in prostate cancer cells 
(Bode & Dong, 2007; Xu & Hu, 2020). Clinical stud-
ies revealed that JNK is highly expressed by the prostate 
cancer tissues (Bode & Dong, 2007). Interestingly, our 
study revealed less lymph node metastases in patients 
with low JNK levels as compared to those with high 
JNK levels. Consistently, JNK is also positively corre-
lated to the levels of PSA and Gleason score, indicating 
that high JNK was more frequently observed in patients 
with advanced prostate cancer. In 2017, Zhang and col-
leagues reported the positive expression rate of the 
JNK in prostate patients with survival >5 years (60%) 
and survival ≤5 years (45%) in a cohort of forty sam-
ples (Zhang et al., 2017). Interestingly, they found that 
the phosphorylation of JNK was higher in patients with 
survival >5 years than with survival ≤5 years (Zhang 
et al., 2017). Our study revealed that patients with low 
JNK expression in their prostate cancer tissues showed 
a higher overall survival rate and second progression-free 
survival rate as compared with those patients with high 
JNK expression.

The link between JNK and AR signaling pathway 
has been well established by a series of studies (Li et al., 
2020; Xu & Hu, 2020). For instance, interactions be-
tween AR and JNK substrates regulate the therapeutic 
effects of the chemotherapy agent, taxane, against CRPC 
(Tinzl et al., 2013). A reduction in the phosphorylation 
of JNK is associated with the repression of AR in pros-
tate cancer cells (Shah & Bradbury, 2015). In this study, 
to confirm the roles of JNK in the CRPC, we estab-
lished a series of cell lines including JNK overexpressing 
cells and JNK overexpressing cells that were transfected 
with shJNK. Interestingly, we observed that JNK over-
expression promoted cell viability and invasion of PC3 
cells that were treated with abiraterone. However, the 
presence of shJNK suppressed cell viability and invasion 
of PC3 cells. These results indicated that the levels of 
JNK are critical in the CRPC.

Targeting JNK exhibited broad effects in the treat-
ment of prostate cancer (Xu & Hu, 2020). For instance, 
Kim and colleagues found that targeting ERK/JNK/
AKT pathway with Oleanolic acid inhibits tumor growth 
in the DU145 animal model (Kim et al., 2018). Another 
study initiated by Ma and colleagues reported that Coro-
solic acid regulates cell apoptosis in CRPC in part by 
the regulation of Inositol-requiring enzyme 1 and the 
JNK signaling pathway (Ma et al., 2018). In our study, 
we found that targeting JNK regulated cell proliferation 
and invasion in the abiraterone-treated PC3 cells. How-
ever, when the JNK was overexpressed, the PC3 cells 
became less sensitive to the abiraterone treatment. These 
results confirmed that targeting JNK might be an effec-
tive strategy for regulating castration resistance of pros-
tate cancer cells.

The Extracellular signal-regulated kinase (ERK) is an-
other important kinase in CRPC, which is also known as 
a therapeutic target for prostate cancer (Gan et al., 2010). 
The phosphorylation of ERK is a feature of CRPC and 
is associated with the incidence of prostate cancer re-
currence (Nickols et al., 2019). The activation of ERK 
leads to the overexpression of matrix metalloproteinase-1 
(MMP-1) in the tumor tissues, which promotes tumor 
growth and metastasis (Nickols et al., 2019; Quintero-Fa-
bián et al., 2019; Yang et al., 2015). In this study, we fur-

ther explored the underlying mechanism of JNK on the 
regulation of CRPC. Interestingly, we observed a positive 
correlation of JNK with ERK and MMP1, as supported 
by the protein expressions of ERK and MMP1 were in-
creased in the JNK overexpressing cells. However, the 
presence of shJNK inhibited the protein levels of ERK 
and MMP1 in PC3 cells. These results suggested that the 
effects of JNK on the regulation of cell viability and in-
vasion in prostate cancer cells were associated with ERK 
and MMP1.

CONCLUSION

JNK expression is positively correlated with Gleason 
score and PSA value in patients with CRPC. Low JNK 
expression is also associated with high overall survival 
and second progression-free survival rate. Interestingly, 
JNK overexpression promotes cell viability and invasion, 
which is in part by the regulation of ERK and MMP1. 
These results suggest that JNK may be considered as an 
effective target for the CRPC therapy.
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Value evaluation of serum (sdLDLc*HCYc)/HDLc ratio in the 
stability of intracranial arterial plaques in patients with acute 
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Background: We aimed to analyze the value of serum 
(sdLDLc*HCYc)/HDLc ratio in the stability of intracra-
nial arterial plaques among patients with acute cerebral 
infarction. Methods: A retrospective analysis was con-
ducted on 140 patients with acute cerebral infarction 
admitted to the neurology department and 101 healthy 
individuals for regular examinations in our hospital from 
2013 to 2019, who were respectively allocated into the 
study group and the control group. Participants in both 
groups were measured for serum sdLDLc, HDLc, and 
HCYc using peroxidase method, enzyme-linked immu-
nosorbent assay, and enzyme method, respectively. The 
laboratory indexes of the two groups were compared. 
The multivariate logistic regression analysis was done 
to analyze the influencing factors of the stability of in-
tracranial artery plaque in patients with acute cerebral 
infarction. The value of high-density lipoprotein choles-
terol (HDL-C), homocysteine, sdLDLc, (sdLDLc*HCYc)/
HDLc in diagnosing the stability of intracranial artery 
plaque was also evaluated in patients with acute cer-
ebral infarction. Results: There was no distinct differ-
ence in height, hypertension, diabetes, coronary heart 
disease, smoking history and drinking history between 
the two groups (P>0.05). The study group showed sta-
tistically significant differences in age, gender, weight, 
and BMI (P<0.05). The current study demonstrated no 
statistical difference in the levels of TG, low-density li-
poprotein cholesterol (LDL-C), α-lipoprotein, and HCYc 
between the two groups (P>0.05). However, the levels 
of TC, HDL-C, sdLDLc, (sdLDLc*HCYc)/HDLc in the study 
group were significantly different when comparing with 
the control group (P<0.05). No statistically significant dif-
ference was found in the levels of TG, triglycerides, LDL-
C, α-lipoprotein, and HCYc among patients with different 
degrees of stenosis in the study group (P>0.05). The lev-
el of HDL-C was significantly lower in cases of severe ste-
nosis compared to no stenosis, mild stenosis and mod-
erate stenosis, with severe stenosis showing the lowest 
levels; mild stenosis had lower levels than no stenosis, 
while moderate stenosis had lower levels than both no 
stenosis and mild stenosis (P<0.05). The levels of sdLD-
Lc, (sdLDLc*HCYc)/HDLc exhibited a significant increase 
in cases of severe stenosis as compared tono stenosis, 
mild stenosis, and moderate stenosis. Furthermore, the 
levels of sdLDLc, (sdLDLc*HCYc)/HDLc were found to 
be higher in moderate stenosis as compared to no ste-
nosis and mild stenosis. Similarly, the levels of sdLDLc, 
(sdLDLc*HCYc)/HDLc were observed to be higher in 
mild stenosis than no stenosis (P<0.05).The independ-

ent variables were set as the indicators with difference 
in single factor comparison, including age, gender, BMI, 
TC, LDL-C, HDL-C, HCYc, sdLDLc, (sdLDLc*HCYc)/HDLc. 
The dependent variable was the stability of intracranial 
artery plaque in patients with acute cerebral infarction. 
After variable selection, the results showed that the fac-
tors influencing the stability of intracranial artery plaque 
in patients with acute cerebral infarction were age, BMI, 
(sdLDLc*HCYc)/HDLc. The degree of plaque enhance-
ment was used as a criterion to reflect the stability of 
plaque. ROC curve analysis showed that (sdLDLc*HCYc)/
HDLc had a higher evaluation value for the stability of 
intracranial artery plaque than HDL-C, homocysteine, 
and sdLDLc in patients with acute cerebral infarction. 
Conclusion: The serum (sdLDLc*HCYc)/HDLc ratio was 
found to have potential in evaluating the stability of in-
tracranial arterial plaques in patients with acute cerebral 
infarction.
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INTRODUCTION

Currently, acute ischemic cerebral infarction stands 
as the most prevalent type of stroke, comprising over 
75% of all stroke cases. This condition exhibits alarm-
ingly high incidence and disability rates, and is prone 
to causing neurological function loss, thereby impinging 
not only upon daily quality of life of patients, but also 
their life safety (Edwards & Hughes, 2021; Shao et al., 
2022). A recent study has revealed that more than 25% 
of acute cerebral infarction cases arise from the rupture 
of unstable plaque caused by atherosclerosis, leading to 
thrombus formation (Kim et al., 2013). The stability of 
intracranial atherosclerotic plaque is inextricably linked to 
factors such as plaque surface smoothness, ulcer forma-
tion, regularity, and presence of bleeding (Lu et al., 2021; 
Tao et al., 2021). Therefore, early detection of the na-
ture and structure of intracranial atherosclerotic plaque 

Vol. 70, No 4/2023
911–917

https://doi.org/10.18388/abp.2020_6817

483

mailto:13832140261@126.com
https://doi.org/10.18388/abp.2017_


912											           2023H. Hao and others

holds immense significance in predicting the occurrence 
of acute cerebral infarction.

The serum low density lipoprotein (LDL) level is ac-
knowledged as the most important risk factor for ath-
erosclerosis. But the determination of LDL level by 
conventional blood lipid detection methods fails to com-
pletely predict the risk of carotid atherosclerosis; some 
patients at a high risk of cardiovascular disease may 
have normal LDL level (Hartley et al., 2019). Based on 
previous research (QiaoZhen et al., 2019), LDL can be 
subdivided into several subtypes, from LDL1 to LDL7 
using the Lipoprint lipoprotein classification detection 
system. The LDL1-2 lipoprotein is typically regarded as 
physiologically normal, as it fulfills the role of transport-
ing cholesterol. Conversely, the LDL3-7 lipoproteins are 
deemed to be abnormal, as they manifest as small dense 
low-density lipoproteins (sdLDL) that exhibit heightened 
susceptibility to oxidative stress, possess diminished af-
finity for LDL receptors, demonstrate a protracted plas-
ma half-life, and exhibit a greater inclination to penetrate 
the vascular wall, ultimately depositing plaque beneath 
the endothelium. The cumulative effect of these factors 
contributes to the development of cardiovascular and 
cerebrovascular diseases (QiaoZhen et al., 2019). Cur-
rently, copious studies are available to show that even if 
patients have normal LDL levels, an increase in the ratio 
of sdLDL in total LDL can still result in an increased 
risk of cardiovascular disease by more than three times 
(QiaoZhen et al., 2019). Therefore, sdLDL is considered 
an effective predictor of atherosclerosis. The clinical aux-
iliary diagnostic value of single biomarkers such as small 
dense low-density lipoprotein cholesterol (sdLDLc), ho-
mocysteine concentration (HCYc) and HDL-C concen-
tration (HDLc) for cerebral infarction has been con-
firmed by many studies (Ishii et al., 2022; QiaoZhen et 
al., 2019; Santos et al., 2020), while the predictive value 
of (sdLDLc*HCYc)/HDLc in primary cerebral infarc-
tion is higher than that of a single biomarker, includ-
ing sdLDLc, HCYc, and HDLc (Luo et al., 2022). Based 
on this, our study aimed to evaluate the value of serum 
(sdLDLc*HCYc)/HDLc ratio in the stability of intracra-
nial arterial plaques in patients with acute cerebral infarc-
tion.

MATERIALS AND METHODS

Clinical data

A retrospective analysis was conducted on 140 pa-
tients with acute cerebral infarction admitted to the 
neurology department and 101 healthy individuals for 
regular examinations in our hospital from 2013 to 2019, 
who were allocated into the study group and the control 
group, respectively. In our hospital, about 100 cases of 
stroke patients are enrolled every year. Inclusion criteria: 
All patients met the diagnostic criteria for acute cerebral 
infarction established at the Fourth National Conference 
on Cerebrovascular Disease (Wang, 1996) in 1995, and 
were determined by intracranial high-definition magnetic 
resonance angiography; no oral or intravenous antibiot-
ics, antiviral, non steroidal, or glucocorticoid drugs were 
administered within 14 days before the onset of the dis-
ease. Exclusion criteria were patients with serious infec-
tious diseases; autoimmune diseases; malignant tumor 
diseases; diabetes; primary organ disorders, including 
heart, lung and other systemic diseases; new neurological 
deficits; other nervous system disease that may lead to 
neurological dysfunction, such as hereditary degenerative 

diseases of the central nervous system, tumors, encepha-
litis, demyelinating diseases, brain trauma, epilepsy, etc.

The study protocol was approved by the Ethics Com-
mittee of Hebei General Hospital. Informed consent was 
obtained from all the study subjects before enrollment. 
All methods were designed in accordance with the Dec-
laration of Helsinki.

METHODS

Clinical data

Clinical data of all participants, including age, gender, 
height, weight, BMI, hypertension, diabetes, coronary 
heart disease, smoking history, drinking history were col-
lected.

Laboratory examination

After a 12-hour fast, 5 ml of venous blood of the 
study group was collected the following morning, and 
venous blood of the control group was also collected in 
the morning for physical examination. The serum was 
centrifuged for 10 min with a 3000 r/min high-speed 
centrifuge, and the supernatant was stored at –80°C for 
inspection. The experimental indicators were total cho-
lesterol (TC), triglycerides(TG), high-density lipoprotein 
cholesterol (HDL-C), low-density lipoprotein cholesterol 
(LDL-C) and other experimental indicators using AU680 
automatic biochemical analysis system by Beckman Kurt. 
Serum sdLDLc was detected using enzyme-linked im-
munosorbent assay (ELISA) with a kit from Shanghai 
Enzyme-linked Biotechnology Co., Ltd. The reagent in-
structions for operation were strictly followed for quality 
control.

Intracranial high-definition magnetic resonance 
angiography

Using the HDX platform 3.0T MRI system (GE 
Healthcare, the US), multi-sequence MRI examinations 
were performed with application of an 8-channel stand-
ard coil. The HRMR scanning matrix was 320×256. The 
bright-blood technology was the first choice to perform 
three-dimensional time-of-flight magnetic resonance an-
giography, to clarify the location of the affected blood 
vessels after vascular reconstruction, and then use the 
black blood technology for multi-sequence scanning of 
intracranial diseased blood vessels. The scanning param-
eters were as follows: fast spin-echo T1-weighted imag-
ing, fast spin-echo T2- weighted enhanced imaging, T1-
weighted enhanced imaging, with repetition times of 567, 
2883, and 567 ms, echo times of 15.8, 49, and 15.8 ms, 
and imaging field of view of 100 mm×100 mm, with a 
layer thickness of 2mm and a spacing of 2.5 mm. The 
T1-weighted variable flip angle 3D fast spin-echo se-
quence has a repetition time of 900 ms, an echo time of 
5.6  ms, and a layer thickness of 0.5 mm. The enhanced 
examination was performed using MeglumineZapenate as 
the contrast agent. The participants were in travenously 
injected with contrast agent 5 minutes before scanning. 
The scanning parameters were the same as T1-weighted 
variable flip angle 3D fast spin-echo sequence. The com-
pletion time of the above sequence scanning was 30 to 
40 minutes. IV contrast was used during MRI scanning

The assessment of intracranial responsible vessels in-
cluded the degree of arterial stenosis and the character-
istics of responsible plaques. Responsible blood vessels 
referred to the blood vessels that supplied responsible 
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lesions. If there was only one lesion in the blood ves-
sel, the plaque at that lesion was considered the respon-
sible plaque; if there were multiple diseased blood ves-
sels, the plaque with the most severe vascular stenosis 
was the responsible plaque. According to the warfarin-
aspirin symptomatic intracranial disease (WASID) meth-
od, the degree of stenosis of the responsible vessel was 
measured on the maximum intensity projection image of 
MRA. The degree of stenosis is divided into 5 levels: no 
obvious stenosis (0%), mild stenosis (1–49%), moderate 
stenosis (50–69%), severe stenosis (70–99%), and occlu-
sion (100%).

Observation indicators

The laboratory indexes of the two groups were com-
pared. The multivariate logistic regression analysis was 
done to analyze the influencing factors of the stability 
of intracranial artery plaque in patients with acute cer-
ebral infarction. The value of HDL-C), homocysteine, 
sdLDLc, (sdLDLc*HCYc)/HDLc in diagnosing the sta-
bility of intracranial artery plaque were also evaluated in 
patients with acute cerebral infarction.

Statistical analysis

We used SPSS 21.0 software to analyze the data and 
Excel to establish the database. The measurement data 

conforming to the normal distribution was expressed in 
± s. Using one-way ANOVA, the overall comparison 

of the data of each group was performed. And the pair-
wise comparison of the data between groups and within 
groups was conducted by LSD method. Moreover, the 
counting data was expressed in percentage (%) and com-
pared using chi-square χ2 test. Multiple logistic regression 
analysis was used to analyze the influencing factors, with 
P<0.05 as the significant difference.

RESULTS

Comparison of clinical data

There was no distinct difference in height, hyperten-
sion, diabetes, coronary heart disease, smoking history and 
drinking history between the two groups (P>0.05). The 
study group showed statistically significant differences in 
age, gender, weight, and BMI (P<0.05) (Table  1).

Comparison of laboratory indicators

The current study demonstrated no statistical differ-
ence in the levels of TG, LDL-C, α-lipoprotein, and 
HCYc between the two groups (P>0.05). However, the 
levels of TC, HDL-C, sdLDLc, (sdLDLc*HCYc)/HDLc 

Table 1. Comparison of clinical data

Indicator Study group (n=139) Control group (n=101) χ2/t P

Age (year) 59.41±12.02 64，15±11.81 –3.044 0.003

Gender (male/female) 38/102 46/55 18.469 <0.001

Height (cm) 168.11±15.38 166.72±15.02 1.657 0.098

Weight (kg) 74.11±11.99 68.20±11.39 –4.045 <0.001

BMI (kg/cm2) 26.14±3.23 24.52±3.71 –3.591 <0.001

Hypertension (n) 89 53 2.985 0.084

Diabetes (n) 40 19 3.023 0.082

Coronary heart disease 18 19 1.601 0.206

Smoking history 47 39 0.048 0.827

Drinking history 30 21 0.022 0.882

Degree of vascular stenosis (n) – -

Grade 0: no stenosis 23 (16.43)

Grade 1: mild stenosis 26 (18.57)

Grade 2: moderate stenosis 29 (20.71)

Grade 3: severe stenosis 62 (44.29)

Table 2. Comparison of laboratory indicators ( ± s)

Indicator Study group (n=139) Control group (n=101) t P

TC (mmol/L) 4.36±1.16 4.65±1.14 2.202 0.029
TG (mmol/L) 1.71±1.87 1.71±0.96 1.281 0.200
HDL-C (mmol/L) 1.03±0.22 1.16±0.30 3.261 0.001
LDL-C (mmol/L) 2.80±0.86 3.00±0.82 –1.762 0.079
α-lipoprotein (mmol/L) 269.81±242.74 266.35±257.75 –0.411 0.681
HCYc(umol/L) 19.43±17.15 15.57±9.06 –1.795 0.073
sdLDLc(ng/dL) 8.13±6.62 5.59±3.63 –2.713 0.007
(sdLDLc*HCYc)/HDLc (%) 167.71±215.81 80.49±78.75 –3.477 0.001
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in the study group were significantly different when 
comparing with the control group (P<0.05) (Table 2).

Comparison of laboratory indicators for different 
degrees of stenosis in the study group

No statistically significant difference was found in the 
levels of TG, triglycerides, LDL-C, α-lipoprotein, and 
HCYc among patients with different degrees of steno-
sis in the study group (P>0.05). The level of HDL-C 
was significantly lower in cases of severe stenosis com-
pared to no stenosis, mild stenosis and moderate ste-
nosis, with severe stenosis showing the lowest levels; 
mild stenosis had lower levels than no stenosis, while 
moderate stenosis had lower levels than both no steno-
sis and mild stenosis (P<0.05). The levels of sdLDLc, 
(sdLDLc*HCYc)/HDLc exhibited a significant increase 
in cases of severe stenosis as compared to no stenosis, 
mild stenosis, and moderate stenosis. Furthermore, the 
levels of sdLDLc, (sdLDLc*HCYc)/HDLc were found 
to be higher in moderate stenosis as compared to no 
stenosis and mild stenosis. Similarly, the levels of sdLD-
Lc, (sdLDLc*HCYc)/HDLc were observed to be higher 
in mild stenosis than no stenosis (P<0.05) (Table 3).

Multivariate logistic regression analysis of factors 
affecting the stability of intracranial arterial plaques in 
patients with acute cerebral infarction

The independent variables were set as the indicators 
with difference in single factor comparison, including 
age, gender, BMI, TC, LDL-C, HDL-C, HCYc, sdLDLc, 

(sdLDLc*HCYc)/HDLc. The dependent variable was 
the stability of intracranial artery plaque in patients with 
acute cerebral infarction. After variable selection, the re-
sults showed that the factors influencing the stability of 
intracranial artery plaque in patients with acute cerebral 
infarction were age, BMI, and (sdLDLc*HCYc)/HDLc. 
(Table 4).

The value of HDL-C, homocysteine, sdLDLc, 
(sdLDLc*HCYc)/HDLc in diagnosing the stability of 
intracranial artery plaque in patients with acute 
cerebral infarction

The degree of plaque enhancement was used as a cri-
terion to reflect the stability of plaque. ROC curve analy-
sis showed that (sdLDLc*HCYc)/HDLc had a higher 
evaluation value for the stability of intracranial artery 
plaque than HDL-C, homocysteine, and sdLDLc in pa-
tients with acute cerebral infarction, as shown in Table 5 
and Fig. 1.

DISCUSSION

Acute cerebral infarction is a life-threatening ischemic 
cerebrovascular disease that poses a significant threat to 
human health worldwide. The incidence of the condition 
has increased from 1.89% in 2012 to 2.19% in 2016, 
with a climbing disability rate with the passage of time. 
Acute cerebral infarction is deemed to be the leading 
cause of death and disability in adults in China (Zhang 
& Qin, 2022). Intracranial atherosclerosis accounts for 

Table 3. Comparison of laboratory indicators for different degrees of stenosis in the study group ( ± s)

Indicator No stenosis 
(n=23)

Mild stenosis 
(n=26)

Moderate 
stenosis (n=29)

Severe stenosis 
(n=61)

t P

TC (mmol/L) 4.39±0.16 4.36±0.13 4.34±0.18 4.35±0.15 0.508 0.677
TG (mmol/L) 1.71±0.27 1.72±0.21 1.68±0.25 1.69±0.23 0.171 0.916
HDL-C (mmol/L) 1.07±0.05 1.04±0.09* 1.01±0.07*# 0.96±0.11*# 10.159 <0.001
LDL-C (mmol/L) 2.85±0.27 2.82±0.29 2.73±0.25 2.76±0.29 1.076 0.362
α-lipoprotein (mmol/L) 268.76±36.37 269.76±35.17 270.98±36.18 272.81±36.81 0.089 0.966
HCYc(umol/L) 21.51±1.93 21.56±1.87 21.65±1.76 21.87±2.01 0.286 0.835
sdLDLc(ng/dL) 8.01±0.21 8.71±0.71* 9.23±0.67*# 9.87±0.87*# 41.639 <0.001
(sdLDLc*HCYc)/HDLc(%) 163.01±12.16 167.28±11.08* 172.18±12.01*# 178.82±12.98*# 11.466 <0.001

Note: Compared with no stenosis (*P<0.05); compared with mild stenosis (#P<0.05); compared with moderate stenosis (P<0.05).

Table 4. Multivariate logistic regression analysis of influencing factors on the stability of intracranial arterial plaques in patients with 
acute cerebral infarction

Variable β SE Waldx2 OR (95%CI) P value

Age -.033 0.014 5.787 0.971(0.945-0.998) 0.032

Gender 0.420 0.157 7.204 2.318(1.255-4.282) 0.226

BMI 0.108 0.045 5.718 1.114(1.020-1.218) 0.017

TC 0.004 0.442 0.000 1.004(0.422-2.389) 0.993

HDL-C -0.499 0.843 0.350 0.607(0.1163.167) 0.554

LDL-C -.400 0.594 0.453 0.670(0.209-2.148) 0.501

Homocysteine 0.010 0.012 0.747 1.010(0.987-1.034) 0.387

sd-LDL 0.112 0.033 11.48 1.119(1.049-1.194) 0.411

Hypertension -.279 0.154 3.275 0.572(0.313-1.047) -.152

Diabetes -.304 0.175 3.018 0.544(0.274-1.081) -.145

(sdLDLc*HCYc)/HDLc 0.004 0.002 6.725 1.004(1.001-1.007) 0.010
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about 46.6% of cerebral infarction patients in China 
(Chu & Liu, 2021). The stability of intracranial artery 
plaque is highly associated with acute cerebral infarction. 
Earlier research indicated that high resolution magnetic 
resonance (HRMR) intracranial artery wall imaging was 
able to effectively assess the size, shape and stability of 
intracranial atherosclerotic plaque. The degree of plaque 
enhancement and intra plaque hemorrhage are greatly re-
lated to intra-plaque hemorrhage and plaque stability, but 
serum markers fail to effectively reflect the stability of 
intracranial atherosclerotic plaque (Xie et al., 2022).

The changes in the composition of LDL-Care are 
particularly pivotal in the progression of acute cerebral 
infarction. However, LDL-C is heterogeneous. The di-
ameter of LDL-C main peak particles obtained by non-
denaturing gradient gel scanning can be subdivided into 
LDL-C A with high cholesterol content, high density and 
large volume (diameter peak ≥25.8nm) and LDL-C B 
with low cholesterol content, high density and small vol-
ume (diameter peak <25.8nm), that is, small dense low-
density lipoprotein cholesterol (sdLDLc) (Kanonidou, 
2021). The latest research (Huang & Gu, 2021)asserted 
that, sdLDLc had a stronger atherogenic ability than 
LDL-C, and has been included in the newly discovered 
important risk factors for cardiovascular and cerebrovas-
cular disease recommended by the adult treatment group 
of the National Cholesterol Education Program. sdLDLc 
is correlated with the number of atherosclerotic plaques 
and carotid stenosis caused by atherosclerotic plaques 
(Ikezaki et al., 2020). Ikezaki and others (Ikezaki et al., 
2020) depicted that sdLDLc had a significant impact on 

the composition of carotid artery plaque cells. HCYc is 
an intermediate product of the methionine cycle. High 
levels of HCYc can promote the proliferation of smooth 
muscle cells, damage vascular endothelial cells, and af-
fect the oxidation of LDL. It can activate platelets to 
increase platelet adhesion, promote thrombosis, cause 
arterial congee, and also reduce the bioavailability of ni-
tric oxide, inhibit fibrin degradation, platelet aggregation, 
and promote atherosclerosis (Wang et al., 2021). Based 
on Yang and others (Yang et al., 2019) the severity of 
carotid atherosclerotic plaque in type 2 diabetes patients 
complicated with cerebral infarction was higher than that 
in simple diabetes patients, and the level of serum HCYc 
was positively correlated with the degree of carotid ath-
erosclerosis, which may be involved in its occurrence 
and development. α-lipoprotein level is determined by 
genes and is an LDL-like protein composed of apolipo-
protein (apo) A covalently continuous apoB-100. Lp(α) 
is believed to be involved in the occurrence of athero-
sclerosis, which is greatly related to thrombosis and fi-
brinolysis damage (Dai et al., 2019). However, limited 
clinical research exists on the value evaluation of serum 
(sdLDLc*HCYc)/HDLc ratio in the stability of intrac-
ranial arterial plaques in patients with acute cerebral in-
farction. Our study showed that the age, gender, weight, 
and BMI of the study group differed from the control 
group (P<0.05), indicating that patients diagnosed with 
acute cerebral infarction exhibited a higher prevalence 
among the female population, alongside elevated weight 
and BMI, while their age was comparatively younger. 
But the small sample size may contribute to the biased 
results. In our study, the levels of TC, HDL-C, sdLD-
Lc, (sdLDLc*HCYc)/HDLc in the study group were 
significantly different as compared to the control group 
(P<0.05), suggesting that the levels of TC, HDL-C in 
patients with acute cerebral infarction decreased, and the 
levels of sdLDLc, (sdLDLc*HCYc)/HDLc increased. 
Gu and others (Gu et al., 2017)showed that HDL-C lev-
els and TC/HDL-C ratios may effectively predict the se-
verity of intracranial vascular stenosis. Similarly, another 
study (Zhang et al., 2020) depicted that sdLDLc could 
effectively evaluate the severity of acute cerebral infarc-
tion in elderly patients. According to our study, the level 
of HDL-C was significantly lower in cases of severe ste-
nosis compared to no stenosis, mild stenosis and moder-
ate stenosis, with severe stenosis showing the lowest lev-
els; mild stenosis had lower levels than no stenosis, while 
moderate stenosis had lower levels than both no steno-
sis and mild stenosis (P<0.05). The levels of sdLDLc, 
(sdLDLc*HCYc)/HDLc exhibited a significant increase 
in cases of severe stenosis as compared to no stenosis, 
mild stenosis, and moderate stenosis. Furthermore, the 
levels of sdLDLc, (sdLDLc*HCYc)/HDLc were found 
to be higher in moderate stenosis as compared to no ste-
nosis and mild stenosis. Similarly, the levels of sdLDLc, 
(sdLDLc*HCYc)/HDLc were observed to be higher in 
mild stenosis than no stenosis (P<0.05). It was suggested 
that the levels of HDL-C, sdLDLc, (sdLDLc*HCYc)/

Table 5. The value of HDL-C, homocysteine, sdLDLc, (sdLDLc*HCYc)/HDLc in diagnosing the stability of intracranial artery plaque in 
patients with acute cerebral infarction

ROC model Area Standard error 95% wald Cut-off value Sensitivity Specificity

HDL-C 0.6232 0.0377 0.5493 ≤1.03mmol/L 0.751 0.701

Homocysteine 0.5678 0.0371 0.4950 ≥19.43μmol/L 0.763 0.722

sdLDLc 0.6022 0.0360 0.5316 ≥8.13ng/dL 0.789 0.746

(sdLDLc*HCYc)/HDLc 0.6313 0.0357 0.5613 ≥167.71% 0.853 0.817

Figure 1. ROC curve of HDL-C, homocysteine, sdLDLc, 
(sdLDLc*HCYc)/HDLc in diagnosing the stability of intracranial 
artery plaque in patients with acute cerebral infarction.
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HDLc varied in patients with acute cerebral infarction 
of different stenosis degrees. The more severe the ste-
nosis degree, the lower the level of high-density lipopro-
tein cholesterol, and the higher the levels of sdLDLc, 
(sdLDLc*HCYc)/HDLc.

The stability of carotid atherosclerotic plaque in el-
derly patients with acute cerebral infarction was linked to 
factors such as age, HCYc (Bai & Wang, 2021). Another 
study suggested that elevated levels of LDL-C and HCY-
C were risk factors that affected the stability of carotid 
plaques in patients with acute cerebral infarction (Han-
sha et al., 2022). Detecting and controlling the above-
mentioned indicators in clinical practice may help sta-
bilize the carotid plaques in patients with acute cerebral 
infarction, thereby improving their prognosis. Our study 
showed that the influencing factors for the stability of 
intracranial arterial plaques in patients with acute cerebral 
infarction included age, BMI, (sdLDLc*HCYc)/HDLc, 
which was consistent with the above results. We further 
analyzed the value of HDL-C, homocysteine, sdLDLc, 
(sdLDLc*HCYc)/HDLc in diagnosing the stability of 
intracranial artery plaque in patients with acute cerebral 
infarction. The results revealed that (sdLDLc*HCYc)/
HDLc exhibited a higher value in evaluating the stabil-
ity of intracranial artery plaque in patients with acute 
cerebral infarction than HDL-C, homocysteine, and 
sdLDLc. (sdLDLc*HCYc)/HDLc consists of three com-
ponents, encompassing their respective effects. The pre-
cise reasons are described as follows: (1) The formation 
of sdLDLc is related to the metabolism of VLDL rich 
in triacylglycerol. Cholesterol ester transporter protein 
(CETP) and hepatic lipase (HL) exert important roles in 
the formation of sdLDLc. When VLDL increases, espe-
cially when triglycerides in the core exchange with cho-
lesterol esters in the LDL core, the proportion of cho-
lesterol esters in the LDL decreases, and the proportion 
of triglycerides gradually increases. When triglycerides in 
the LDL reach a certain concentration and pass through 
the liver, they are hydrolyzed by hepatic lipase to remove 
triacylglycerol. The entire exchange process continuously 
reduces the diameter of LDL particles, increases density, 
forms sdLDLc, and the level of triacylglycerol increases. 
The active exchange process positively generates sdLD-
Lc. During the development of atherosclerosis, sdLDLc 
is deposited in a certain part of the artery wall through 
the vascular endothelial gap, which is then taken up by 
monocyte macrophages, where lipids gradually accumu-
late and transform into foam cells. The above changes 
are mainly due to the presence of chondroitin sulfate 
proteoglycan (CSPG) in the extracellular matrix of tu-
nica intima cells, which can combine with lipoproteins 
to form complexes, thus prolonging the residence time 
(Choi & Lee, 2022). In addition, some studies dem-
onstrated that the structure of ApoB in sdLDLc may 
change, and sdLDLc was difficult to clear in the circula-
tion, so there were more opportunities for sdLDLc to 
enter tunica intima (Zhou et al., 2020). The abovemen-
tioned results highlight the fact that sdLDLc is closely 
related to atherosclerosis. (2) HCYc is one of the initi-
ating factors of atherosclerosis. Under the environment 
of high concentration of HCY, vascular oxidative stress 
reaction generates free radicals, which reduces the func-
tion of endothelial cells. Endothelial cells enter the death 
process ahead of time. The process can also inhibit the 
regeneration of endothelial cells, reduce the number of 
endothelial cells, with lipid deposition and fibrosis in the 
excess space. Moreover, HCYc has an impact on a va-
riety of cytokines, cyclins and cellular active substances, 
thus damaging the vascular wall, causing the protection 

and proliferation of vascular smooth muscle cells. Final-
ly, the development of ischemia and hypoxia contributes 
to the vascular fibrosis, hardening and thickening the 
blood vessel. The impairment of the vascular wall leads 
to the aggregation of fibrin and platelets in the damaged 
vascular wall, ultimately contributing to the development 
of arterial atherosclerosis. HCYc can cause abnormalities 
in lipid metabolism, increase LDL-C levels, and produce 
oxidative reactions, resulting in cholesterol accumulation 
in the blood vessel wall. It also reduces the anti-athero-
sclerotic function of HDL-C in the blood vessels, where 
the role of endothelial cells in clearing cholesterol slows 
down, and then deposits under the vascular endothe-
lium. The accumulated cholesterol gradually increases, 
ultimately forming arteriosclerosis (Lv et al., 2022). In ad-
dition, HCYc is able to cause abnormal platelet function 
and alter the activity of coagulation factors V and X, 
leading to platelet aggregation and abnormal coagulation 
function, and ultimately inducing cerebrovascular disease 
(Liu et al., 2019). (3) HDLc, as a receptor for cholesterol, 
mediates the flow of cholesterol from the intima of the 
arterial wall and transports it to the liver for metabolism 
through its interaction with the receptor, thereby reduc-
ing cholesterol levels in the plasma and preventing the 
occurrence of arteriosclerosis. HDLc has demonstrated 
the ability to prevent atherosclerosis via inhibiting the 
oxidation of LDL, which also participates in the reverse 
transport of oxidized LDL, reducing the damage caused 
by oxidized LDL. Additionally, HDLc inhibits monocyte 
cell adhesion and infiltration into the tunica intima and 
stimulates endothelial cell repair and proliferation. It can 
also inhibit the proliferation of vascular smooth muscle 
cells induced by growth factors and other mechanisms. 
Lastly, it exhibits property of anti-platelet aggregation, 
safeguarding against thrombosis (Woo et al., 2020; Yin 
et al., 2021).

CONCLUSION

The patients with acute cerebral infarction showed 
reduced levels of TC and HDL-C, and elevated lev-
els of sdLDLc, (sdLDLc*HCYc)/HDLc. Age, BMI, 
(sdLDLc*HCYc)/HDLc were the influencing factors for 
the stability of intracranial arterial plaque in patients with 
acute cerebral infarction, of which (sdLDLc*HCYc)/
HDLc exhibited superior value in diagnosing the stability 
of intracranial arterial plaque in such patients. However, 
there are a few shortcomings in this study. We noted 
that the participants in control group were not selected 
based on the age and gender of patients with acute cer-
ebral infarction, resulting in a certain bias in the general 
data. Further multi-center studies are needed to deter-
mine the risk factors for intracranial arteriosclerosis in 
patients with acute cerebral infarction based on their age.
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 More than 1 million women worldwide are diagnosed 
with breast cancer (BC) each year. This study aims to 
explore the molecular mechanisms of β-catenin affect-
ing the trastuzumab tolerance in HER2-positive BC. 
β-catenin in BC and non-BC tissue samples were as-
sessed by immunohistochemistry. β-catenin and HER2 
were over-expressed and knockdown to evaluate their 
role in tumorigenicity and trastuzumab resistance in 
cell and animal models using soft-agar and xenograft 
assays. Confocal laser immunofluorescence assay and 
co-immunoprecipitation were used to assess protein-
protein binding. Expression of genes was detected using 
Western blot analysis. β-catenin was highly expressed in 
primary and metastatic BC, overexpression of β-catenin 
increased the colony formation of MCF7 cells when it 
was co-expressed with HER2 and synergically increased 
the tumor size in immunodeficient mice. Overexpression 
of β-catenin also increased the phosphorylation of HER2 
and HER3 and increased the size of tumor derived from 
HER2-elevated cells. Confocal laser immunofluorescence 
assay showed that β-catenin and HER2 were co-localized 
on the membrane of MDA-MB-231 cells, suggesting that 
β-catenin binds HER2 to activate the HER2 signaling 
pathway. Immunoprecipitation of β-catenin and HER2 
also confirmed this binding. On the other hand, knock-
down of β-catenin in MDA-MB-231 cell lines decreased 
the activity of SRC and decreased phosphorylation of 
HER2 at Y877 and Y1248. The interaction between HER2 
and SRC was enhanced when β-catenin was overex-
pressed, and β-catenin increased the resistance of tumor 
derived from HER2 elevated BT474 cells to trastuzumab. 
Further analysis showed that trastuzumab inhibited the 
activation of HER3, but SRC was still highly expressed in 
cells overexpressing β-catenin. Our work demonstrates 
that β-catenin is highly expressed in BC and it synergi-
cally promotes formation and progress of BC with HER2. 
β-catenin binds with HER2 leading to enhanced interac-
tion with SRC and resistance to trastuzumab.
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INTRODUCTION

Over one million women are diagnosed with breast 
cancer (BC) every year worldwide. Although the overall 
survival rate of BC has been greatly improved in the last 
decade, more than 450,000 people still die of BC each 
year (Anastasiadi et al., 2017; Kolak et al., 2017; Peairs 
et al., 2017). Therefore, better understanding of the oc-
currence and development of BC is essential for clini-
cal development for effective interventions (Fahad Ullah, 
2019; Ganz & Goodwin, 2015). In the 1980s, the human 
epidermal growth factor receptor 2 (HER2) signaling 
pathway was found to be responsible for the abnormal 
proliferation of HER2 positive (HER2+) BC (Escriva-
de-Romani et al., 2018; Rajarajan et al., 2020). HER2 is 
highly expressed in more than 20% of metastatic BCs 
and is associated with cancer metastasis and poor patient 
prognosis (Lewis Phillips et al., 2008; Smith et al., 2007).

HER2 is a member of the epidermal growth factor 
receptor family (ErbB  family) and is activated by homo- 
or heterodimerization to promote phosphorylation of 
monomers and recruitment of receptor complexes, phos-
phoinositide 3-kinase (PI3K), SHC, and growth factor 
receptor-bound protein 2 (GBR2) (Dankort et al., 2001; 
Ellis & Ma, 2019; Xie & Hung, 1996). Phosphorylated 
HER2 can activate the PI3K/AKT and MAPK/ERK 
signaling pathways to promote cell proliferation, surviv-
al and differentiation (Lee et al., 2013; Ruiz-Saenz et al., 
2018). HER2+ BC is clinically very aggressive and a se-
ries of HER2-targeting drugs, such as trastuzumab, lapa-
tinib, pertuzumab and T-DM1 have been developed for 
clinical treatment of BC with good clinical efficacy and 
significantly improved outcomes (Cameron et al., 2017a; 
Derakhshani et al., 2020; Hunter et al., 2020; Rinnerthal-
er et al., 2019; Saura et al., 2020). However, metastatic 
HER2+ BC remains an incurable disease and new treat-
ment options are required for better treatment (Bredin et 
al., 2020; Harbeck et al., 2019). Furthermore, drug resist-
ance, especially trastuzumab resistance, in BC, particu-
larly in HER2+ BC, has eventually emerged in the great 
majority of treated patients (Nahta et al., 2006). A better 
understanding of mechanisms underlying the drug resist-
ance in HER2+ BC is therefore critical to develop new 
treatment strategies and drugs.

Trastuzumab is a Food and Drug Administration 
(FDA)-approved humanized antibody targeting HER2. 
It is used in combination with chemotherapy drugs to 
treat HER2+ BC and has a good response in early-stage 
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BC (Cameron et al., 2017b; Tolaney et al., 2021). Pacli-
taxel, trastuzumab, and pertuzumab are recommended 
as first-line therapy for patients with HER2+ BC who 
have not received trastuzumab or who have metastasized 
after 6 months of adjuvant trastuzumab therapy (Santa-
Maria et al., 2016). However, if metastases occur while 
receiving trastuzumab, T-DM1, may be the best option 
(Ramagopalan et al., 2021; Uijen et al., 2022). For exam-
ple, in the CLEOPATRA clinical trial, patients received 
T-DM1 as a second-line therapy after receiving a first-
line chemotherapy regimen (Larionov, 2018). In addition 
to T-DM1, lapatinib in combination with chemotherapy 
and trastuzumab is also a standard chemotherapy regi-
men, although the sequence of these agents has not been 
fully defined. Due to the development of drug tolerance 
in patients receiving trastuzumab, numerous studies and 
clinical trials have attempted to explore new ways to tar-
get the HER2 receptor where the  Wnt/β-catenin signal-
ing pathway plays an important role (Schade et al., 2013). 
Therefore, identifying regulators targeting this pathway 
may provide new directions and strategies for BC treat-
ment.

Wnt/ β-catenin signaling pathway is involved in the 
development of early embryos and the occurrence of 
diseases. It plays an important role in thermogenesis and 
can promote the abnormal proliferation of tumor cells 
(Wu et al., 2012; Wu et al., 2017). More than 20 target 
genes have been identified in the pathway and most of 
them are related to cell proliferation and occurrence of 
tumors, such as axin-2 (Doumpas et al., 2019), c-myc, cy-
clin D1 and VEGF (Liu et al., 2016; Zhang et al., 2012). 
Studies have shown that Wnt/β-catenin signaling path-
way is abnormally activated in human cancers, including 
BC (Brennan & Brown, 2004; Song et al., 2016). Alterna-
tion of β-catenin expression may result from mutation 
and amplification, both of them lead to the occurrence 
and progression of BC (Sefidbakht et al., 2021; Zhang et 
al., 2021). Because β-catenin plays an important role in 
the formation and metastasis of tumor formation, small 
molecule inhibitors that target β-catenin are being devel-
oped to suppress tumor progression (Wang et al., 2021). 
Studies have found that in BC cells with high expres-
sion of HER2 and trastuzumab resistance, the Wnt/ 
β-catenin signaling pathway is highly activated, suggest-
ing that β-catenin plays an important role in HER2 sign-
aling pathway (Hsieh et al., 2016; Mir et al., 2020; Shen et 
al., 2020). However, how β-catenin promotes resistance 
to trastuzumab in BC is largely unclear.

This study aimed to explore the molecular mecha-
nism of β-catenin affecting the trastuzumab tolerance 
in HER2-positive BC. The findings would provide new 
directions and potential targets for clinical treatment of 
HER2+ BC.

MATERIALS AND METHODS

Patients and tissue samples

Tissue samples were collected from patients under-
going surgical treatments at our hospital between April 
2013 and September 2017. Patients were female, aged 
between 32 and 55 years with primary BC that was his-
tologically or cytologically proven. Patients were included 
if they were HER-2 positive based on assessments from 
certified laboratories, with ≤1 Eastern Cooperative On-
cology Group Performance Status (ECOG PS) and ≥3 
month predicted survival and at least one measurable 
lesion based on RECIST1.1. Patients were excluded if 

they were male, had incomplete clinical and pathologi-
cal data (including immunohistochemical), HER2 status 
was not verified with FISH, had recurrent BC, or died 
of non-tumor cause during follow-up.

This study was approved by the ethics committee of 
the Shenzhen Hospital Affiliated with Southern Medical 
University and carried out in accordance with the dec-
laration of Helsinki (revised in Tokyo in 2004). Written 
informed consent was obtained from every patient.

Reagents and equipment

Herceptin (trastuzumab) was purchased from Roche, 
USA. 0.25%  trypsin solution (cat no. 25200072), BCA 
protein assay kit (cat no. 23225), SDS-PAGE  sample 
prep kit  (cat no. 89888), RIPA buffer (cat no. J63306.
AP), Lipofectamine™ 3000 Transfection Reagent (cat 
no. 13778150), ViraPower Lentiviral Packaging Mix (cat 
no. K497500), Protease Inhibitor Cocktail I (cat no. 
J64401.LQ), Pierce Direct Magnetic IP/Co-IP Kit (cat 
no. 88828), protein-G Dynabeads (cat no. 10003D), 
NP-40 lysis buffer (cat no. J60766.AP) were purchased 
from Thermal Scientific; OPTI-MEM reduced serum 
medium (cat no.31985-062 ) was from Gibco, USA;

Antibodies against β-catenin (cat no. ab223075, 1:1000 
dilution), HER2 (cat no. ab134182, 1:1000 dilution), 
HER2 (phospho Y1248) (cat no. ab201013, 1:1200 dilu-
tion), HER3 (cat no. ab32121, 1:1000 dilution), HER3 
(phospho Y1289) (cat no. ab76469, 1:1000 dilution), 
SRC (cat no. ab133283 1:1000 dilution), SRC (phospho 
Y416) (cat no. ab278693, 1:1000 dilution), horseradish 
peroxidase (HRP)-conjugated secondary antibody (cat 
no. ab6728, 1:1500), goat anti-mouse IgG H&L (Al-
exa Fluor® 488) (cat no. ab150113, 1:1500), goat anti-
mouse IgG H&L (Alexa Fluor® 488) (cat no. ab150113, 
1:1500), goat anti-mouse IgG H&L (Alexa Fluor® 555) 
(cat no. ab150114, 1:1500) ECL kit (cat no. ab133406) 
were purchased from Abcam, Waltham, MA, USA. 
FLAG antibody (cat no. F1804, 1:1500), type VII aga-
rose (cat no. 39346-81-1) was purchased from Sigma-
Aldrich. Colony counter (PhenoBooth+) was purchased 
from Singer Instruments, UK. Trans-Blot Turbo Trans-
fer System was a product of Bio-Rad laboratories, USA.

Immunohistochemistry

The 5 μm transverse tissue sections were deparaffi-
nized and rehydrated by going through an ethanol gradi-
ent. After washing in water, the slides were autoclaved 
for 4 min in sodium citrate buffer for antigen retrieval. 
Endogenous peroxidase activity was suppressed by treat-
ing with hydrogen peroxidase for 5 min at room temper-
ature. The tissue sections were rinsed with tris buffered 
saline 1X (TBS), reacted to primary antibody against 
β-catenin for 1 h and subsequently washed with TBS for 
three times, and incubated with horse radish peroxidase-
conjugated anti-goat IgG (H+L) for 30 min. Diamin-
obenzidine (DAB) and haematoxylin chromogen (Dako, 
Glostrup, Denmark) method was used to visualize the 
immunoreactivity. The slides were examined under a 
light microscope to score β-catenin-positive cells. For 
each sample, 10 randomly selected fields were evaluated.

Cell lines and culture conditions

Human cells MCF7 (cat no. HTB-22), BT474 (cat no. 
HTB-20), SKBr3 (cat no. HTB-30), and MDA-MB-231 
(cat no. HTB-26) were purchased from American Type 
Collection Center, Manassas, VA, USA and were cul-
tured in Eagle’s minimum essential medium (EMEM) 
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(ATCC cat no. 20-2003) with 10% fetal bovine serum 
(FBS, (ATCC cat no. 30-2020), and 50 U/ml penicil-
lin, and 50 μg/ml streptomycin sulfate (Fisher Scientific 
MT30001CI). All cell lines were cultured in 5% CO2 
at 37°C in a humidified incubator as instructed by the 
manufacturer. HEK293T cells were grown to produce 
virus for transfection experiment as previously described 
(Cipriano et al., 2010) in DMEM medium (cat no. 12491, 
Thermo Scientific, Wilmington, Delaware, USA) sup-
plemented with 5% FBS. Cultured cells were routinely 
tested for mycoplasma contamination using MycoSEQ 
Mycoplasma Detection Kit (cat no. 4460626, Thermo 
Scientific) to ensure they were mycoplasma-free.

 Vectors and cell transfection

To generate the cell lines overexpressing β-catenin 
and HER2, Lentiviral vectors pLV-Puro-CMV contain-
ing β-catenin and HER2 were constructed (Cyagen Bi-
osciences, USA). BT474 and SKBr3 cells were seeded 
into the wells of 12-well plates at a density of 1×105 
cells/well, grown to a confluency of 70–80%. The cells 
were transfected with vectors at multiplicity of  infection 
(MOI) 50 based on the results of a pilot study. Mock 
transfection with LV-EGFP was employed as a negative 
control. Cell morphology was examined after transfec-
tion and the culture medium was refreshed 12 h after 
the transfection. Stably transfected clones were selected 
using puromycin at 1.5 μg/ml. The expression of genes 
was assessed using Western blot analysis.

Plasmids encoding shRNAs targeting SRC were de-
signed using tools provided by the Genetic Perturbation 
Platform (https://portals.broadinstitute.org/gpp/public/) 
and inserted into pLKO.1. Lentiviral vectors were trans-
fected into HEK293T cells using Lipofectamine 2000 
together with ViraPower Lentiviral Packaging Mix ac-
cording to the manufacturer’s instructions. Supernatants 
containing viruses were collected and used to infect cells 
for 16 hours. Cells at 90% confluency were harvested, 
re-suspended in FBS-free DMEM medium, transfected 
with the shRNA vectors (5 µg/well) and 250 µl Opti-
MEM and Lipofectamine 3000 according to the manu-
facturer’s instructions. After incubation for 20 min, the 
transfection mixtures were added to the wells of 24-well 
plates to culture for 4 h.

Immunoblot and immunoprecipitation

Cells were harvested by centrifugation at 500×g at 
room temperature, lysed using RIPA buffer contain-
ing protease inhibitor cocktail. The protein content 
was determined using BCA protein assay kit accord-
ing to the manufacturer’s instructions. About 50 µg 
protein per lane was loaded for 10% sodium dode-
cyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) or used for an immunoprecipitation reaction. 
For immunoprecipitation, 5 μg FLAG antibody was 
mixed with 50 μl PBS-washed protein-G Dynabeads 
in 500 μl RIPA lysis buffer containing protease and 
phosphatase inhibitors by rotating for 2 hours at 4°C. 
The complex beads were washed twice with PBS and 
added with protein lysates. The antibody-bead conju-
gates were rotated at 4°C for 2 hours, washed eight 
times with NP40 lysis buffer (150  mM NaCl, 1% NP-
40, 50 mM Tris-Cl pH 8.0) and resuspended in 25 μl 
of 2X SDS BME loading dye for immunoblot analy-
sis. After separation by SDS-PAGE, the proteins were 
transferred electrically to polyvinylidene difluoride 
(PVDF) membranes ((Millipore)) using Trans-Blot 
Turbo Transfer System. The membranes were blocked 

with 5% non-fat dry milk in 1X TBS buffer contain-
ing 0.1% Tween 20 for 6 h at 25°C and incubated 
with proper primary antibodies at 4°C overnight. Af-
ter being rinsed three times with the same buffer, the 
blots were reacted with HRP-conjugated secondary 
antibodies at 25°C for 2 h and then visualized using 
the ECL kit as instructed by the supplier. Densitomet-
ric determination was conducted using Quantity One 
software (version v4.6.1; Bio-Rad Laboratories, Inc.) 
using β-actin as the internal control.

Xenograft assays

Eight-week-old specific-pathogen free (SPF) BALB/c-
nu nude mice (female, weight 25–30 g) purchased from 
Saiye Biotech, Shanghai, were used. The mice were 
housed in hygienic and pathogen-free conditions at 25–
26°C with good ventilation. They had free access to fil-
tered water and diet under a 12/12 hours day/night cy-
cle. Mice were randomly divided (n=36) and MCF7 cells 
expressing β-catenin and HER2 (100 μl, 5×106) were 
orthotopically injected into the mammary glands for BC 
development. Animals bearing tumors were then rand-
omized into cohorts to receive administration of trastu-
zumab, which was administered intraperitoneally for two 
weeks (6 times) with a total dose of 10 mg/kg. (n=6 
in each group). The control group received PBS only. 
Mouse sizes were recorded every five days till 35 days 
after injection. Gross necropsies were performed, and 
tissues were collected and snap frozen in liquid nitrogen 
for downstream analysis. At different times after the im-
planting, mice were sacrificed by euthanization with car-
bon dioxide applied at a flow rate of 20% of the cage 
volume per minute (5 L/min) and tumors were isolated 
for size measurement using Vernier caliper.

The animal experimental protocols were approved by 
Animal Research Ethics Committee of the Shenzhen 
Hospital Affiliated with Southern Medical University.

Soft agar assay

Soft agar assays were performed to assess the colony 
formation ability as previously described (Horibata et al., 
2015). Briefly, MCF7 cells (1×105 cells/ml) were sus-
pended gently in 0.6% type VII agarose (maintained at 
42°C) prepared in RPMI 1640 medium supplemented 
with 10% FBS and 1% penicillin/streptomycin. The cells 
were plated in triplicate onto a bottom layer of 1.2% agar 
in 60-mm dishes. After being solidified at room tempera-
ture for 30 min, the plates were covered and were placed 
into a 37°C humidified incubator to culture. Three weeks 
later, the cells were stained with 200  μl of 0.1% crystal 
violet per well overnight at 37°C. The stained colonies 
were analyzed using PhenoBooth+colony counter.

Confocal laser immunofluorescence assay

Human breast adenocarcinoma MDA-MB-231 cells 
were air dried on siliconized glass slides (Dako, Kyoto, 
Japan) at room temperature, fixed in pre-chilled metha-
nol for 2 min and washed three times with PBS. The 
cells on the slides were incubated with 100 µl of each 
antibody against β-catenin and HER2 overnight at 4°C 
in a humid box. After being washed with PBS, the slides 
were incubated with 100 µl of goat anti-mouse IgG H&L 
(Alexa Fluor® 488) or goat anti-mouse IgG H&L (Alexa 
Fluor® 555) for 30 min. The slides were washed three 
times with PBS and countered stained with DAPI and 
mounted with buffered glycerol. The cells were visual-
ized and photographed using a Leica confocal laser scan-
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ning microscope equipped with an OG 515 filter (Leica 
AG, Heerbrugg, Switzerland).

Co-immunoprecipitation

Co-immunoprecipitation of β-catenin and HER2 
was performed using Direct Magnetic IP/Co-IP Kit 
according to supplier’s protocols. Briefly, confluent 
MDA-MB-231 cells expressing β-catenin and HER2 
were added with ice-cold IP lysis buffer and the 
lysates were centrifuged at ~13 00×g for 10 minutes 
to pellet the cell debris. The supernatant was added to 
anti-HER2 antibody coupled beads and gently mixed 
and incubated on a rotating platform for 30–60 min-
utes at room temperature. After being washed with a 
washing buffer, the beads were collected with a mag-
netic stand and the proteins were eluted and analyzed 
using Western blot analysis.

Statistical analysis

Statistical analyses were performed with SPSS (version 
19.0; SPSS, Inc., Chicago, IL, USA). Data are expressed 
as the means ± S.D. Differences between multiple sam-
ple means were analyzed using one-way ANOVA and 
the LSD-t method was used for comparison between the 
two groups. Statistical significance was defined as a two-
tailed P<0.05.

RESULTS

β-catenin is highly expressed in primary and metastatic 
BC

The Wnt/β-catenin signaling pathway is well known 
to be involved in various human cancers. To demon-
strate the role of β-catenin in human BC, we first ana-
lyzed the expression of β-catenin in normal tissues and 
BC tissues in the clinical samples using immunohisto-
chemistry methods. It was found that β-catenin was 
expressed in 40.8% cells in the metastatic BC tissues, 
20.1% cells in primary BC tissues and cells, and 2.2% 
in non-cancer tissues (Fig. 1A). Furthermore, among 
HER2+ BC cells, β-catenin was overexpressed in 12% 
of primary BC cells and 30% of metastatic BC cells 
(Fig. 1B).

β-catenin and HER2 synergically promote tumor 
development

To assess the synergy of β-catenin and HER2 in driv-
ing tumorigenesis, we established MCF7 cells that stably 
expressed β-catenin and HER2. Western blot analysis 
showed that non-transfected MCF7 cells (control) had 
very low background β-catenin and HER2 expression, 
and in the transformed cells β-catenin and HER2 expres-
sions were significantly upregulated (P<0.01, Fig. 2A). 
Notably, only cells expressing both β-catenin and HER2 
exhibited an unusual and invasive phenotype when cul-
tured in monolayers, while single expression of either 
β-catenin or HER2 did not change cellular morphol-
ogy dramatically (Fig. 2B). To assess the malignancy of 
transformed cells, soft-agar experiments were performed. 
Cells expressing β-catenin and HER2 alone formed more 
colonies than control and had similar number of colo-
nies. However, the number of colonies formed by cells 
expressing both β-catenin and HER2 was more than 
doubled as compared with cells expressing single genes 
(P<0.01, Fig. 2C). To further confirm these findings, 
MCF7 cells expressing β-catenin and HER2 were used 
to inoculate immunodeficient mice for tumor develop-
ment. The animal experiments demonstrated that over-
expression of both HER2 and β-catenin significantly 
promoted tumor formation and progression, resulting in 
significantly large tumors, although β-catenin and HER2 
alone induced tumor formation (P<0.01, Fig. 2D), sug-
gesting that β-catenin might synergize with HER2 to 
promote the formation and development of tumor cells.

β-catenin promotes the phosphorylation of HER and 
tumorigenesis

To explore the effect of β-catenin on HER phos-
phorylation, we overexpressed β-catenin in two HER2-
elevated BC cell lines BT474 and SKBr3. We used ret-
rovirus containing GFP-β-catenin or GFP (control) to 
overexpress β-catenin in these two cell lines. The results 
showed that compared with the control, β-catenin was 
remarkably up-regulated. Meanwhile, phosphorylation of 
HER2 at Y1248 and HER3 at Y1289 was significantly 
increased (P<0.01, Fig. 3A). Notably, the phosphoryla-
tion levels of HER2 and HER3 were also significantly 
increased when cells were serum-starved (Fig. 3A).

To further examine the effect of β-catenin overexpres-
sion on the progression of HER2+ BC, we orthotopi-

Figure 1. Percentage of β-catenin-positive cells in BC and HER2+BC. 
(A) in normal (n=55), primary BC (n=45) and metastatic BC (n=39). ** and ## denote P<0.01 vs normal and primary BC tissues, respective-
ly. (B) in HER2+ primary BC and HER2 metastatic BC. ** denotes P<0.01 vs primary BC tissues, respectively.
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cally injected BT474 cells expressing β-catenin into the 
mouse mammary glands in immunodeficient mice, and 
measured tumor growth. The results showed that com-
pared with the control group, at 25 days post-injection, 
the tumors formed with β-catenin overexpressing cells 
were significantly greater than control (P<0.01, Fig. 3B).

β-catenin binds to HER2

Since β-catenin can promote the phosphorylation 
of HER2, we set to investigate if β-catenin and HER2 
are physically in contact with each other. Using confo-
cal immunofluorescence assay, we found that β-catenin 
and HER2 were co-localized on the cell membrane in 
MDA-MB-231 cell line (Fig. 4A), suggesting that they 
might be in direct contact with each other. We further 
performed co-immunoprecipitation of the proteins with 
extracts from SKBr3 and BT4742 cell lines. It was found 
that β-catenin and HER2 were co-precipitated in both 
cell lines (Fig. 4B).

β-catenin enhances HER2 interaction with SRC

Elevated SRC has been shown to stabilize HER2  to 
enhance cellular migration and survival (Mayer & Krop, 
2010). Therefore, we investigated the impact of β-catenin 
on SRC and its phosphorylation. When β-catenin was 
knockdown in MDA-MB-361 cells, SRC and its phos-
phorylation, and HER2 phosphorylation at Y877and 

Y1248 were significantly reduced (Fig. 4A). To explore 
whether the inactivation of SRC would affect the activa-
tion of HER by β-catenin, SRC was downregulated using 
two SRC shRNAs in SKBr3 cells expressing β-catenin. 

Figure 2. β-catenin and HER2 expression (A), morphology 
change (B), colony formation (C) and tumor development (D) by 
stably transformed MCF7 cells. 
(A) left panel: Western blots, right panel: relative protein level, 
**  and ## denote P<0.01 vs control and HER2, respectively. (B) in-
vasive morphology. (C) left panel: colony formation by soft agar 
assay, right panel: colony number, **, ## and && denote P<0.01 vs 
control, β-catenin and HER2, respectively. (D) tumor development 
in nut mice (n=6). ** and ## denote P<0.01 vs control, β-catenin 
and HER2, respectively.

Figure 3. Phosphorylation of HER2 and HER3 expression by 
β-catenin in HER2-elevated BC cells BT474 and SkBr3c and tu-
mor formation by BT474 overexpressing β-catenin in immuno-
deficient mice (n=6). 
(A) Left panel: representative Western blots, right panel: relative 
protein level. (B) tumor size in nut mice. ** denote P<0.01 vs con-
trol.

Figure 4. Cellular localization and immunoprecipitation of 
β-catenin and HER2. 
(A) left panel: confocal immunofluorescence microscopy, (B) fluo-
rescence intensity. (B) immunoprecipitation assays of β-catenin 
and HER2 using SKBr3 and BT474 cell extracts.
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As a result, we found that HER2 phosphorylation at 
Y877 and Y1248 were decreased in the SRC-knockdown 
cells (Fig. 5B). These results suggest that SRC might 
regulate β-catenin-mediated HER2 phosphorylation to 
impact tumor development. On the other hand, when 
β-catenin was overexpressed, the interaction between 
HER2 and SRC was enhanced (Fig. 5C).

To further elucidate the functional relevance among 
β-catenin, HER2, and SRC, we examined the effect of 
β-catenin overexpression on drug sensitivity of the tu-
mor cells. Recent studies have shown that abnormal ac-
tivation of SRC can lead to resistance of tumor cells to 
trastuzumab. We found that in HER2+ BC, overexpres-

sion of β-catenin increased the resistance to trastuzumab 
(Fig. 6A). Further analysis found that trastuzumab in-
hibited the phosphorylation of HER2, but the SRC re-
mained highly active in cells overexpressing β-catenin as 
compared to control cells (Fig. 6B).

DISCUSSION

A large number of in vitro and in vivo studies have 
shown that HER2 overexpression is related to the oc-
currence of BC (Loibl & Gianni, 2017). However, there 
is not enough evidence to confirm that HER2 can 
drive the transformation from benign to malignant and 
metastatic BC (Exman & Tolaney, 2021). It is also not 
clear whether other genomic variations can synergically 
promote BC with HER2. In this study, we found that 
β-catenin appears to be an important regulatory protein 
of HER2 that drives BC development and resistance to 
trastuzumab. β-catenin is highly expressed in BC, par-
ticularly in metastatic BC, and synergically promotes the 
development of BC in xenograft mouse models probably 
by increasing the phosphorylation of HER2. We also 
found that β-catenin binds with HER2 and enhances 
the interaction between HER2 and SRC, resulting in in-
creased trastuzumab resistance. The findings from this 
study provide new insights and clues for the develop-
ment of new therapeutic strategies and targets for BC.

Better understanding the molecular mechanisms un-
derlying the metastatic dissemination of HER2+BC 
would be helpful to the development of effective clinical 
interventions. Wnt/β-catenin signaling pathway is well 
known to play important roles in human cancers  (Zhang 
& Wang, 2020). Assessment of β-catenin expression in 
tumor tissues has shown that it is upregulated in BC, 
particularly in metastatic cancer. As a multifunctional 
protein with a central role in physiological homeosta-
sis, β-catenin is often upregulated in various diseases, 
including cancer, as the result of mutations of canoni-
cal Wnt signaling pathway genes (Cui et al., 2018; White 
et al., 2012). In canonical Wnt pathway, Dsh, β-catenin, 
glycogen synthase kinase 3 beta (GSK3β), adenomatous 
polyposis coli (APC), AXIN, and T-cell factor (TCF)/
lymphoid enhancement factor (LEF) are the major sig-
nal transducers with β-catenin as core protein (Behrens 
et al., 1996; Yost et al., 1996). Our study further dem-
onstrated that β-catenin is highly upregulated in HER2 
BC, suggesting that there might be interactions between 
the two genes, particularly in metastatic BC. HER2 has 
been shown to interact with oncogenic/stemness signal-
ing pathways including Wnt/β-catenin, and HER2 over-
expression promotes EMT and the emergence of cancer 
stem cell properties in BC (Nami & Wang, 2017).  Us-
ing MCF7 cells, we found that although β-catenin and 
HER2 alone increase the colony formation ability, co-
expression of the two genes results in increased invasive 
transformation of the cells and higher tumorigenicity in 
immunodeficient mice as compared to single β-catenin 
or HER2 protein. These studies further demonstrate that 
β-catenin and HER2 have synergy in promoting BC. In 
gastric cancer cells, overexpression of HER2 was shown 
to increase the stemness and invasiveness, which is regu-
lated by Wnt/β-catenin signaling (Jung et al., 2019). Pre-
viously the aberrant expression of β-catenin was associ-
ated with more aggressive behaviors of BC although it 
was not statistically correlated to HER2 (Sefidbakht et 
al., 2021). However, in epithelial ovarian cancer (EOC), 
high expression of β-catenin was found in HER2-posi-
tive EOC tissue samples and was correlated with a poor 

Figure 5. Phosphorylation of SRC and HER2 after knockdown 
of β-catenin (A) and SRC (B) and interaction between SRC and 
HER2 after overexpressing β-catenin (C). 
Left panel: representative Western blots, right panel: relative pro-
tein level. ** denote P<0.01 vs control.

Figure 6. Development of tumors after trastuzumab treatment 
(A) and phosphorylation of SRC (B) in mice (n=6) xenografted 
with β-expressing BT474 cells. 
*denotes P<0.01 vs control.
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patient prognosis. Therefore, Wnt3a/β-catenin/TCF7L2 
signaling axis is considered to play an important role 
in EOC resistance to trastuzumab and HER2-targeted 
drugs may have the potential for EOC treatment (Shen 
et al., 2020).

To elucidate the interaction between β-catenin and 
HER2, we investigated the effect of β-catenin on the 
HER activity by overexpressing β-catenin in BC cell 
lines BT474 and SKBr3 with elevated HER2 level. It 
was found that in these cells, there was increased phos-
phorylation of HER2 and HER3. Previously, HER2 
phosphorylation was found to be due to the activation 
of other HER receptors, such as reactivation of HER3 
and ADAM17-mediated ligand release (Gijsen et al., 
2010). In addition, the levels of phosphorylated HER2 
increased significantly in cells treated with arenite and 
exogenous EGF, TGFα, NRG1, and HSP90 through 
the dimerization of HER2 with other members of HER 
family, such as HER3 (Jin et al., 2018). Other proteins 
reported to phosphorylate HER2 include PTPN18 that 
regulates HER2-mediated cellular functions through de-
fining both its phosphorylation and ubiquitination bar-
codes (Wang et al., 2014). The activation (phosphoryla-
tion) of HER family gene by β-catenin is likely partially 
responsible for the enhanced tumorigenesis. Study with 
β-catenin knockdown may further define the relationship 
between β-catenin and HER2 activation.

To further investigate the model of action of β-catenin 
and HER2, we studied the co-location of these two pro-
teins using confocal immunofluorescence assay. β-catenin 
and HER2 were found to be co-localized on the cell 
membrane, indicating that they might have direct physi-
cal contact with each other, and the results from immu-
noprecipitation in the two cell lines tested support this 
speculation. To further refine the interaction between 
β-catenin and HER2, protein variants might be used to 
better understand the structure-binding relationship.

SRC is one of the non-receptor tyrosine kinases that 
participates in cell proliferation, differentiation, sur-
vival, and invasion through the PI3K, MAPK, STAT3, 
FAK signaling pathways (Roskoski Jr., 2015). Studies 
have shown that increased SRC activation can stabilize 
HER2  to enhances cellular migration and survival and 
confers resistance of HER2+ BC cells to trastuzumab 
(Peiro et al., 2014). Our analysis showed that the acti-
vation (phosphorylation) of both SRC and HER2 is 
reduced once β-catenin is knockdown, implying that 
β-catenin might be involved in regulating both SRC and 
HER2 signaling. On the other hand, knockdown of SRC 
in SKBr3 cells expressing β-catenin results in decreased 
HER2 phosphorylation, suggesting that SRC might regu-
late β-catenin-mediated HER2 phosphorylation to im-
pact tumor development, and this SRC interaction with 
HER2 is enhanced by β-catenin. Since increased tras-
tuzumab resistance and SRC activation were observed 
in tumors derived from cells expressing β-catenin, it is 
likely that SRC might also play a role in the drug re-
sistance. Trastuzumab is a monoclonal antibody that 
binds HER2 extracellular subdomain IV to treat BC, 
although its mechanism of action is still not fully un-
derstood (Shawver et al., 2002). It was demonstrated to 
reduce HER2  phosphorylation (Nami et al., 2019). This 
is consistent with our results that following trastuzum-
ab treatment, phosphorylation of HER2 is reduced. On 
the other hand, the activation-associated phosphoryla-
tion of SRC at tyrosine 416 remained significantly higher 
in tumors derived from cells expressing β-catenin than 
control, irrespective of trastuzumab treatment, suggest-
ing that SRC activation is involved in trastuzumab re-

sistance. Previously, the SRC/STAT3 signaling pathway 
was found to be activated by chromosome condensin 1 
complex subunit G (NCAPG), leading to trastuzumab 
resistance in HER2+BC and SRC phosphorylation may 
enhance nuclear localization and activation of STAT3 
(Jiang et al., 2020), leading to trastuzumab resistance 
(Zhang et al., 2011). Since SRC phosphorylation occurs 
in tumors derived from cells overexpression β-catenin, 
further study is needed to explore β-catenin as a thera-
peutic target to overcome trastuzumab resistance.

CONCLUSION

β-catenin is highly expressed in BC tissues as com-
pared to non-cancer tissue. It synergically promotes for-
mation and development of BC with HER2. β-catenin 
interacts with HER2 leading to SRC activation and 
trastuzumab resistance. Due to these important roles, 
β-catenin may be further explored as a therapeutic target 
to overcome trastuzumab resistance in BC.
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Objectives: The increasing trend in chronic kidney dis-
ease (CKD) has occurred in parallel with the increased 
prevalence of obesity and diabetes type 2. The relation-
ship between a reduction in body mass and protein 
intake in diabetic nephropathy (DN) has not been ad-
equately understood. This study aimed to determine 
whether dietary intervention in an adult with DN is as-
sociated with decreasing proteinuria or changes in kid-
ney function over six months. Methods: The study in-
cluded 120 patients with DN, consecutively admitted to 
a dietitian from a Kidney Disease Clinic. Patients were 
classified into two groups: a reduction diet or a normal 
calorie diet, both with 0.8 g of protein/kg of ideal body 
weight/day. Anthropometric and laboratory assessments 
were done before and after observation. Results: After 
six months, in the study group of patients on a reducing 
diet, a decrease in body mass, body mass index (BMI) 
and stabilization of estimated glomerular filtration rate 
(eGFR) were observed. There was also a significant corre-
lation between the time of diabetes diagnosis and eGFR 
and creatinine (R Spearman=–0.24 and 0.3, respectively; 
p=0.05). There were no other significant associations be-
tween body mass, BMI, albuminuria, eGFR, or creatinine. 
Conclusions: The study shows that obesity is a common 
comorbid disease in patients with DN and that dietary 
intervention is associated with a significant reduction in 
body mass and stabilization of eGFR in these patients. 
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INTRODUCTION

Diabetic nephropathy (DN), also known as diabetic 
kidney disease is one of the most common complica-
tions of diabetes and is the leading cause of end-stage 
kidney disease (ESKD) in the general population (Khan 
et al., 2018). DN is characterized by the development of 
progressive albuminuria and the loss of the glomerular 
filtration rate (GFR) (Tutle et al., 2014). Published stud-
ies have shown that among patients who started renal re-
placement therapy, the percentage of patients with diabe-

tes (only DN) ranged from 24% to 51% (all causes were 
counted) and is still increasing (Buyadaa et al., 2020).

According to the World Health Organization (WHO), 
the number of patients requiring renal replacement ther-
apy is expected to double by 2030 (Luyckx et al., 2018). 
Therefore, conservative treatment of chronic kidney dis-
ease (CKD) is becoming increasingly important from the 
point of view of preventing an epidemic of this disease. 
Experts point to the importance of proper dietary man-
agement and education in this area as one of the key 
points in the development of nephroprotective effects, 
which may have a measurable, positive impact on the 
quality of life of patients and inhibit the increase in the 
number of patients at the end-stage of the disease (Tutle 
et al., 2014).

The main cause of excess body weight and its compli-
cations are lifestyle changes, limitation of physical activ-
ity, improper eating habits, and above all, the excessive 
consumption of high-energy products (Swinburn et al., 
2004). Changing incorrect eating habits is most effective 
in the early stages of diseases such as obesity, diabetes 
type 2, or CKD, but at every stage it is worth recom-
mending that patients correct any eating mistakes. How-
ever, the relationship between overweight or obesity in 
patients with CKD and the mortality risk is not clear. 
Dietary intervention is particularly important in patients 
with CKD, as well as in other disease states and meta-
bolic phenotypes such as obesity and diabetes, which af-
fect the risk of developing and exacerbating the progres-
sion of CKD (Díaz-López et al., 2021).

Treatment of DN includes intensive control of glyce-
mia – glycated hemoglobin/hemoglobin A1c (HbA1c) 
<7%, proteinuria, hypertension through pharmacothera-
py, as well as lifestyle modifications. The American Dia-
betes Association (ADA) recommendations for people 
with DKD do not promote a change in the amount of 
protein in the diet below 0.8 g/ kg/ day but rather sug-
gest replacing the animal protein source with soybean 
to reduce cardiovascular risk (American Diabetes Asso-
ciation, 2014). Moreover, the latest recommendations of 
NKF KDOQI Clinical Practice Guideline On Nutrition 
In CKD: 2020 Update (Ikizler et al., 2020) indicate the 
possibility of limiting protein consumption in the range 
of 0.6–0.8 g/kg/ day in the group of adults with diabe-
tes and with estimated glomerular filtration rate (eGFR) 
<60 mL/min/1.73 m2. The study aimed to determine 
whether dietary intervention in an adult with DN is as-
sociated with proteinuria or changes in kidney function 
during a six-month observation period.
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MATERIAL AND METHODS

Study design

The current study was a 6-month interventional study 
to determine the effects of dietary intervention on renal 
function and proteinuria in adults with DKD. The neph-
rologist enrolled DKD patients in the study and referred 
them to a clinical dietitian. The dietitian then wrote 
down the rules of the diet and, based on the body mass 
index (BMI), divided patients into two groups. Dietitian 
visits were scheduled every 4–6 weeks, and nephrological 
control visits every 12 weeks. 

DKD was diagnosed in patients with diabetes accord-
ing to recommendations: if indicators of kidney damage 
persist ≥3 months:

– macroalbuminuria – urine albumin-to-creatinine ra-
tio (UACR) >300 mg/g)

– microalbuminuria – 30–300 mg/g in the presence 
of diabetic retinopathy; in diabetes type 1 (additionally), 
when the duration of the disease is at least ten years 
(KDOQI, 2007).

Inclusion criteria for the study were: age >18 years 
old, DKD stages 2–5, good nutritional status, and signed 
consent to participate in the study. 

All subjects gave informed consent to the inclusion 
before participating in the study. The study was ap-
proved by the Bioethical Committee.

Initially, 120 patients were enrolled in the study, but 
50 (42%) were excluded because they did not follow the 
diet and did not attend follow-up visits. The scheme of 
the study is presented in Fig. 1.

Study population

Ultimately, the study population consisted of 70 clini-
cally stable patients with DKD, at an average age of 
65.1±11.8 years, admitted to the dietitian from the am-
bulatory Department of Nephrology, Transplantology 
and Internal Medicine at the University Clinical Center 
in Gdansk (Poland) in the years 2018–2020.

The results were collected over six months of follow-
up, with visits every 1–3 months. At each visit, body 

weight, laboratory parameters and compliance with dieti-
tian rules were assessed.

Dietary intervention

All patients who consented to participate in the study 
had a personal appointment with a dietitian with exten-
sive experience in the management of CKD diet. Diet 
planning methodology included the determination of en-
ergy demand by measuring basal metabolic rate (BMR) 
based on bioimpedance mass indications. The patient’s 
total daily energy expenditure (TDEE) was then calculat-
ed using the appropriate level of physical activity (PAL): 

– 1.4 – for people with low physical activity, 
– 1.6 – for people with medium physical activity, 
– 2.0 – for people with high physical activity. 
Protein intake was established at 0.8 g/kg of ideal 

body weight/day, phosphorus 800-1200 mg/day and po-
tassium 2000–2500 mg/ day.   The ideal body weight is 
calculated based on Broc’s formula.

Patients with BMI ≥30 were qualified for the reduc-
tion diet – the amount of body weight loss per unit time 
was set at 0.5–1.0 kilograms per week – to unify the 
deficit of 500 kcal/day. Patients with BMI <30 were en-
rolled in a normal calorie diet.

The following nutrient requirements were deter-
mined in both groups: protein – 0.8 g/kg of ideal 
body weight/day, carbohydrates – 45-55% and fats 
– 30–35% of daily energy requirement. The mineral 
demand was determined based on the dietary stand-
ards of the Polish population. The patients’ daily diet 
is defined as 4–5 meals. During the observation, pa-
tients met with a dietitian to obtain nutritional advice. 
At each control meeting, a 24-hour diet recall was 
conducted, and patients were asked to record their 
diet for three days before the visit. Patients were re-
educated on the correct application of the diet. Each 
time during the meeting, patients were subjected to 
bioimpedance measurements, based on which BMR 
and TDEE were determined as the starting point for 
determining energy reduction in the diet, in accord-
ance with the recommendations of the Polish Soci-
ety of Dietetics and NKF KDOQI (KDOQI, 2007; 
Gajewska et al., 2015). All patients were instructed to 
maintain a minimum level of 150 min. per week of 
physical activity throughout the study period.

BMI

Measurement of body mass with the scale (Tanita BC 
420) was performed at each visit by a dietitian. The BMI 
was calculated using the following formula: BMI=body 
weight/height2 (kg/m2). The BMI classification was 
adopted: <18.5 – underweight; 18.5–24.9 – normal body 
weight; 25.0–29.9 – overweight; ≥30.0 – obesity. The 
ideal body weight was calculated according to Broc’s 
formula (height in cm –100); height was measured in a 
stadiometer.

Laboratory Measurements

Albumin, triglycerides, total cholesterol, phosphorus, 
potassium, creatinine, fasting glucose, HbA1c, and blood 
counts were measured for all participants (baseline and 
at six months) using routine laboratory tests. UACR was 
calculated from urine albumin and creatinine. eGFR was 
calculated according to The Modification of Diet in Re-
nal Disease (MDRD) equation and creatinine clearance 
(CC) was obtained from The Cockroft-Gault equation. 
After three months of observation, serum creatinine 

Figure 1. Scheme of the study.
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and UACR were measured. All patients performed self-
monitoring of blood glucose and blood pressure during 
follow-up.

Statistical Analysis

Results are expressed as percentages (for categori-
cal variables), mean, and standard deviation. The as-
sumption of normality was verified by the Kolmog-
orov-Smirnov test. A p-value <0.05 was considered 
statistically significant. The Spearman correlation coef-
ficient (R) was used to assess the correlation between 
the assessed variables. Comparisons between the two 
groups were assessed using the Student’s t-test or the 
U-Mann–Whitney test, respectively. The change in 
value between the first visit and the last visit (value 
for the last visit minus the value for the first visit) 
was compared between the groups. The comparison 
was made using the Wilcoxon test. Statistical process-
ing of the results was performed with the use of the 
statistical software STATISTICA PL v 13.0 (Statsoft, 
Kraków, Poland).

RESULTS

Characteristics of patients with DN

The results of 70 patients who completed the study 
were analyzed. The baseline patient characteristics are 
shown in Table 1. Diabetes type 1 was diagnosed among 
11 patients (15%),  and diabetes type 2 among 59 (85%). 
The mean duration of diabetes was 9.84 ± 4.8 years 
(range 4–18).

There were five obese patients in the G2 stage, G3 
had 22 patients, G4 had four patients, and G5 had 
two patients. Most of the patients were treated with 
insulin, and 43% received oral antidiabetic drugs from 
various groups. Antihypertensive treatment with re-
nin-angiotensin system  blockers was received by 97% 
of patients.

Baseline results

A total of 33 patients (47.1%) were obese; 22 (31.4%) 
were overweight, and 15 (21.5%) presented normal BMI 
at baseline (Fig. 2).

The mean serum albumin level was 38.2±2.9 mg/L 
and indicated good nutritional status in patients. Serum 
levels of potassium and phosphorus were in reference 
ranges (4.6±0.6 mmol/L; 3.9±0.9 mg/dL, respectively). 
The mean fasting glucose level was 149.06±54.0 mg/
dL and HbA1c – 6.6%. The mean eGFR was 41.3±20.5 
mL/min/1.73 m2 and the mean CC, according to the 
Cockroft-Gault formula, was 60.2±50.5 mL/min. The 
correlation between eGFR MDRD and CC was high 
(R=0.88; p<0.05). The UACR was in the range of 
1120±152 mg/g.

In addition, a statistically significant correlation be-
tween the time of diabetes diagnosis and eGFR and cre-
atinine (R Spearman=–0.24 and 0.3, respectively; p=0.05) 
was noted. There was no significant relationship between 
body mass, BMI, albuminuria, eGFR, CC and serum cre-
atinine.

Follow-up results

As presented in Table 2, in the study group, after 
six months of dietary intervention, a decrease in body 
mass and BMI was noted in comparison to the baseline 
parameters. Serum creatinine, eGFR, UACR, albumin, 
phosphorus, and potassium were changed insignificantly. 
Changes in eGFR are presented in Fig. 3.

In the obese group, the mean body weight loss over 
six months was 7.0±2.2 kg, and in the non-obese group, 

Table 1. Basic characteristics of the studied patients.

Parameters All patients with DN 
n=70

Age (years) 65.1±11.8 (40–87)

M/F 40/30

BMI (kg/m2) 30.4±7.3 (18.4–53.1)

eGFR (ml/min/1.73 m2) acc. 
MDRD 41.3±20.5 (8.0–123)

CC (ml/min.) acc. Cockroft -Gault 60.2±50.5 (8.6–260.0)

Creatinine (mg/dl) 2.0±1.1 (0.6–6.6)

Time since diagnosis of diabetes 
(years) 9.8±4.8 (4–18)

HbA1c (%) 6.6±1.1 (6.3–7.5)

Stage of CKD

G2 (%) 11.5

G3 (%) 62.8

G4 (%) 17.1

G5 (%) 8.6

Data are presented as mean ±  S.D. and range Aberrations: M, men; F, 
female; BMI, body mass index; eGFR, estimated glomerular filtration 
rate; MDRD, Modification of Diet in Renal Disease; CC, creatinine clear-
ance; HbA1c, glycated hemoglobin/hemoglobin A1c; CKD, chronic kid-
ney disease

Figure 2. The percentage of patients with excess body mass at 
baseline.

Figure 3. Changes in eGFR according to used diet.
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it was 0.4±0.4 kg. The urinary protein excretion in both 
groups did not change significantly.

DISCUSSION

The occurrence of excess body mass in DN patients 
and the effectiveness of six months of dietitian interven-
tion were observed in the study. The prevalence of obe-
sity was 47%, and about 31% of the patients were over-
weight. After six months of the reduction diet, 63.6% 
of patients decreased their body mass and BMI. Excess 
weight is often associated with type 2 diabetes. Moreo-
ver, the accumulation of adipose tissue in the trunk area 
in patients with type 2 diabetes may be associated with 
potential consequences, for instance, albuminuria, pro-
teinuria, and a decrease in GFR (Gnacińska et al., 2009). 
Mild renal failure is associated with high cardiovascular 
risk in the general population: any decrease in eGFR be-
low the norm of 5 mL/min increases cardiovascular risk 
by 26% (Schram et al., 2004; Ronald et al., 2002). Serum 
creatine concentrations >1.6 mg/dL are associated with 
a 20% increased risk of mortality for all causes, cardio-
vascular and ischemic cardiovascular conditions (Wan-
namethee et al., 1997).

The presented results confirm that obesity is a major 
public health problem among diabetic patients, includ-
ing those with DN. The prevalence of excess body mass 
reached 80%, which indicates that a significant number 
of patients in nephrology outpatients required appropri-
ate nutritional treatment (Bijelic et al., 2020). It is also 
worth emphasizing that a significant number of patients 
(50/120, 42%) did not agree with the proposed diet, 
which is a significant problem in clinical practice. How-
ever, in the obese group, about 36% of patients did not 
lose significant body weight, possibly due to non-compli-
ance with the diet. The resignation from dietitian inter-
vention was more frequent in the beginning – perhaps 

more accurate education is needed among patients with 
diabetes. Despite recommendations for lifestyle modifi-
cation at every stage of diabetes, patients were not co-
operative.

In the current study, a diet of 0.8 g protein/kg ideal 
body weight/day was followed as recommended. Addi-
tionally, in obese patients, a caloric deficit of 500 kcal/
day was established. The primary goal of the diet was 
adequate glycemic control, as measured by self-measured 
fasting glucose and HbA1c. In the current study, the 
average level of HbA1c was 6.8% and did not change 
throughout the observation. The second goal was to re-
duce body weight in obese patients and to establish an 
association between weight loss and eGFR, CC, and 
proteinuria. It is well known that a properly balanced 
diet allows for a sustained reduction in body weight by 
an average of 0.5-1 kg per week (Bray et al., 2003; Sacks 
et al., 2009; Hruby et al., 2015).

In the current study, the mean weight loss in obese 
patients (BMI>30) was approximately 7 kg/6 months. 
Despite a weight loss of about 1 kg per month, no sta-
tistically significant changes were found in eGFR, CC or 
albuminuria. The average decrease in eGFR in the study 
was 0.37 mL/min/1.73 m2, and satisfactory and stable 
results were obtained. The observed decrease in CC 
from 80.2–60.2 mL/min in the obese group is favorable 
because it indicates a decrease in hyperfiltration and also 
indicates that eGFR, according to MDRD, is a less ac-
curate parameter, especially in obese people. Navanethan 
S.D. and others showed in a meta-analysis that weight 
loss as a result of dietary or bariatric intervention is as-
sociated with a reduction in proteinuria, blood pressure 
and, in the case of severe obesity, with normalization of 
eGFR (Navaneethan et al., 2009). Moreover, Diaz-Lopez 
et al., in the PREDIMED-Plus trial, concluded that the 
lifestyle intervention approach may preserve renal func-
tion and delay CKD progression in adults with excess 
body mass (Diaz-Lopez et al., 2021). The RIGOR-TMU 

Table 2. The anthropometric and biochemical parameters in patients before and after 6 months of dietary intervention.

Parameters
All

n=70
before

All
n=70
after

Obese group
n=33

before

Obese group
n=33
after

Non-obese 
group n=37

before

Non-obese gro-
up n=37

after

Body Mass (kg) 93.8±26.5 89.6±28.7 110.3±20.8 102.4±29.5 71.2±13.5 70.8±13.5

BMI (kg/m2) 30.4±7.3 29.0±8.2 36.0±6.3 34.0±6.2 25.3±3.4 24.6±5.3

Albumin (g/L) 38.2±2.9 37.1±3.1 37.0±2.7 35.0±1.6 38.7±3.0 37.1±2.1

Phosphorus (mg/dL) 3.9±0.9 3.5±7.4 3.8±0.7 3.5±0.6 4.7±1.7 4.6±2.6

Potassium (mg/dL) 4.6±0.6 4.8±0.9 4.47±0.7 4.5±0.56 4.8±1.9 4.9±2.0

eGFR (ml/min/1.73 m2) 
acc. MDRD 41.3±20.5 36.9±2.5 42.8±22.2 42.7±19.7 40.0±19.0 39.4±17.8

Creatinine (mg/dL) 2.0±1.1 2.2±1.3 1.88±9.1 2.06±1.1 2,17±1.5 2.2±2.1

CC (mL/min) acc.  
Cockroft-Gault 60.2±50.2 50.1±41.1 80.2±61.7 60.2±43.8 42.7±29.2 40.8±30.1

Hemoglobin (g/dL) 12.9±1.6 12.7±1.9 11.9±1.7 11.8±1.9 12.9±2.2 13.4±2.4

Total cholesterol  
(mg/dL) 214.4±50.5 198.2±37.8 231±47 221±57 231±45 235±67

HDL (mg/dL) 48.2±14.0 48.9±12.6 43.5±11.4 46.1±13.6 37.8±7.9 38.9±11.1

HbA1C (%) 6.8±1.1 6.7±0.8 6.8±1.2 6.9±1.3 6.8±2.4 6.6±2.1

Glucose fasting (mg%) 148±48 132±54 156±68 143±59 145±87 156±50

UACR (mg/g creatinine) 1120±152 1525.5±120.8 2290±187 2131±213 1241±256 1820±252

Data are presented as mean ±S.D.  Aberrations: BMI, body mass index; eGFR, estimated glomerular filtration rate; MDRD, Modification of Diet 
in Renal Disease; CC, creatinine clearance; HDL, high-density lipoprotein; HbA1c, glycated hemoglobin/hemoglobin A1c; UACR, urine albumin-to-
creatinine ratio
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study also indicated that weight loss after bariatric sur-
gery was associated with eGFR preservation in patients 
with CKD (Becerra-Tomás et al., 2019).

The ADA published a nutrition care model that pro-
vided evidence-based, standardized, high-quality care for 
non-dialyzed patients with CKD. The document report-
ed that: “nutrition care provided by a registered dietitian 
up to twice monthly over one year can have a valuable 
role in the medical care of patients with CKD by pro-
viding nutrition assessment and interventions to delay 
kidney disease progression in addition to co-morbid con-
ditions, such as diabetes, cardiovascular disease (CVD), 
dyslipidemia, gout, and nephrolithiasis” (American Dia-
betes Association. Choose Your Foods, 2014). In the 
current study, follow-up visits were established every 4-6 
weeks, while in everyday practice, meetings with dieti-
tians are less frequent. The effectiveness of diet modi-
fication might be better if the ADA recommendations 
were applied in both research and practice.

The primary goal of diabetes treatment is to main-
tain optimal glycemic control and to prevent complica-
tions, including renal and cardiovascular complications. 
The NKF KDOQI recommendations from 2020 focus 
on dietary protein intake as a factor in the progression 
of kidney damage and suggest 0.6–0.8 g of protein/kg/
day in adult patients with diabetes and CKD stages 3–5. 
The NKF KDOQI recommendations are based on ex-
pert opinion and must be used with caution, i.e., only 
in patients in good clinical condition, in good nutritional 
status, and cooperating well, otherwise, there is a risk of 
malnutrition (Ikizler et al., 2020). In the current study, 
despite 0.8 g of protein/kg of ideal body weight/per 
day, there was a tendency to lower the level of albumin.

The Kidney Disease: Improving Global Outcomes 
(KDIGO) guidelines suggest a more liberal diet when 
protein intake is 0.8 g/kg body weight per day and does 
not exceed >1.3 g of protein/kg body weight (Avesani 
et al., 2005). KDIGO guidelines underline that reducing 
protein intake is associated with slowing the progres-
sion of CKD, improving urea and phosphate levels, and 
reducing acidosis (Cupisti et al.; 2020). However, some 
studies have shown that low-protein diets reduce hyper-
filtration (Kontessis et al., 1990; De Nicola et al., 2020).

In the second studied group (on a normal calorie diet 
with 0.8 g of protein/kg/day), changes were not noted 
in any body mass, eGFR, or UACR during the observa-
tion period, and the dietitian’s assessment indicated good 
adherence to the recommendations in this group. In the 
study, a diet based on animal and plant products was 
used, but there are reports that plant protein is more 
beneficial in CKD. Some authors (McGraw et al., 2016; 
Moorthi et al., 2017) have suggested that plant-based 
diets are more beneficial for DKD patients, especially 
those with high cardiovascular risk. 

In everyday practice, it is very important to correct 
a patient’s diet. It should be noted that not only the 
supply of protein is important, but also the content of 
calories, fat, and carbohydrates as well as vitamins and 
minerals (Skrypnik et al., 2019). The ADA recommends 
lifestyle modifications based on increased physical activ-
ity and the assumptions of the Mediterranean or DASH 
diet, reducing the consumption of saturated fatty acids 
and trans isomers and increasing fiber and unsaturated 
fatty acids (American Diabetes Association. Choose 
Your Foods, 2014).

The authors would like to emphasize the need to edu-
cate patients and medical staff in the field of primary and 
secondary prevention. Proper modification of the diet is 
recommended by nephrological societies in delayed kid-

ney dysfunction and is also recommended as prophylaxis 
of cardiovascular events (Skrypnik et al., 2019; Skrypnik 
et al., 2020). The current results suggest the advantages 
of including simultaneous pharmacological and dietary 
intervention in the overall prevention of ESKD and car-
diovascular risk in patients with excess body weight and 
diabetic nephropathy. To draw more precise conclusions, 
more research is needed on the effects of weight loss 
and modification of protein intake on the progression of 
CKD in obese patients with DN.

LIMITATIONS OF THE STUDY

The current study has several limitations. The first 
limitation is the small group of patients. Other limita-
tions include the lack of detailed diet analysis and strict 
control of diet compliance, e.g., by the excretion of urea 
nitrogen in the urine. The observation time was short, 
and long-term studies are needed to analyze the renal 
outcomes, such as the development of renal dysfunction.

The strengths of the study include the demonstration 
of the role of a dietitian in the treatment of patients with 
diabetes and kidney diseases and the need to educate pa-
tients on non-pharmacological methods of treatment.

CONCLUSION

The study shows that obesity is a common symptom 
in patients with DN, and dietary intervention is associ-
ated with a significant reduction in body weight and sta-
bilization of eGFR in these patients. As the majority of 
DN patients are at risk of obesity-related mortality, the 
advice of a dietitian should become part of both routine 
clinical evaluation and intervention.

PRACTICAL APPLICATION

The study shows the effect of dietary interventions on 
the progression of DN. The study also emphasizes that 
it is necessary to educate patients on the impact of diet 
on the progression of the underlying disease and the risk 
of complications, especially cardiovascular-related ones.
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blood vessels after radiofrequency ablation deficiency in 
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Metformin has shown great promise in the treatment of 
HCC. Radiofrequency ablation (RFA) deficiency results 
in recurrence and metastasis of remaining HCC tumors. 
Here, we aimed to investigate the role and mechanism 
of metformin in HCC after RFA deficiency. HCC cell line 
Hep-G2 was selected to simulate RFA deficiency and 
named HepG2-H cells. After treating cells with different 
concentrations of metformin (2.5, 5, 10 μM) or transfect-
ing related plasmids, cell proliferation, migration, inva-
sion, apoptosis and angiogenesis were detected, in vitro 
permeability test was performed, and an angiogenesis-
related protein VEGFA was analyzed. The residual HCC 
model after RFA deficiency was established in mice. Met-
formin was administered by gavage to detect changes in 
tumor volume and weight, and CD31 staining was used 
to observe microvessels. The targeting relationship be-
tween miR-302b-3p and TXNIP was demonstrated by 
the bioinformatics website, dual-luciferase reporter as-
say, and RNA pull-down assay. The results found that 
metformin inhibited RFA deficiency-induced growth and 
angiogenesis of HCC cells in vitro. miR-302b-3p coun-
teracted the therapeutic effect of metformin on RFA 
deficiency. miR-302b-3p targeted regulation of TXNIP. 
The up-regulation of TXNIP reversed the effects of over-
expression of miR-302b-3p on RFA-deficient HCC cells. 
Metformin inhibited RFA-deficiency-induced HCC growth 
and tumor vascular abnormalities in vivo. Overall, met-
formin promotes the normalization of abnormal blood 
vessels after RFA deficiency in HCC by miR-302b-3p tar-
geting TXNIP, which can be used to prevent the progres-
sion of HCC after RFA.

Keywords: Metformin; radiofrequency ablation deficiency; MicroR-
NA-302b-3p; Thioredoxin-interacting protein
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INTRODUCTION

Hepatocellular carcinoma (HCC) is an extremely fa-
miliar primary liver malignancy and the main reason for 
cancer-linked deaths worldwide (Harati et al., 2021). Over 
the past 10 years, the incidence of HCC has been in-
creasing, causing a huge socioeconomic burden (Schulte 
et al.,  2019). Because the early symptoms of HCC are 

ambiguous, most patients are already at an advanced 
stage when being diagnosed, and are accompanied by 
distant tumor metastasis, leading to an extremely un-
pleasing overall survival rate and prognosis (El Shorbagy 
et al.,  2021). Currently, the clinical approaches for HCC 
mainly cover surgical resection, chemotherapy, drug ther-
apy, and surgical resection. However, not all patients can 
undergo surgical resection, and there are few effective 
options for patients at an advanced stage. Radiofrequen-
cy ablation (RFA) has been successfully applied to treat 
diversified primary tumors, covering HCC (Lassandro et 
al., 2020). However, the malignant progression of residu-
al HCC cells after RFA limits the treatment outcome of 
patients (Jia et al., 2020).

Metformin is anti-tumor (Shankaraiah et al.,  2019) 
and it can restrain the malignant progression of HCC 
through multiple signaling pathways. For example, met-
formin refrains liver cancer cell proliferation by reduc-
ing the glycolytic flux of the hypoxia inducible fac-
tor (HIF)-1α/6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase 3/phosphofructokinase-1 pathway (Hu 
et al.,  2019). Metformin represses HCC progression by 
activating the Hippo pathway (Zhao et al.,  2021). Mean-
while, metformin synergizes with other drugs to refrain 
the progression and the drug resistance of HCC. For 
example, metformin combined with curcumin refrains 
HCC growth, metastasis, and angiogenesis in vitro and 
in vivo (Zhang et al.,  2018). Metformin can enhance the 
sensitivity of orthotopic HCC mice to sorafenib, thereby 
decreasing postoperative recurrence and metastasis of 
HCC (You et al.,  2016). However, the role of metformin 
in HCC after RFA is uncertain.

MicroRNAs (miRNAs) are a class of short endog-
enous single-stranded non-coding RNAs that reduce 
mRNA stability and translation by combining with the 
3’-untranslated region (UTR) of target mRNAs (Alberti 
et al., 2018). Plentiful studies have manifested that abnor-
mal expression of miRNAs is linked with the occurrence 
of cancers covering HCC (Yerukala et al.,  2020). For ex-
ample, miR-15a-3p represses HCC metastasis by interact-
ing with heme oxygenase 1 (Jiang et al.,  2020) and miR-
448 depresses cell growth by targeting B cell lymphoma 
2 in HCC (Liao et al.,  2019). MiR-302b-3p is a pluripo-
tency-linked miRNA, which has been discovered to par-
ticipate in the physiological and pathological processes of 
cancers, such as pancreatic cancer (Xu et al.,  2021), gas-
tric cancer (Wang et al., 2021), and colorectal cancer (Hu 
et al.,  2021). However, no study has indicated its expres-
sion and function in HCC.

Vol. 70, No 4/2023
1005–1014

https://doi.org/10.18388/abp.2020_6296

505

mailto:sunwb_swb440@outlook.com
https://doi.org/10.18388/abp.2020_6296


1006											           2023H.-G. Niu and others

This study aimed to investigate the function and latent 
mechanisms of metformin in HCC after RFA deficiency. 
In vivo and in vitro experiments were conducted to deter-
mine the function of metformin in the growth and angi-
ogenesis of residual HCC cells after RFA deficiency, and 
further analyze the interaction between metformin and 
miR-302b-3p. It is hypothesized that metformin pro-
motes the normalization of abnormal blood vessels after 
HCC by miR-302b-3p targeting the thioredoxin-interact-
ing protein, offering new insights into HCC treatment.

MATERIALS AND METHODS

Tissue sample

Human HCC tissue and para-tumor samples were col-
lected from 45 HCC patients who underwent surgical 
resection, while 18 of them were residual tumors from 
RFA-undertreated HCC patients. All tissue samples were 
kept in liquid nitrogen at –80°C, and informed consent 
was obtained and approved by the Ethics Committee of 
our hospital.

Cell culture

HCC cell line Hep-G2 (Type Culture Bank of the 
Chinese Academy of Sciences, Shanghai, China) and 
normal human liver cell line L02 (Shanghai Academy of 
Sciences, Shanghai) were cultured with 10% fetal bovine 
serum, 100 U/mL penicillin, and 100 mg/mL strepto-
mycin in Roswell Park Memorial Institute-1640 medium 
(Gibco) (Ni et al., 2021). All the media were provided by 
Gibco.

In vitro RFA deficiency

RFA deficiency was modeled in vitro as previously de-
scribed (Zhang et al.,  2017). Briefly, Hep-G2 cells were 
seeded in 6-well plates (5×104 cells/well) and immersed 
in water at 47°C after 24 h. Afterward, cells were al-
lowed to recover, and when the surviving cells reached 
80% confluence, cells were propagated into 6-well plates 
and treated for 10 min as described above. This process 
was repeated ten times for 15, 20, and 25 min in se-
quence. Cells that survived were named HepG2-H cells.

Cell transfection

The pcDNA3.1 (+) vector for TXNIP overexpres-
sion and its corresponding control, miR-302b-3p mimic, 
miR-302b-3p inhibitor, and their negative controls were 
all synthesized by GenePharma (Shanghai, China). Cells 
were seeded in 6-well plates at a density of 5×105 cells/
well and transfected after 24 h of incubation. In vitro 
transfection was performed using Lipofectamine™ 3000 
reagent (Thermo Fisher Scientific).

Cell viability

A total of 5×103 cells were seeded and incubated in 
96-well plates. Then, 10 μl CCK-8 solution (CCK-8, Do-
jindo, Tokyo, Japan) was added to each well. Finally, the 
absorbance was read at 450 nm (Zhang et al., 2021).

Colony formation assay

Cells were plated in 6-well plates at 500 cells/well. 
The colonies formed on the plate were fixed with 4% 
paraformaldehyde (Solabio), stained with 0.5% crystal 
violet, and counted (Zhu et al., 2019).

2Transwell assay

Cells were made into cell suspension at 1×106/mL. In 
the invasion assay, 50 mg/L Matrigel was diluted at a 
ratio of 1: 8 and spread on the bottom of the chamber. 
Matrigel was not applied in the migration assay. Then, 
600 µL complete medium was added to the lower cham-
ber and 200 µL cell suspension was placed in the bot-
tom chamber. After 24 h, the chamber was washed with 
phosphate-buffered saline (PBS), and the cells were fixed 
with paraformaldehyde (40 g/L) and stained with crystal 
violet (1 g/L). Finally, cells were counted under an in-
verted microscope in 6 fields of view (Xu et al., 2021).

Apoptosis detection

Apoptosis assays were performed with Alexa Fluor 
488-Annexin V/propidium iodide (PI) (Invitrogen, CA, 
USA). A BD LSR II flow cytometer (BD Biosciences, 
San Jose, CA, USA) was utilized to acquire the data and 
FlowJo analysis software (Tree Star, Inc., Ashland, OR, 
USA) was used to evaluate the results. Annexin V posi-
tive cells were regarded as apoptotic cells.

Tube formation experiment

A conditioned medium of tumor cells was collected. 
Afterward, 2×104 human umbilical vein endothelial cells 
(HUVECs) were incubated with 100 µL conditioned 
medium and observed with an inverted microscope 
(CKX40, Olympus). The branch point numbers were 
counted in 5 random fields.

In vitro permeability assay

HUVECs were plated on transwell membranes 
(0.4  μm in diameter; Corning-Costar, New York, USA). 
Subsequently, rhodamine-dextran (average MW ~ 70,000; 
20 mg/ml) was added to the upper chamber. The ab-
sorption of 40 µl the lower cavity medium was measured 
at 544 nm excitation wavelength and 590 nm emission 
wavelength.

Quantitative real-time polymerase chain reaction (PCR)

Extraction of total RNA was done using Trizol 
(15596-018, Invitrogen). cDNA was synthesized from 
1 μg RNA by cDNA Synthesis Kit (K1631, Thermo 
Fisher Scientific). In a PCR detection system (CFX96, 
Bio-Rad, Hercules, CA, USA), PCR reactions were per-
formed with the One-step PrimeScript RT-PCR kit 
(RR064B, Takara, Shiga, Japan). The thermal protocol 
was set as pre-denaturation at 95°C for 5 min, denatura-
tion at 95°C for 15 s, annealing at 58°C for 30 s, exten-
sion at 72°C for 30 s, for a total of 40 cycles, and ex-
tension at 72°C for 10 min. Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) and U6 were internal controls. 
The primer sequences were manifested in Table 1. Rela-
tive expression was analyzed by the 2-ΔΔCT method (Teng 
et al., 2020).

Western blot

Cells were lysed by a mixture of protease inhibitor 
and radio-immunoprecipitation assay lysis buffer. Protein 
samples were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and then electro-blot-
ted onto polyvinylidene fluoride (PVDF) membranes 
(Bio-Rad). After blocking with 5% skim milk powder, 
the PVDF membranes were incubated with anti-human 
TXNIP (ab188865, 1: 1000, Abcam), vascular endothelial 
growth factor A (ab46154, VEGFA; 1: 1000, Abcam), 
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and GAPDH (2118, 1: 1000, Cell Signaling Technol-
ogy). Proteins were developed by a chemiluminescence 
detection system (Millipore, MA, USA) and imaged by a 
FluroChem E imager (Protein Simple, Santa Clara, CA, 
USA) (Sun et al.,  2021). Densitometry and quantification 
were performed using Image Lab™ software (version 
3.0) (Bio-Rad Laboratories).

The luciferase activity assay

The target genes of miR-302b-3p were predicted by 
Starbase 3.0. The wild-type (Wt) or mutant (Mut) se-
quence of TXNIP was cloned into the dual-luciferase 
reporter vector pGL3. The reporter was then co-trans-
fected with miR-302b-3p mimic or NC into HepG2-H 
cells using Lipofectamine 2000 (Invitrogen). The relative 
luciferase activity was determined in the light of the in-
structions of the dual luciferase reporter kit (Promega) 
(Yuan et al., 2020).

RNA pull-down analysis

HepG2-H cells were transfected with biotinylated 
miR-302b-3p (Bio-miR-302b-3p) and biotinylated NC 
(Bio-NC) (RiboBio). Then, cells were lysed and incu-

bated with streptavidin beads (Thermo Fisher Scientific). 
Afterwards, the bound RNA was eluted and purified us-
ing the RNeasy Mini Kit (Qiagen) and analyzed by PCR 
to measure TXNIP expression.

Tumors in nude mice

Twelve male BALB/c nude mice (nu/nu) (6 weeks 
old; body weight of 16–20 g) were purchased from the 
Model Animal Research Center of Nanjing University. 
The mice were raised in cages (n=6/cage) and placed 
in a sterile room with 12-h light/dark cycle with free 
access to food and water. All animal studies complied 
with the regulations of the Institutional Animal Care and 
Use Committee and were approved by the Medical Eth-
ics Committee of Beijing ChaoYang Hospital, Capital 
Medical University. HepG2-H cells (5×106) were sus-
pended in 200 μl serum-free Dulbecco’s Modified Eagle 
Medium and Matrigel (1:1) and injected subcutaneously 
in the upper right flank. After 1 week, mice were oral-
ly administered metformin (200 mg/kg/d) or PBS as a 
control for 24 d. The size of the xenograft tumor was 
measured with a vernier caliper every 6 d, and the tu-
mor volume was calculated according to the formula of 

Table 1 Primer sequence

Genes Primer sequence (5’-3’)

miR-302b-3p Human ACACTCCAGCTGGGTAAGTGCTTCCATGTTT

TGGTGTCGTGGAGTCG

mouse ACACTCCAGCTGGGTAAGTGCTTCCATGTTT

TGGTGTCGTGGAGTCG

TXNIP Human GGTCTTTAACGACCCTGAAAAGG

ACACGAGTAACTTCACACACCT

mouse GGCCGGACGGGTAATAGTG

AGCGCAAGTAGTCCAAAGTCT

U6 Human CTCGCTTCGGCAGCACA

AACGCTTCACGAATTTGCGT

mouse CTCGCTTCGGCAGCACA

AACGCTTCACGAATTTGCGT

GAPDH Human GGAGCGAGATCCCTCCAAAAT

GGCTGTTGTCATACTTCTCATGG

mouse ATCACTGCCACCCAGAAG

ATCACTGCCACCCAGAAG

Genes Primer sequence (5’-3’)

MiR-302b-3p F: 5’-GCGTAAGTGCTTCCATGTT-3’

R: 5’-TCCAGGGACCGAGGA-3’

TXNIP F: 5’-CGCCTCCTGCTTGAAACTA‐AC-3’

R: 5’-AATATACGCCGCTGGTTACACT-3’

U6 F: 5’-CTCGCTTCGGCAGCACA-3’

R: 5’-AACGCTTCACGAATTTGCGT-3’

GAPDH F: 5’-CGCTCTCTGCTCCTCCTGTTC-3’

R: 5’-ATCCGTTGACTCCGACCTTCAC-3’

Note: F, forward; R, reverse.
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0.5×length×width2. After 24 d, the mice were euthanized 
by cervical dislocation, and tumor tissues were collected 
for pathological and molecular expression analysis.

CD31 immunohistochemistry

Tumor tissue was fixed and embedded in paraffin. 
The tumor sections (5 μm) were incubated with a rabbit 
monoclonal antibody CD31 (550274, eBioscience, Inc., 
San Diego, CA, USA) or the universal NC antibody con-
trol. After incubation with the appropriate biotinylated 
secondary antibody, the sections were incubated with 
horseradish peroxidase-conjugated streptavidin (KeyGen 
Biotech.), followed by the addition of 3,3’-diaminoben-
zidine working solution (Sigma) and counterstaining with 
hematoxylin. Quantification of intratumoral microvessel 
density (IMVD) was performed by counting CD31-pos-
itive (brown) cells in the nine most vascularized areas.

Statistical analysis

Data were analyzed with SPSS (IBM, Armonk, NY, 
USA) and manifested as mean ± standard deviation 
(S.D.). Differences were analyzed by Student’s t-test or 
one-way analysis of variance (ANOVA) and Tukey’s 
post-hoc test. Correlation analysis was done with Pear-
son analysis. P<0.05 emphasized statistical meaning.

RESULTS

This study explored the potential role and mechanism 
of metformin in RFA deficiency of HCC. In vivo and in 
vitro experiments were performed to determine the func-
tion of metformin in the cell growth and angiogenesis of 
HCC after RFA deficiency, and the interaction between 

metformin and miR-302b-3p was further analyzed. It is 
concluded that metformin promotes the normalization 
of abnormal blood vessels after RFA deficiency in HCC 
by miR-302b-3p targeting TXNIP, which can be used to 
prevent the progression of HCC after RFA.

RFA promotes the growth of HCC cells and accelerates 
tumor angiogenesis

To study the impact of metformin on RFA-deficient 
HCC cells, RFA deficiency in vitro was simulated to con-
struct a cell model named HepG2-H. As measured, the 
proliferation, invasion, and migration were promoted 
and apoptosis was reduced in HepG2-H cells after RFA 
(Fig. 1A–E). Angiogenesis, the process by which origi-
nal blood vessels grow out of new blood vessels, has 
been implicated in the growth and progression of solid 
tumors (Ramjiawan et al.,  2017). This study found that 
the relative lumen number of cells was increased after 
RFA (Fig. 1F). Vascular permeability experiments found 
severe vascular leakage of HUVECs after HepG2-H in-
cubation (Fig. 1G). In addition, the angiogenesis-related 
protein VEGFA was also detected and the finding indi-
cated that VEGFA expression was elevated in HepG2-H 
cells after RFA (Fig. 1H). The above experiments mani-
fested that RFA accelerated the growth of HCC cells 
and tumor angiogenesis.

Metformin restrains the growth and angiogenesis of 
HCC cells induced by RFA deficiency in vitro

To figure out whether metformin could mediate RFA 
deficiency-induced impacts on HCC cells, HCC cells 
were treated with metformin. Our data found that met-
formin inhibited the viability of HepG2 and HepG2-H 
cells and reduced colony numbers in a dose-dependent 

Figure 1. RFA promotes HCC cell growth and tumor angiogenesis
After RFA treatment, (A) CCK-8 detection of cell viability; (B) Plate clone detection of cell proliferation; (C/D) Transwell detection of cell 
migration and invasion; (E) Flow cytometry detection of cell apoptosis; (F) Detection of angiogenesis; (G) Permeability assay in vitro. 
(H) Western blot detection of angiogenesis-linked protein VEGFA. N=3. The measurement data were presented as mean ± S.D. *vs. the 
HepG2, P<0.05.
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manner (Fig. 2A, B). RFA-induced quantitative increas-
es in cell migration and invasion were also inhibited by 
metformin (Fig. 2C, D). Meanwhile, metformin also in-
creased the apoptosis rate of HepG2 and HepG2-H cells 
in a dose-dependent manner (Fig. 2E) and inhibited tu-
mor angiogenesis and permeability in vitro (Fig. 2F–H). 
All in all, metformin could refrain the growth and an-
giogenesis of HCC cells induced by RFA deficiency in 
vitro. The treatment effect of 10 μM metformin was 
most pronounced and was therefore selected for further 
experiments.

MiR-302b-3p counteracts the therapeutic effect of 
metformin on RFA deficiency

Notably, miR-302b-3p levels were elevated in RFA-in-
duced HepG2-H cells (Fig. 3A) which was dose-depend-
ently counteracted by metformin (Fig. 3B). In addition, 
a decrease in miR-302b-3p expression was also detected 
in metformin-treated HepG2 cells (Fig. 3B). To further 
figure out miR-302b-3p’s impacts on RFA deficiency, 
miR-302b-3p mimic and inhibitor were transfected in 
metformin-treated HepG2-H and HepG2 cells, and the 

transfection efficiency was verified (Fig. 3C). Subsequent 
experiments manifested that miR-302b-3p mimic coun-
teracted the therapeutic effects of metformin on HepG2-
H and HepG2 cells, leading to promoted cell growth, 
angiogenesis, and vascular leakage, whereas miR-302b-3p 
inhibitor had the opposite effects (Fig. 3E–K).

MiR-302b-3p targets TXNIP

It was also found that TXNIP expression was reduced 
in RFA-induced HepG2-H cells (Fig. 4A, B), while met-
formin dose-dependently elevated TXNIP expression 
(Fig. 4CD). TargetScan 7.2 predicted the binding site se-
quences of TXNIP and miR-302b-3p (Fig. 4E). The in-
teraction between the two was further confirmed, clarify-
ing that after co-transfection of the miR-302b-3p mimic 
with the psiCHECK-2 TXNIP 3’UTR Wt plasmid, the 
luciferase activity was reduced by 50% (Fig. 4F). It was 
further confirmed that miR-302b-3p could combine with 
TXNIP in RNA pull-down assay (Fig. 4G). In addition, 
the expression of miR-302b-3p and TXNIP in normal 
human liver cell line L02 and HepG2 cells was detected 
by PCR, and it was found that compared with L02, the 

Figure 2. Metformin refrains the growth and angiogenesis of HCC cells induced by RFA deficiency in vitro
After metformin treatment, (A) CCK-8 detection of cell viability; (B) Plate clone detection of cell proliferation; (C/D) Transwell detection of 
cell migration and invasion; (E) Flow cytometry detection of cell apoptosis; (F) Detection of angiogenesis; (G) Permeability assay in vitro. 
(H) Western blot detection of angiogenesis-linked protein VEGFA. N=3. The measurement data were presented as mean ± S.D. #vs. the 
HepG2-H, P<0.05; $vs. the HepG2, P<0.05.

509



1010											           2023H.-G. Niu and others

expression of miR-302b-3p was increased, and the ex-
pression of TXNIP was decreased in HepG2 cells (Sup-
plementary Fig. 1A,B). Next, TXNIP expression was 
measured in cells transfected with miR-302b-3p mimic 
or inhibitor, showing that miR-302b-3p mimic reduced 
TXNIP, while miR-302b-3p inhibitor elevated TXNIP 
expression (Supplementary Fig. 1C, Fig. 4HI at https://
ojs.ptbioch.edu.pl/i). Taken together, miR-302b-3p could 
directly target TXNIP.

TXNIP turns around the effect of elevated miR-302b-3p 
on RFA-deficient HCC cells

To further figure out the mechanism between TXNIP 
and miR-302b-3p, HepG2-H+Met cells or HepG2+Met 

cells transfected with miR-302b-3p mimics were trans-
fected with TXNIP overexpression vector (Fig. 5A). It 
was found that TXNIP reversed the effect of overex-
pression of miR-302b-3p on RFA-deficient HCC cells, 
reduced cell proliferation, migration, and invasion lev-
els, increased apoptosis, and inhibited angiogenesis and 
permeability in vitro (Fig. 5B–I). In short, TXNIP turned 
around the effect of elevated miR-302b-3p on RFA-defi-
cient HCC cells.

Metformin refrains RFA deficiency-induced HCC tumor 
growth and tumor vascular abnormalities in vivo

To figure out the application potential of metformin 
in the treatment of RFA deficiency in vivo, a residual can-

Figure 3. MiR-302b-3p counteracts the therapeutic effect of metformin on RFA deficiency
(A–C) PCR detection of miR-302b-3p; (D) CCK-8 detection of cell viability; (E) Plate clone detection of cell proliferation; (F/G) Transwell 
detection of cell migration and invasion; (H) Flow cytometry detection of cell apoptosis; (I) Detection of angiogenesis after metformin 
treatment; (J) Permeability assay in vitro. (K) Western blot detection of angiogenesis-linked protein VEGFA. N=3. The measurement data 
were presented as mean ± S.D. *vs. the HepG2, P<0.05; #vs. the HepG2-H, P<0.05; + or ^vs. the Met+NC, P<0.05.
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cer model of HCC after incomplete RFA was established 
in mice, and metformin was administered by gavage. It 
was discovered that tumor weight and volume were re-
duced in the HepG2-H+Met group (Fig. 6A–C). MiR-
302b-3p and TXNIP expression in mouse tumor tissue 
was detected, manifesting that miR-302b-3p expression 
was reduced, but TXNIP expression was elevated in 
the HepG2-H+Met group (Fig. 6D, E). Moreover, mi-
crovessels were observed by CD31 staining and it was 
found that metformin reduced IMVD (Fig. 6F). Taken 
together, metformin repressed RFA-deficiency-induced 
HCC cell growth and tumor vascular abnormalities in 
vivo.

Up-regulation of miR-302b-3p enhances the malignancy 
of residual HCC cells after RFA

Finally, the correlation of miR-302b-3p with HCC 
development was analyzed. As shown in Fig. 7A, miR-
302b-3p was elevated in HCC tissues compared with 
para-tumor tissues. More interestingly, miR-302b-3p was 
further enhanced in residual HCC tissues collected from 
RFA-deficient patients (Fig. 7B). These results suggest 
that miR-302b-3p may play an accelerating role in the 
development of residual HCC after RFA.

DISCUSSION

Angiogenesis has been reported to take on a critical 
role in the development, progression, and metastasis of 
HCC (Lin et al.,  2018). Many studies have testified that 
RFA is a safe and efficient approach for liver metastases, 
while residual tumors can grow aggressively after RFA, 
driven in part by the upregulation of VEGF (Agarwal et 
al.,  2014). Meanwhile, RFA deficiency promotes angio-
genesis of residual HCC cells through HIF-1α/VEGFA 

axis (Kong et al., 2012). These studies suggest that angio-
genesis after RFA is a momentous physiological process 
in residual HCC. In the present study, it was found that 
RFA treatment accelerated HCC cell growth in vitro, in-
creased cell relative lumen number, vascular permeability, 
and VEGFA expression. Metformin treatment could re-
press the facilitating effect of RFA on HCC. The in vivo 
results also confirmed that metformin could repress the 
growth and angiogenesis of HCC cells after RFA treat-
ment.

It is well known that metformin is an anti-diabetic bi-
guanide drug with safety and pleiotropic effects. In re-
cent years, it has been proved to have anti-tumor effects 
in diversified cancers, such as cervical (Xia et al.,  2020), 
breast (Teufelsbauer et al.,  2020), and gastric cancers 
(Cunha Júnior et al.,  2021). Although some of the func-
tions of metformin in HCC have been elucidated, many 
of its specific underlying mechanisms in HCC have not 
been identified, especially in HCC treated with RFA. In 
the study, RFA deficiency was simulated in vitro to con-
struct a cell model, and it was found that RFA treatment 
facilitated HCC cell growth and angiogenesis, while met-
formin treatment restrained HCC cell growth, tumor an-
giogenesis, permeability, and VEGFA expression. Next, 
an RFA-deficient HCC in vivo model was established and 
administered metformin by gavage. It was discovered 
that metformin refrained RFA-deficiency-induced HCC 
cell growth and tumor vascular abnormalities in vivo, sug-
gesting that metformin partially counteracts RFA defi-
ciency-induced vascular abnormalities in HCC tumors. 
Some former studies have manifested that metformin 
represses tumorigenesis by modulating miRNAs. For 
example, metformin induces G1 cell cycle arrest by up-
regulating tumor suppressors miR-let-7a, miR-let-7b, and 
miR-let-7e, thereby restraining HCC cell proliferation 
(Miyoshi et al.,  2014). Metformin stimulates pyroptosis 

Figure 4. MiR-302b-3p targets TXNIP
(A–D) PCR and Western blot detection of TXNIP in cells; (E) TargetScan manifested the predicted TXNIP binding sequence of miR-302b-
3p; (F) The luciferase activity assay in HepG2-H cells after co-transfection. (G) Enrichment of miR-302b-3p and TXNIP by RNA pull-down 
analysis; (H/I) PCR and Western blot detection of TXNIP in cells. N=3. The measurement data were presented as mean ± S.D. *vs. the 
HepG2, P<0.05; #vs. the HepG2-H, P<0.05; +vs. the Met, P<0.05.
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in human esophageal cancer cells by regulating miR-497 
(Wang et al.,  2019). Here, it was discovered that met-
formin treatment downregulated miR-302b-3p in HCC.

Former studies have manifested that miR-302b-3p 
is abnormally expressed in diversified cancers (Liang et 
al.,  2019) and that it is also associated with nerve cell 
inflammation (He et al.,  2020) and neuronal damage (Li 

et al.,  2021). In this study, it was originally found that 
miR-302b-3p was elevated in RFA-induced HCC cells, 
and up-regulation of miR-302b-3p counteracted the ther-
apeutic effect of metformin on HCC cells, while down-
regulation of miR-302b-3p further enhanced the thera-
peutic effect of metformin on HCC. This result suggests 
miR-302b-3p was a downstream target of metformin in 

Figure 5. TXNIP turns around the effect of elevated miR-302b-3p on RFA-deficient HCC cells
(A) PCR detection of TXNIP in cells; (B) CCK-8 detection of cell viability; (C) Plate clone detection of cell proliferation; (D/E) Transwell 
detection of cell migration and invasion; (F) Flow cytometry detection of cell apoptosis; (G) Detection of angiogenesis after metformin 
treatment; (H) Permeability assay in vitro. (I) Western blot detection of angiogenesis-linked protein VEGFA. N=3. The measurement data 
were presented as mean ± S.D. In HepG2-H cells, &vs. the Met+NC, P<0.05; ^vs. the Met+miR-302b-3p+pcDNA, P<0.05.
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HCC. Many studies have manifested that miRNAs func-
tion in various diseases by targeting mRNAs. For exam-
ple, miR-302b-3p targeting insulin-like growth factor 1 
receptor represses gastric cancer cell proliferation (Guo 
et al.,  2017). Next, it was found that miR-302b-3p tar-
geted TXNIP in RFA-induced HCC cells. TargetScan 7.2 
forecasted the existence of binding sites for miR-302b-
3p and TXNIP.

TXNIP is an α-arrest family protein that modulates 
intracellular reactive oxygen species (ROS) (Sheth et 
al.,  2006). TXNIP takes on an irreplaceable role in the 
development of HCC, and TXNIP deficiency is suffi-
cient to induce HCC and TXNIP is a new tumor sup-
pressor gene for HCC (Sheth et al., 2006). In the present 
study, it was found that TXNIP was down-regulated in 
RFA-induced HCC cells, and elevation of TXNIP turned 
around the effect of elevated miR-302b-3p on RFA-defi-
cient HCC and refrained HCC cell growth, angiogenesis, 
and permeability in vitro. These results suggested that 
metformin repressed HCC cell growth and angiogenesis 
in vitro and in vivo by targeting the miR-302b-3p/TXNIP 
axis.

However, the research still has some limitations. First, 
the sample size was insufficient due to limited labora-
tory conditions. Meanwhile, it has been documented 
that ROS production is elevated after RFA (Richter et 

al.,  2012), while the effect of RFA deficiency on ROS 
production and whether ROS in turn affects HCC cell 
growth and angiogenesis remains to be further verified. 
It is hoped that these issues can be further addressed.

CONCLUSION

Overall, the study manifests that RFA deficiency can 
accelerate cell growth and angiogenesis in HCC, while 
metformin can alleviate the negative impact of RFA de-
ficiency on HCC. The results suggest that metformin re-
presses HCC cell growth and angiogenesis in vitro and in 
vivo by miR-302b-3p to upregulate TXNIP. The results 
offer brand-new insights into overcoming RFA defi-
ciency to promote the malignant progression of residual 
HCC cells.
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The zoonotic pathogen, Nipah virus, is considered a po-
tential healthcare threat due to its high mortality rates 
and detrimental symptoms like encephalitis. Ribavirin, 
an antiviral drug helps in overcoming the number of 
casualties and reducing the mortality rate, but no long-
lasting solution has been proposed yet putting global 
health security in jeopardy. Given the cognizance of 
mRNA-based vaccines as safe and efficacious preventa-
tive strategies against pathogens, the current study has 
utilized the reverse-vaccinology approach coupled with 
immunoinformatics to propose an mRNA-based vaccine 
candidate against the Nipah virus. To ensure the effec-
tiveness of the vaccine candidate against all strains of 
Nipah and associated viruses, three fusion glycoproteins 
from Nipah and Hendra viruses were selected. A total of 
30 potential epitopes, 10 B-cell-, 10 MHC-I-, and 10 MHC-
II-specific, were screened for the construct. The finalized 
epitopes were highly antigenic with scores ranging from 
0.75 to 1.7615 at a threshold of 0.4 for viruses and non-
homologous to Homo sapiens eradicating any chance of 
immune tolerance. The construct, with a World popula-
tion coverage of 97.2%, was structurally stable, thermo-
stable, and hydrophilic with indices of 32.91, 93.62, and 
–0.002, respectively. The vaccine candidate’s tertiary 
structure was predicted with a TM score of 0.131 and 
the refined model displayed superlative RAMA improve-
ment (98.2) and MolProbity score (0.975). A quality fac-
tor of 93.5421% further validated the structural quality 
and stability. A prompt and stable immune response was 
also simulated, and the vaccine candidate was shown 
to eliminate from the body within the first five days of 
injection. Immune complexes count of 7000 mg/mL was 
predicted against the antigen with a small but non-
significant danger signal, countered by the cytokines. 
Lastly, strong molecular interactions of the vaccine can-
didate with TLR-3 (331.09 kcal/mol) and TLR-4 (-333.31 
kcal/mol) and molecular dynamics simulation analysis 
authenticated the immunogenic potential of the vaccine 
candidate. This vaccine candidate can serve as a founda-
tion for future in-vitro and in-vivo trials to minimize or 
eradicate the diseases associated with the Nipah virus or 
the Henipaviral family.
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INTRODUCTION

Nipah Viral Disease is a zoonotic disease that has a 
high mortality rate of 91% (Pillai et al., 2020). The disease 
first emerged in 1998 in Malaysia and spread to neigh-
boring countries including South-East Asia, like Bangla-
desh, Singapore, and India (Aditi & Shariff, 2019). It was 
isolated and identified at the University of Malaysia, Fac-
ulty of Medicine in 1999. As this virus was first spread 
in the Malaysian village Sungai Nipah, in pig farms and 
people associated with them, so scientists named this vi-
rus as Nipah virus (Pillai et al., 2020). This virus belongs 
to the Paramyxoviridae family and genus Henipa viruses. 
This virus is classified into two strains, the first one was 
isolated from Malaysia and Cambodia, and the other one 
was isolated from India and Bangladesh (Mourya et al., 
2018). This virus leads to the development of rapid pro-
gressive illness in the human respiratory tract and causes 
encephalitis in the brain. Initially, because of the enceph-
alitis-related symptoms, scientists thought of this disease 
as Japanese encephalitis, but it was confirmed later that 
the Nipah virus causes a different disease (Singh et al., 
2019). The main host reservoirs for Henipa viruses are 
fruit bat Pteropus. These bats manipulate different fruits 
like date palms by secreting saliva and urine that is fur-
ther consumed by animals. The most recent outbreak 
ruptured in Kerala, India with a loss of 17 human lives 
(Weingartl et al., 2009). The Nipah virus causes severe 
breathing issues, destroying the human lung structures 
and the membrane of the cerebrum. In this condition, 
the brain enlarges, causing memory loss and severe pain 
(Rockx et al., 2010). Its symptoms include brain encepha-
litis, headache, muscular pain, and respiratory disorders. 
Nausea, giddiness, and fever are also clinically significant 
(Reddy, 2018). According to the  Centers for Disease 
Control  (CDC), the Nipah virus has the potential to cre-
ate a global emergency and, hence, deserves the immedi-
ate attention of the scientific community (Fischer et al., 
2018). Ribavirin, an antiviral drug helps in overcoming 
the number of casualties and reducing the mortality rate, 
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but no long-lasting solution has been proposed yet (Deb 
et al., 2019). Vaccines are an efficacious solution to fight 
this deadly viral agent. mRNA-based vaccines are among 
the most effective candidates utilized to develop protec-
tive immunity against the pathogen. The vaccine shots 
activate the immune system, and the B-cells and T-cells 
develop immunologic memory for when a real pathogen 
attacks the host the immune system recognizes and de-
stroys it. The mRNA vaccines are further appreciated 
for being cost-effective and timesaving (Kumar et al., 
2015). With computational approaches, the labor inten-
sity and process complexity are minimized (Naveed et al., 
2022; Naveed et al., 2023a; Naveed et al., 2023b), making 
mRNA vaccines worthy solutions against viruses like the 
Nipah virus.

The current work is based on the proposition of an 
mRNA vaccine utilizing in-silico and immunoinformat-
ics tools. The computational approach is considered to 
safely predict the immune response against the proposed 
vaccines. Three transmembrane proteins of the Nipah 
virus were selected for their significant role in the early 
interactions with the hosts. The selection of the trans-
membrane proteins was based on their antigenicity, al-
lergenicity, non-toxicity, and non-resemblance with hu-
man proteins. Potential epitopes following the criteria 
of Naveed and others (Naveed et al., 2022a; Naveed et 
al., 2022b) are shortlisted and the construct is evaluat-
ed based on its population coverage, immune response 
simulations, molecular docking with respective toll-like 
receptor(s), and physicochemical properties.

MATERIALS AND METHODS

Selection of Target Proteins

The Nipah and Hendra Henipavirus genomes were 
retrieved from the NCBI database and downloaded 
in FastA format. CELLO2GO, an online server avail-
able at (http://cello.life.nctu.edu.tw/cello2go/), was 
utilized to study the gene ontology and localization of 
all the proteins present in the genomes. The conserva-
tion and homology evaluation was performed using 
blastp available at (https://blast.ncbi.nlm.nih.gov/Blast.
cgi?PAGE=Proteins). It ensured that the selected pro-
teins based on protein localization are non-homologous 
to the human host and are conserved across Henipavi-
ruses. Lastly, the online servers Vaxijen2.0, available at 
(http://www.ddg-pharmfac.net/vaxijen/VaxiJen/Vaxi-
Jen.html), and AllerTop, 2.0 accessed at (https://www.
ddg-pharmfac.net/AllerTOP/method.html), were utilized 
to predict the antigenicity and allergenicity of the short-
listed proteins, respectively.

Protein Selection & Sequence Retrieval

The online server UniProt (www.uniprot.org) was used 
to retrieve the Nipah virus virulent protein sequences. 
Based on different factors like higher antigenic capacity, 
non-allergenicity, non-toxicity, and non-resemblance with 
Homo sapiens, three trans-membrane fusion glycoproteins 
(one belonging to Hendra virus and two belonging to 
the identified strains of Nipah virus) were selected for a 
potential vaccine candidate.

Prediction of B-cell Epitopes

ABCpred webserver (https://webs.iiitd.edu.in/ra-
ghava/abcpred/ABC_submission.html) was used for the 
prediction of B cell epitopes from each protein. We only 

selected the epitopes having non-allergenic, highly anti-
genic, and non-toxic analyses. We used the online server 
(https://www.ddg-pharmfac.net/AllerTOP/), Vaxijen 2.0 
(http://www.ddg-pharmfac.net/vaxijen), and ToxinPred 
(http://crdd.osdd.net/raghava/toxinpred/), respectively. 
Moreover, we screened the predicted epitopes to see if 
they have homologs among humans and excluded the 
epitopes which might induce autoimmunity.

Prediction of the MHC-1 Epitopes

MHC-1 binding prediction tool of IEDB (http://
tools.iedb.org/mhci/) was used to predict the conserved 
epitopes with the NetMHCpan BA 4.0 version (Reynis-
son et al., 2020). MHC source specie was selected as hu-
man and epitopes were screened based on higher anti-
genicity value, non-allergenicity, and a specified range of 
IC50 values lower than 100.

Prediction of MHC-II Epitopes

MHC-II binding prediction tool (http://tools.iedb.
org/mhcii/) was used to predict the conserved epitopes. 
NetMHCIIpan 4.0 BA version (Reynisson et al., 2020) 
was utilized to predict the conserved epitopes. Epitopes 
were screened based on higher antigenicity value, non-
allergenicity, and a specified range of IC50 values lower 
than 100.

Population Coverage

The evaluation of population coverage of the selected 
MHC-I and MHC-II epitopes was carried out with the 
IEDB population coverage tool (http://tools.iedb.org/
population/). All the selected epitopes with their corre-
sponding alleles were included in the input file. On the 
input page, the number of epitopes was changed accord-
ingly. A combined MHC-I and MHC-II epitopes input 
file was provided, and the World was selected as the tar-
get population.

Vaccine Construct

The finalized epitopes of B- and T-cells were reverse-
translated and fused together with the help of linkers, 
adjuvants, a MITD sequence, polyA-tail, 5’ and 3’ UTRs, 
and methyl-guanosine cap at the start of the construct to 
enable it for in-host expression.

Analysis of Physiochemical Properties

The physicochemical properties of the vaccine con-
struct were predicted by the ProtParam tool of the Ex-
Pasy web server (https://web.expasy.org/protparam/). 
Toxicity prediction was done using Toxinpred. The 
Vaxijen tool was run to predict the antigenicity of the 
vaccine construct and to check the vaccine construct’s 
allergenicity.

Prediction of Secondary Structure of the Proposed mRNA 
Vaccine

PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/) was 
used for the prediction of the secondary structure. The 
mRNA vaccine candidate sequence was first translated 
to its primary protein sequence using EXPASY trans-
late, and this primary sequence was used as an input se-
quence on PSIPRED. Out of a variety of analyses avail-
able on the server, the cartoon structure along with the 
basic prediction was interpreted.
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Prediction and Refinement of the Tertiary Structure

The tertiary structure of the mRNA was predicted us-
ing the online server trRosetta https://yanglab.nankai.
edu.cn/trRosetta/. This online server for protein dock-
ing has been continuously extended and refactored. Its 
advantages include interoperability between modeling ca-
pabilities and performance (Leman et al., 2020). Refine-
ment of the tertiary structure of our proposed mRNA 
vaccine was done by Galaxy WEB’s Galaxy REFINE 
https://galaxy.seoklab.org/.

Validation of Tertiary Structure of the Proposed mRNA Vaccine

After refinement of the tertiary structure, we validated 
our proposed mRNA tertiary structure by Ramachan-
dran plot analysis using the PROCHECK server (htt-
ps://saves.mbi.ucla.edu/), whereas the structure quality 
was validated using ERRAT quality score on the PRO-
CHECK server.

Immune Simulations

To validate whether the mRNA-based vaccine con-
struct has the potential to elicit a stable immune re-
sponse, C-IMMSIM analyses were performed through 
the webserver available at https://kraken.iac.rm.cnr.it/C-
IMMSIM/index.php?page=1. An immunogenic response 
of single-dose injection was calculated.

Molecular Docking and Simulation Analysis

Molecular docking predicted the immune response 
stimulation capacity and molecular interaction between 
the proposed mRNA vaccine protein and toll-like re-
ceptors. HDOCK webserver (https://www.nature.com/
articles/s41596-020-0312-x) was used. For this purpose, 
TLR-3 (PDB ID: 3ULV) and TLR-4 (PDB ID:4R7N) 
were retrieved from RCSB PDB (https://www.rcsb.
org/). For simulation analysis of the docked complexes, 
iMODS (https://imods.iqfr.csic.es/) was utilized.

Cloning of the Construct

The mRNA-based construct was converted into the 
DNA sequence after codon optimization using JCAT 
(http://www.jcat.de/Result.jsp). The optimized construct 
was cloned in the pBluescribe vector at the BsoB1 site 
with the removal of overhangs using Snapgene https://
www.snapgene.com/. The methodology is schematically 
represented in Fig. 1.

RESULTS

Target Proteins’ Selection

Analyzing 2335 proteins present in the genomes of 
Nipah and Hendra Henipavirus on the CELLO2GO 
tool, we selected several pathogenic transmembrane pro-
teins. Out of 108 transmembrane proteins, 3 transmem-
brane proteins were selected for vaccine design.

Selection and Sequence Retrieval of Transmembrane 
Proteins

Based on different factors like higher antigenic capacity, 
non-allergenicity, non-toxicity and non-resemblance with a 
human protein, three transmembrane fusion glycoproteins 

Figure 1. Process overview of the mRNA-based vaccine con-
struct

Table 1. List of selected transmembrane proteins for vaccine design against the Nipah virus

Accession ID Protein name Antigenicity Allergenicity Toxicity

Q9IH63 (Nipah virus) Fusion glycoprotein F0 0.5012 Non-Allergen Non-toxic

O89342 (Hendra virus) Fusion glycoprotein F0 0.5534 Non-Allergen Non-toxic

A0A1L7B8D7 (Nipah) Fusion glycoprotein F0 0.5056 Non-Allergen Non-toxic

Table 2. List of Predicted B-cell Epitopes for vaccine design

Protein Epitope Antigenicity Allergenicity

1

LGSVNYNSEGIAIGPP 1.1587 Non-Allergen

GVAIGIATAAQITAGV 0.9828 Non-Allergen

SRLEDRRVRPTSSGDL 1.0553 Non-Allergen

2

YVQELLPVSFNNDNSE 0.6083 Non-Allergen

GITRKYKIKSNPLTKD 0.6437 Non-Allergen

VGDVKLAGVVMAGIAI 0.8857 Non-Allergen

KRGNYSRLDDRQVRPV 1.2056 Non-Allergen

3

EGIAIGPPVFTDKVDI 0.7407 Non-Allergen

LSMIILYVLSIASLCI 0.8365 Non-Allergen

KKRNTYSRLEDRRVRP 0.7484 Non-Allergen
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were selected for vaccine design. UniProt protein database 
was used for the sequence retrieval of fusion glycoproteins 
under specific allocated UniProt IDs given in Table 1.

Prediction of B cells Epitopes

After protein selection and their sequence retrieval, 
we screened the predicted B-epitopes according to their 
higher antigenic capacity, non-allergenicity, non-homolo-
gy, and non-toxicity. Ten B-cells epitopes, shown in Ta-
ble 2, extracted from three selected fusion glycoproteins 
were included in the vaccine construct. All the short-
listed epitopes were non-allergenic and antigenic with a 
score between 0.7 and 1.21, having a threshold of 0.4.

Prediction of MHC-1 Epitopes

For the prediction of MHC-I-restricted epitopes, all 
alleles of the HLA dataset were selected, and the pep-
tide length was taken as 9 and 10. The epitopes were 
sorted based on predicted IC50 values. All other param-
eters were kept as default. The shortlisted epitopes were 
screened based on higher antigenicity value, allergenicity 

and an IC50 value <100 giving a total of 10 epitopes, 
provided in Table 3.

Prediction of MHC-II epitopes

The length of the predicted MCH-2 cell epitopes 
was set at 15 and all other parameters were kept as de-
fault. The predicted epitopes were saved as an XHTML 
output table and peptides are sorted according to their 
adjusted rank. Further screening relied upon antigenic-
ity values and non-allergenicity. The finalized epitopes, 
shown in Table 4, having a higher antigenicity value, 
non-allergenicity and IC50 values <100 were selected for 
the vaccine construct. The restricting alleles for both the 
MHC-I-restricted and MHC-II-restricted epitopes were 
recorded for population coverage analysis.

Vaccine Construct

The screened epitopes with a cumulative World popu-
lation coverage of 97.2%, shown in Fig. 6A, were con-
verted to the mRNA sequence, and fused together using 
universal linkers (EAAAK, GPGPG, KK, AAY). The 5’ 

Table 3. List of predicted MHC-I-restricted epitopes for vaccine design

Protein Epitope Antigenicity Alleles

1

SLCIGLITFI 1.0498 HLA-A*02:03, HLA-A*02:01, HLA-A*02:06, HLA-A*68:02

FISFIIVEKK 1.7539 HLA-A*68:01, HLA-A*11:01, HLA-A*03:01,

TELSLDLAL 1.1768 HLA-B*40:01, HLA-B*44:03, HLA-B*44:02,

2

FISFVIVEK 1.4849 HLA-A*68:01, HLA-A*11:01, HLA-A*03:01,

KSRLTGILS 0.7552 HLA-A*30:01, HLA-A*30:02

IGLITFISFV 1.1281 HLA-A*02:03, HLA-A*02:01, HLA-A*02:06, HLA-A*68:02,

RLKCLLCGI 1.5082 HLA-A*02:03, HLA-A*30:01, HLA-A*02:06, HLA-A*02:01, HLA-A*32:01, HLA-B*15:01

3

FISFIIVEK 1.1861 HLA-A*68:01, HLA-A*11:01, HLA-A*03:01, HLA-A*33:01, HLA-A*31:01

KIKSNPLTK 0.725 HLA-A*30:01, HLA-A*03:01, HLA-A*11:01, HLA-A*31:01,

SLCIGLITFI 1.0498 HLA-A*02:03, HLA-A*02:01, HLA-A*02:06, HLA-A*68:02, HLA-A*32:01, HLA-B*15:01

Figure 2. (A) The final vaccine construct; (B) The predicted secondary structure of the construct; (C) The predicted tertiary structure 
refined by GalaxyREFINE; (D) Ramachandran plot validating the refined tertiary structure; (E) Antigen and Immune complex counts 
plotted over a month period; (F) Danger signal produced by the body in response to the injection and the cytokines production 
plotted over a month.
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and 3’ components along with the RpfE adjuvant and 
the Kozak sequence were added to the construct, shown 
in Fig. 1A, for stability, improved immunogenicity, and 
ease of entry into the host cells.

Physiochemical Properties Prediction

The physicochemical properties computed for the vac-
cine candidate by translating the construct into its pep-
tide sequence indicated that it was antigenic (0.8746), 
non-allergenic, stable (32.91), thermostable (93.62), hy-
drophilic (-0.002), non-toxic, and had 683 amino acids. 
Table 5 discusses the analysis and indication of the phys-
icochemical properties of peptides.

Prediction of Secondary Structure

The secondary structure predicted by PSIPRED, 
shown in Fig. 2B, depicts the alpha-helices, beta-turns, 
and coils of the vaccine candidate. Most of the amino 
acid residues were predicted as coils indicating the vac-
cine candidate’s transmembrane localization.

Prediction and Refinement of Tertiary Structure

trRosetta predicted the tertiary model of the vaccine 
candidate with a TM-score of 0.131. Since, this was 

below the ideal TM score, the model was refined and 
GalaxyREFINE predicted 5 models, out of which the 
first one was selected (depicted in Fig. 2C) based on the 
most improved RAMA scores (98.2) indicating the tor-
sion angle distribution of the vaccine candidate. Other 
metrics like MolProbity (0.975) that evaluates the model 
quality at both protein and nucleic-acid levels and least 
RMSD (0.356) calculating the difference in protein back-
bone conformation in the initial and final structures were 
also considered for model selection.

Validation of Tertiary Structure

ERRAT calculated the overall quality factor score of 
93.5421 and the Ramachandran plot (Fig. 2D) indicated 
that most of the residues lie in the most favored region. 
541 residues constituted 96.8% of the total protein, resi-
dues in the additional allowed region were 2.3%, in the 
generally allowed region were 0.4% and in the disallowed 
region were 0.5%.

Immune Simulation Response

C-IMMSIM predicted a potent and stable immune 
response against the injected antigen. The graph in Fig. 
2E illustrates that the server predicted the antigen to be 
eliminated from the host system within the first 5 days 

Table 4. List of predicted MHC-II cell epitopes for vaccine design

Protein Epitope Antigenicity Alleles

1

KQTELSL-
DLALSKYL 0.8424

HLA-DRB1*03:01, HLA-DRB3*01:01, HLA-DRB1*07:01, HLA-DRB1*04:01, HLA-DRB5*01:01, 
HLA-DRB4*01:01, HLA-DRB1*13:02, HLA-DPA1*03:01/DPB1*04:02, HLA-DRB1*09:01, HLA-
-DRB1*15:01, HLA-DRB1*01:01, HLA-DRB1*04:05

FISFIIVEK-
KRNTYS 1.4463

HLA-DRB1*11:01, HLA-DRB1*08:02, HLA-DPA1*02:01/DPB1*05:01, HLA-DRB5*01:01, HLA-
-DRB4*01:01, HLA-DRB1*03:01, HLA-DPA1*03:01/DPB1*04:02, HLA-DRB1*12:01, HLA-
-DPA1*02:01/DPB1*01:01, HLA-DRB1*15:01, HLA-DRB1*13:02, HLA-DRB1*04:05, HLA-
-DRB1*04:01, HLA-DRB1*07:01, HLA-DRB1*01:01

TFISFIIVEK-
KRNTY 1.4822

HLA-DRB1*11:01, HLA-DPA1*02:01/DPB1*05:01, HLA-DRB1*08:02, HLA-DRB5*01:01, HLA-
-DRB4*01:01, HLA-DPA1*03:01/DPB1*04:02, HLA-DPA1*02:01/DPB1*01:01, HLA-DRB1*03:01, 
HLA-DPA1*01:03/DPB1*02:01, HLA-DRB1*12:01, HLA-DPA1*01:03/DPB1*04:01, HLA-
-DRB1*04:05, HLA-DRB1*15:01, HLA-DRB1*04:01, HLA-DRB1*13:02, HLA-DRB1*07:01, HLA-
-DRB1*01:01, HLA-DRB1*09:01

2

DNSEWISI-
VPNFVLI 0.789

HLA-DRB1*15:01, HLA-DRB1*07:01, HLA-DRB1*12:01, HLA-DRB1*04:05, HLA-DRB1*13:02, 
HLA-DRB1*01:01, HLA-DRB1*09:01, HLA-DQA1*05:01/DQB1*02:01, HLA-DRB1*04:01, HLA-
-DPA1*01:03/DPB1*04:01, HLA-DPA1*03:01/DPB1*04:02, HLA-DPA1*02:01/DPB1*01:01, HLA-
-DPA1*01:03/DPB1*02:01, HLA-DRB1*08:02, HLA-DRB4*01:01

CKQTELAL-
DLALSKY 0.8828 HLA-DRB1*03:01, HLA-DRB3*01:01, HLA-DRB1*04:01, HLA-DPA1*03:01/DPB1*04:02, HLA-

-DPA1*02:01/DPB1*01:01, HLA-DRB5*01:01, HLA-DRB4*01:01, HLA-DRB1*13:02

TFISFVIVEK-
KRGNY 1.7615

HLA-DRB1*11:01, HLA-DRB1*08:02, HLA-DPA1*02:01/DPB1*05:01, HLA-DRB5*01:01, HLA-
-DPA1*03:01/DPB1*04:02, HLA-DPA1*02:01/DPB1*01:01, HLA-DRB4*01:01, HLA-DPA1*01:03/
DPB1*02:01, HLA-DRB1*04:05, HLA-DRB1*04:01, HLA-DRB1*15:01, HLA-DRB1*07:01

3

FISFIIVEK-
KRNTYS 1.4463

HLA-DRB1*11:01, HLA-DRB1*08:02, HLA-DPA1*02:01/DPB1*05:01, HLA-DRB5*01:01, HLA-
-DRB4*01:01, HLA-DRB1*03:01, HLA-DPA1*03:01/DPB1*04:02, HLA-DRB1*12:01, HLA-
-DPA1*02:01/DPB1*01:01, HLA-DRB1*15:01, HLA-DRB1*13:02, HLA-DRB1*04:05, HLA-
-DRB1*04:01, HLA-DRB1*07:01, HLA-DRB1*01:01

TFISFIIVEK-
KRNTY 1.4822

HLA-DRB1*11:01, HLA-DPA1*02:01/DPB1*05:01, HLA-DRB1*08:02, HLA-DRB5*01:01, HLA-
-DRB4*01:01, HLA-DPA1*03:01/DPB1*04:02, HLA-DPA1*02:01/DPB1*01:01, HLA-DRB1*03:01, 
HLA-DPA1*01:03/DPB1*02:01, HLA-DRB1*12:01, HLA-DPA1*01:03/DPB1*04:01, HLA-
-DRB1*04:05, HLA-DRB1*15:01, HLA-DRB1*04:01, HLA-DRB1*13:02, HLA-DRB1*07:01, HLA-
-DRB1*01:01, HLA-DRB1*09:01

ITFISFIIVEK-
KRNT 1.7597

HLA-DPA1*02:01/DPB1*05:01, HLA-DRB1*11:01, HLA-DRB5*01:01, HLA-DRB1*08:02, HLA-
-DPA1*03:01/DPB1*04:02, HLA-DPA1*02:01/DPB1*01:01, HLA-DRB4*01:01, HLA-DPA1*01:03/
DPB1*04:01, HLA-DPA1*01:03/DPB1*02:01, HLA-DRB1*04:05, HLA-DRB1*12:01, HLA-
-DRB1*03:01, HLA-DRB1*15:01, HLA-DRB1*04:01, HLA-DRB1*07:01, HLA-DRB1*13:02, HLA-
-DRB1*01:01, HLA-DRB1*09:01,

LITFISFIIVEK-
KRN 1.5214

HLA-DPA1*02:01/DPB1*05:01, HLA-DRB1*11:01, HLA-DRB5*01:01, HLA-DRB1*08:02, HLA-
-DPA1*03:01/DPB1*04:02, HLA-DPA1*02:01/DPB1*01:01, HLA-DPA1*01:03/DPB1*04:01, 
HLA-DPA1*01:03/DPB1*02:01, HLA-DRB4*01:01, HLA-DRB1*04:05, HLA-DRB1*12:01, HLA-
-DRB1*15:01, HLA-DRB1*04:01, HLA-DRB1*07:01, HLA-DRB1*01:01, HLA-DRB1*13:02, HLA-
-DRB1*09:01
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after escalating to 700 000 antigen count per mL on the 
first day. The immune complexes (IgG+IgM) were gen-
erated when the antigen count was almost 0 and esca-
lated up to 7000 for the first 15 days of injection. The 
complex count decreased afterward but became steady 
at 3600 after a month indicating stability and longevity 
of the immune response. The graph in Fig. 2F illustrates 
the cytokine production and danger-signal produced by 
the body in response to the antigen. A small danger 
signal was produced lasting for up to 25 days but was 
not significant. The interleukin-2 count escalated up to 
250 000 mg/mL on the 5th day and steadily decreased 
afterward. It was clear from the graph that the increase 
in IL-2 count was a direct response to the signal vali-
dating the potent response. IFN-gamma was also readily 
produced by the immune system.

Molecular Docking Analysis

HDOCK webserver predicted 10 models of the dock-
ing poses of mRNA vaccine construct with TLR-3 (PDB 
ID: 3ULV) and 10 models with TLR-4 (PDB ID:4R7N). 
With TLR-3 docking, the first model was selected having 
a docking score of –331.09 kcal/mol and a confidence 
score of 0.9740, shown in Fig. 3A. With TLR-4 docking, 
the first model (Fig. 3B) was selected for having a dock-

ing score of –333.31 kcal/mol and a confidence score 
of 0.975.

Molecular Dynamics Simulations

With an eigenvalue of 2.95646e-06 and 4.0524e-06, 
illustrated in Figs. 4d and 5d respectively, the docked 
complex (Figs. 4a, 5a) was predicted to be stiff with lit-
tle dynamic residues. The B-factor (shown in Figs. 4b 
and 5b) also showed minimal flexibility, except for the 
last few residues. The deformability plot shown in Figs. 
4c and 5c was found consistent with the eigenvalue and 
the B-factor plot indicating that only a few residues to-
wards the end of the docked complex were flexible/de-
formable. The variance and co-variance map (Figs. 4e, 
5e and Figs. 4f and 5f, respectively) show stable amino 
acid-pair interactions validating strong molecular interac-
tions. Lastly, the elastic network map showed that the 
atoms in the docked complex are closely linked to each 
other, demonstrated in Figs. 4g and 5g, reflecting on the 
covariance findings.

Expression Analysis

The CAI score of 0.95518 and GC content of 
67.057% reflected the maximum codon optimization of 
the construct sequence, illustrated in Fig. 6B. pBluescribe 
plasmid was utilized for the in-silico cloning experiment. 
The plasmid was cut by the AHD-I enzyme producing 
sticky ends, enabling unidirectional cloning of the con-
struct into the vector. Figure 6C shows the cloning pro-
cess, whereas Fig. 6D represents the cloned vector.

DISCUSSION

Nipah virus first emerged in the late nineties, with 
fruit bat as its mediatory host. First, it was observed in 
the pig but was soon observed in the human popula-
tion (Aditi & Shariff, 2019). Due to a high fatality rate 
in developing countries, this virus is thought to evoke 
a potential zoonotic pandemic like coronavirus (Kulkarni 
et al., 2013). Ribavirin, a drug initially used against hepa-
titis and liver-virus infection, has been utilized to mini-
mize viral load in Nipah viral disease patients (Deb et al., 
2019). However, the mortality rates are still high (Naveed 
et al., 2021). Owing to the absence of preventative strate-

Table 5. The Physiochemical Properties of the proposed mRNA vaccine

Property Measurement Indication

Antigenicity 0.8746 Antigenic

Allergenicity Non-Allergen Non-Allergen

No. of Amino Acids 683 Appropriate

Formula C3337H5316N880O933S11 Appropriate

Total number of -ve charged residues (Asp + Glu) 52 –

Total number of +ve charged residues (Arg + Lys) 90 –

Theoretical pI 9.74 Basic

Estimated Half Life (mammalian reticulocytes) 1 hour Easily eliminated

Instability Index 32.91 Stable

Aliphatic Index 93.62 Thermostable

Grand average of hydropathicity (GRAVY) –0.002 Hydrophilic

Toxicity of Vaccine Construct Non-toxic Non-toxic

Figure 3. (A) Docking complex with TLR-3 (PDB ID: 3ULV); (B) 
docking complex with TLR-4 (PDB ID:4R7N)
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gies being present, this study proposed a mRNA-based 
vaccine design to develop protective immunity against 
the pathogen. This effort was in line with the previous 
studies proposing protective immunity against diseases 
(Al Tbeishat et al., 2022) like mucormycosis (Maruggi et 
al., 2017) and HPIV-1 (Naveed et al., 2022). Recently, 
COVID-19 RNA-based vaccines like Pfizer-BioNtech’s 
‘Comirnaty’ have worked wonders by developing prior 
immunity in the human body against the SARS-Cov-2 
attack (Rotshild et al., 2021). It has been observed that 
vaccines have some epigenetic impact on immune sys-
tem genes, which train the immune system (Kumar et al., 
2015). Likewise, the focus of this study was to develop a 
long-lasting memory in the form of activated B cells and 
T cells. The HTL induces IL-10, IL-4, and IFN-γ, an-
tigen-presenting cells express epitopes of HTL, and the 
lymphocyte can secrete chemokines, all play crucial roles 

against the virus (Al Tbeishat et al., 2022). We observed 
the production of all these immune system components 
in response to the antigen. Except for the memory cells, 
all the immune cells died and were eliminated with the 
destroyed antigen. B cells with membrane-bound immu-
noglobulin receptors identified the antigen epitopes and 
internalized them to become presenting cells for mem-
ory-making units of the immune system. Furthermore, 
we noticed a hike in plasma-secreted antibodies (up to 
40 000 counts) that are utilized to neutralize the antigen 
(vaccine candidate injection) and produce memory cells. 
Our results were consistent with previous mRNA-based 
vaccine findings (Naveed et al., 2022; Maruggi et al., 
2017), predicting an efficacious vaccine construct with 
the ability to elicit long-lasting protective immunity.

The tools utilized in this study have revolutionized 
biotechnological research. The reverse-vaccinology ap-

Figure 4. The results of the iMods simulation study of the proposed mRNA vaccine and TLR-3 docked complex. (a) MNA mobility, (b) 
deformability, (c) B factor, (d) Eigen values, (e) variance (green color indicated cumulative variances and purple color indicates the 
individual variance), (f) co-variance map (uncorrelated as white, correlated as red, and anti-correlated as blue motions) and (g) elas-
tic network (darker grey regions indicate stiffer regions).

Figure 5. The results of the iMods simulation study of the proposed mRNA vaccine and TLR-4 docked complex. (a) MNA mobility, (b) 
deformability, (c) B factor, (d) Eigen values, (e) variance (green color indicated cumulative variances and purple color indicates the 
individual variance), (f) co-variance map (uncorrelated as white, correlated as red, and anti-correlated as blue motions) and (g) elas-
tic network (darker grey regions indicate stiffer regions)
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proach has saved time, preliminary clinical trials, and 
labor costs (Kumar et al., 2015). We followed this ap-
proach because of its proclaimed merits in prediction 
((Naveed et al., 2022a; Naveed et al., 2022b) as well as 
clinical studies (Hall et al., 2021; Pormohammad et al., 
2021). The in-silico prediction of antigenicity, allergenicity, 
and toxicity significantly helped us in characterizing the 
potential epitopes. These tools have the potential to save 
lives at pre-clinical trials (Xinhui et al., 2021) as research-
ers may have already predicted the immunogenic, aller-
genic, or toxic outcome of a proposed vaccine before 
it is administered to the public (Naveed et al., 2023a; 
Naveed et al., 2023b). Lastly, the wide population cover-
age of the proposed candidate validates that it can be 
efficacious worldwide irrespective of race, ethnicity, or 
area.
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Figure 6. (A) Population coverage of the T-cell-specific epitopes; (B) Codon optimization chart of the proposed mRNA vaccine con-
struct; (C) The history map of cloning, the black vector shows pBluescribe plasmid, 2040 bps long, the red line shows vaccine con-
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The natural Fisetin and its derivatives have been shown 
to have effective bioactivity and strong pharmacological 
profile, which is continuously drawing the interest of ther-
apeutic applications to the development of new biomole-
cules against Breast cancer and Monkeypox, and Marburg 
viral infection, while computational approaches and the 
study of their structure-activity relationship (SAR) are the 
most eloquent and reliable platform for performing their 
hypothetical profile renovation. So, the main perspective 
of this investigation is to evaluate dual function of Fisetin 
and its derivatives against both virus and cancerous tar-
get.  First and foremost, the prediction of activity spectra 
for materials (PASS) valuation has provided preliminary 
data on the antiviral, antibacterial, antiparasitic, and anti-
cancer possibilities of the mentioned compounds. Accord-
ing to the evidence, PASS predicted scores were shown 
to perform better in antineoplastic and antiviral than an-
tibacterial, and antiparasitic efficiency; as evidenced by 
their higher PASS scores in antineoplastic and antiviral 
drug tests. Breast cancer, Monkeypox, and Marburg virus 
have been selected as targeted pathogens, and different 
in silico studies were conducted to determine the dual 
function of mention derivatives. The “Lipinski five rules,” 
on the other hand, has been subjected to extensive test-
ing for drug-like characteristics. Molecular docking against 
Breast cancer, Monkeypox, and Marburg virus have been 
accomplished after confirmation of their bioactivity. The 
molecular docking evaluation against targeted disease 
displayed re-markable binding affinity and non-bonding 
engagement, with most of the results indicating that de-
rivatives are more effective than the FDA approved stand-
ard antiviral, and antineoplastic drugs. Finally, the ADMET 
characteristics have been computed, and they indicate 
that the substance is suitable to use and did not have 
any chance to produce adverse effects on aquatic or non-
aquatic environment, as well as having a highly soluble 
capacity in water medium, high G.I absorption rate, with 
outstanding bioavailability index. Therefore, these men-
tioned Fisetin derivatives could be suggested as poten-
tial medication against Breast cancer and newly reported 
Monkeypox, and Marburg virus, and may further proceed 
for laboratory experiment, synthesis, and clinical trials to 
evaluate their practical value.

Keywords: ADMET, molecular docking, Lipinski rule and pharmacoki-
netics, pass prediction
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INTRODUCTION

Breast cancer is the most frequent cancer in women 
globally, where it is accompanied with a devastating im-
pact on life among females (Bhattacharyya et al., 2020). 
Every year, many patients have been identified by Breast 
cancer globally. Among them, many patients cannot sur-
vive due to limitation of proper treatment. Currently, 
finding on literature review, chemotherapeutics drugs, ra-
diation therapy, surgery, hormone therapy, targeted ther-
apy, and immune therapy seem to be the treatment op-
tions for Breast cancer that applies, which is very expen-
sive with numerous side effects like killing healthy cells 
(Eniu et al., 2008; Pilla et al., 2018; Schirrmaker, 2003). 
Recently, it has been seen that several cancer-fighting 
medications (chemotherapeutic agent) are becoming in-
creasingly ineffective or cancerous cells gain resistance 
against them. As a result, alternative options for Breast 
cancer treatment should be found for the future genera-
tion (Naveed et al., 2022a; Naveed et al., 2023b; Afshari 
et al., 2022; Farkona et al., 2016; Poojan et al., 2020). 

One the other side, human Monkeypox seems to be 
a zoonotic orthopoxvirus and composed of double stranded 
DNA, transmitted by Monkey to human, which is par-
ticularly reported in tropical Western and Central Afri-
can areas. It was first reported in 1958 when during the 
out-breaks of a pox-like infection (Naveed et al., 2023c; 
Mileto et al., 2022; Pal et al., 2017). Previously, tropical 
Western and Central African areas were a major region 
of Monkeypox virus (MPXV), but recently the MPXV 
resurfacing and expanding throughout the world is caus-
ing a major threat to human life and it especially af-
fected most of the European countries, as well as North 
and South America (Hatmal et al., 2022; Majie et al., 
2023). About 4900 infected of human Monkeypox were 
reported in more than 50 countries at the end of June 
2022, and one infected person has died (Mucker et al., 
2022). So, it is a reminder that another pandemic might 
happen around the globe, which make concern to the 
global policymaker, and healthcare system. For more 
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than couple of decades, scientists have worked to en-
hance Smallpox vaccinations and find medicines to as-
sure immunity against Smallpox or Smallpox-like illness-
es. But investigation reported that there is no authorized 
medication against MPXV till now (Gong et al., 2022). 
Besides, following corona virus epidemic, another pan-
demic is knocking at the door, which might be caused 
by Marburg virus (MARV). The Marburg virus (MARV) 
has been considered as the deadly hemorrhagic infec-
tion that may produce a fatal condition. MARV is sus-
pected to be a zoonotic infection spread by animals (Al-
baqami et al., 2023; Reuben & Abunike, 2023). The virus 
may spread from bats to people by extended exposure 
to bat colonies’ tunnels and caves, and by interaction 
with bat saliva, excrement, and infected fruits (Asad et 
al., 2020; Mortlock, 2013). Recently, it was in the head-
lines in mid-July 2022 due to an epidemic in Ghana, an 
African country, where two affected people have died. 
MARV is an enclosed single-stranded RNA virus of the 
Filovirus genus, which composed to the Filoviridae fam-
ily, like the Ebola virus. Although, the MARV is hap-
pening consciously and infects the patients, Scientists 
did not find any suitable treatment for the inhibition of 
MARV (Chakraborty et al., 2022; Sah et al., 2022). The 
natural bioactive compounds of Fisetin should be an al-
ternative approach for the treatment of Breast cancer, 
and Monkeypox, and Marburg virus. So, in this research, 
the natural compounds of Fisetin have been counted as 

primary compounds and we modified its structure by 
different functional groups to develop a potential medi-
cation, which might have better efficacy, lower toxicity, 
and capability to inhibit Breast cancer, Monkeypox, and 
Marburg virus.

In these circumstances, computational drug design tool 
is used, which is the most efficient approach of finding 
potential therapeutic candidates and implementing them 
into the therapy regimen in short period of time (Aziz 
et al., 2023; Moingeon et al., 2022; Patel et al., 2022; Aziz 
et al., 2022). In comparison to traditional drug discovery 
procedures, computational drug design offers many ben-
efits, including substantially lower costs, faster drug de-
velopment durations, and possibility to eliminate phase 1 
clinical trial. Thus, this approach of computer-aided drug 
design (CADD) could be a helpful method. 

RESULTS AND DISCUSSION

PASS prediction analysis

It seems that a substantial proportion of investigations 
should not go to the end of the process due to signifi-
cant harmful side effects and toxicity that are unclear. 
These undesirable effects are discovered or manifest 
much too late in the development. In today’s high-tech, 
possibility to fail or reject any compounds has been min-

Table 1. Data of PASS prediction data

S/N
Antiviral (Herpes) Antibacterial Antiparasitic Antineoplastic

Pa Pi Pa Pi Pa Pi Pa Pi

01 0.471 0.014 0.388 0.033 0.404 0.031 0.783 0.014

02 0.447 0.019 0.420 0.026 0.309 0.053 0.818 0.010

03 0.427 0.025 0.376 0.036 0.240 0.078 0.849 0.007

04 0.428 0.025 0.298 0.061 0.358 0.040 0.556 0.055

05 0.419 0.028 0.279 0.068 0.340 0.045 0.508 0.069

06 0.442 0.020 0.336 0.047 0.410 0.019 0.735 0.020

07 0.421 0.027 0.299 0.060 0.401 0.031 0.727 0.022

08 0.405 0.033 0.364 0.039 0.342 0.044 0.775 0.015

09 0.392 0.039 0.327 0.050 0.301 0.056 0.754 0.018

Table 2.  Data of Lipinski rule, and pharmacokinetics.

Ligand No Hydrogen 
bond acceptor

Hydrogen 
bond donor

Topological polar 
surface area Å²

Lipinski rule
Molecular 
weight

Bioavailability
 Score

G.I. absorp-
tion

Result Violation

01 06 04 111.13 Yes 00 286.24 0.55 High

02 08 05 132.39 Yes 00 331.28 0.55 High

03 10 06 153.65 Yes 01 376.32 0.55 Low

04 07 03 109.37 Yes 00 316.26 0.55 High

05 08 02 107.59 Yes 00 346.29 0.55 High

06 06 03 100.13 Yes 00 362.33 0.55 High

07 06 02 89.13 Yes 00 438.43 0.55 Low

08 08 04 137.43 Yes 00 330.25 0.56 High

09 10 04 163.73 Yes 00 374.26 0.11 Low
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imized since the probability to be active and probability 
to be inactive for any molecules could be identified as 
early stages (Filimonov et al., 2014). In Table 1 below, 
probability to be active (Pa) and probability to be inac-
tive (Pi) has been listed and it has been shown that the 
mentioned bioactive molecules are most potent against 
antineoplastic and antiviral effects compared to anti-
bacterial and antiparasitic effects. In antiviral, the range 
of Pa is reported from 0.392–0.471 while the Pa score 
against antineoplastic is found between 0.508–0.849. So, 
based on the score, the Breast cancer and Monkeypox, 
and Marburg virus has been chosen and completed the 
investigation.

Lipinski rule, and pharmacokinetics	

Lipinski rule is a potential assessment of any pharma-
cological or bioactive molecules which makes them to 
be a potential oral medication based on different param-
eters. So, in view of Lipinski rule, number of hydrogen 
bond acceptor 06-10, hydrogen bond donor 02–06, top-
ological polar surface area 89.13 Å² to 163.73 Å², which 
has shown that all the medications are fully accepted and 
followed Lipinski rule by all Fisetin derivatives (Santos et 
al., 2016; Walters, 2012). For any oral medication, bio-
availability is the most essential parameter, and it is no-
ticed that almost all the drugs are highly effective and 

have a similar score and that only Ligand 09 has poor 
bioavailability. On the other portion, six ligands out of 
nine molecules have higher G.I absorption rate, which is 
another important parameter to make them as oral medi-
cation. Finally, it is said that these mentioned molecules 
could be effective against the Breast cancer, Monkeypox, 
and Marburg virus. Data of Lipinski rule, and pharma-
cokinetics are displayed in Table 2.

Molecular docking against Breast cancer

Molecular docking is an established and effective 
method for explaining how two molecules interact and 
make the optimal ligand arrangement to produce a com-
plex. Any molecules could be active and produce bio-
logical response if their minimum binding energy is –6.0 
kcal/mol and considered as a potential drug (Nath et al., 
2021). In view of these studies, all the bioactive Fisetin 
derivatives have been documented that they have much 
better binding affinity than the standard and FDA ap-
proved Epirubicin hydrochloride. The maximum dock-
ing energy has been obtained in ligand 07 (–11.00 kcal/
mol) against PDB: 3HB5, in protein PDB: 7KCD, the 
maximal score is found to be –9.6 kcal/mol, and the last 
one PDB: 6NLV has obtained –9.1 kcal/mol maximum 
in the same ligand (Table 3). In the overall analysis, it is 
clear that all the ligands have crossed the binding affini-

Table 3. Binding affinity against Breast cancer protein

Drug molecules No

Breast cancer protein  
(PDB: 3HB5)

Breast cancer protein  
(PDB: 7KCD)

Breast cancer protein  
(PDB 6NLV)

Binding affinity 
(kcal/mol)

Binding affinity  
(kcal/mol)

Binding affinity  
(kcal/mol)

01 –8.7 –7.0 –7.6

02 –9.7 –8.5 –7.5

03 –9.3 –7.4 –7.3

04 –8.8 –7.2 –7.3

05 –8.0 –8.1 –7.2

06 –9.6 –9.3 –8.0

07 –11.0 –9.6 –9.1

08 –9.3 –8.8 –7.8

09 –9.0 –7.2 –7.5

Epirubicin hydrochloride –9.1 –7.0 –8.0

Table 4.  Binding affinity for bacteria against Monkeypox and Marburg virus

Drug molecules No
Monkeypox virus (PDB ID 4QWO) Marburg virus (PDB 4OR8)

Binding affinity (kcal/mol) Binding affinity (kcal/mol)

01 –7.8 –7.2

02 –8.2 –7.0

03 –7.9 –7.3

04 –7.7 –7.0

05 –7.6 –6.5

06 –9.0 –8.5

07 –9.4 –10.1

08 –8.2 –7.4

09 –8.0 –7.1

Standard (acyclovir) –6.3 –5.8
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ties and compared much better to standard drugs, which 
turn into them as oral medication against breast cancer 
protein.

Binding affinities against pathogenic Monkeypox and 
Marburg virus

According to the result of pass prediction value, it 
was shown that these mentioned ligands could be effec-
tive against viral pathogens, followed by antibacterial and 
antiparasitic, since the antiviral score is higher than the 
antibacterial and antiparasitic. So, the Monkeypox and 
Marburg virus are also included in this investigation, and 
it is found that the reported ligand may also act as a 
potential inhibitor against Monkeypox and Marburg vi-
rus. In given Table 4, it is notable that the maximum 
affinities for Monkeypox virus (PDB ID 4QWO) is –9.0 
kcal/mol, –9.4 kcal/mol, where –10.1 kcal/mol has been 
obtained against Marburg virus (PDB 4OR8), and it has 
also significantly better binding affinities.  As, there is no 
documented or authorized medication against Monkey-
pox and Marburg virus, a common antiviral medication 
(acyclovir) is also compared with our development drug, 
where the standard acyclovir has provided –6.3 kcal/
mol and –5.8 kcal/mol, which is much lower than the 
reported ligands. So, it is understood that all these may 
be possible therapeutic approaches as inhibitors against 
Monkeypox and Marburg virus.

Ligand-protein interaction and molecular docking poses

The interactions between the inhibitor and the target-
ed protein active side, docking pocket drug-protein are 
graphically represented in Figs 1a, 1b and 1c. In the 2D 

configuration, the active side of amino acid residue with 
bond angle has been seen and in most cases the number 
of hydrophobic bond residue is higher than the other 
bonds, such as hydrogen, electrostatic, Van der Waals 
interactions and Halogen bond. This result has been ob-
tained by importing protein ligand complex file into the 
Discovery Studio Visualizer (Balasubramaniam & Reis, 
2020; Wang et al., 2015). This figure has been configured 
based on maximum binding energy.  The first illustra-
tion (Fig. 1a) determined drug-protein pocket, or how 
a drug attached to protein during the formation of the 
complex. It has been designed after molecular docking, 
by using Pymol application. Then, (Fig. 1b) represented 
hydrogen bonding donor or acceptor region, where the 
sky blue indicates donor region, and red hue indicates 
acceptor region. Finally; (c). 2D picture of ligand and 
protein interaction, where X: TYR-218, X: LEU-149, 
X: MET-147: X: TYR-155, X: PHE-226, X: PHE-226, 
X:PRO-187, X: LEU-149, X:PRO-187, X: VAL-225, X: 
MET-193, X: CYS-185.X: VAL1-88, against breast can-
cer, A: GLU-18, A: GLU-18, A: PHE-17, A: SER-12, A: 
SER-12, A: ILE-8, A: ILE-35, A: LYS-13, against Monk-
eypox virus, and A: ASN-171, A: THR-72, A: VAL-193, 
A: MET-195, A: TRP-69, A: LEU-75. A:VA-L170, A: 
LEU-198, against Marburg virus are seen in most of the 
cases.

Absorption, Distribution, Metabolism and Excretion. 
(ADME) studies

It was possible to forecast the ADMET features of 
drugs or chemical compounds by utilizing the free PkC-
SM online web tool, which was developed by machine 

Figure 1. Molecular docking poses breast cancer, Monkeypox, and Marburg virus.
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learning (Pires et al., 2015). ADME is the key factor of 
any drug molecules to establish them as safe and usable 
medication. In listed data, it is observed that the drugs 
are moderately soluble in water and the Caco-2 perme-
ability range is –0.621 to 1.076. VDss (human) level is 
–0.041 to –1.364 and no drugs can penetrate the BBB 
(Table 5). All the drugs can inhibit the CYP450 1A2 in-
hibitor except 05 and 07 and only ligands 05, 06, and 
07 can inhibit the CYP450 2C9 inhibitor. Finally, al-
most all the ligands have better Total clearance rate, and 
no drugs can substrate through Renal OCT2 substrate. 
Above all discussion, the Table 5 data for ADME pa-
rameters might suggest them as a suitable medication.

Aquatic and non-aquatic toxicity

Aquatic and non-aquatic toxicity studies are per-
formed to analyze the drug safety of animals and the en-
vironment, because during the production of drugs they 
might be mixed with environment, which may have an 
impact on surrounding animals (Kar & Roy, 2012). Our 
findings on the aquatic and non-aquatic toxicity of the 
examined substances have shown that all of the medica-
tions investigated are non-cancerogenic and non-AMES 
poisonous and only 06 and 07 may be responsible for 
hepatotoxicity. So, patients with liver disease may use 
these two medications with caution. Secondly, the max. 
tolerated daily dose could be between 0.329 mg/kg/day 

to 1.211 mg/kg/day. The Oral Rat Acute Toxicity and 
Oral rat chronic toxicity level is also lower compared to 
standard drugs and no drugs can produce skin sensitiza-
tion. These findings give insight into these new modified 
Fisetin derivatives that are safer to use (Table 6).

Experimental methodology

Preparation of Ligand and Structural Activity relationship (SAR) 
studies

Firstly, we have collected the chemical structure of Fi-
setin from the PubChem database. After that, we have 
observed how it is antineoplastic and antiviral properties 
change if the side chain is substituted by adding differ-
ent functional group. So, all the derivatives of Fisetin have 
been generated using ChemBioDraw 12.0 and in each 
case, two -OH functional groups have been substituted 
by four functional groups such as Benzene ring, NH-
CH2-OH, OCH3 and -COOH(Milne, 2010). Finally, ge-
ometry optimization has been conducted by using density 
functional theory (DFT) in material studio at the DFT/
B3LYP/6-31G and after optimization has been done, all 
the atoms of molecule have been reached at the most sta-
ble state with the optimum ground state energy and saved 
as PBD format for molecular docking, ADMET, and oth-
er computational experiment (Eno et al., 2022; Oyeneyin 
et al., 2022). The optimization technique is utilized in the 

Table 5. ADME Properties summary

S/N

Absorption Distribution Metabolism Excretion

Water solubi-
lity Log S

Caco–2 permeabi-
lity (10–6 cm/s)

VDss 
(human)

BBB
permeability

CYP450 1A2 
Inhibitor

CYP450 2C9 
Inhibitor

Total Clearance 
(ml/min/kg)

Renal OCT2 
substrate

01 –3.207 0.86 –0.103 No Yes No 0.662 No

02 –3.665 –0.293 –0.041 No Yes No 0.802 No

03 –3.767 0.40 –0.12 No Yes No 0.912 No

04 –4.157 0.928 –1.364 No Yes No 0.732 No

05 –4.196 0.893 –0.539 No No Yes 0.791 No

06 –4.083 0.928 –0.756 No Yes Yes 0.450 No

07 –3.442 1.076 –1.169 No No Yes 0.513 No

08 –4.036 –0.061 –0.484 No Yes No 0.653 No

09 –3.317 –0.621 –0.788 No Yes No 0.621 No

Table 6. Aquatic and non-aquatic toxicity

Aquatic and non-aquatic Toxicity different parameter

S/N AMES 
toxicity

Max. tolerated 
dose (human) mg/
kg/day

Oral Rat Acute 
Toxicity (LD50) 
(mol/kg

Oral Rat Chronic To-
xicity (mg/kg/day)

Hepato-
toxicity

Skin  
Sensitization

T. Pyriformis toxicity 
(log ug/L)

01 No 0.982 2.178 2.259 No No 0.352

02 No 1.046 2.162 1.947 No No 0.305

03 No 1.211 2.291 1.785 No No 0.292

04 No 0.913 2.24 2.221 No No 0.294

05 No 0.731 2.507 2.768 No No 0.86

06 No 0.329 2.675 1.56 Yes No 0.288

07 No 0.432 3.163 0.698 Yes No 0.285

08 No 0.983 2.13 2.21 No No 0.289

09 No 0.963 2.471 2.50 No No 0.285
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Figure 2. Chemical structure of Genistein and its derivatives

Figure 3. Optimized molecular structure of Fisetin derivatives.
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context of protein-ligand docking investigation to deter-
mine the optimal binding posture of a ligand against a bi-
oreceptor. Optimization is the fundamental and important 
parameter for an accurate design of the ligands (Kobir et 
al., 2022). The modified structures, and the optimized fig-
ures are given in Fig. 2 and Fig. 3.

Pass prediction

The pass prediction is an important feature for com-
puter-based drug design, which is described by Pa and 
Pi ratio, where Pa means probability to be active and Pi 
means probability to be inactive. It is possible to separate 
most active molecules by screening pass prediction val-
ues which reduce the time and cost for developing new 
drugs (Pa>Pi value) (Filimonov et al., 2014; Poroikov & 
Filimonov, 2005). The pass prediction data has been col-
lected from the PASS online website “http://way2drug.
com/PassOnline/predict.php”. First enter the PASS on-
line then the Pa>Pi value has been collected for the se-
lected molecule and all the values are shown in Table 1. 

Determination of ADMET, Lipinski rule and pharmacokinetics 

With the help of pkCSM (http://biosig.unimelb.edu.
au/pkcsm/prediction), and SwissADME, (http://www.
swissadme.ch/index.php) we investigated the overall 
pharmacokinetic parameter of Fisetin and its derivatives. 
This section mostly investigated human intestinal absorp-
tion, distribution, metabolism, excretion, water solubility, 
bioavailability, toxicity, carcinogenicity, and drug likeli-
ness (Azzam, 2023). The Lipinski Rule and drug likeness 
are important features for oral medication development 
(Tian et al., 2015). Once the drugs have satisfied the Li-
pinski Rule, they should be considered as oral drug can-
didates.

Protein preparation and Molecular docking study and 
visualization

The crystal structure of Monkeypox virus (PDB ID 
4QWO), Marburg virus (PDB ID 4OR8), and Breast 
Cancer (PDB: 3HB5, PDB: 5KCD and 6NLV) (Figs. 4 

Figure 4. Three-dimensional protein structure of Breast cancer

Figure 5. Three-dimensional protein structure of Monkeypox, and Marburg virus
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and 5) have been collected from the databank of RCSB 
protein (http://www.rcsb.org). Inadequate bonds, omit-
ted hydrogens and side chain defects, access water have 
then been investigated and rectified, as necessary. Once 
all these issues have been resolved, they were saved as 
pdbqt file format. Then, the structure file has been load-
ed into PyRx AutoDock Tools, followed by usual pro-
cesses to obtain binding affinities (Dallakyan & Olson, 
2015). Finally, BIOVIA Discovery Studio Visualizer was 
used to investigate the interaction between the ligands 
and the protein (Zothantluanga, 2021).

CONCLUSIONS

This investigation has been designed to identify the 
dual mode of function of the ligands against virus and 
cancerous proteins. Our computational investigation has 
found that all the evaluated natural Fisetin derivatives 
demonstrated adequate reactivity with excellent bind-
ing affinity to be a viable therapeutic target for Breast 
cancer, Monkeypox, and Marburg virus. The biological 
characteristics of reported compounds such as toxicity, 
carcinogenicity, and Lipinski rule are good enough for 
human usage of the selected drug. We ran their various 
parameters in silico to verify their durability as a highly 
potential drug candidate, and these results assessed their 
acceptability as a potential new drug candidate. Follow-
ing the investigation of protein-ligand (drug) interactions, 
several outstanding binding affinities were discovered, 
which will effectively assist in the discovery of the ideal 
natural medication or a novel drug. The highest value 
of docking energy has been found in Ligand 07 (–11.00 
kcal/mol) against PDB: 3HB5 for breast cancer and the 
highest docking energy for Monkeypox virus (PDB ID 
4QWO) is –9.0 kcal/mol, –9.4 kcal/mol, where -10.1 
kcal/mol has been obtained against Marburg virus (PDB 
4OR8). Besides, the results of pharmacokinetics, drug 
likeness and aquatic toxicity meet the requirements of 
the newly developed molecules. All the parameters are 
recorded as significant and better than standard. Con-
cluding, the reported drug can be a candidate for further 
use.
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Background: Diabetic retinopathy (DR) is a diabetic com-
plication with complex etiology and severe visual impair-
ment. Dysregulated long noncoding RNAs (lncRNAs) are 
closely associated with DR. This article focused on the im-
pact of lncRNA transmembrane phosphatase with tensin 
homology pseudogene 1 (TPTEP1) in DR. Methods: First, 
sera were collected from DR patients and healthy control. 
Human retinal vascular endothelial cells (HRVECs) were 
exposed to high glucose (HG) to construct a DR model in 
vitro. A real-time quantitative polymerase chain reaction 
(RT-qPCR) was carried out to detect TPTEP1. Targeting re-
lationships were predicted using StarBase and TargetScan, 
and confirmed by the Dual-Luciferase Reporter Assay. Cell 
Counting Kit 8 (CCK-8) and EdU staining were applied to 
measure cell viability and proliferation, respectively. Pro-
tein expression was determined by a western blotting as-
say. Results: lncRNA TPTEP1 expression was significantly 
decreased in the serum of DR patients and HG-stimulated 
HRVECs. Overexpression of TPTEP1 reduced cell viability 
and proliferation induced by HG and oxidative stress. In 
addition, overexpression of miR-489-3p impaired the ef-
fects of TPTEP1. Nrf2, which was targeted by miR-489-3p, 
was down-regulated in HG-treatment HRVECs. Knock-
down of Nrf2 enhanced the influence of miR-489-3p and 
antagonized the effects of TPTEP1. Conclusion: This study 
demonstrated that a TPTEP1/miR-489-3p/NRF2 axis affects 
the development of DR by regulating oxidative stress.
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INTRODUCTION

DR is a common ocular complication in diabetic pa-
tients. Recent years have witnessed an increased annual 
incidence of DR (Yumnamcha et al., 2020). Moreover, 
DR patients are inducive to blindness (Crawford et al., 
2009).  Recent studies evidence that abnormal angiogen-
esis, metabolic abnormalities, inflammation and oxidative 
stress caused by hyperglycemia are important factors for 
DR. Nowadays, the prevailing strategy for DR is anti-vas-

cular endothelial growth factor (VEGF) therapy, which is 
only effective for patients with advanced DR (Singer et al., 
2016). Therefore, it is urgent to develop a new therapy for 
the prevention and treatment of DR.

Oxidative stress (OS) is caused by the imbalance of the 
oxidation system and antioxidant system, which frequently 
induces tissue damage. Hyperglycemia is an important rea-
son for inducing OS response, the accumulation of which 
contributes to multiple complications in patients with dia-
betes (Brownlee, 2005).  Studies have shown that OS in 
the retina can lead to DR by regulating the pathways in-
volved in polyol metabolism, hexosamine metabolism (Es-
haq et al., 2014). NRF2 can up-regulate the expression of 
antioxidant proteins (Yu & Kensler, 2005). However, the 
roles of Nrf2 in DR are still unclear.

Long non-coding RNAs (lncRNAs) are a number of 
RNA with a length greater than 200 nt but without the 
function of protein-coding properties. As an important 
regulator of gene expression, lncRNAs play an impor-
tant role in chromatin remodeling, transcription, post-
transcriptional regulation and protein metabolism (Shi et 
al., 2013). lncRNAs regulate gene expression in the form 
of competitive endogenous RNA (ceRNA) through the 
miRNA response element (MRE) (Thomson & Dinger, 
2016; Yan et al., 2014). Recently, the roles of lncRNAs in 
DR attract increasing attention. The abnormal expression 
of lncRNAs in DR patients regulates the chemokine sign-
aling pathway, mitogen-activated protein kinase (MAPK) 
signaling pathway, and pyruvate metabolism (Yan et al., 
2014). Therefore, lncRNAs may be a potential regulatory 
factor of the pathogenic mechanism of DR. Aberrant ex-
pressed lncRNA TPTE pseudogene 1 (TPTEP1) is closely 
associated with the pathogenesis of DR (Sun et al., 2021). 
However, the roles of TPTEP1 in DR have not been ful-
ly elucidated.

In our research, the roles of TPTEP1 in DR were in-
vestigated. A luciferase assay was performed to verify the 
binding sites between miR-489-3p and TPTEP1 or NRF2. 
Cellular functions were detected using CCK-8 and EdU 
assays. TPTEP1/miR-489-3p/NRF2 axis may be a poten-
tial target for DR.

MATERIALS AND METHODS

Patient samples

Clinical blood samples were gathered from DR pa-
tients (n=50) and healthy volunteers (n=50) at The 
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Eighth Medical Center of the PLA General Hospital. 
The study was approved by The Eighth Medical Center 
of the PLA General Hospital. Signed informed consents 
were obtained from each individual. The blood samples 
of the patients were collected with the fasting abdomen 
in the morning and stored at –80°C for further experi-
ments. The clinical and pathological parameters in all 
subjects was shown in Table 1.

The inclusion criteria: patients who met the 1999 WHO 
diabetes diagnosis (fasting blood glucose≥7.0mmol/l or 
postprandial blood glucose≥11.10mmol/l); Fundus ex-
amination conforms to DR diagnostic criteria. The ex-
clusion criteria: suffering from heart, liver, kidney and 
other organic diseases; with multiple eye diseases; com-
bined with malignant tumor; suffering from infectious 
diseases; combined with other types of diabetes mellitus; 
abnormal endocrine function; mental illness and con-
sciousness disorder.

Cell culture and  cell transfection

HRVECs were purchased from the Type Culture Col-
lection of the Chinese Academy of Sciences (Shanghai, 
China). DMEM with 10% foetal bovine serum, 100 mg/
mL of penicillin and 100 U/mL of streptomycin (all 
from Gibco, Waltham, MA, USA) was applied to culture 
cells. Cells were grown in the condition with 5% CO 2 at 
37°C. HRVECs were planted in 6-well cell culture plates 
at a density of 1.5×106 cells/well in the HG treatment 
experiments, and then incubated in 5.5 mM for 24 h. 
Then HG (33 mmol/L) or mannitol isotonic control (33 
mmol/L) were used to treat cells for 24 h.

TPTEP1 overexpression plasmids, miR-489-3p mim-
ic/inhibitor, NRF2 small interference RNA (si-NRF2) 
and their negative controls (Abiocenter Biotech Co., 
Ltd.), were transfected into the cells with Lipofectamine® 
2000 reagent (Invitrogen) at 37°C according to manufac-
turer’s protocols. After 48 h transfection, cells were used 
in the following experiments.

Real-time quantitative polymerase chain reaction  
(RT-qPCR)

Total RNA was extracted using the TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.). The cocen-
tration and purity of the total RNA were assessed from 
OD 260/280 readings (ratio>1.8) using a spectropho-
tometer (NanoDrop Technologies, Wilmington, DE, 
USA). Reverse transcription and qPCR were carried out 
by BlazeTaq One-Step SYBR Green RT-qPCR Kit (with 
ROX) (QP071; GeneCopoeia Inc.) on SEDI Thermo 
Cycler controlled by the Control Bus Net software pack-
age (Wealtec Bioscience Co., Ltd). All primers were de-

signed and synthesized by Nanjing Genscript Biotech 
Co., Ltd., the GAPDH and U6 were used as an internal 
reference. Fold changes of the indicated genes were cal-
culated with the 2-ΔΔCt method. The sequences of the 
primers used were as followed: 

TPTEP1: 
F: 5′-CTGGGAGAAGTGCCCTTGC-3′, 
R: 5′-CACCTCATCAGTCATTTGCTCA-3′; 
miR-489-3p: 
F: 5′-GCGCGGTGACATCACATATAC -3′, 
R: 5′-AGTGCAGGGTCCGAGGTATT -3′;
NRF2: 
F: 5′-GAGACAGGTGAATTTCTCCCAAT-3′,
R: 5′-TTTGGGAATGTGGGCAAC-3′; 
GAPDH: 
F: 5’-ACTCTTCCACCTTCGATGC-3’,
R: 5’-CCGTATTCATTGTCATACCAGG-3’; 
U6:
F: 5’-CGACAAGACGATCCGGGTAAA-3’, 
R: 5’-GGTTGAGGAGTGGGTCGAAG-3’. 

The PCR products were detected by agarose gel elec-
trophoresis. And the thermal profiles and of TPTEP1, 
miR-489-3p and NRF2 were shown in Supplementary 
materials.

Cell viability assay

After resuspended to 1×105 cells/ml, 100 μl HRVECs 
were seeded in 96-well plates. Each well was added with 
10 μl CCK8 reagent (AMJ-KT0001; AmyJet Technology 
Co., Ltd.) and cultured for 4 h at 37°C. The absorbance 
values were evaluated with a microplate reader (HBS-
1096C; Nanjing DeTie Experimental Equipment Co., 
Ltd.) at the wavelength of 450 nm.

5‐Ethynyl‐2’‐deoxyuridine assay

HRVECs were fixed with 4% paraformaldehyde and 
treated with EdU. Then 1X Apollo reaction cocktail was 
used to stain cells for 0.5 hours before incubating with 
Hoechst 33342. Afterwards, cells were captured with a 
fluorescence microscope (Leica, Germany).

Assessment of reactive oxygen species (ROS), 
malondialdehyde (MDA), and Glutathione (GSH) activity

The level of ROS was detected with a fluorescence 
probe dichloro-dihydro-fluorescein diacetate (Jiancheng 
Biotech, Nanjing, China). MDA Assay Kit and GSH As-
say Kit (Beyotime, Jiangsu, China) to examine MDA and 
GSH, respectively.

Western blot analysis

After rinsing cells with pre-chilled PBS solution, 
pre-chilled RIPA lysis buffer was applied for the ex-
traction of total protein for 30 min. The protein con-
centration was quantified by a BCA Protein Assay Kit 
(Beyotime, Jiangsu, China). Next, running electropho-
resis was performed to separate the protein with 10% 
SDS-PAGE at 120v until the bromophenol blue reach 
the separation adhesive base. Then the separated pro-
tein was transferred onto the PVDF membranes (Mill-
ipore) in an ice box at 100v for 1.5 h. The membranes 
were blocked with a blocking buffer at 4°C for 1 h. 
After being washed with TBST solution, primary an-
tibodies including anti-NRF2, anti-HO-1, anti-NQO1 
(1:1,000; Abcam) and anti-GAPDH (1:3000, Leading 
Biology) were used to incubate the membranes on a 

Table 1. Clinical and pathological parameters in all subjects

Variables Control (n=50) DR (n= 0)

Male/Female 21/29 32/18

Age (years) 52.8±5.5 53.5±4.3

Diabetes duration (years) / 12.2±2.9

BMI (kg/m2) 23.4±1.8 33.5± 3.3a

FPG (mmol/L) 4.55± 0.96 8.21± 0.16a

Note: a Mean values within a row with unlike superscript letters were 
significantly different (P<0.05). Control: healthy volunteers; DR, diabetic 
retinopathy patients; BMI, body mass index; FPG, fasting plasma glu-
cose.
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shaking table at 4°C overnight and with anti-IgG anti-
body (1:2 000, MultiSciences, Shanghai, China) for 2 h 
at room temperature. At last, the protein bands were 
captured by the ECL system (Thermo Fisher Scien-
tific, Inc.).

Dual luciferase reporter assay

The wild (WT) and mutant (MUT) type 3′-UTR re-
gion of TPTEP1 and NRF2 luciferase reporter vec-
tors were designed and synthesized by Guangzhou Ri-
boBio Co., Ltd. After 24 h, cells were co-transfected 
with luciferase reporter vectors as well as miR-489-3p 
mimic/control for 48 h. Luciferase activities were de-
tected by a Luciferase Reporter Assay Kit (K801-200; 
BioVision Tech Co., Ltd.). The luciferase activity nor-
malized the luciferase activity to Renilla luciferase ac-
tivity.

Statistical Analysis

Each experiment was performed at least three times. 
GraphPad Prism (version 7, GraphPad Software Inc.) 
was used to analyze all data. Data were presented as 
mean ± S.D. The Student’s t-test was used to compare 
the differences between two groups, and the compari-

son among multiple groups used the analysis of variance 
(ANOVA) followed by Duncan’s post-hoc test. P<0.05 
suggested a significant difference.

RESULTS

TPTEP1 was downregulated in DR.

The expression level of TPTEP1 in serum of pa-
tients with DR was significantly reduced compared 
with normal controls (Fig. 1A). Besides, the expression 
of TPTEP1 in HRVECs stimulated with HG was also 
significantly decreased compared with a control group 
(Fig. 1B).

TPTEP1 promoted cell proliferation and ameliorated 
oxidative stress stimulated by HG.

Figure 2A showed that the expression of TPTEP1 
was significantly increased, indicating that cell transfec-
tion was successful. Overexpression of TPTEP1 signifi-
cantly suppressed the increase in cell viability induced 
by HG (Fig. 2B). Moreover, TPTEP1 overexpression 
remarkably inhibited the proliferation of HRVECs 
(Fig.  2C). Additionally, overexpression of TPTEP1 al-
leviated the increase of ROS and MDA and the de-
crease of GSH induced by HG (Fig. 2D-2F). For fur-
ther exploration of the effect of TPTEP1 on oxidative 
stress, NRF2, NQO1 and HO-1 proteins’ expressions 
were also measured. The results showed that overex-
pression of TPTEP1 could increase the expression of 
antioxidant-related proteins (Fig.  2G).

TPTEP1 directly bound to miR-489-3p.

TPTEP1 might function as ceRNA and regulate biologi-
cal processes via sponging miRNAs. So, we used the online 
database Starbase 3.0 (http://starbase.sysu.edu.cn/) to pre-
dict the potential target miRNAs of TPTEP1. Figure 3A 
showed the binding region of miR-489-3p and TPTEP1, 
which was further verified via dual luciferase reporter assay 

Figure 1. TPTEP1 is downregulated in DR.
(A) The expression level of TPTEP1 in DR patients. **P<0.01 versus 
normal. (B) The expression level of TPTEP1 HG stimulated cells. 
***P<0.001 versus control. DR, diabetic retinopathy; HG, high glu-
cose.

Figure 2. Overexpression of TPTEP1 inhibits cell viability and proliferation and reduces oxidative stress.
(A) Overexpression of TPTEP1 in HRVECs. ***P<0.001 versus empty vectors (B) Cell viability of HRVECs. ***P<0.001, ##P<0.01 versus control. 
(C) Cell proliferation of HRVECs. ***P<0.001, ##P<0.01 versus control. (D) ROS level in HRVECs. ***P<0.001, ##P<0.01 versus control. (E, F) 
The expression of MDA and GSH in HRVECs. ***P<0.001, ##P<0.01 versus control. (G) The protein expression of NRF2, NQO1 and HO-1 in 
HRVECs. HG, high glucose; HG+oe-nc, high glucose plus empty vectors; HG+oe-TPTEP1, high glucose plus overexpression of TPTEP1.
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(Fig. 3B). Furthermore, miR-489-3p expression was signifi-
cantly declined by TPTEP1 (Fig.  3C). However, miR-489-
3p expression was significantly increased by HG (Fig. 3D).

Overexpression of miR-489-3p reversed the effects of 
TPTEP1 on cell proliferation and oxidative stress

As shown in Fig. 4A, the expression of miR-489-3p in 
the mimic group was significantly increased compared with 
the empty vector group, but the expression was significantly 
declined in the inhibitor group, indicating that the transfec-
tion was successful. Overexpressed miR-489-3p significantly 
weakened the inhibitory effect of TPTEP1 on cell viability 
(Fig. 4B), and promoted cell proliferation of HRVECs (Fig. 
4C). In addition, overexpressed miR-489-3p alleviated the 

effects of TPTEP1 on the release of ROS, MDA and GSH 
(Fig. 4D- 4F). Moreover, overexpressing the miR-489-3p 
inhibited the protein expression of anti-oxidant genes, such 
as NRF2, NQO1 and HO-1 (Fig. 4G).

3.5 miR-489-3p targeted NRF2

In order to find specific regulatory pathways contain-
ing TPTEP1 and miR-489-3p, TargetScan (http://www.
targetscan.org/mamm_31/) was applied to predict the tar-
get gene of miR-489-3p. We found dramatically that the 
OS-related NRF2 mentioned above was its target gene 
(Fig. 5A). Dual luciferase reporter assay further confirmed 
the targeting relationship between NRF2 and miR-489-3p 
(Fig. 5B). In addition, the expression of NRF2 in miR-

Figure 3. TPTEP1 sponges miR-489-3p.
(A) The binding sites between miR-489-3p and TPTEP1. (B) The luciferase activity of HRVECs. ***P<0.001 versus empty vectors (C) Expres-
sion of miR-489-3p. ***P<0.001 versus empty vectors. (D) Expression of miR-489-3p in HG cells. ***P<0.001 versus control.

Figure 4. Overexpression of miR-489-3p promotes cell viability and proliferation and reduces oxidative stress.
(A) Overexpression and knockdown of miR-489-3p in HRVECs. ***P<0.001, ##P<0.01 versus empty vectors. (B) Cell viability of HRVECs. 
***P<0.001, ##P<0.01, $P<0.05 versus control. (C) Cell proliferation of HRVECs. ***P<0.001, ##P<0.01, $P<0.05 versus control. (D) ROS level in 
HRVECs. ***P<0.001, ##P<0.01, $P<0.05 versus control. (E, F) The release of MDA and GSH in HRVECs. ***P<0.001, ##P<0.01, $P<0.05 versus 
control. (G) The protein expression of NRF2, NQO1 and HO-1 in HRVECs. HG, high glucose; oe-TPTEP1, overexpression of TPTEP1; mimic 
nc, empty vectors; mimic, overexpression of miR-489-3p.
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489-3p inhibitor group was significantly increased (Fig. 
5C). Additionally, the expression of NRF2 was significant-
ly declined in cells exposed to HG (Fig.  5D).

Knockdown of NRF2 reversed the regulation of miR-
489-3p on cell proliferation and oxidative stress

As shown in Fig. 6A, NRF2’s expression was signifi-
cantly declined in both si-NRF2 groups, indicating suc-
cessful transfection. si-NRF2 2# was more potent, which, 
therefore, was used in all subsequent experiments. Fig. 6B 
and Fig. 6C showed that NRF2 knockdown alleviated the 
regulation of miR-489-3p inhibitor and promoted the pro-
liferation of HRVECs. In addition, knockdown of NRF2 

increased the release of ROS, MDA and decreased GSH 
as well as suppressed the expression of NRF2, NQO1 and 
HO-1 (Fig. 6D–G).

DISCUSSION

Diabetic retinopathy is a common eye complication 
in diabetic patients and an important cause of blindness 
(Bourne et al., 2013). Oxidative stress response in eye tis-
sue and cells induced by a long-term high glucose envi-
ronment is considered to be positively correlated with the 
severity of DR (Arden & Sivaprasad, 2011). The activa-
tion of the anti-oxidant NRF2 signaling pathway inhibits 

Figure 5. NRF2 is a target of miR-489-3p.
(A) The binding sites between miR-489-3p and NRF2. (B) The luciferase activity of HRVECs. ***P<0.001 versus empty vectors (C) Expres-
sion of NRF2 in cells with inhibition of miR-489-3p. **P<0.01 versus empty vectors. (D) Expression of NRF2 in HG cells. ***P<0.001 versus 
control.

Figure 6. Knockdown of NRF2 inhibits cell viability and proliferation and reduces oxidative stress.
Knockdown of NRF2 in HRVECs. ***P<0.001 versus empty vectors. (B) Cell viability of HRVECs. ***P<0.001, ##P<0.01, $P<0.05 versus control. 
(C) Cell proliferation of HRVECs. ***P<0.001, ##P<0.01, $P<0.05 versus control. (D) ROS level in HRVECs. ***P<0.001, ##P<0.01, $P<0.05 versus 
control. (E, F) The release of MDA and GSH in HRVECs. ***P<0.001, ##P<0.01, $P<0.05 versus control. (G) The protein expression of NRF2, 
NQO1 and HO-1 in HRVECs. HG, high glucose; inhibitor, inhibition of miR-489-3p; si-nc, empty vectors; si-NRF2, knockdown of NRF2.
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the occurrence and development of DR (Tan et al., 2014). 
Dysregulated lncRNA TPTEP1 is associated with a variety 
of diseases, including DR (Yan et al., 2014). Dysregulated 
TPTEP1 interacts with STAT3 and induces the progression 
of DR (Sun et al., 2021). Therefore, our study explored the 
regulatory role of TPTEP1 in DR and the potential mo-
lecular mechanism. In this study, TPTEP1 was significantly 
reduced in DR patients and HRVECs stimulated by HG. 
Overexpression of TPTEP1 sponged miR-489-3p to acti-
vate the NRF2 signaling pathway, which suppressed oxida-
tive stress and proliferation of HRVECs.

LncRNAs are usually used as a competitive RNA binding 
miRNA to regulate the target genes’ expression. At present, 
the lncRNA-miRNA axis has been proved to be related to 
the pathogenesis of DR (Zhang et al., 2017; Kovacs et al., 
2011). For example, lncRNA BANCR inhibits the prolifera-
tion and migration of HRVECs in DR (Zhang et al., 2019). 
HOTAIR prevents oxidative stress response in DR (Biswas 
et al., 2021). In this study, the expression of TPTEP1 was 
decreased in DR, which was consistent with a previous 
study (Sun et al., 2021). Overexpression of TPTEP1 inhib-
ited the viability and proliferation of HRVECs, and sup-
pressed oxidative stress, suggesting that TPTEP1 could be a 
potential target for DR. Additionally, further study showed 
that TPTEP1 could directly target miR-489-3p. MiR-489-
3p is related to the regulation of gastric cancer (Mao et al., 
2021) and inflammatory response (Wang et al., 2021; Ye 
et al., 2021). However, miR-489-3p is rarely studied in the 
development of DR/The reports on the roles of miR-489-
3p in DR are limited. In this study, the expression level of 
miR-489-3p in DR patients was overexpressed. However, 
overexpressed miR-489-3p relieved the effects of TPTEP1 
on the proliferation of HRVECs and oxidative stress.

NRF2 belongs to the Cap-n-Collar (CNC) regulatory 
protein family, which is a transcription factor with a highly 
conserved basic leucine zipper (bZip) structure. NRF2 sign-
aling possesses antioxidant properties in various diseases, 
including diabetic complications. NRF2 effectively combats 
OS and inhibits the occurrence and development of DR 
(Liu et al., 2014). Moreover, NRF2 reduces the toxicity of 
hydrogen peroxide and protects retinal vascular endothelial 
cells by regulating heme oxygenase-1 (HO-1) (Castilho et al., 
2012). In this study, NRF2 was the target gene of miR-489-
3p. NRF2 knockdown promoted oxidative stress and pro-
liferation of HRVECs, suggesting its beneficial roles in DR.

In summary, the expression of TPTEP1 was reduced in 
DR. Overexpression of TPTEP1 resisted oxidative stress 
and proliferation of HRVECs through miR-489-3p/NRF2 
axis, thereby inhibiting the development of DR. These 
findings may provide a therapeutic target for DR.
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Overexpression of miR-483-5p predicts venous thrombo-
embolism onset in patients with lung cancer especially  
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Background: Venous thromboembolism (VTE) is a com-
mon complication in patients with lung cancer. The 
important roles of microRNAs (miRNAs) in VTE have 
emerged, however, studies about the roles of miRNAs in 
VTE remain scarce. This study aimed to measure the ex-
pression of miR-483-5p in lung cancer patients with VTE, 
evaluate whether miR-483-5p could predict VTE onset in 
patients, and further evaluate its predictive value in pa-
tients with different BMI values. Methods: A total of 170 
patients with lung cancer were recruited in this study, 
including 70 patients with VTE, and 110 patients with 
non-VTE. The expression of miR-483-5p was detected 
by quantitative real time PCR. Receiver operating char-
acteristic analysis was used to screen VTE patients from 
non-VTE patients. Whether miR-483-5p was indepen-
dently associated with VTE onset in lung cancer patients 
was evaluated by univariate and multivariate logistic 
regression analyses. Results: miR-483-5p was higher in 
VTE patients than that in non-VTE patients. miR-483-5p 
was correlated with body mass index (BMI), hyperten-
sion, C-reactive protein (CRP), and platelet count in VTE 
patients. In addition, miR-483-5p had high diagnostic 
value to differentiate between VTE patients and non-
VTE patients and served as an independent biomarker in 
predicting the VTE onset in lung cancer patients. Moreo-
ver, miR-483-5p had the highest diagnostic accuracy to 
screen VTE patients from non-VTE patients in patients 
with high BMI values. Conclusion: miR-483-5p, increased 
in VTE patients, can independently predict VTE onset in 
lung cancer patients especially in patients with high BMI 
values.

Keywords: miR-483-5p; Predict; Venous thromboembolism; Lung 
cancer; BMI
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INTRODUCTION

Venous thromboembolism (VTE) is a common vas-
cular disease in which blood clots occur within a vessel. 

The pathogenesis of VTE formation is endothelial in-
jury, hypercoagulability or vessel walls injury, and blood 
stasis, known as Virchow’s triad (Kruger et al., 2019). It 
is known that cancer was one of the most common risk 
factors for VTE (Falanga & Zacharski, 2005), and the 
risk of VTE occurrence among cancer patients was esti-
mated to be 4 to 7 times that of the general population 
(Heit et al., 2000; Walker et al., 2013; Blom et al., 2005). 
In cancer patients, VTE is not only associated with a 
worse prognosis, but also with increased medical costs 
and worse quality of life (Lopez-Nunez et al., 2018). 
The prevalence of VTE in patients with lung cancer is 
one of the highest among all cancer patients (Corrales-
Rodriguez & Blais, 2012). The risk factors for VTE in 
lung cancer patients are diverse, such as obesity and high 
body mass index (BMI), trauma, leukocyte, complica-
tions and platelet elevation (Du & Chen, 2018). Notably, 
obesity has been found to function as an independent 
and moderate risk factor for VTE (Hotoleanu, 2020). A 
previous study has found that the survival rate in lung 
cancer patients with VTE is lower than that in lung 
cancer patients without VTE (Chen et al., 2015). Thus, 
early and accurate assessment to identify the patients 
who at high risk for VTE is clinically necessary for the 
right treatment option. However, to date, reliable VTE 
risk assessment tools for lung cancer patients treated 
with anticancer therapies remain an unmet medical need. 
Therefore, exploring the key molecules involved in the 
VTE development may provide targets for treating VTE 
in lung cancer patients.

The microRNAs (miRNAs) are a group of endog-
enous, small (about 22 nucleotides) non-coding RNAs 
that can regulate gene expression by binding to the 
3’-untranslated region (3’-UTR) of their target mRNAs 
(Li et al., 2016). Many studies have demonstrated that 
miRNAs are associated with VTE development and can 
be used as markers for the prediction of VTE. For ex-
ample, miR-134 may be a novel biomarker for predict-
ing VTE (Xiang et al., 2019). miR-374b-5p promotes the 
formation of VTE and may be used as a promising diag-
nostic marker for VTE (Zhang, Miao, et al., 2020). How-
ever, there are only a few studies on the relationship be-
tween miRNAs and VTE disease. miR-483-5p has been 
found to be significantly associated with obesity and 
BMI (Gallo et al., 2018), and serves as an angiogenesis-
regulating factor (Qiao et al., 2011). In addition, a study 
has shown that miR-483-5p can regulate the function of 
pulmonary microvascular endothelial cells (Leng et al., 
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2020). Thus, we speculated that miR-483-5p may be as-
sociated with VTE development.

Therefore, the purpose of this study was to measure 
the expression of miR-483-5p in VTE and non-VTE 
patients, and to explore its clinical value for predicting 
VTE occurrence in patients and in patient groups with 
different BMI values. This study will provide new bio-
marker and insight for early predicting VTE occurrence 
in lung cancer patients.

MATERIALS AND METHODS

Patient recruitment

This study was approved by the Ethics Committee 
of Qingdao Jiaozhou Central Hospital and all patients 
had signed the informed consent before this study. A 
total of 170 patients with lung cancer who received 
therapy in Qingdao Jiaozhou Central Hospital from 
2017 to 2020 were enrolled in the case-control study. 
Sixty of the lung cancer patients developed VTE af-
ter surgery (VTE group), and 110 patients with lung 
cancer did not develop VTE after surgery (non-VTE 
group). The inclusion criteria were as follows: (a) age 
≥ 18 years, (b) patients received surgical therapy, (c) 
patients were diagnosed with lung cancer pathologi-
cally, and (d) VTE was diagnosed by CT pulmonary 
angiography (CTPA) and/or vascular color Doppler 

ultrasound imaging (CDFI). Patients were excluded if 
they: (a) had other malignant tumors, (b) had other 
hematologic diseases, (c) had combined VTE before 
surgery or had previous history of VTE, (d) got an-
ticoagulant therapy preoperatively and postoperatively 
because of other diseases, (e) were in TNM stage IV, 
and (f) were in gestation and lactation.

Collection of serum samples

Venous blood samples were collected from all the 
lung cancer patients on admission. Then, serum was ob-
tained by centrifuging blood samples at 1500×g for 10 
min at 4°C and stored at –80°C for further use.

RNA isolation

Total RNA was isolated from the serum using TRI-
zol Reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.). To prevent contamination of genomic DNA, 
samples were treated with RNase free DNase I (Fer-
mentas, Thermo Fisher Scientific). Then, the optical 
density (OD) at 260  nm and 280 nm (OD 260/OD 
280) was measured using a NanoDrop 2000 (Thermo 
Fisher Scientific, Waltham, MA, USA) to evaluate the 
purity of total RNA, and the concentration of total 
RNA was evaluated by the OD at 260 nm. All the 
protocols were performed following the instructions 
of manufacturers.

Table 1. Baseline characteristics of all the patients

Characteristics VTE patients (n=60) Non-VTE patients (n=110) P value

Age (years) 63.39±12.46 61.93±8.96 0.380

Gender

0.387Female 27 42

Male 33 68

BMI (kg/m2) 22.36±3.17 20.67±3.05 0.001

Histological type

0.623SCLC 23 38

NSCLC 37 72

TNM stage

0.284I-II 24 35

III 36 75

Hypertension

0.037Yes 41 57

No 19 53

Diabetes

0.440Yes 26 41

No 34 69

Coronary heart disease

0.438Yes 31 50

No 29 60

CRP (mg/L) 17.07±8.84 14.55±5.35 0.022

Hemoglobin (g/L) 130.45±14.10 135.40±19.14 0.080

Platelet count (109/L) 244.16±33.25 234.70±20.54 0.023

Leukocyte count (109/L) 9.19±2.28 8.49±2.02 0.041

Abbreviations: VTE, venous thromboembolism; BMI, body mass index; SCLC, small cell lung cancer; NSCLC, non-small cell lung cancer;  
CRP, C-reactive protein
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Quantitative real time PCR (qRT-PCR)

At first, a reverse transcription step was performed 
to synthesize the cDNA of miRNA with the Prime-
Script RT reagent kit (Takara Bio Inc.). The SYBR 
Green PCR Master Mix kit (Invitrogen; Thermo Fish-
er Scientific, Inc.) was used for the qRT-PCR analy-
sis of miR-483-5p expression in a 7300 Real-Time 
PCR System (Applied Biosystems; Thermo Fisher 
Scientific, Inc.). All procedures were performed ac-
cording to the manufacturer’s instructions. The ther-
mocycling conditions were as follows: an initial de-
naturation step at 95°C for 10 min, followed by 40 
cycles at 95°C for 30 s, 60°C for 30 s and 72°C for 
10 s. Primer sequences were as follows (5’-3’): miR-
483-5p, forward: GCCGAGAAGACGGGAGGAAA 
and reverse: CTCAACTGGTGTCGTGGA; U6, 
forward: CTCGCTTCGGCAGCACA and reverse: 
AACGCTTCACGAATTTGCGT. The data of the 
relative miR-483-5p expression levels were calculated 
using the 2-ΔΔCt method (Livak & Schmittgen, 2001). 
U6 was used as an internal control for miR-483-5p 
expression.

Statistical analysis

SPSS 21.0 software (SPSS, Inc., Chicago, USA) and 
GraphPad Prism 7.0 software (GraphPad Software, 
Inc.) were used to perform all statistical analyses in 
this study. All data were shown as mean ± standard 
deviation (S.D.). Differences between two groups of 
continuous variables and categorical variables were 
compared using Student’s t-test and Chi-square test, 
respectively. Pearson correlation analysis was used to 
analyze the correlation of miR-483-5p with continu-
ous variables, and Chi-square test was used to analyze 
the association between miR-483-5p and categorical 
variables. The ability of miR-483-5p to differentiate 
between VTE patients and non-VTE patients in all 
the patients and in patient groups with different BMI 
values was evaluated by receiver operating characteris-
tic (ROC) analysis. Univariate and multivariate logistic 
regression analyses were used to evaluate the ability 
of miR-483-5p to predict VTE onset in lung cancer 
patients. P<0.05 was considered as statistically signifi-
cant.

RESULTS

Baseline characteristics of lung cancer patients

The baseline characteristics of all patients with lung 
cancer were presented in Table 1. There were no sig-
nificant differences in age, gender, histological type, 
TNM stage, diabetes, coronary heart disease, and hemo-
globin between VTE patients and non-VTE patients (all 
P>0.05). Additionally, compared to non-VTE patients, 
VTE patients had significantly higher BMI (P=0.001), 
C-reactive protein (CRP, P=0.022), platelet count 
(P=0.023), leukocyte count (P=0.041), and a higher pro-
portion of population with hypertension (P=0.037).

High miR-483-5p expression in VTE patients

The expression level of miR-483-5p was presented in 
Fig. 1. miR-483-5p expression was significantly upregu-
lated in VTE patients compared with that in non-VTE 
patients (P < 0.001).

Correlation between miR-483-5p expression and VTE 
patients’ clinicopathological characteristics

As shown in Table 2, miR-483-5p expression was 
found to be correlated with BMI (r=0.416, P=0.001), hy-

Figure 1. The expression level of miR-483-5p in VTE patients 
and non-VTE patients. 
***P<0.001 vs. Non-VTE patients. VTE, venous thromboembolism.

Table 2. Correlation between miR-483-5p expression and the clinicopathological characteristics of VTE patients

Characteristics Mean±S.D./Number
(n=60)

miR-483-5p

χ2/r value P value

Age (years) 63.39±12.46 0.104 0.429

Male 33 1.684 0.194

BMI (kg/m2) 22.36±3.17 0.416 0.001

Histological type (NSCLC) 37 0.071 0.791

TNM stage (III) 36 2.500 0.114

Hypertension 41 6.239 0.012

Diabetes 26 2.443 0.118

Coronary heart disease 31 1.669 0.196

CRP (mg/L) 17.07±8.84 0.301 0.020

Hemoglobin (g/L) 130.45±14.10 -0.116 0.379

Platelet count (109/L) 244.16±33.25 0.291 0.024

Leukocyte count (109/L) 9.19±2.28 0.276 0.038

VTE, venous thromboembolism; BMI, body mass index; NSCLC, non-small cell lung cancer; CRP, C-reactive protein; S.D., standard deviation
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pertension (P=0.012), CRP (r=0.301, P=0.020), platelet 
count (r=0.291, P=0.024), and leukocyte count (r=0.276, 
P=0.024) in VTE patients. In addition, no correlation 
was found between miR-483-5p expression and age, 
male, histological type, TNM stage, diabetes, coronary 
heart disease and hemoglobin (all P>0.05).

The significance of miR-483-5p for predicting VTE onset 
in lung cancer patients

The clinical characteristics that might predict the on-
set of VTE in lung cancer patients were included in the 
logistic regression analysis, and the analysis results were 
shown in Table 3. The results after multivariate correc-
tion demonstrated that BMI [odds ratio (OR)=3.731; 
95% confidence interval (CI)=1.414-9.848; P=0.008] 
and miR-483-5p (OR=8.441; 95% CI=3.732–19.094; 
P<0.001) were independently associated with VTE on-
set in lung cancer patients. In addition, by ROC analy-
sis (Fig. 2), miR-483-5p was demonstrated to have high 
ability to screen VTE patients from non-VTE patients 
with an area under the ROC curve (AUC) of 0.907. At 
the cutoff value of 1.32, the sensitivity and specificity 
were 71.67% and 92.73%, respectively.

Comparison of the predictive value of miR-483-5p in 
patients with different BMI values

As shown in Fig. 3, the percentage referred to the 
ratio of the number of VTE patients in different BMI 
groups to the total VTE patients, and the ratio of the 
number of non-VTE patients in different BMI groups 
to the total non-VTE patients. Patients with BMI<18.5, 
18.5≤BMI<24, and BMI≥24 were defined as underweight, 
normal BMI, and overweight groups, respectively. The 
percentage of VTE patients and non-VTE patients was 
the highest in the normal BMI group. The percentage of 
VTE patients was higher and the percentage of non-VTE 
patients was lower in the overweight group than that in 
the underweight group. In addition, in the underweight 
group, the percentage of non-VTE patients was higher 
than the percentage of VTE patients. In the overweight 
group, the percentage of VTE patients was higher than 
the percentage of non-VTE patients. miR-485-3p had a 

certain role in differentiating between VTE patients (n=6) 
and non-VTE patients (n=22) in the underweight group 
(AUC=0780, Fig. 4A). Figure 4B revealed that miR-485-
3p had the ability to discriminate between VTE patients 
(n=36) and non-VTE patients (n=74) in the normal 
BMI group with an AUC of 0.906 (sensitivity of 80.56%, 
specificity of 85.14% and cutoff value of 1.21). Figure 4C 
showed the high ability of miR-485-3p in screening VTE 

Table 3. Logistic analysis of factors influencing the risk of VTE in lung cancer patients

Characteristics
Univariate analysis Multivariate analysis

OR (95% CI) P OR (95% CI) P

Age 1.190 (0.616–2.300) 0.605

Gender 1.325 (0.700–2.506) 0.387

BMI 2.939 (1.338–6.456) 0.007 3.587 (1.411–9.119) 0.009

Histological type 1.178 (0.614–2.261) 0.623

TNM stage 1.429 (0.743–2.748) 0.285

Hypertension 2.006 (1.037–3.883) 0.039 1.901 (0.874–4.134) 0.112

Diabetes 1.287 (0.678–2.442) 0.440

Coronary heart disease 1.283 (0.683–2.409) 0.439

CRP 1.937 (1.022–3.672) 0.043 1.401 (0.612–3.207) 0.389

Hemoglobin 1.414 (0.752–2.660) 0.283

Platelet count 2.231 (1.169–4.258) 0.015 2.023 (0.921–4.443) 0.081

Leukocyte count 1.323 (1.049–1.668) 0.048 1.304 (0.899–1.891) 0.093

miR–483–5p 7.747 (3.720–16.135) <0.001 8.075 (3.723–17.514) <0.001

VTE, venous thromboembolism; BMI, body mass index; CRP, C-reactive protein; OR odds ratio; CI, confidence interval

Figure 3. The percent of VTE patients and non-VTE patients in 
patients with different BMI values. 
VTE, venous thromboembolism.

Figure 2. ROC analysis results showed that miR-483-5p had high 
diagnostic value in screening VTE patients from non-VTE pa-
tients (AUC=0.907). 
AUC, area under the ROC curve; ROC, receiver operating charac-
teristic. VTE, venous thromboembolism.
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patients (n=18) from non-VTE patients (n=14) in the 
overweight group (AUC=0.968, sensitivity=88.89%, speci-
ficity=100% and cutoff value=1.705).

DISCUSSION

Increasing evidence has indicated the correlation of 
miRNAs with VTE. For example, Wang and others 
have shown the role of miR-195-5p and miR-205-5p as 
potential biomarkers in cervical cancer patients treated 
for VTE (Wang et al., 2020). Zhang and others have re-
ported that miR-338-5p is downregulated in VTE and 
that it suppresses VTE (Zhang et al., 2020). In addition, 
miR-483-5p has been found to play an inhibitory effect 
on angiogenesis (Qiao et al., 2011). A study has shown 
that miR-483-5p can regulate the function of pulmonary 
microvascular endothelial cells (Leng et al., 2020). There-
fore, we concluded that miR-483-5p may also be corre-
lated with the progression of VTE. This study revealed 
a higher miR-483-5p expression in VTE patients than 
that in non-VTE patients. In addition, the correlation of 
miR-483-5p with BMI, hypertension, CRP, and platelet 
count in VTE patients was found. Thus, miR-483-5p 
may be correlated with VTE progression in lung cancer 
patients.

miRNAs may be ideal biomarkers with the advantages 
of low detection limits and strong stability. Many studies 
have shown the prognostic value of miRNAs for vari-
ous diseases. For instance, miR-892a may act as a prog-
nostic marker for patients with gastric cancer (Lv et al., 
2020). Serum miR-22 may be used as a new prognostic 
biomarker for acute myeloid leukemia (Qu et al., 2020). 
miR-211-5p can serve as an independent prognostic fac-
tor for the poor prognosis of atherosclerosis (Zhang et 
al., 2021). In addition, many studies have found the po-
tential of miRNAs in predicting the VTE occurrence, 
such as miR-296-5p (Pan et al., 2021), miR-195-5p (Jin 
et al., 2019), and miR-374b-5p (Zhang et al., 2020). In 
this study, Cox analysis results indicated that BMI and 
miR-483-5p were independently correlated with the oc-
currence of VTE in lung cancer patients. Additionally, 
ROC analysis results indicated that miR-483-5p has a 
high ability to differentiate between VTE patients and 
non-VTE patients. Thus, our study results demonstrated 
that miR-483-5p can be used as an independent predic-
tor of VTE in lung cancer patients. Notably, aberrant 
miR-483-5p has been reported to be a biomarker for 
other diseases, such as adrenocortical cancer (Oreglia et 
al., 2020), coronary plaque rupture (Li et al., 2017), and 
esophageal squamous cell carcinoma (Xue et al., 2017). 

Thus, serum miR-483-5p may function as an independ-
ent biomarker to predict the occurrence of VTE in lung 
cancer patients.

Considering that miR-483-5p and BMI were two inde-
pendent risk factors for VTE occurrence and that they 
were significantly correlated, we analyzed the predic-
tive value of miR-483-5p for VTE occurrence in three 
groups of patients with different BMI values. Notably, 
it has been found that BMI is an independent risk fac-
tor for VTE (Hotoleanu, 2020), and a study has dem-
onstrated that miR-483-5p is significantly correlated with 
obesity and BMI (Gallo et al., 2018). The results of this 
study indicated that miR-483-5p had the highest ability in 
differentiating between VTE patients and non-VTE pa-
tients in the overweight group. Thus, in the group with 
high BMI values, referencing miR-483-5p levels would 
enable a more accurate screening of patients at high risk 
of VTE. Therefore, it can be speculated that miR-483-5p 
may be related to obesity and BMI, thereby participat-
ing in the occurrence and development of BMI-related 
diseases. In clinical practice, patients with higher BMI 
should pay more attention to their miR-483-5p levels, 
because patients with significantly increased miR-483-5p 
levels have a higher risk of developing VTE.

Further validation analyses are important, so we esti-
mate the statistical power of the study due to the time 
limitation. A total of 170 lung cancer patients treated at 
our hospital were enrolled in this study, including 60  VTE 
patients and 110 non-VTE patients. Where an included 
sample has been identified, the statistical power has a high 
probability value of meeting the statistical data variation 
of VTE patients being different from non-VTE patients, 
suggesting that the included VTE patients indeed differ 
from non-VTE patients in a statistical sense and that the 
findings were reliable. However, there were some limita-
tions. First, of the 170 lung cancer patients recruited who 
met the inclusion criteria, there were only 32 (18.82%) 
overweight lung cancer patients, including 18 (30.00%) 
overweight lung cancer patients who developed VTE after 
surgery, and 14 (12.73%) overweight lung cancer patients 
did not develop VTE after surgery. Whether it concerns 
the overall included lung cancer patients or the overweight 
lung cancer patients, the sample size of this study is small 
and further research is needed on a larger scale. Second, 
this study has not elucidated how miR-483-5p functions 
in VTE, and the mechanism is urgently needed to be ex-
plored by further experimental analysis. Previous studies 
have shown that miR-483-5p targeted RNA binding motif 
protein 5 (RBM5) (Wang et al., 2018) and proprotein con-
vertase subtilisin/kexin type 9 (PCSK9) (Dong et al., 2020) 
and was involved in the disease progression. The results 

Figure 4. ROC analysis for miR-483-5p for screening VTE patients in different BMI level group. 
The ability of miR-483-5p in differentiating between VTE patients and non-VTE patients in BMI<18.5 group (Fig. 4A, AUC=0.780), in nor-
mal BMI group (Fig. 4B, AUC=0.906), and in BMI≥24 group (Fig. 4C, AUC=0.968). AUC, area under the ROC curve; ROC, receiver operating 
characteristic. VTE, venous thromboembolism.
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of the present study revealed that miR-483-5p was in-
creased in VTE patients and could independently predict 
VTE onset in lung cancer patients, eliciting a potential 
indirect link of VTE to RBM5 and PCSK9 via miR-483-
5p. Therefore, we speculated that the mechanism might 
be that miR-483-5p was associated with VTE by targeting 
RBM5 or PCSK9. However, this speculation needs to be 
verified by further experimental analysis, which is also our 
next research direction.

In conclusion, the findings of this study indicate that 
miR-483-5p is higher in VTE patients than that in non-
VTE patients, is associated with BMI in VTE patients, 
and can serve as an independent predictor of VTE in lung 
cancer patients. Additionally, miR-483-5p had the highest 
value in differentiating patients with and without VTE in 
patients with high BMI. Thus, miR-483-5p overexpression 
can independently predict VTE onset in patients with lung 
cancer, especially in patients with high BMI. This study 
may provide new targets and ideas for screening patients 
with high VTE risk among lung cancer patients.
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Purpose Ferroptosis and cuproptosis are both metal-
dependent regulated cell death that play an important 
role in cancer. However, the expression patterns and the 
prognostic values of ferroptosis-related genes (FRGs) as-
sociated with cuproptosis in breast cancer (BC) are largely 
unknown. This study aims to explore the prognostic value 
of cuproptosis-related FRGs and their relationship with tu-
mor microenvironments in BC. Methods The clinical and 
RNA sequencing data of BC patients from TCGA, META-
BRIC and GEO databases were analyzed. The least abso-
lute shrinkage and selection operator regression analysis 
was used to establish prognostic signatures based on cu-
proptosis-related FRGs. The overall survival between risk 
subgroups was assessed by Kaplan-Meier analysis. The 
changes in risk score during neoadjuvant chemotherapy, 
and differences in immune cells, immune checkpoints, 
and drug sensitivity between risk subgroups were also 
analyzed in this study. Results A successful development 
of a prognostic signature based on cuproptosis-related 
FRGs in the TCGA cohort was achieved and it was validat-
ed in the METABRIC cohort. Gene set enrichment analysis 
results revealed the enrichment of steroid biosynthesis 
and ABC transporters in the high-risk group. Moreover, 
the signature was also found to be associated with im-
mune cells and immune checkpoints. Lower risk score 
in patients after neoadjuvant chemotherapy and higher 
sensitivity of the high-risk group to AKT inhibitor VIII 
and cisplatin was also observed. Conclusion Cuproptosis-
related FRGs can be used as a novel prognostic signature 
for predicting the overall survival of BC patients. This can 
provide meaningful insights into the selection of immuno-
therapy and antitumor drugs for BC.
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INTRODUCTION

Breast cancer (BC) is one of the most frequently di-
agnosed cancer in women worldwide, with an extremely 
high rate of mortality (Azamjah et al., 2019). Its inci-
dence and death rates have increased over recent years 
making it the second most common cause of mortality 
in women (DeSantis et al., 2019). Its progressive impact 
on younger individuals is a cause of concern. Although 
the etiology and mechanism of BC are not completely 
understood, biological features including cell infiltration 
and genetic abnormalities are thought to be the major 
causes associated with the progression and metasta-
sis of the disease (Feng et al., 2018; Loibl et al., 2021). 
Although there have been advancements in diagnosis, 
chemotherapy, endocrine and targeted therapies, the me-
dian survival in the case of advanced BC is only 31.8 
months (Caswell-Jin et al., 2018; Sung et al., 2021). Early 
diagnosis and intervention are of paramount importance. 
Therefore, research on novel prognostic markers and 
therapeutic targets will provide improved opportunities 
for individualized treatment of BC.

Metals are essential components of metabolic pro-
cesses. A significant portion of the proteases requires 
binding to metals, such as calcium, magnesium, iron, 
and copper for proper functioning (Waldron et al., 2009). 
However, dysregulation of metal metabolism can lead to 
cell death. Ferroptosis, unlike apoptosis and autophagy, 
is an iron-dependent process of regulated cell death that 
is characterized by intracellular buildup of reactive oxy-
gen species (ROS) and products of lipid peroxidation 
(Huang et al., 2020). The primary mechanism of ferrop-
tosis is the catalysis of the highly expressed unsaturated 
fatty acids on the cell membrane to produce liposome 
peroxidation, resulting in cell death, under the influence 
of divalent iron or ester oxygenase (Dixon et al., 2012). 
Ferroptosis-related genes (FRGs) play an important role 
in the development of various cancers, including lung 
cancer, melanoma, renal cell carcinoma, BC, etc. (Fried-
mann Angeli et al., 2019; Wang et al., 2020; Zhao et al., 
2022). Activation of ferroptosis has been shown to pre-
vent the growth and proliferation of tumors (Hassannia 
et al., 2019). Therefore, ferroptosis can be a potential tar-
get for cancer therapy, especially in patients who have 
grown resistant to conventional forms of therapy (Has-
sannia et al., 2019; Zhang et al., 2022). For example, the 
sensitivity of triple-negative BC cells to gefitinib was 
enhanced by the inhibition of GPX4 activation of Fer-
roptosis (Song et al., 2020). Cuproptosis is a method of 
copper-induced regulated cell death. The direct interac-
tion between copper ions and lipidated protein compo-
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nents in the tricarboxylic acid cycle interferes with the 
iron-sulfur cluster proteins in the respiratory chain com-
plex which ultimately leads to proteotoxic stress and cell 
death (Kahlson & Dixon, 2022). This could be another 
regulatory mechanism for the development of cancer 
(Jiang et al., 2022). Iron-sulfur cluster proteins are able 
to maintain iron homeostasis in mitochondria (Pain & 
Dancis, 2016). Several mitochondrial proteins (includ-
ing NFS1, ISCU, CISD1, and CISD2) require iron for 
iron-sulfur cluster biogenesis reactions for the negative 
regulation of ferroptosis (Yuan et al., 2016; Alvarez et al., 
2017; Kim et al., 2018; Du et al., 2019). Moreover, eles-
clomol stimulates copper retention and the subsequent 
buildup of ROS via the degradation of ATP7A, which 
promotes ferroptosis in colorectal cancer cells (Gao et 
al., 2021). Cuprizone, which is a copper chelator, regu-
lates demyelination by the stimulation of ferroptosis and 
eventually leads to the loss of oligodendrocytes (Jhelum 
et al., 2020). Therefore, an association between iron and 
copper metabolism has been well-established in scientific 
literature. These findings highlight the role of ferroptosis 
and cuproptosis as potential targets for the treatment of 
cancer.

In this study, a predictive model based on cupropto-
sis-related FRGs was built successfully to evaluate the 
prognosis of patients with BC and the predictive perfor-
mance of the model was further validated. The findings 
of this study may enhance the effectiveness of individu-
alized treatment and prognostic evaluations in patients 
with BC.

MATERIALS AND METHODS

Patient and gene set data collection

Clinical and RNA‑sequencing data of 1097 BC patients 
were obtained from the cancer genome atlas (TCGA) 
database and 1053 patients containing complete clini-
cal data including overall survival, age, gender, T stage, 
N stage, M stage, and TNM stage, were obtained after 
screening, while 44 patients who lacked complete clinical 
data were excluded. The intrinsic subtype was defined by 
PAM 50 (Parker et al., 2009). Moreover, 1904 cases of 
RNA-sequencing and corresponding clinical data were 
obtained from the molecular taxonomy of breast cancer 
international consortium (METABRIC) database as the 
validation set for prognosis, and datasets GSE18728 and 
GSE87455 from gene expression omnibus (GEO) data-
base were used to compare changes in risk score before 
and after neoadjuvant chemotherapy. Furthermore, 13 
cuproptosis-related genes were obtained from the cu-
proptosis-related study (Tsvetkov et al., 2022), and 259 
FRGs were downloaded from the FerrDb website (Zhou 
& Bao, 2020).

Identification and prognosis of cuproptosis-related FRGs

The correlation between the expression of cuprop-
tosis-related genes and FRGs was determined using the 
Pearson correlation coefficients. The criteria used to 
identify cuproptosis-related FRGs was of P value <0.001 
and the absolute value of the Pearson correlation coef-
ficient >0.3(|R|>0.3). The univariate Cox regression 
analysis was used to screen the prognosis-related genes.

Building and validation of a prognostic model

Based on the outcome of univariate Cox regression 
analysis, the least absolute shrinkage and selection opera-

tor (LASSO) regression method was used for the iden-
tification of the best survival-related genes via glmnet R 
package (Tibshirani, 1997; Wang & Liu, 2020). The prog-
nostic risk score formula was created using the coeffi-
cients obtained from LASSO regression and the expres-
sion levels of genes. The formula can be mathematically 
represented as: Risk Score = ∑ corresponding regression 
coefficient * expression of the gene. The risk scores of 
the patients with BC were determined and the patients 
were grouped into two groups: the high-risk group and 
the low-risk group using the median risk score as the 
cutoff. The Kaplan-Meier survival analysis was used to 
demonstrate the presence of survival differences between 
the two groups. A receiver operator characteristic (ROC) 
curve via survivalROC R package was constructed to 
evaluate the effectiveness of the prognostic model and 
the METABRIC cohort was used for further validation.

Establishment of a nomogram based on risk score and 
clinical characteristics

Univariate and multivariate COX regression analyses 
were used for the evaluation of risk scores and clini-
cal characteristics as independent prognostic factors. A 
nomogram based on risk score and clinical characteris-
tics was established to predict the probability of 3-, 5- 
and 10-year overall survival (OS) for patients with BC, 
and the performance of the nomogram was assessed by 
calibration curves.

Functional enrichment analysis, protein-protein 
interaction (PPI), and gene set enrichment analysis 
(GSEA)

The Gene Ontology (GO) analysis was carried out 
for the identification of biological activities, molecular 
mechanisms, and cellular components via clusterprofiler 
R package. Additionally, the signaling pathways were ob-
served using the Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) analysis. Cuproptosis-related FRGs were 
submitted to the STRING database (http://www.string-
db.org/) for obtaining insights into PPI. The Cytoscape 
program was used to build and render PPI networks. 
Using the MCODE plug-in, the most important modules 
were selected based on MCODE score >5. GSEA was 
carried out to investigate potential enrichment pathways 
in the high- and low-risk groups. P value <0.05 was con-
sidered statistically significant.

Immune cell analysis

Different algorithms including CIBERSORT (New-
man et al., 2015), CIBERSORT-ABS, EPIC (Racle et 
al., 2017), MCP-counter (Becht et al., 2016), QUAN-
TISEQ (Finotello et al., 2019), TIMER (Li et al., 2017), 
and XCELL (Aran et al., 2017) were compared to assess 
the level of immune cell infiltration between the high- 
and low-risk groups. The correlation between immune 
cells and cuproptosis-related FRGs was identified by us-
ing the TIMER database. Potential immune checkpoints 
were obtained from scientific literature and differences 
in expression in immune checkpoints among high- and 
low-risk groups were explored using the ggpubr and lim-
ma packages.

Drug sensitivity analysis

To compare the difference in drug sensitivity between 
the two groups, the half-maximal inhibitory concentra-
tion (IC50) of drugs was assessed by the pRRophetic 
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package. P value <0.05 was considered statistically sig-
nificant.

Statistics analysis

Statistical analysis was performed using R version 
4.2.1. The Wilcoxon test was used to compare expres-
sion differences between the two groups. P value <0.05 
was considered to be a statistically significant difference.

RESULTS

Identification of cuproptosis-related FRGs and their 
prognostic value in the TCGA cohort

The design of the study has been depicted using the 
flowchart (Fig. 1). A total of 125 FRGs were confirmed 
to be correlated with cuproptosis-related genes in the 
TCGA dataset (Supplementary Fig. S1 at https://ojs.
ptbioch.edu.pl/index.php/abp/). Univariate Cox regres-
sion analysis was used to explore the prognostic value of 
these cuproptosis-related FRGs, and the results revealed 
that 15 genes had prognostic value (Fig. 2).

Establishment and validation of cuproptosis-related FRG 
signature

Based on the 15 cuproptosis-related FRGs of prog-
nostic value described above, LASSO Cox regression 
analysis was performed at the minimum λ value to create 
a risk model consisting of 11 genes (Supplementary Fig. 
S2 at https://ojs.ptbioch.edu.pl/index.php/abp/). The 
risk score for each patient was calculated using the fol-
lowing formula:

Risk Score = 0.187 * ANO6 + 0.099 * CHAC1 + 
(−0.075) * CHMP6 + 0.115 * CS + 0.305 * EMC2 + 
0.195 * G6PD + (−0.024) * GPX4 + 0.178 * PANX1 
+ 0.055 * PIK3CA + 0.048 * SLC7A5 + (−0.197) * 
SOCS1.

Patients with BC were divided into the high-risk 
group (n=526) and the low-risk group (n=527) based on 
the median risk score. Overall survival was significantly 
shorter in the high-risk group than in the low-risk group 
(P<0.001), suggesting a negative correlation between risk 

score and prognosis (Fig. 3A). Time-dependent ROC 
curve analysis verified the accuracy of the prognostic sig-
nature of patients with BC, with AUCs reaching 0.669 
for 3 years, 0.643 for 5 years, and 0.711 for 10 years 
(Fig. 3B).

To verify the stability of the cuproptosis-related FRG 
signature, risk scores were calculated for patients in the 
METABRIC cohort by using the risk score formula ob-

Figure.1 Flow chart of this study.

Figure 2. Identification of prognostic cuproptosis-related FRGs. 
FRGs, ferroptosis-related genes.

Figure 3. Construction of the prognostic signature based on cu-
proptosis-related FRGs in TCGA cohort. 
(A) Kaplan-Meier curves for OS of BC patients between high-risk 
and low-risk groups. (B) Time-dependent ROC curves for OS. (C) 
Distribution of survival status based on the risk score. (D) The 
high-risk and low-risk groups were divided based on the median 
risk score. (E) Heatmap showed the difference in expression of 11 
cuproptosis-related FRGs in high- and low-risk patients. BC, breast 
cancer; FRGs, ferroptosis-related genes; OS, overall survival; ROC, 
receiver operating characteristic; TCGA, the cancer genome atlas.
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tained from the TCGA cohort. K-M survival analysis re-
vealed a poor prognosis in the high-risk group (Fig. 4A, 
P<0.001). The result obtained was consistent with the 
TCGA dataset. The time-dependent ROC curves showed 
AUCs of 0.587 at 3 years, 0.596 at 5 years, and 0.559 at 
10 years (Fig. 4B).

The signature based on cuproptosis-related FRGs was 
an independent indicator of BC prognosis

For further assessment of the independent prognos-
tic value of cuproptosis-related FRG signature, univari-
ate and multivariate Cox regression analyses of clinical 
characteristics, including age, gender, and TNM stage 
were performed. Univariate analysis revealed that higher 
risk scores, T stage, N stage, and M stage were signifi-
cantly associated with adverse OS in patients with BC 
(Fig.  5A), and negative estrogen receptor (ER) and pro-
gesterone receptor (PR) were suggestive of poor prog-
nosis. The risk score, age, N stage, and M stage were 
shown to be independent risk factors for OS in the mul-
tivariate Cox analysis (Fig. 5B). Therefore, the cupropto-
sis-related FRG signature was an independent prognostic 
indicator for patients with BC.

Association between the risk score and clinical 
characteristics

For the assessment of the impact of cuproptosis-relat-
ed FRG signature in the development and progression of 
BC, the association between risk score and clinical char-
acteristics was explored. Chi-square test analysis revealed 
significant differences between risk groups in T stage, 
N stage, TNM stage, PR, ER, human epidermal growth 
factor receptor (HER-2), and intrinsic subtype (Fig. 6). 
In addition, HER-2-enriched, ER-negative, PR-negative, 
HER-2-positive, higher N stage, and TNM stage indi-
cated a higher risk score (Fig. 7). Stratified analysis was 
carried out for the identification of the prognostic value 
of the cuproptosis-related FRG signature in subgroups. 
The results revealed that this signature had significant 
prognostic efficacy in age <=65 (P=0.001), age >65 
(P=0.009), female (P<0.001), T1 stage (P=0.011), T2-
T4 stage (P=0.001), N0 stage (P<0.001), N1-N3 stage 
(P=0.018), M0 stage (P<0.001), stage I (P=0.047) and II-
IV (P<0.001). However, no significant prognostic value 
was observed in the male patients and the M1 stages 
(P>0.05) (Fig. 8).

Establishment of nomogram

A nomogram was constructed using risk score and 
clinical characteristics, including age, T stage, N stage, 
and M stage (Fig. 9A). The nomogram predicted the sur-
vival of BC patients at 3, 5, and 10 years. The calibration 
curves further validated the consistency of the actual OS 
of the patients with the predictions of the nomogram 
(Fig. 9B).

Figure 4. Construction of the prognostic signature based on cu-
proptosis-related FRGs in METABRIC cohort. 
(A) Kaplan-Meier curves for OS of BC patients between high-risk 
and low-risk groups. (B) Time-dependent ROC curves for OS. BC, 
breast cancer; FRGs, ferroptosis-related genes; METABRIC, molecu-
lar taxonomy of breast cancer international consortium; OS, over-
all survival; ROC, receiver operating characteristic.

Figure 5. Cuproptosis-related FRG signature was shown to be an 
independent risk factor for OS in TCGA. 
(A) Univariate Cox regression analysis between OS and various 
prognostic parameters. (B) Multivariate Cox regression analysis 
between OS and various prognostic parameters. FRG, ferroptosis-
related gene; OS, overall survival; TCGA, the cancer genome atlas.

Figure 6. Relationship between signature and clinical character-
istics. 
* for P<0.05; *** for P<0.001.
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Functional enrichment and PPI of cuproptosis-related 
FRGs

The potential biological functions involved in 125 
cuproptosis-related FRGs were analyzed using the GO 
and KEGG databases. GO analysis revealed the associa-
tion of FRGs with biological processes like response to 
oxidative stress, cellular response to chemical stress, and 
response to nutrient levels (Supplementary Fig. S3A at 
https://ojs.ptbioch.edu.pl/index.php/abp/). In addition, 
in the KEGG pathway, the results revealed the involve-
ment of FRGs in lipid and atherosclerosis, autophagy, 
FoxO signaling pathway, central carbon metabolism 
in cancer, and ferroptosis (Supplementary Fig. S3B at 
https://ojs.ptbioch.edu.pl/index.php/abp/). STRING 
database revealed that the PPI network of cuproptosis-
related FRGs consisted of 125 nodes and 276 edges 
(Supplementary Fig. S3C at https://ojs.ptbioch.edu.pl/
index.php/abp/). The most significant module consisted 
of 11 cuproptosis-related FRGs, including 11 nodes and 
66 edges.

GSEA

GSEA was used to further explore the potential 
mechanisms of cuproptosis-related FRG signature. The 
results revealed the enrichment of steroid biosynthesis, 
ABC transporters, base excision repair, glycosaminogly-
can biosynthesis, other glycan degradation, and protein 
export in the high-risk group (Supplementary Fig. S3D 
at https://ojs.ptbioch.edu.pl/index.php/abp/). In con-

trast, ascorbate and aldarate metabolism, olfactory trans-
duction, pentose and glucuronate interconversions, and 
systemic lupus erythematosus were mainly enriched in 
the low-risk group (Supplementary Fig. S3E at https://
ojs.ptbioch.edu.pl/index.php/abp/).

Immune infiltration level of cuproptosis-related FRG 
signature

The heatmap depicted the relationship between the 
cuproptosis-related FRG signature and immune cell 
subgroups according to the analysis of CIBERSORT, 
CIBERSORT-ABS, EPIC, MCP-counter, QUANTISEQ, 
TIMER, and XCELL algorithms (Fig. 10). The CIB-
ERSORT result showed a higher proportion of CD4+ 
memory T cells, resting NK cells, M0 macrophages, M1 
macrophages, M2 macrophages, eosinophils, and neutro-
phils in the high-risk group, whereas the low-risk group 
had higher proportions of memory B cells, CD8+ T 
cells, T follicular helper cells, Tregs, activated NK cells, 
monocytes, myeloid dendritic cells, activated mast cells, 
and resting mast cells (Supplementary Fig. S4 at https://
ojs.ptbioch.edu.pl/index.php/abp/). In addition, the 
TIMER database was used to analyze the correlation be-
tween each FRG and immune cells. ANO6, CS, EMC2, 
PANX1, and PIK3CA were found to be positively corre-
lated with multiple immune cells such as CD8+ T cells, 
macrophages, neutrophils, and dendritic cells. CHAC1, 
SLC7A5, and SOCS1 were positively correlated with B 
cells, neutrophils, and dendritic cells. CHMP6 was nega-

Figure 7. Relationship between signature and clinical characteristics. 
ns for P>0.05; * for P<0.05; ** for P<0.01; *** for P<0.001.
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tively correlated with CD8+ T cells while positively cor-
related with CD4+ T cells. GPX4 was negatively corre-
lated with B cells, CD8+ T cells, macrophage, neutro-
phil, and dendritic cells. G6PD was positively correlated 
with B cells (Supplementary Fig. S5-6 at https://ojs.ptbi-
och.edu.pl/index.php/abp/).

Due to the importance of immunotherapy, the differ-
ences in immune checkpoints between risk score sub-
groups were analyzed. The results indicated higher ex-
pression of most immune checkpoints including PDCD1, 
LAG3, etc. in the low-risk group, suggesting a greater 
benefit of immune checkpoint suppression therapy in 
low-risk patients. The high expression of CD80, PD-L2, 
and TNFSF4 in the high-risk group can aid in guiding 
the study for the optimization of immune checkpoint in-
hibitors (Fig. 11).

Neoadjuvant chemotherapy and drug sensitivity 
analysis

To investigate whether the risk score of tumors 
changes during neoadjuvant chemotherapy. We used two 
chemotherapy BC cohorts. A significant reduction in 
risk score was observed in patients treated with docetax-
el and capecitabine by comparing paired patients from 
GSE18728 (Fig. 12A). In the GSE87455 cohort treated 

with epirubicin and docetaxel, 69 paired patients who 
received two cycles of treatment had significantly lower 
risk score than before treatment (Fig. 12B). Meanwhile, 
57 paired patients who received six cycles of treatment 
had significantly lower risk score than before treatment 
(Fig. 12C). To further optimize chemotherapy in pa-
tients with BC, potential antitumor drugs were screened 
to compare the differences in drug sensitivity between 
the high- and low-risk groups. The results of sensitiv-
ity analysis showed that the IC50 values of drugs includ-
ing AUY922, docetaxel, etoposide, imatinib, mitomycin 
C, paclitaxel, and SL 0101-1 were significantly reduced 
in the low-risk group, suggesting a higher sensitiv-
ity of the patients in the low-risk group to these drugs 
(Fig.  13A-G). Patients in the high-risk group were found 
to be more sensitive to AKT inhibitor VIII and cisplatin 
(Fig.  13H-I).

DISCUSSION

With the development of molecular diagnostic stud-
ies, medical professionals are increasingly resorting to 
the clinical practice of molecular diagnostics in BC, such 
as Oncotype dX and MammaPrint (Li et al., 2017; Bar-
zaman et al., 2020). BC is a systemic disease and has 

Figure 8. Kaplan-Meier curves of OS differences between high- and low-risk groups stratified by age, gender, T stage, N stage, M 
stage or TNM stage. OS, overall survival.
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evolved from the conventional surgical treatment to 
the current combination therapy including radiotherapy, 
chemotherapy, hormonal therapy, and biological therapy 
(Ben-Dror et al., 2022). Patients with BC may have to 
choose among different options for postoperative sys-
temic therapy. Therefore, it is imperative to find more 
effective biomarkers to adapt adjuvant therapies to indi-
vidualize treatment for patients.

To the best of our knowledge, this is the first study to 
explore the correlation between FRGs and cuproptosis-
related genes in patients with BC. Unlike other regula-
tory cell death processes, cuproptosis is primarily associ-
ated with adiposity of the tricarboxylic acid cycle and in-

volves the loss of iron-sulfur cluster proteins and induc-
tion of ROS (Li et al., 2022; Tsvetkov et al., 2022). Gao 
and others (Gao et al., 2021) reported the accumulation 
of ROS due to copper retention, which inhibited the 
SLC7A11 levels, thereby enhancing oxidative stress and 
ferroptotic cell death in colorectal cancer. Thus, FRGs 

Figure 9. Construction of a prognostic nomogram. 
(A) Nomogram of OS prediction with age, T stage, N stage, M 
stage and signature as parameters. (B) The calibration curves of 
the nomogram for 3-, 5-, and 10-year OS prediction. OS, overall 
survival.

Figure 10. Analysis of immune cells between high- and low-risk 
groups. 
* for P<0.05; ** for P<0.01; *** for P<0.001.

Figure 11. Differences in immune checkpoints between the 
high- and low-risk groups. 
* for P<0.05; *** for P<0.001.

Figure 12. Pairwise comparison of risk score in GSE18728, 
GSE87455 by pre-chemotherapy and post-chemotherapy. 
* for P<0.05; ** for P<0.01.

Figure 13. Sensitivity analysis of antitumor drugs between high-
risk and low-risk groups. 
(A) AUY922; (B) docetaxel; (C) etoposide; (D) imatinib; (E) mitomy-
cin C; (F) paclitaxel; (G) SL 0101-1; (H) AKT inhibitor VIII; (I) cispl-
atin. * for P<0.05; *** for P<0.001.
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may cause regulated cell death through the cuproptosis-
related mechanism.

In this study, the relationship between 259 FRGs and 
13 cuproptosis-related genes in BC was comprehensively 
evaluated and screened for cuproptosis-related FRGs. 
The relationship between cuproptosis-related FRGs and 
OS in BC was analyzed and a novel prognostic model 
containing 11 cuproptosis-related FRGs was constructed. 
The accuracy of the model was verified by the ME-
TABRIC cohort. Survival and ROC analyses revealed 
a good predictive ability of the model. Univariate and 
multivariate Cox analysis established the risk score of 
cuproptosis-related FRG signature to be an independent 
prognostic indicator for BC. The risk score was further 
found to be correlated with immune infiltrating cells and 
the expression of immune checkpoints between risk sub-
groups was analyzed. Finally, two neoadjuvant chemo-
therapy cohorts were used to show that the risk score 
was significantly reduced over the course of treatment, 
and nine antitumor drugs were screened for the treat-
ment of patients with BC in different risk subgroups.

A significant difference between cuproptosis-related 
FRG signature and the clinical stage was observed, sug-
gesting that higher risk scores were concentrated in more 
advanced tumor stages, ER-negative, PR-negative, and 
HER-2-positive, which further validates the poorer prog-
nosis in the high-risk group. Meanwhile, the prognosis 
of cuproptosis-related FRG signature was confirmed in 
different subgroups with different clinical characteristics, 
except for male patients and patients with distant metas-
tases, which could be because of the small sample size 
in these two subgroups. Therefore, the proposed model 
has demonstrated generalizability in different strata of 
patients with BC.

The cuproptosis-related FRG signature included 
ANO6, CHAC1, CHMP6, CS, EMC2, G6PD, GPX4, 
PANX1, PIK3CA, SLC7A5, and SOCS1. These genes 
included ferroptosis driver genes (ANO6, CHAC1, CS, 
EMC2, G6PD, PANX1, and PIK3CA) and ferroptosis 
suppressor genes (CHMP6, PGX4, and SOCS1). Cur-
rently, SLC7A5 is an unclassified regulator whose role in 
ferroptosis is unclear. There is growing evidence of the 
involvement of ANO6 in multiple forms of cell death, 
including necroptosis, pyroptosis, and ferroptosis (Ous-
ingsawat et al., 2017; Ousingsawat et al., 2018; Simões et 
al., 2018). As a non-selective Ca2+ -activated ion channel, 
lipid scramblase ANO6 plays a critical role in the induc-
tion of ferroptotic cell death by disrupting the stability 
of membrane phospholipids (Ousingsawat et al., 2019). 
Chen et al. reported that CHAC1 contributes to cystine 
starvation and thereby induces ferroptotic cell death in 
triple-negative BC cells via the GCN2-eIF2α-ATF4 path-
way (Chen et al., 2017). Overexpression of CHAC1 has 
been linked to the enhanced sensitivity of prostate can-
cer cells to docetaxel, but the effect was reversed after 
co-treatment with ferroptosis inhibitors, suggesting that 
CHAC1 functions as a potential therapeutic target for 
castration-resistant prostate cancer by inducing ferrop-
totic cell death (He et al., 2021). Ferroptosis activators 
such as erastin and RSL3 increased CHMP6 accumula-
tion by triggering calcium influx. Silencing of CHMP6 
expression sensitized cancer cells to lipid peroxidation-
mediated ferroptosis but did not affect iron accumula-
tion (Dai et al., 2020). CS increased the accumulation of 
citrate in hypoxic triple-negative BC cells, which promot-
ed the migration and invasion of cancer cells (Peng et 
al., 2019). The overexpression of G6PD suggests a poor 
prognosis in hepatocellular carcinoma and inhibits fer-
roptotic cell death of the tumor by targeting cytochrome 

oxidoreductase (Cao et al., 2021). Luo et al. reported the 
resistance of G6PD for doxorubicin-induced apoptosis in 
triple-negative BC cells by the maintenance of high glu-
tathione levels (Luo et al., 2022). Genetic models were 
used for the identification of GPX4 as a key regulator 
of ferroptosis and that inhibition of GPX4-induced fer-
roptosis enhanced the sensitivity of triple-negative BC 
cells to gefitinib (Seibt et al., 2019; Song et al., 2020). A 
recent study reported that high expression of PANX1 
induced local immunosuppression in tumor microen-
vironment of basal-like BC, as evidenced by high infil-
tration levels of neutrophils and adenosine production 
(Chen et al., 2022). SLC7A5 supported the proliferation 
and growth of tumor cells by increasing mTORC1 activ-
ity through the upregulation of regulatory transcription 
factors under hypoxic conditions (Nachef et al., 2021). In 
addition, SLC7A5 inhibitors were used to treat patients 
with advanced biliary tract cancer such that no disease 
progression occurred for two years (Hayes et al., 2015). 
SOCS1 sensitizes cells to ferroptosis by the activation of 
p53 target gene expression and glutathione level reduc-
tion (Saint-Germain et al., 2017).

The results of GO analysis and KEGG pathway 
analysis revealed the relation of 125 cuproptosis-relat-
ed FRGs to certain biological functions or pathways, 
such as response to oxidative stress, cellular response 
to chemical stress, autophagy, FoxO signaling pathway, 
and central carbon metabolism in cancer. Therefore, li-
pid peroxidation, a key to the induction of ferroptosis, 
is mediated by oxidative and antioxidant systems, along 
with autophagy (Chen et al., 2021).

Tumor-associated macrophages have been shown to 
promote tumor invasion in BC by promoting angiogen-
esis and remodeling the tumor extracellular matrix while 
evading the host immune response and suppressing the 
antitumor effects of cytotoxic T cells (Choi et al., 2018; 
Mehta et al., 2021). The results of this study revealed 
higher levels of macrophage infiltration in the high-risk 
group, accrediting the poor prognosis in the high-risk 
group to the immunosuppression of the tumor microen-
vironment. It was also found that patients in the low-risk 
group had a higher likelihood of benefitting from immu-
notherapy, while patients in the high-risk group may be 
more sensitive to immunosuppressive agents targeting 
CD80, PD-L2, and TNFSF4. Risk score was found to 
become lower after treatment through the neoadjuvant 
cohort, which may suggest a remission of the tumor. Fi-
nally, the sensitivity of high- and low-risk groups to dif-
ferent antitumor drugs was explored and results revealed 
that patients in the high-risk group were more sensitive 
to AKT inhibitor VIII and cisplatin. The results ob-
tained from this study combined with the data available 
in the literature will aid the facilitation of the optimiza-
tion of chemotherapy regimens for patients with BC.

However, the objects of this study were from public 
databases, and clinical data is essential for further valida-
tion. Although 125 cuproptosis-related FRGs have been 
identified, the correlation between FRGs and cupropto-
sis-related genes was not established. Finally, subgroup-
related pathways, immune infiltration, and drug sensitiv-
ity require further experimental validation.
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Circular RNAs (circRNAs) contribute to the malignant 
phenotype and progression of several types of human 
cancers, including renal cell carcinoma (RCC). This study 
probed the molecular mechanism of circPGPEP1 regulat-
ing RCC proliferation, Warburg effect, and distant metas-
tasis by targeting the miR-378a-3p/JPT1 axis. Here iden-
tified higher circPGPEP1 expression in RCC tissues and 
cells by RT-qPCR, and high levels of circPGPEP1 were 
positively correlated with high histological grade and 
distant metastasis in RCC patients. Furthermore, patients 
with high levels of circPGPEP1 had a worse survival 
prognosis. Functional assays presented that knockdown 
of circPGPEP1 inhibited RCC proliferation, invasion, mi-
gration, EMT, and Warburg effect. Dual-luciferase report-
er assay, RNA immunoprecipitation, nucleoplasmic RNA 
isolation, and functional rescue experiments confirmed 
that circPGPEP1 induced JPT1 expression by sponging 
miR-378a-3p, thereby promoting RCC malignant pheno-
type. Xenograft assays and metastasis models further 
demonstrated that down-regulation of circPGPEP1 effec-
tively inhibited tumor growth and distant metastasis of 
RCC. Taken together, circPGPEP1, a prognostic circRNA 
in RCC, acts through the miR-378a-3p/JPT1 axis to regu-
late RCC progression.
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INTRODUCTION

Renal cell carcinoma (RCC) is the second leading 
cause of death in patients with urinary system tumors, 
accounting for about 3% of all adult malignant tumors 
(Scelo & Larose, 2018). Although partial and radical ne-
phrectomy is the most effective treatment for early or 
localized RCC, approximately one-third of RCC patients 
are primarily diagnosed with advanced disease, and de-
spite aggressive treatment, RCC at this stage has a low 
overall survival rate (Li et al., 2020). In addition, recur-
rence and metastasis occur in approximately 30% of 
RCC patients (Choueiri & Motzer, 2017; Lara & Evans, 
2019). RCC proliferation is a complex network involving 

multiple carcinogens and diverse genetic backgrounds, 
resulting in alterations in tumor suppressors or onco-
genes (Moch et al., 2014). There is a need to identify 
molecular mechanisms of RCC progression.

Circular RNAs (circRNAs) can be formed through 
back splicing events, in which upstream splice acceptor 
sites join with downstream splice donor sites, resulting in 
exon circularization (Yu et al., 2020; Zhang et al., 2014). 
Due to the stability and abundance of circRNAs, an in-
creasing number of circRNAs have been identified to be 
aberrantly expressed in RCC (Zhou et al., 2022). Mecha-
nistically, these circRNAs act as sponges for microRNAs 
(miRNAs), thereby protecting downstream mRNAs from 
miRNAs-mediated degradation (Han et al., 2018). For 
example, circ_0005875 knockdown suppresses RCC pro-
gression by regulating the miR-502-5p/ETS1 axis (Luo 
et al., 2022). circNUP98, a potential biomarker, acts as 
an oncogene in RCC through the miR-567/PRDX3 axis 
(Yu et al., 2020). circ_PGPEP1 is a sponge for miR-
1297 and is involved in gastric carcinogenesis (Wang et 
al., 2021). However, the role and mechanism of circPG-
PEP1 in RCC development remain to be explored.

Most malignancies are characterized by the Warburg 
effect (aerobic glycolysis), a unique mode of cellular me-
tabolism in cancer cells that exhibits increased rates of 
glucose uptake and lactic acid fermentation in an aerobic 
environment (Cao et al., 2020). Warburg effect has been 
intensively studied in the cellular progression of cancer 
cells over the past decade (Liberti & Locasale, 2016). 
circRNAs have been identified that can modulate the 
Warburg effect in human cancers (Li et al., 2021), such 
as circRNA-FOXP1 (Fang et al., 2021) and circ_0091579 
(Chen et al., 2021).

This study focused on the biological role of circPG-
PEP1 in RCC progression, and the Warburg effect, in 
combination with the regulatory network of circPG-
PEP1/miR-378a-3p/JPT1 involved in RCC. Taken to-
gether, these findings may provide new insights into the 
treatment of RCC.

MATERIALS AND METHODS

Clinical samples

Specimens were RCC tissue and adjacent normal re-
nal tissue (>5 cm from cancer tissue) collected by radical 
or partial nephrectomy from 48 cases of RCC patients 
(no radiation or chemotherapy or other tumors) between 
2013 and 2015 at Affiliated Hospital and Clinical Medi-
cal College of Chengdu University. Histological features 
of the specimens were confirmed by 2 pathologists. Dis-

Vol. 70, No 3/2023
703–711

https://doi.org/10.18388/abp.2020_6511

556

mailto:zhcandjay@163.com
https://doi.org/10.18388/abp.2017_


704											           2023P.R. Wang and others

tant metastases of tumor cells were evaluated by examin-
ing the lungs, liver, bone, intestine, and pancreas of pa-
tients with RCC. Samples were rapidly frozen at -80°C 
after enucleation for subsequent studies. This work was 
approved by the Ethics Committee of Affiliated Hospital 
and Clinical Medical College of Chengdu University and 
all patients gave written informed consent.

RT-qPCR

Total RNA acquisition was done with TRIzol® Rea-
gent (Invitrogen, Thermo Fisher Scientific). RNA reverse 
transcription was performed at 37°C for 60 min using 
M-MLV buffers, dNTP and random primers, and Molo-
ney Mouse leukemia virus RT kits (all from Promega, 
USA). Next, on a Bio-Rad CFX96 system (BioRad), 
PCR was done with SYBR Green Real-time PCR Mas-
ter Mix (Solarbio, Beijing, China). Relative gene expres-
sion was determined using the 2-ΔΔct method. The primer 
sequences are listed in Table 1. GAPDH and U6 were 
used as endogenous controls for genes.

Cell culture

Human renal tubular epithelial cell line (HK-2) and 
human RCC cell lines (786-O, ACHN, Caki1, Caki2, and 
769-P) were obtained from ATCC and maintained in 
RPMI 1640 medium containing 10% FBS (Gibco), peni-
cillin (100 U/ml) and streptomycin (100 μg/ml).

RNase R and Actinomycin D treatment

Extracted RNA (2 μg) from ACHN cells was treated 
with 3 U/μg RNase R (Epicenter Technologies). For the 
RNA stability assay, RNA extracted from ACHN cells 
was incubated with actinomycin D (Sigma-Aldrich) at 5 
μg/ml for the indicated times. circPGPEP1 RNA ex-
pression levels were detected by RT-qPCR.

Cell transfection

To overexpress circPGPEP1 and JPT1, the overex-
pression plasmids of circPGPEP1 and JPT1 were con-
structed using the pcDNA 3.1 vector (Green Seed Bi-
otech). siRNAs targeting circPGPEP1 and JPT1 were 
synthesized by Genepharm, while mimic/inhibitor (oli-
gonucleotides) of miRNA and negative control were by 
RiboBio. The transfection reagent was Lipofectamine 
2000 (Invitrogen).

Colony formation assay

Cells were maintained in DMEM containing 10% 
FBS for 2 weeks and those fixed in methanol were dyed 
with 1% crystal violet and counted under a microscope 
(Olympus).

Proliferation assay

A certain amount of 5-ethynyl-2’-deoxyuridine (EdU) 
solution (RiboBio) was added to each well containing 
1×104 cells and incubated for 2 h. After being fixed with 
4% paraformaldehyde, cells were reacted with glycine, 
0.5% Triton X-100, and Apollo reaction solution until 
Hoechst 33342 staining and imaging under a fluores-
cence microscope.

Glucose uptake and lactate production

Cellular glucose uptake was quantified by Glucose 
Uptake Colorimetric Assay Kit (BioVision) (Qin et al., 
2021), while lactate concentration was by Lactate Assay 
Kit (K627, BioVision).

Extracellular acidification rate (ECAR)

ECAR (mpH/min) was determined by Seahorse Ex-
tracellular Flux Analyzer XF96 (Seahorse Bioscience) to 
reflect glycolytic activity in cells. 2×104 cells were grown 
overnight in 96-well plates and treated accordingly. Data 
were analyzed using Seahorse XF-96 Wave software.

Transwell

Cell migration and invasion were detected by transwell 
chambers with or without Matrigel (Corning Life Sci-
ences, USA) (Zhu et al., 2021). First, cells were added to 
100 ml serum-free medium and seeded into the upper 
chamber, then 500 ml of DMEM with 10% serum were 
seeded into the lower chamber. Cells attached to the 
lower surface were then fixed with 4% paraformaldehyde 
after 24 h of incubation. After crystal violet staining, the 
samples were observed under a microscope and analyzed 
statistically.

Western blot

RIPA Lysis Buffer was utilized for the lysis of cells 
or tissues. Total protein was extracted and analyzed by 
the bicinchoninic acid assay (BCA) method to determine 
the protein quantity. The samples separated by 10% 
SDS-polyacrylamide gel electrophoresis were loaded onto 
a polyvinylidene fluoride membrane which was then 
supplementary to primary antibodies and the second-
ary antibody. Followed by visualization using ECL rea-
gents (Millipore), the bands were evaluated by Image-Pro 
Plus 6.0 software. JPT1 (ab126705, Abcam), E-cadherin 
(3195, Cell Signaling Technology), N-cadherin (ab18203, 
Abcam), Snail (ab53519, Abcam), Ki-67 (ab15580, Ab-
cam), HK2 (ab209847, Abcam), PKM2 (4053, Cell Sign-
aling Technology), GAPDH (ab8245, Abcam) were used 
in the assay.

Nucleoplasmic RNA isolation

A nucleoplasmic RNA purification kit (Norgen Biotek 
Corp) was adopted to locate circPGPEP1 in cells. After-
ward, concentrations of nuclear and cytoplasmic circPG-
PEP1 RNA were determined by RT-qPCR.

Table 1. Primers in PCR

Primer sequence (5’-3’) 

GAPDH Forward: 5’-GGAGCGAGATCCCTCCAAAAT-3’

Reverse: 5’-GGCTGTTGTCATACTTCTCATGG-3’

U6 Forward: 5’-CTCGCTTCGGCAGCACA-3’

Reverse: 5’-AACGCTTCACGAATTTGCGT-3’

CircPEPGP1 Forward: 5’-GTCTCGAACTCCTGACCTCA -3’

Reverse: 5’-CACGGTGTGTTCCCCAAAAG-3’

miR-378a-3p Forward: 5’-CGCGACTGGACTTGGAGTC-3’

Reverse: 5’-AGTGCAGGGTCCGAGGTATT-3’

JPT1 Forward: 5’-AAGAACAGGTTTCTCTCTGTCCT-3’

Reverse: 5’-AGCTTTCCCTCCAATCTACTACT-3’
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Dual-luciferase reporter assay

The circPGPEP1 and JPT1 3’ UTR wild-type se-
quences (circPGPEP1/JPT1-WT) and their correspond-
ing mutant sequences (circPGPEP1/JPT1-MUT) con-
taining the miR-378a-3p binding site were synthesized. 
These sequences were each subcloned into psiCHECK2 
(Promega) for subsequent co-transfection in ACHN cells 
using Lipofectamine 2000. Relative luciferase activity was 
determined using a dual luciferase assay system (Prome-
ga).

RNA immunoprecipitation (RIP)

RIP assays were implemented using the EZ Magna 
RIP kit (Millipore). Cell lysates were mixed with anti-
Ago2 or anti-IgG (Millipore) before protein A/G (Ther-
mo Fisher Scientific)-conjugated magnetic beads were 
added. Before the RT-qPCR assay, RNA purification was 
done with proteinase K.

Nude mouse xenograft experiments

The animal experiments were carried out after ob-
taining the approval of the Animal Ethics Committee 
of the Affiliated Hospital and Clinical Medical College 
of Chengdu University. ACHN cells (3×106 cells) stably 
transfected with si-NC or si-circPGPEP1 were inoculat-
ed subcutaneously into the right upper back of BALB/c 
mice (female, 6-week-old; n=5/treatment). The width 
and length of the tumor were measured at an interval of 
1 week to calculate tumor volume as (length×width2)/2. 
Tumor weight was assessed when the tumor was excised 
after 5 weeks. Gene expression was analyzed by IHC 
(Wang, Deng, et al., 2020) or Western blot.

ACHN cells (2.5×106) stably knocked down circPG-
PEP1 were injected into the tail vein of nude mice. Liv-
ers and lungs were excised 7 weeks later to carry out HE 
staining to assess the number of metastatic nodules (Liu 
et al., 2020).

Data analysis

Statistical analysis was performed using GraphPad 
Prism 9.0. Data are presented as mean ± standard de-
viation (S.D.). Chi-square testing assessed the association 

of circPGPEP1 with clinicopathological features, while 
the Kaplan-Meier method evaluated that of circPGPEP1 
with RCC patients’ survival. Statistical analysis between 
two groups was performed by Student’s t-test, and that 
of multiple groups was by one-way analysis of variance 
(ANOVA). All experiments were performed with at least 
three biological replicates. P<0.05 was considered statis-
tically significant.

RESULTS

High circPGPEP1 level is associated with poor prognosis 
in RCC patients

To investigate whether circPGPEP1 has a biological 
function in RCC, circPGPEP1 expression in RCC tissues 
was evaluated by RT-qPCR. As measured, circPGPEP1 
expression was up-regulated in patients’ tumor tissues 
compared with normal tissues (Fig. 1A). circPGPEP1 in 
RCC cell lines was subsequently evaluated. The results 
showed that circPGPEP1 expression in the five RCC cell 
lines was higher than in HK-2 cells, and circPGPEP1 
expression was the highest in ACHN cells (Fig.  1B).

In accordant with the bioinformatics website circbase, 
circPGPEP1 is located on chromosome 19p13.11 with 
a length of 557 bp (Fig. 1C). RNase R and actinomycin 
D treatment identified the ring structure of circPGPEP1. 
As reflected in Fig. 1D, E. RNase R and actinomycin 
D treatments decreased the expression and half-life of 
the linear RNA GAPDH mRNA, respectively, but not 
circPGPEP1.

Subsequently, RCC patients were divided into a high 
circPGPEP1 expression group and a low circPGPEP1 
expression group according to the median expression 
of circPGPEP1 in RCC patients. The association of 
circPGPEP1 with clinicopathologic features in patients 
with RCC was evaluated. As listed in Table 2, high lev-
els of circPGPEP1 were positively correlated with high 
histological grade and distant metastasis in RCC patients. 
The relationship between circPGPEP1 and survival out-
comes in patients with RCC was evaluated by Kaplan-
Meier. Patients with high levels of circPGPEP1 had a 
worse survival prognosis (Fig. 1F). Briefly, aberrant ex-

Figure 1. High circPGPEP1 level is associated with poor prognosis in RCC patients
(A) RT-qPCR detection of circPGPEP1 expression in RCC tissues and normal tissues; (B) RT-qPCR detection of circPGPEP1 expression in 
RCC cell lines and HK-2 cells; (C) circPGPEP1 gene information on circbase; (D) RNase R experiment tested circPGPEP1 ring structure; (E) 
Actinomycin D treatment analyzed the stability of circPGPEP1; (F) circPGPEP1 expression and survival prognosis of RCC patients; data 
representation = mean ± S.D. (N=3); P<0.05.
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pression of circPGPEP1 is related to the malignant pro-
gression of RCC.

Knockdown of circPGPEP1 inhibits RCC cell prolif-
eration, invasion, migration, EMT, and Warburg effect

Next, the biological function of circPGPEP1 in RCC 
cells was explored. CircPGPEP1-targeting siRNA was 
transfected into ACHN cells to knock down circPG-
PEP1 (Fig. 2A). The proliferation ability of cells was 

first evaluated by colony formation assay and EdU assay. 
The clonogenic ability of cells decreased and the ratio of 
EdU-positive cells decreased after the down-regulation 
of circPGPEP1 (Fig. 2B, C). The invasive and migratory 
abilities were subsequently assessed by Transwell, and it 
was found that knocking down circPGPEP1 reduced the 
number of cells invaded and migrated (Fig. 2D). Since 
EMT is a key process in the distant metastasis of cancer 

Figure 2. Silencing circPGPEP1 inhibits RCC cell proliferation, invasion, migration, EMT, and Warburg effect
CircPGPEP1-targeting siRNA was transfected into ACHN cells. (A) RT-qPCR analyzed the knockdown efficiency of si-circPGPEP1; (B–C) Col-
ony formation assay and EdU assay tested analyzed proliferation ability; (D) Transwell assay tested invasion and migration ability; (E) 
Immunoblot assayed protein expression of EMT-related proteins (E-cadherin, N-cadherin, and Snail); (F) cellular ECAR; (G) glucose uptake; 
(H) lactate production capacity; (I) Immunoblot assayed protein expression of aerobic glycolysis-related proteins (HK2 and PKM2); data 
representation = mean ± S.D. (N=3); P<0.05.

Table 2. Relationship between circPGPEP1 and clinicopathological features of RCC patients

Characteristic Cases circPGPEP1 expression
P

n = 48 Low (n = 24) High (n = 24)

Age (year)

0.2042≤ 60 14 5 9

> 60 34 19 15

Tumor size

0.14< 3 cm 19 7 12

≥ 3 cm 29 17 12

FIGOa stage

<0.0001*I-II 28 21 7

II-IV 20 3 17

Lymph node metastasis

0.3861Positive 25 14 11

Negative 23 10 13

Distant metastasis

0.0330*Positive 10 2 8

Negative 38 22 16
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cells, EMT-related proteins were evaluated by immuno-
blot. It was presented that knockdown of circPGPEP1 
suppressed N-cadherin and Snail and promoted E-cad-
herin expression (Fig. 2E). Warburg effect is an impor-
tant way for cancer cells to acquire capacity through 
aerobic glycolysis (Vaupel & Multhoff, 2021). Therefore, 
changes in the Warburg effect were observed in RCC 
cells after interfered with circPGPEP1. As reported in 
Fig. 2F–H, ECAR, glucose uptake, and lactate produc-
tion were reduced after the knockdown of circPGPEP1 

(Fig. 2F–H). The expression of proteins associated 
with aerobic glycolysis was then evaluated. Knockdown 
of circPGPEP1 inhibited the expression of HK2 and 
PKM2 proteins (Fig. 2I).

Competitive adsorption of miR-378a-3p by circPGPEP1

Our research focus was shifted to the downstream 
molecules of circPGPEP1. The subcellular localization 
of circPGPEP1 was first assessed, finding that circPG-

Figure 3. Competitive adsorption of miR-378a-3p by circPGPEP1
(A) Nucleoplasmic RNA isolation assay analyzed the subcellular localization of circPGPEP1 in ACHN cells; (B) Potential binding sites of 
circPGPEP1 and miR-378a-3p; (C) RIP experiment checked the binding relationship between circPGPEP1 and miR-378a-3p; (D) Dual lucif-
erase reporter assay tested the targeting relationship between circPGPEP1 and miR-378a-3p; (E) RT-qPCR tested miR-378a-3p expression 
in RCC tissues and normal tissues; (F) RT-qPCR tested miR-378a-3p expression in RCC cell lines and HK-2 cells; (G) RT-qPCR tested miR-
378a-3p expression in ACHN cells after knockdown of circPGPEP1; data representation = mean ± S.D. (N=3); P<0.05.

Figure 4. miR-378a-3p contributes to a reversal of effects of si-circPGPEP1 on RCC
si-circPGPEP1 and miR-378a-3p inhibitor were co-transfected into ACHN cells for functional rescue experiments. (A) RT-qPCR tested miR-
378a-3p expression; (B–C) Colony formation assay and EdU assay tested analyzed proliferation ability; (D) Transwell assay tested invasion 
and migration ability; (E) Immunoblot assayed protein expression of EMT-related proteins (E-cadherin, N-cadherin, and Snail); (F) cellular 
ECAR; (G) glucose uptake; (H) lactate production capacity; I: Immunoblot assayed protein expression of aerobic glycolysis-related proteins 
(HK2 and PKM2); data representation = mean ± S.D. (N=3); P<0.05.
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Figure 5. miR-378a-3p targets JPT1 expression
(A) Potential binding sites of JPT1 and miR-378a-3p; (B) RIP assay analyzed the binding relationship between JPT1 and miR-378a-3p; (C) 
Dual luciferase reporter assay analyzed the targeting relationship between JPT1 and miR-378a-3p; (D) Immunoblot assayed JPT1 protein 
expression in RCC tissues and normal tissues; (E) Immunoblot assayed JPT1 protein expression in RCC cell lines and HK-2 cells; (F) Immu-
noblot assayed JPT1 protein expression in ACHN cells after lowering or overexpressing miR-378a-3p; data representation = mean ± S.D. 
(N=3); P<0.05.

Figure 6. circPGPEP1 affects RCC progression by miR-378a-3p/JPT1 axis
pcDNA 3.1-circPGPEP1 and si-JPT1 were co-transfected into ACHN cells for functional rescue experiments. (A) RT-qPCR tested circPGPEP1 
and miR-378a-3p expression; (B) Immunoblot assayed JPT1 protein expression; (C–D) Colony formation assay and EdU assay tested ana-
lyzed proliferation ability; (E) Transwell assay tested invasion and migration ability; (F) Immunoblot assayed protein expression of EMT-
related proteins (E-cadherin, N-cadherin, and Snail); (G) cellular ECAR; (H) glucose uptake; (I) lactate production capacity; (J) Immunoblot 
assayed protein expression of aerobic glycolysis-related proteins (HK2 and PKM2); data representation = mean ± S.D. (N=3); P<0.05.
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PEP1 was mainly localized in the cytoplasm of ACHN 
cells (Fig. 3A), which suggested that circPGPEP1 me-
diates gene expression mainly by targeting and adsorb-
ing miRNAs. The bioinformatics website https://star-
base.sysu.edu.cn predicted 10 miRNAs with potential 
binding sites for circPGPEP1, which were screened by 
RIP experiments to find that miR-378a-3p and circPG-
PEP1 were enriched in the Ago2 precipitation complex 
(Fig.  3B, C). Their targeting relationship was further ex-
amined by dual-luciferase, showing that when miR-378a-
3p was overexpressed, the luciferase activity decreased 
in circPGPEP1 WT (Fig. 3D). Subsequently, the expres-
sion of miR-378a-3p in RCC was evaluated. Both RCC 
tissues and RCC cell lines expressed miR-378a-3p at a 
low level (Fig. 3E, F). Interestingly, miR-378a-3p expres-
sion was effectively restored in ACHN cells after knock-
down of circPGPEP1 (Fig. 3G). These data suggest that 
circPGPEP1 binds to miR-378-3p in RCC and regulates 
miR-378a-3p expression.

miR-378a-3p contributes to a reversal of the effects of 
si-circPGPEP1 on RCC

miR-378a-3p inhibitor was simultaneously transfected 
in ACHN cells transfected with si-circPGPEP1 to de-
termine whether circPGPEP1 affects RCC development 
by regulating miR-378a-3p. The promoting effect of si-
circPGPEP1 on miR-378a-3p expression was restrained 
by miR-378a-3p inhibitor (Fig. 4A). Furthermore, func-
tional experiments observed that the preventive effects 
of si-circPGPEP1 on ACHN cell proliferation, invasion 
and migration, EMT, and aerobic glycolysis were all 
blocked after co-transfection of miR-378a-3p inhibitor 
(Fig. 4B–I). These data suggest that circPGPEP1 affects 
the biological behavior of RCC by regulating the expres-
sion of miR-378a-3p.

miR-378a-3p targets JPT1 expression

Next, the downstream target genes of miR-378a-3p 
were explored. The bioinformatics website https://star-
base.sysu.edu.cn found 10 mRNAs with potential binding 
sites for miR-378a-3p. Among them, JPT1 was found to 
be significantly enriched with miR-378a-3p in the Ago2 
precipitation complex in ACHN cells (Fig.  5A,  B). Dual 

luciferase reporter experiments showed that co-transfec-
tion of JPT1 WT with miR-378a-3p mimic mediated a 
decrease in the luciferase activity (Fig. 5C). Subsequently, 
the expression of JPT1 in RCC was explored by im-
munoblot. JPT1 protein expression was higher in RCC 
tissues and cells than in normal tissues or cells (Fig. 
5D, E). In addition, decreased or increased expression 
of JPT1 was detected in ACHN cells overexpressing 
or knocking down miR-378a-3p, respectively (Fig. 5F). 
These data suggest that targeting miR-378a-3p regulates 
JPT1 expression.

circPGPEP1 affects RCC progression via miR-378a-3p/
JPT1 axis

To test the conjecture that circPGPEP1 affects RCC 
progression by miR-378a-3p/JPT1 axis, si-JPT1 was in-
troduced in ACHN cells overexpressing circPGPEP1. 
Overexpressing circPGPEP1 promoted circPGPEP1 
and JPT1 levels and inhibited miR-378a-3p expression. 
si-JPT1 decreased JPT1, but did not affect circPG-
PEP1 and miR-378a-3p levels (Fig. 6A, B). Further-
more, circPGPEP1 overexpression increased cell colony-
forming ability and EdU-positive cell rate but knocking 
down JPT1 prevents these changes (Fig. 6C, D). Tran-
swell assay and immunoblot showed that circPGPEP1 
overexpression increased the number of invasive and 
migratory cells and N-cadherin and Snail protein ex-
pression, but JPT1 knockdown reversed these phenom-
ena (Fig.  6E,  F). Furthermore, the stimulative effect of 
circPGPEP1 overexpression on aerobic glycolysis was 
impeded by knocking down JPT1 (Fig. 6G–J). These 
data suggest that circPGPEP1 promotes RCC prolifera-
tion, invasion, migration, EMT, and Warburg effect by 
regulating the miR-378a-3p/JPT1 axis.

circPGPEP1 promotes RCC tumor growth and distant 
metastasis in vivo

In vivo experiments were included to further support 
the above in vitro results. Tumor growth and distant 
metastasis were assessed by subcutaneous inoculation 
or tail vein injection of ACHN cells stably knocking 
down circPGPEP1 into nude mice. Depleting circPG-
PEP1 suppressed tumor volume and weight (Fig. 7A–C). 

Figure 7. circPGPEP1 promotes RCC tumor growth and distant metastasis in vivo
ACHN cells with stable knockdown of circPGPEP1 were injected subcutaneously or intravenously into nude mice to evaluate tumor 
growth and distant metastasis. (A) representative image of tumor; (B–C) tumor volume and weight: (D) IHC staining evaluated tumor 
JPT1 and Ki-67 expression; (E) Immunoblot assayed E-cadherin, N-cadherin, Snail, HK2, and PKM2 proteins level in tumors; (F) HE staining 
assessed the ability of the tumor to metastasize to lung and liver; data representation = mean ± S.D. (n=5); P<0.05.
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IHC staining showed that knockdown of circPGPEP1 
inhibited JPT1 and Ki-67 positive cell ratio in tumors 
(Fig.  7D). Immunoblot found that depleting circPG-
PEP1 reduced N-cadherin, Snail, HK2, and PKM2 
protein levels, and elevated E-cadherin protein levels 
(Fig.  7E). HE staining exhibited that silencing circPG-
PEP1 reduced the number of lung and liver metastatic 
nodules (Fig. 7F). These data suggest that down-regulat-
ing circPGPEP1 effectively inhibits tumor growth and 
distal metastasis of RCC.

DISCUSSION

RCC is a malignancy in the urinary system that has 
a poor prognosis despite improved treatments (15). The 
plight of RCC treatment makes it necessary to further 
explore its mechanism and find effective RCC thera-
peutic targets. Recently, circRNAs have been intensively 
studied as a promising direction for gene-targeted ther-
apy (Wang et al., 2020). In line with this, the circPG-
PEP1-oriented mechanism in RCC was probed through 
miR-378a-3p/JPT1.

CircPGPEP1 was stably and highly expressed in hu-
man RCC tissues and cells, and high levels of circPG-
PEP1 were associated with poor clinicopathological fea-
tures and prognosis in RCC patients. Recently, a large 
number of studies have proposed that circRNAs are 
involved in the malignant progression in RCC, such as 
circNUP98 (Yu et al., 2020), Circ_0005875 (Luo et al., 
2022), Circ-EGLN3 (Zhang et al., 2021), etc., which are 
highly expressed in RCC cells and are closely related to 
the growth and metastasis of RCC. Wang et al., disclosed 
that circPGPEP1 silencing hampers pro-apoptosis, mi-
gration, and invasion of cancer cells, and reduces tumor 
growth in vivo (Wang et al., 2021). In the present study, 
circPGPEP1 silencing led to a reduction of cell prolifera-
tion, invasion, and migration in RCC cells. Influences of 
circPGPEP1 on EMT-related proteins were studied since 
EMT is a key process in the distant metastasis of cancer 
cells (Piva et al., 2016), which showed that circPGPEP1 
silencing inhibited EMT progression. Tumor cells obtain 
energy through the Warburg effect to maintain tumor 
development (Liberti and Locasale 2016) and circRNAs 
enable themselves to mediate the Warburg effect in RCC 
(Li et al., 2021). Here, our study confirmed that down-
regulated circPGPEP1 inhibited the Warburg effect in 
RCC cells. Additionally, inhibiting circPGPEP1 could ef-
fectively inhibit the tumor growth and distant metastasis 
of RCC, further reflecting the tumor-promoting action 
of circPGPEP1 in RCC. Recently, it has been gradually 
discovered that circRNAs in exosomes act in intercel-
lular communication, tumor immune response, tumor 
cell migration, and invasion (Liu et al., 2021). Therefore, 
RCC cell exosomes can be a study target in subsequent 
studies.

CircRNAs have been widely demonstrated to act as 
ceRNAs to counteract the effects of miRNAs (Jorgensen 
and Ro 2022). Accumulated miRNAs have conferred 
regulatory influences on RCC metastasis, implicated in a 
variety of cellular processes, including proliferation, mi-
gration, invasion, EMT, and Warburg effect (Abozed et 
al., 2017). It is known that miR-378a-3p expresses dif-
ferentially in cancers, including hepatocellular carcinoma 
(Li et al., 2022), prostate cancer (Cannistraci et al., 2022), 
breast cancer (Niu et al., 2021), etc. Notably, miR-378a-
5p is considered a tumor suppressor in RCC and cor-
relates with a good prognosis for patients (Pan et al., 
2019). The present study focused on miR-378a-3p and 

revealed that miR-378a-3p was down-regulated in RCC. 
miR-376a-3p could be targeted and regulated by circR-
NA and then involved in cancer progression (Mao et al., 
2020). More importantly, the present study confirmed 
that circPGPEP1 mainly mediates gene expression by 
absorbing miRNAs, and circPGPEP1 affects RCC devel-
opment by regulating miR-378a-3p. In detail, the preven-
tive influences of silencing circPGPEP1 on RCC cells 
were all hampered when miR-378a-3p was inhibited.

miRNAs are widely involved in cancer promotion and 
repression by regulating cancer-related genes (Abozed et 
al., 2017). JPT1 is a ~16 kDa protein (Q9UK76, uniprot.
org) that was originally identified as an abundant tran-
script in mouse hematopoietic and brain cells (Bateman 
et al., 2020; Tang et al., 1997). Notably, JPT1 is abnor-
mally high expressed in cancers. For example, JPT1 ex-
pression is 3 times higher in ovarian cancer cells than 
in normal ovarian epithelial cells (Lu et al., 2004). In gli-
oma, lowering JPT1 reduces tumor growth (Laughlin et 
al., 2009). In addition, JPT1 can interact with STMN1 to 
promote the growth and metastasis of thyroid anaplastic 
carcinoma (Pan et al., 2021). Likewise, the present study 
noted that JPT1 was upregulated in RCC and JPT1 acted 
as an oncogene in RCC. Knockdown of JPT1 reversed 
the promotion effect of circPGPEP1 overexpression on 
proliferation, invasion, migration, EMT, and glycolysis of 
RCC cells. This suggests that circPGPEP1 plays a role in 
promoting cancer by up-regulating JPT1 expression.

Although the circPGPEP1/miR-378a-3p/JPT1 axis-
related mechanism in RCC progression has been partially 
elucidated, further investigation is still required. For ex-
ample, it is necessary to further determine circPGPEP1 
pattern in the serum of RCC patients and to determine 
the potential of circEHD2 as a diagnostic biomarker for 
RCC. Furthermore, the downstream pathways of JPT1 
in RCC cell progression need to be further elucidated.

CONCLUSION

Our findings suggest that circPGPEP1 is an “onco-
gene” in RCC. Highly circPGPEP1 promotes cell pro-
liferation and metastasis through miR-378a-3p-mediated 
JPT1. Our findings not only explain the mechanism of 
circPGPEP1 in regulating RCC cell progression but also 
provide potential therapeutic targets for RCC.
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Circular RNA sirtuin-1 restrains the malignant phenotype of 
non-small cell lung cancer cells via the microRNA-510-5p/SMAD 
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Circular RNA (circRNA) sirtuin-1 (SIRT1) is differentially 
expressed in non-small cell lung cancer (NSCLC), but its 
specific mechanism is still uncertain. The study was to 
figure out the latent molecular mechanism of circSIRT1 
in NSCLC. The results clarified that circSIRT1 and SMAD 
family member 7 (SMAD7) were downregulated, but mi-
croRNA (miR)-510-5p was upregulated in NSCLC. Circ-
SIRT1 expression was linked with tumor–node–metasta-
sis staging and tumor size in NSCLC patients. Elevating 
circSIRT1 or suppressing miR-510-5p refrained NSCLC 
cell activities and glycolysis and inactivated the wnt/β-
catenin pathway, while knockdown of circSIRT1 promot-
ed the malignant behavior of NSCLC cells. Besides, inhi-
bition of malignant behavior in NSCLC cells by elevating 
circSIRT1 was reversed by knockdown of SMDA7. circ-
SIRT1 bound to miR-510-5p to target SMAD7. In short, 
circSIRT1 represses NSCLC cell malignant development 
via miR-510-5p to target SMAD7, making it a latent tar-
get for NSCLC treatment.

Keyword: Circular RNA sirtuin-1, non-small cell lung cancer, SMAD 
family member 7, MicroRNA-510-5p, proliferation
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INTRODUCTION

Lung cancer (LC) takes up 17% of new cancer cases 
and 23% of cancer deaths (de Sousa et al.,  2018). Owing 
to smoking and environmental pollution, the number of 
new cases of LC and relevant deaths in China is elevated 
(Cao et al.,  2019). Non-small cell lung cancer (NSCLC) 
is the major kind of LC, taking up about 85% (Subra-
maniam et al., 2013). The cure for metastatic liver cancer 

has long been a challenge for clinicians and researchers, 
and the molecular mechanisms are not well understood.

Circular RNAs (circRNAs) are a new class of ubiq-
uitous endogenous RNA. Unlike linear RNA, circRNA 
forms a continuous ring with no 5’ or 3’ covalent clo-
sure (Meng  et al., 2017; Yang et al., 2020). Abnormal ex-
pression of circRNAs is associated with the occurrence 
and development of tumors. For instance, circPTK2 
is crucial in the growth and metastasis of colon cancer 
(CC), making it supposed to be a latent target for CC 
metastasis treatment, and a biomarker for early diagnosis 
of metastasis (Su et al.,  2019). A study by Su et al. clari-
fies that circRNA Cdr1 promotes LC development (Qin 
et al.,  2016). HSA_circ_0001649 expression is downregu-
lated in LC tissues and is associated with tumor size and 
tumor embolism in hepatocellular carcinoma. While circ-
ABCB10 motivates NSCLC cell proliferation, it refrains 
apoptosis via depressing KISS1 (Kong et al.,  2019). Circ-
sirtuin-1 (SIRT1) controls NF-κB activation through se-
quence-specific interactions and enhances SIRT1 expres-
sion via combining with microRNA (miR)-132/212 in 
vascular smooth muscle cells (Li et al., 2021). Meanwhile, 
circSIRT1 is discovered to be a tumor suppressor gene 
in gastric cancer (GC) (Sun et al.,  2020). However, the 
function and mechanism of circSIRT1 in NSCLC have 
not been figured out yet.

The purpose of this study was to explore the potential 
molecular mechanism of circSIRT1 in NSCLC. It was 
assumed that circSIRT1 was a tumor suppressor gene in 
NSCLC. The potential downstream factor of circSIRT1 
was identified by the dual luciferase reporting assay and 
bioinformatics website. In addition, in this work, it was 
confirmed that circSIRT1 blocks the activation of the 
wnt/β-catenin pathway in NSCLC cell lines.

MATERIALS AND METHODS

Clinical tissues obtaining

54 NSCLC patients were recruited and have signed 
the informed consent. No preoperative chemotherapy 
or radiotherapy was performed on the recruited patients. 
The study was approved by the Ethics Committee of 
Chinese Academy of Medical Sciences and Peking Un-
ion Medical College (Approval Number C201612M11). 
All clinicopathological factors of NSCLC patients were 
shown in Table 1. NSCLC tissues were confirmed by 
two histopathological experts. Cancer and adjacent nor-
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mal tissues (>5 cm from the tumor) were harvested 
from 54 cases of NSCLC patients. Afterward, the tissues 
were immediately frozen in liquid nitrogen and stored in 
a refrigerator at –80°C.

Cell culture

NSCLC cell lines (A549, H1975, H1650, and HCC827) 
and non-cancerous bronchial epithelial cell lines (BEAS-
2B) (American Type Culture Collection, Manassas, VA, 
USA) were cultured in Roswell Park Memorial Institute 
(RPMI)1640 (Thermo Fisher Scientific, Waltham, MA, 
USA) consisting of 100 U/mL penicillin, 100 U/mL 
streptomycin (Invitrogen, Carlsbad, CA, USA) and 10% 
Fetal Bovine Serum (FBS) (Thermo Fisher Scientific).

Actinomycin D and RNase R treatments

To verify the stability of circSIRT1 in A549 cells, ac-
tinomycin D and RNase R assays were conducted (Chen 
et al.,  2020). For actinomycin D treatment, A549 cells 
were cultured in a complete medium supplemented with 
2 μg/mL actinomycin D (Sigma, St Louis, MO, USA) 
or dimethyl sulfoxide (Sigma). For RNA detachment, to-
tal RNA from A549 cells was incubated with 3 U/μg 
RNase R (Geneseed, Guangzhou, China) or diethyl py-
rocarbonate-treated water (Sigma). CircSIRT1 or glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) expres-
sion was detected by reverse transcription quantitative 
polymerase chain reaction (RT-qPCR).

Cell transfection

siRNA targeting circSIRT1 and SMAD family mem-
ber 7 (SMAD7) (si-circSIRT1: AGTTTGCAAAGA-
TAACCTTCT; si-SMAD7: CTCCAGATACCCGATG-
GATTTTC) or pcDNA3.1 (pcDNA3.1-circSIRT1), 
si-negative control (NC) and pcDNA3.1 NC were pur-
chased from GenePharma (Shanghai, China), and miR-
510-5p mimic (UCUCUGGGCCUGUGUCUUAGGC)/
inhibitor (GCCUAAGACACAGGCCCAGAGC) and 
mimic/inhibitor NC were purchased from Sangon 
(Shanghai). At 80% confluence, cells were transfected 
in a 6-well plate using lipofectamine 2000 (Invitrogen). 
Cells were then collected for subsequent experiments.

Colony formation assay

Transfected NSCLC cells (5×102/well) were seeded in 
a 6-well plate (Thermo Fisher) containing FBS. After in-
cubation at 37°C with 5% CO2 for 10 days, the colonies 
were stained with 0.1% crystal violet solution (Sigma). 
Colonies (over 50 cells) were then counted under a mi-
croscope (Nikon Eclipse E600, Nikon Instruments, Mel-
ville, NY, USA) (Li et al., 2020).

5-ethynyl-2’deoxyuridine (EdU) analysis

A549 and H1650 cells (1×104) were seeded in a 96-
well plate. Each well was added with 10 μM EdU so-
lution (Genecopoeia, USA). After incubation, the cells 
were fixed with 4% paraformaldehyde, incubated with 
glycine, and then washed with phosphate-buffered saline 
consisting of 0.5% TritonX-100. The cells were incu-
bated with Andy Fluor™ 555 azide (A004, Genecopoeia, 
USA) or 4’,6-diamidino-2-phenylindole. EdU-positive 
cells were observed under a fluorescence microscope 
(XSP-BM13C, Shanghai CSOIF. Co., China). Cell pro-
liferation rate = the number of proliferating cells/total 
number of cells ×100% (Zhu et al., 2021).

Transwell detection of invasion and migration

For invasion detection, Matrigel (BD Biosciences, San 
Jose, CA, USA) was coated in the Transwell chamber 
(BD Biosciences). The lower chamber was added with 
600 μL RPMI1640 medium consisting of 10% FBS 
(Thermo Fisher Scientific), and the upper chamber was 
supplemented with 200 μL serum-free medium consist-
ing of 1×105 cells. Cells not passing through the mem-
brane were removed, and the remaining cells were fixed 
with methanol, stained with crystal violet, and observed 
under a microscope. Five fields of view were random-
ly selected to calculate the average number of cells. A 
Transwell chamber not coated with matrigel was used 
in the migration assay, and the remaining steps were the 
same as the invasion (Tang et al., 2021).

Glycolysis test

In line with the manufacturer’s instructions, a glu-
cose measurement kit and a lactic acid measurement kit 

Table 1. CircSIRT1 is implicated in TNM staging and tumor size of NSCLC patients

Features Group Cases
Circ SIRT1 expression

P
Elevation (n=27) Reduction (n=27)

Age (years)
<60 18 7 11

0.2482
≥60 36 20 16

Gender
Male 38 17 21

0.2332
Female 16 10 6

Tumor size (cm)
<3 29 21 8

0.0004
≥3 25 6 19

Lymph node metastasis
Yes 31 14 17

0.4090
No 23 13 10

Tumor, node, and metastasis stage
I + II  21 16 5

0.0021
III-IV 33 11 22

Differentiation degree
Good 15 8 7

0.7613
Medium/bad 39 19 20

Note: The relationship between circSIRT1 and clinicopathological features of NSCLC was examined using Spearman correlation analysis.
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(Biovision, San Francisco, CA, USA) were utilized to 
evaluate cellular glycolysis. Absorbance was measured us-
ing an automated microplate reader (Molecular Devices 
LLC, Sunnyvale, CA, USA).

Flow cytometry detection of apoptosis

Annexin V-fluorescein isothiocyanat (FITC) apoptosis 
detection kit (Sigma-Aldrich, St. Louis, MO, USA) was 
utilized for analysis of cell apoptosis (Huang et al., 2020). 
NSCLC cells were resuspended in a 1× binding buffer. 
After staining with Annexin V-FITC and propidium io-
dide, cells were evaluated to analyze the apoptosis rate 
on a flow cytometer (BD Biosciences).

RT-qPCR

RNA was extracted from tissues and cells using the 
RNeasy Mini Kit (Qiagen, Duesseldorf, Germany). 
RNase-free treatment was used to avoid RNA contami-
nation. RNA was quantified using a NanoDrop ND-
1000 device (Thermo Fisher Scientific). RNA was re-
verse-transcribed into complementary DNA (cDNA) us-
ing M-MLV Reverse Transcriptase Kit (Invitrogen). Af-
ter mixing cDNA with SYBR GreenER qPCR SuperMix 
Universal (Invitrogen), RT-qPCR was performed in the 
PCR system (Applied Biosystems PCR Thermal Cyclers, 
thermo fisher). GAPDH or U6 was the loading control 
gene for mRNA and miRNA, respectively. The 2-ΔΔCT 
method was applied for data analysis. Primer sequences 
were manifested in Table 2.

Western blot

Total proteins were extracted from tissues and cells 
using Radio-Immunoprecipitation assay lysis buffers con-
taining protease inhibitors. Proteins were separated by 
10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis, and 30 μg sample was electro-blotted onto a 
polyvinylidene fluoride membrane (Millipore), blocked 
with 5% skimmed milk, and incubated with primary an-
tibodies and the secondary antibody. Primary antibodies 
were SMAD7 (25840-1-AP, Proteintech, 1:1000), HK-2 
(22029-1-AP, Proteintech,1:1000), GLS1 (ab156876, Ab-
cam, 1:1000), β-catenin (ab32572, Abcam, 1:1000), GAP-
DH (ab8245, Abcam, 1:1000), c-myc (M4439, Sigma, 
1:1000), with goat anti-rabbit Immunoglobulin G (7076, 
Cell Signaling Technology) as the secondary antibody. 
Protein signals were detected by the BeyoECL Star ECL 

kit (Beyotime) and analyzed by ImageJ software (Nation-
al Institutes of Health, Maryland, USA).

Luciferase activity assay

circSIRT1 and SMAD7 wild-type (WT) and mutant 
(MUT) luciferase reporter vectors (circSIRT1/SMAD7 
WT/MUT) consisting of putative binding sites of miR-
510-5p were purchased from Promega (Madison, Wis-
consin, USA). A549 and H1650 cells were seeded in a 
48-well plate (4.5×104/well) and cultured to 70% con-
fluence. Co-transfection of the above vectors was done 
with miR-510-5p mimic or mimic NC in A549 and 
H1650 cells using lipofectamine 2000. Luciferase activi-
ties were measured in the dual luciferase reporter gene 
detection system (Promega).

Statistical analysis

Statistical analysis was performed by GraphPad Prism 
software (La Jolla, CA, USA). Data were shown as mean 
± standard deviation (S.D.). Student’s t-test or one-way 
analysis of variance (ANOVA) followed by Tukey’s post-
hoc test was utilized to analyze two or more groups. 
P<0.05 emphasized obvious statistical meaning. The re-
lationship between circSIRT1 and the clinical features 
of patients was determined using Spearman correlation 
tests. All experiments were carried out with at least three 
biological replicates (N=3).

RESULTS

CircSIRT1 is reduced in NSCLC and is associated with 
NSCLC clinicopathological features

In order to clarify the potential characteristics of circ-
SIRT1 in NSCLC, circSIRT1 expression was examined 
in NSCLC. CircSIRT1 in NSCLC tissues and the four 
NSCLC cell lines were reduced compared with normal 
tissues and the bronchial epithelial cell line BEAS-2B 
(Fig. 1A, B). Subsequently, the circular structure of circ-
SIRT1 in A549 cells was examined by actinomycin D 
and RNase R assay. As shown in Fig. 1C and 1D, circ-
SIRT1 had a longer half-life period and was not degrad-
ed by RNase R compared to linear GAPDH mRNA. 

Table 2. RT-qPCR primer sequence

Genes Primer sequence (5’– 3’)

GAPDH
Forward: 5’- ATCTTCCAGGAGCGAGATCCC-3’

Reverse: 5’- TGAGTCCTTCCACGATACCAA-3’

U6
Forward: 5’- CTCGCTTCGGCAGCACA-3’

Reverse: 5’- AACGCTTCACGAATTTGCGT-3’

CircSIRT1
Forward: 5’- AGAGATTGTGTTTTTTGGTGAA-3’

Reverse: 5’- GAAGGTTATTTGGAATTAGTGC-3’

miR-510-5p
Forward: 5’- GCATAATGGTTCAGCATGTG -3’

Reverse: 5’- GCATCATGGCAGCATTTACA C-3’

SMAD7
Forward: 5’- TTGCTGTGAATCTTACGGGAAG -3’

Reverse: 5’- GGTTTGAGAAAATCCATCGGGT -3’

Figure 1. CircSIRT1 expression is reduced in NSCLC
(A, B) RT-qPCR detection of circSIRT1 expression in NSCLC tissue 
and adjacent normal tissue, NSCLC cell lines A549, H1975, H1650, 
HCC827 and non-cancerous bronchial epithelial cell line BEAS-2B; 
(C, D) Actinomycin D and RNase R assay test of circular structure 
of circSIRT1. The data were manifested as the mean ± S.D. (N=3); 
*P<0.05.
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To determine whether circSIRT1 was associated with 
clinicopathological features of NSCLC patients, patients 
were divided into circSIRT1 low expression group and 
circSIRT1 high expression group according to the me-
dian expression of circSIRT1, and Spearman correlation 
analysis was performed. CircSIRT1 was associated with 
tumor–node–metastasis (TNM) staging and tumor size 
of NSCLC patients (Table 1). These results indicated 
that circSIRT1 expression was reduced in NSCLC and 
was supposed to be related to NSCLC development.

CircSIRT1 performs as a key gene to suppress the 
malignant phenotype of NSCLC

As circSIRT1 expression levels were the lowest in 
A549 and H1650 cells, these two cell lines were selected 
for subsequent experiments. Subsequently, whether circ-
SIRT1 was associated with the malignant phenotype of 
NSCLC was explored. circSIRT1 was upregulated and 

inhibited in A549 and H1650 cells, respectively, by trans-
fection of circSIRT1-targeted overexpression plasmid 
and siRNA (Fig. 2A). Functional tests clarified that up-
regulating circSIRT1 was available to repress A549 and 
H1650 cell proliferation, invasion, migration and DNA 
replication, but elevated the apoptosis rate (Fig. 2B–E). 
Cancer cells usually require a lot of energy to survive. 
Next, it was explored whether circSIRT1 controls the 
glycolysis capacity of NSCLC cells. Up-regulation of 
circSIRT1 suppressed glucose consumption and lac-
tate production in A549 and H1650 cells (Fig. 2F, G). 
Meanwhile, upregulating circSIRT1 also repressed gly-
colytic rate-limiting enzyme HK-2 and glutamine hydro-
lase GLS1 in A549 and H1650 cells (Fig. 2H). However, 
after the elimination of circSIRT1, the exact opposite 
result was shown (Fig. 2B–H). Overall, circSIRT1 per-
formed as a tumor suppressor gene in NSCLC cells.

Figure 2. CircSIRT1 performs as a key gene to suppress the malignant phenotype of NSCLC cells
(A) RT-qPCR detection of circSIRT1 expression; (B) Colony formation assay detection of cell proliferation; C: EdU assay detection of DNA 
replication; (D) Flow cytometry detection of cell apoptosis; (E) Transwell detection of cell invasion and migration; (F, G) Glycolytic ability 
of cells; (H) Western blot detection of HK-2 and GLS1; In A549 and H1650 cells after transfection of pcDNA 3.1 and siRNA targeting circ-
SIRT1. The data were manifested as mean ± S.D. (N=3); *P<0.05.
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circSIRT1 binds to miR-510-5p to target SMAD7

CircSIRT1 can perform as a sponge of miRNA to 
modulate protein expression and impact disease develop-
ment. Subsequently, downstream miRNAs absorbed by 
circSIRT1 were analyzed. It was found that circSIRT1 
had a potential binding site with miR-510-5p through 
bioinformatics website query (Fig. 3A). Subsequently, a 
dual luciferase reporting assay was carried out. The re-
sults showed that wild-type circSIRT1 lowered the lu-
ciferase activity in the miR-510-5p mimic group, while 
mutant circSIRT1 had no effect on the luciferase activity 
in the miR-510-5p mimic group (Fig. 3B). After eleva-
tion or knockdown of circSIRT1, miR-510-5p expression 
in A549 and H1650 cells was enhanced or repressed, 

respectively (Fig. 3C). This indicated that miR-510-5p 
might be a downstream target of circSIRT1.

Potential binding sites between SMAD7 and miR-510-
5p were found on the bioinformatics website (Fig. 3D). 
WT SMAD7 could reduce the luciferase activity of the 
miR-510-5p mimic group (Fig. 3E). Former studies have 
noted that SMAD7 is under-expressed in various can-
cers, including LC. Consistent results were also gained in 
this study (Fig. 3F, G). Meanwhile, SMAD7 was promot-
ed or inhibited in A549 and H1650 cells with downregu-
lated or upregulated miR-510-5p, respectively (Fig.  3H). 
Therefore, SMAD7 was supposed to be a target gene of 
miR-510-5p.

Figure 3. MiR-510-5p accelerates the malignant behavior of NSCLC
(A, B) RT-qPCR detection of miR-510-5p expression in NSCLC tissue and adjacent normal tissue, NSCLC cell lines A549, H1975, H1650, 
HCC827 and non-cancerous bronchial epithelial cell line BEAS-2B; (C) RT-qPCR detection of miR-510-5p expression; (D) Colony formation 
assay detection of cell proliferation; (E) EdU assay detection of DNA replication; (F) Flow cytometry detection of apoptosis; (G) Transwell 
detection of cell invasion and migration; (H, I) Glycolytic ability of cells; (J) Western blot detection of HK-2 and GLS1 expression; C–J, in 
A549 and H1650 cells after transfection with miR-510-5p inhibitor. The data were manifested as mean ± S.D. (N=3); *P<0.05.
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MiR-510-5p motivates the malignant behavior of NSCLC 
cells

Former studies have confirmed the promoting ef-
fect of miR-510-5p on renal cell carcinoma and thyroid 
cancer development (Liu et al., 2019; Zhan et al., 2020).. 
miR-510-5p expression was evaluated in NSLCL. As 
manifested in Fig. 4A, B, higher miR-510-5p was pre-
sented in NSCLC patients and cell lines. Subsequently, 
miR-510-5p was knocked down in A549 and H1650 cells 
after transfecting with miR-510-5p inhibitor (Fig.  4C). 
Downregulating miR-510-5p repressed A549 and H1650 
cell proliferation, DNA replication, migration and inva-
sion, elevated apoptosis rate, and reduced glucose con-
sumption, lactate production, HK-2 and GLS1 protein 
expression (Fig. 4D-J). Briefly, miR-510-5p motivated 
the malignant behavior of NSCLC cells.

CircSIRT1 represses the malignant behavior of NSCLC 
cells by controlling the miR-510-5p/SMAD7 axis

Next, the researchers explored whether circSIRT1 in-
fluences the malignant behavior of NSCLC through the 
miR-510-5p/SMAD7 axis. pcDNA 3.1-circSIRT1 and si-
SMDA7 were co-transfected into A549 and H1650 cells. 
It came out that pcDNA 3.1-circSIRT1 elevated SMDA7 
expression, and after co-transfection with si-SMAD7, 
SMDA7 expression was repressed (Fig. 5A). The sup-
pressive effects of upregulating circSIRT1 on A549 and 
H1650 cell proliferation, DNA replication, migration, 
invasion, and glycolysis, as well as the promoting effect 

on apoptosis, were turned around after knocking down 
SMDA7 (Fig. 5B–H). In short, circSIRT1 repressed the 
malignant behavior of NSCLC cells by controlling the 
miR-510-5p/SMAD7 axis.

CircSIRT1 refrains the wnt/β-catenin signal activation 
via the miR-510-5p/SMAD7 axis

The activation of Wnt/β-catenin signaling is able to 
accelerate NSCLC proliferation, migration, invasion, and 
stem cell maintenance (Chen et al.,  2016). Next, it was 
examined whether circSIRT1 affected the wnt/β-catenin 
pathway. Upregulating circSIRT1 or silencing miR-
510-5p could reduce β-catenin and c-myc expression, a 
downstream target gene of the Wnt pathway, in A549 
and H1650 cells. The repressive impacts of elevated circ-
SIRT1 on the Wnt/β-catenin pathway were reversed by 
upregulating miR-510-5p and knocking down SMDA7 
(Fig. 6A, B). The findings clarified that circSIRT1 re-
frained from the activation of the Wnt/β-catenin path-
way in NSCLC via miR-510-5p/SMAD7 axis.

DISCUSSION

LC is a very familiar tumor in clinical practice, and 
it is also the malignant tumor with the highest mortal-
ity rate in the world. NSCLC is characterized by a high 
degree of malignancy and a very low 5-year survival 
rate. This is mainly due to a lack of understanding of 
the basic biology of NSCLC, which in turn leads to a 

Figure 4. circSIRT1 binds to miR-510-5p to target SMAD7
(A) RT-qPCR detection of miR-510-5p expression in A549 and H1650 cells after transfection of pcDNA 3.1 and siRNA targeting circSIRT1; 
(B) Bioinformatics website http://starbase.sysu.edu.cn/ to predict binding sites between circSIRT1 and miR-510-5p; (C) The luciferase ac-
tivity assay for verification of the targeting relationship between circSIRT1 and miR-510-5p; (D) RT-qPCR detection of SMAD7 mRNA ex-
pression in NSCLC tissue and adjacent normal tissue; (E) Western blot detection of SMDA7 protein expression in NSCLC cell lines A549, 
H1975, H1650, HCC827 and non-cancerous bronchial epithelial cell line BEAS-2B; (F) Western blot detection of SMAD7 protein expression 
in A549 and H1650 cells introduced with miR-510-5p mimic/inhibitor; (G) Bioinformatics website http://starbase.sysu.edu.cn/ to predict 
the binding site of SMAD7 and miR-510-5p; (H) The luciferase activity assay for verification of targeting relationship between SMAD7 and 
miR-510-5p; The data were manifested as mean ± S.D. (N=3); * P<0.05.

570

http://starbase.sysu.edu.cn/
http://starbase.sysu.edu.cn/


Vol. 70 						      861Circular RNA sirtuin-1 restrains the malignant phenotype of non-small cell lung cancer cells

lack of reliable biomarker tests and effective therapeutic 
drugs (Tang et al.,  2016). The prognosis of patients with 
advanced or metastatic LC is quite unpleasing (Gupta et 
al.,  2006). Hence, understanding the pathogenesis of LC 
is essential for the development of therapeutic targets. 
The research of circRNA in LC has attracted much at-
tention recently. At present, the key characteristics and 
latent functions of circRNAs are not well understood 
(Qu et al., 2015; Hansen et al., 2013). Certain circRNAs 
are crucial in cancer. For instance, hsa_circRNA_102958 
expression in GC tissues is up-regulated and is positively 
linked with TNM staging (Wei et al.,  2020). Hsa_cir-
cRNA_102034 motivates LC progression via activating 
NR2F6 (Wang et al.,  2019); In NSCLC, a former study 
has discovered that hsa_circRNA_012515 expression in 

NSCLC tissues is overexpressed and is closely implicat-
ed in the lymph node metastasis and TNM staging of 
NSCLC. In the meantime, NSCLC patients with elevat-
ed hsa_circRNA_012515 have a clearly shorter survival 
time (Fu et al.,  2020). In the research, it was discovered 
that circSIRT1 overexpression was available to repress 
NSCLC proliferation, invasion, migration and glycolysis, 
but promotes apoptosis.

Subsequently, we further clarified the function of circ-
SIRT1 from the molecular mechanism. CircRNA fre-
quently serves as a ceRNA for miRNA. A former study 
has clarified that miR-510-5p induces renal cell carci-
noma and thyroid cancer cell proliferation, invasion and 
migration (Wang et al., 2021; Zhang et al., 2020). In this 
study, it was discovered that miR-510-5p, as a down-

Figure 5. CircSIRT1 refrains the malignant behavior of NSCLC via controlling the miR-510-5p/SMAD7 axis
(A) Western blot detection of SMAD7 expression; (B) Colony formation assay detection of cell proliferation; (C) EdU assay detection of 
DNA replication; (D) Flow cytometry detection of cell apoptosis; (E) Transwell detection of cell invasion and migration; (F, G) Glycolytic 
ability of cells; (H) Western blot detection of HK-2 and GLS1 expression; In A549 and H1650 cells after co-transfection of pcDNA 3.1-circ-
SIRT1 and si-SMDA7. The data were manifested as mean ± S.D. (N=3); *P<0.05.
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stream factor of circSIRT1, also had a cancer-promoting 
impact on NSCLC cells. However, it is worth noting 
that miR-510-5p has tumor suppressor impact on glio-
blastoma and esophageal squamous cell carcinoma (Xu 
et al.,  2019). Hence, it is complicated to determine the 
characteristics of miR-510-5p in cancer, and its function 
in cancer is supposed to be linked with the target gene 
combined with it.

Wnt/β-catenin pathway is a crucial cascade pathway 
closely implicated in tumor progression, and it is a fre-
quently activated pathway in tumors, including LC. For 
instance, TRIM29 blocks LC development by repressing 
the Wnt/β-catenin pathway (Chen et al.,  2019).. believe 
that lncRNA SNHG7 knockdown suppresses the prolif-
eration and migration of bladder cancer cells via motivat-
ing the Wnt/β-catenin pathway. discovered that silenced 
cZNF292 refrains the formation of human glioma tu-
bular structures via the Wnt/β-catenin pathway (Yang et 
al.,  2016). Here, elevating circSIRT1 or repressing miR-
510-5p repressed the motivation of the wnt/β-catenin 
pathway, thus blocking NSCLC malignant behaviors.

In the research, the impacts of circSIRT1/miR-510-
5p/SMAD7 on NSCLCL were not explored in an in 
vivo model. Moreover, circSIRT1 can affect the wnt/β-
catenin pathway, but whether it represses NSCLC de-
velopment via the wnt/β-catenin pathway should be ex-
amined further in the wnt/β-catenin knockdown model. 
This is the limitation of the research.

CONCLUSION

Overall, circSIRT1 blocks wnt/β-catenin signal activa-
tion and NSCLC malignant behaviors via miR-510-5p/
SMAD7. These findings offer favorable data support for 
further understanding of the characteristics of circRNAs 
in LC and offer a probable therapeutic target for the lat-
er treatment of NSCLC.
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Introduction: Acute myeloid leukemia (AML) is a clini-
cally defined heterogeneous disease whose pathophysi-
ology is currently unknown. The association of NAT2 
acetylation profiles with human cancer risks, particularly 
with AML, was investigated in molecular epidemiologi-
cal studies. Additionally, the NAT2 gene was carried out 
with acute lymphoid leukemia and other cancers. Aim: 
In this case-control study, C481T (rs1799929) and G857A 
(rs1799931) polymorphism studies were investigated in 
diagnosed AML patients in the Saudi population. Meth-
ods: This case-control study included 100 AML patients 
and 100 control subjects recruited in Saudi Arabia. The 
C481T and G857A polymorphisms were genotyped using 
specific primers and restriction enzymes. Statistical anal-
ysis was performed on the AML patients and controls us-
ing chi-square tests, genotyping, and allele frequencies 
(odds ratios, 95% of confidence intervals, and P-values). 
Results: Hardy Weinberg Equilibrium was determined to 
be both within and outside of the G857A and C481T pol-
ymorphisms. The allele and genotyping frequencies in 
AML and control subjects were analyzed, and the results 
corroborated the unfavorable connection with C481T (CC 
vs CT+TT; OR-1.12; (95% CIs: 0.64–1.96); P=0.67 and T vs 
C; OR-0.89; (95% CIs: 0.59–1.35) and P=0.60) and G857A 
polymorphisms (GG vs GA+AA; OR-1.50; (95% CIs: 0.83–
2.71); P=0.17 and A vs G; OR-0.71; (95%CIs: 0.43–1.19) 
and P=0.19) in the NAT2 gene. Conclusion: The study re-
sults revealed a negative correlation as well as a protec-
tive factor for AML with the C481T and G857A polymor-
phisms in the NAT2 gene.
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INTRODUCTION

Acute myeloid leukemia (AML) is classified as an ag-
gressive condition in which too many immature, non-
lymphoblastic, white blood cells in the bone marrow 
and blood are identified. AML is also known as acute 
myelogenous leukemia or acute nonlymphocytic leukemia 
(Cucchi et al., 2021). Myeloid malignancies are a subset of 
hematopoietic stem/progenitor cell tumors that include 

AML and myelodysplastic syndromes (MDS) (Döhner 
et al., 2015). An estimated 21 450 cases were reported 
in 2019, representing between 15–20% of leukemias in 
the United States (Sasaki et al., 2021). The prognosis for 
AML patients beyond the age of sixty has not changed 
significantly in decades and remains bleak (Docking et al., 
2021). AML is a clonal hematopoiesis condition defined 
by genetic and epigenetic changes that lead to a block 
of myeloid progenitor development in the bone marrow 
and blood and the accumulation of leukemia. Although 
the overall survival rate of AML patients is poor, around 
20% to 30% of them never achieve complete remis-
sion, and 50% of them relapse beyond complete remis-
sion, often within 2-3 years after diagnosis (Bhatnagar et 
al., 2021). AML can also be caused by a growing MDS, 
such as a clonal condition of hematopoietic stem cells 
(Chamseddine et al., 2016). Despite efforts to enhance 
the clinical result of AML, current medications fail to 
eradicate the leading leukemic stem cells (Pegoraro et al., 
2020). Based on the French and American classification, 
AML is classified into eight subtypes, M0-M7, depedning 
on the type of leukemia that develops and the stage of 
leukemia maturity (Lafuente et al., 1993).

AML is the most frequent acute leukemia in adults, 
which causes many deaths from malignancy. Fatigue ow-
ing to anemia, easier bleeding due to thrombocytope-
nia, increasing leukopenia and bone soreness are further 
symptoms of AML. Acute leukemia may be myeloid or 
lymphoblastic depending on the type of cells impacted. 
The specific etiology of AML is not fully understood, 
although risk factors for the development of AML are 
also present. In the great majority of AML cases, ge-
netic mutations are discovered. Some AML-associated 
chromosomal translocations include t(15:17) and t (8:21). 
Risk factors include patients with a hematologic condi-
tion underlying AML, people who underwent alkylat-
ing or radiation chemotherapy in previous cancer treat-
ments, genetic disorders such as Down’s syndrome and 
increased age (Kaser et al., 2021). New predictors of dis-
eases like cancer and indications of efficacy of chemo-
therapy response were developed in single nucleotide 
polymorphisms (SNPs). To date, most SNPs in AML 
have been identified with oncological therapy responses 
(Castro et al., 2021). Over the last three decades, genom-
ic aberrations have dominated the pathogenesis of AML, 
and diagnostic and prognostic indications of cytogenesis 
have emerged. The Cancer Genome Atlas project has re-
ported a small number of mutations in often disrupted 
pathways including NPM1, FLT3, CEBPA, DNMT3A, 
IDH1, and IDH2, as well as genes recently implicated in 
leukemogenesis like EZH2, U2AF1, SMC1A, and SMC3. 
NPM1, CEPBA, and RUNX1 mutations are frequent 
in AML (Bullinger et al., 2017). Apart from this multi-
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ple single nucleotide polymorphisms were documented 
in the AML. N-acetyl transferase 2 (NAT2) is a phase 
II metabolizing enzymes that are vital in the acetylation 
and detoxification of various hazardous metabolites and 
carcinogenic agents such as aryl or aromatic amines and 
hydrazines, which are implicated in the development of 
carcinogenesis (Yarosh et al., 2014). Several molecular 
epidemiological studies have investigated the link be-
tween NAT2 acetylation profiles and the risk of human 
cancer. In addition, a significant study showed that per-
sons with the NAT2 phenotype are at greater risk of de-
veloping AML. Furthermore, SNPs in the NAT2 gene 
also control human sensitivity to different cancers such 
as pulmonary cancer, bladder cancer, gastric cancer etc 
(Zou et al., 2017). Growing evidence revealed that NAT2 
polymorphic diseases were combined with higher vul-
nerability to other diseases, notably acute lymphoblastic 
leukemia and lung squamous carcinoma. In addition, 
various studies have shown the relationship of distinct 
NAT2 polymorphisms with a high risk for acute devel-
opment of leukaemia, notably AML, with contradictory 
results (AbdelGhafar et al., 2019).

Leukemia is the third and sixth most common malig-
nancy in Saudi men and women, respectively. In 2013, 
12% of newly reported leukemia cases were AML pa-
tients. AML is an age-related disease in Saudi Arabia, 
with a median age of 70 years. AML is the most com-
mon adult leukemia, with an increased frequency with 
age. In 2013, 684 new cases of adult leukemia were 
reported in the most recent cancer-incidence report in 
Saudi Arabia in every 100 000 persons and this repre-
sents 5.9% of all new adult malignancies (Gaafar et al., 
2018). Presently, limited studies have been carried out 
in the Saudi population and unfortunately there are no 
documented studies on the C481T and G857A polymor-
phism in the NAT gene in patients diagnosed with AML 
in the Saudi population. Therefore, the present study 
aimed to investigate the case-control study in C481T and 
G857A polymorphism with NAT gene in Saudi patients 
diagnosed with AML.

MATERIALS AND METHODS

The Ministry of Health provided an ethical grant for 
this study, which was carried out in accordance with 
the Helsinki Declaration. In this case-control study, 200 
Saudi individuals were recruited as 100 patients were 
diagnosed with AML and 100 were non-AML (healthy 
subjects). All of the recruited samples were obtained 
from the Riyadh regional laboratory in Saudi Arabia’s 
capital city. Both cases and controls were chosen based 

on the inclusion and exclusion criteria discussed in the 
earlier publication (Farasani, 2019). The inclusion criteria 
for AML subjects were recruited based on the diagno-
sis of the AML with histopathological and cytogenetic 
confirmation, signed informed consent and Saudi adults. 
The exclusion criteria for AML cases were patients diag-
nosed with other cancers, unsigned consent form with 
non-Saudi subjects. The AML cases were diagnosed 
with bone-marrow examination, complete blood count 
and flow cytometry. Additionally, cytogenetics and FISH 
tests were implemented for reconfirmation. The inclu-
sion criteria forhealthy controls did not include any type 
of cancer or other diseases. The exclusion criteria were 
non-Saudi subjects.

Sample selection

2 ml of EDTA blood was obtained from each patient 
(n=200) and utilized for DNA extraction and molecular 
analysis (Alshammary et al., 2023).

Molecular analysis

Genomic DNA extraction was done with the specific 
kits used for separation of the DNA and nanodrop was 
used to measure the DNA quantification (Alshammary et 
al., 2023). Genotyping was performed with C481T and 
G857A polymorphism in the NAT2 gene using the pre-
cise primers as described in the Table 1. Genotyping was 
carried out with polymerase chain reaction (PCR) which 
was performed with a total reaction mix of 50 µl micro-
liters consisting of 4 μl genomic DNA and 30  μl PCR 
mixes, which contain 10X, MgCl2, dNTPs and 10× Taq 
DNA polymerases. The Master Mix was complemented 
by 10pmoles of 2 μL of forward and reverse primers fol-
lowed by 12 μL of distilled water. For the final amount 
of 50 μL, the PCR reaction has been standardized (Als-
hammary & Khan, 2021). Both the C481T and G857A 
primers from earlier studies have been used. After PCR 
35 cycles were performed starting with initial denatura-
tion running 5 min at 95°C, 30 s at 95°C for denatura-
tion, various annealing temperatures for both the poly-
morphisms at 65/60°C – 30 s, extension at 72°C – 45 s 
and final extension at 72°C – 5 min. The 910bp of PCR 
products were digested with KpnI and BamHI enzymes at 
37°C for 18 hours and further samples were loaded on 
3% agarose gel stained with ethidium bromide. Further 
details were shown in the Table 1.

Statistical analysis

SPSS software (version 20) was used to examine the 
clinical data. Hardy-Weinberg Equilibrium (HWE) was 

Table 1. NAT2 gene SNP  details

Gene NC Rsnumber Forward Primers Reverse Primers PCR RE NB MB

NAT2 C481T rs1799929 GGAACAAATTGGACTTGG TAACGTGAGGGTAGAGAGGAT 920bp KpnI 486/434bp 920bp

NAT2 G857A rs1799931 GGAACAAATTGGACTTGG TAACGTGAGGGTAGAGAGGAT 920bp BamHI 810/110bp 920bp

Table 2. Anthropometric information on the patients in this study

Anthropometric measurements AML cases (n=100) Controls (n=100) P-Value

Age (Years) 38.9±15.1 39.9±12.06 0.60

Minimum and maximum ages 19–82 18–63 –

Males (Gender) 61 (61%) 54 (54%) –

Females (Gender) 39 (39%) 46 (46%) –
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used for comparing the observed and anticipated geno-
type frequencies using control subjects. The odds ra-
tios, upper, and lower ranges of 95% confidence inter-
vals (95% CI) for C481T and G857A polymorphisms in 
the NAT2 gene were used in the genotype differences 
between AML cases and healthy control subjects. The 
P<0.05 were considered statistically significant (Khan et 
al., 2019).

RESULTS

Clinical details for AML cases and controls

Table 2 documents the clinical characteristics between 
AML and non-AML (controls) involved in this study. In 
this case-control study, 100 AML cases and 100 healthy 
controls were selected within the Saudi population. 
38.9±15.1 and 39.9±12.06 was the known mean age for 
AML cases and control subjects documented with non-
signifcant association (P=0.60). Between 19–82 is the 
minimum and maximum age for AML cases and 18–63 
is the minimum-maximum age for the control subjects 
documented in this study. The male and female patients 
in the AML cases were 61% and 39%, respectively, 
whereas the male and female participants in the controls 
were 54% and 46%.

HWE analysis

HWE analysis was performed in both the C481T and 
G857A polymorphisms and HWE was not in accord-
ance with the control subjects for C481T; VAF=0.37; 
χ2=10.98 and P=0.0009 and for G857A is in accord-
ance with the control subjects VAF=0.21; χ2=0.60 and 
P=0.80.

Genotype analysis for C481T and G857A polymorphisms

The genotype frequencies between CC, CT and TT 
were found to be 51%, 30% and 19% in the AML cases, 
whereas in the control subjects 48%, 31% and 21% were 
documented as CC, CT and TT genotypes. 66% of the 
C allele and 34% of the T alleles have been documented 
in AML cases and in the control subjects, 0.365% of the 
T allele and 0.635% of the C allele were confirmed. The 
genotype [CT vs CC; OR-0.91; (95% CIs: 0.48–1.72) and 

P=0.77 and TT vs CC; OR-0.85; (95% CIs: 0.40–1.77) 
and P=0.66] and dominant model also showed the non-
signifcant association (CC vs CT+TT; OR-1.12; (95% 
CIs: 0.64–1.96); P=0.67 allele frequencies [T vs C; OR-
0.89; (95% CIs: 0.59–1.35) and P=0.60] was also con-
firmed and non-significantly associated. Table 3 confirms 
the genotype distribution as well as allele frequencies 
in AML cases and control subjects. The GG, GA, and 
AA genotype frequencies of G857A polymorphism were 
71%, 26%, and 3% in AML cases, respectively, and 
62%, 34%, and 4% in control genotypes. The allelic dis-
crimination between G and A alleles in AML cases was 
found to be 84% and 16%, respectively, whereas in con-
trol subjects it was 79% and 21%. The genotype [GA vs 
GG; OR-0.66; (95% CIs: 0.36–1.23) and P=0.19 and AA 
vs GG; OR-0.65; (95% CIs: 0.14-3.04) and P=0.58] and 
dominant model also showed the non-signiifcant asso-
ciation (GG vs GA+AA; OR-1.50; (95% CIs: 0.83–2.71); 
P=0.17 allele frequencies [A vs G; OR-0.71; (95% CIs: 
0.43–1.19) and P=0.19] was also confirmed and non-sig-
nificantly associated.

DISCUSSION

In this case-control study, C481T and G857A poly-
morphisms in the NAT2 gene were studied in the Saudi 
patients diagnosed with AML and the study results con-
firmed the negative association with any of the allele or 
genotype frequencies. AML is one of a particular type 
of cancer that modifies the drug-metabolization enzymes 
and mainly because of genetic heterogeneity of the vari-
ous human populations in the fields of drug metabo-
lism and disease sensitivity, NAT2 is a key subject in 
pharmacogenetic study. Seven SNPs of the NAT2 gene 
were studied in human diseases at 191, 282, 590, 857, 
481, 803 and 314 positions, and many more SNPs have 
been reported in worldwide studies (Adole et al., 2016). 
The NAT2 isoform is encoded by the NAT2 gene, 
which is situated on chromosome 8 (8p22), and this 
gene is positioned combined with the NAT1 gene and 
the pseudogene NATP. the observed variety of the de-
scribed alleles derives from the combination of single-
base mutations selected from among the several bases. 
Enzyme activity, affinity for substrate, and stability of 
resultant protein can all be affected by existing SNPs in 

Table 3. The studies distribution genotype frequencies of C481T and G857A polymorphisms

NAT2 (rs1799929)  Cases (n=100) Controls (n=100) OR (95%CI) P-Value

CC 51 (51%) 48 (48%) Position Position

CT 30 (30%) 31 (31%) 0.91 (0.48–1.72) 0.77

TT 19 (19%) 21 (21%) 0.85 (0.40–1.77) 0.66

CC vs CT+TT 51 (51%) 48 (48%) 1.12 (0.64–1.96) 0.67

C 132 (0.66) 127 (0.635) Position Position

T 68 (0.34) 73 (0.365) 0.89 (0.59–1.35) 0.60

NAT2 (rs1799931)  Cases (n=100) Controls (n=100) OR (95%CI) P-Value

GG 71 (71%) 62 (62%) Position Position

GA 26 (26%) 34 (34%) 0.66 (0.36–1.23) 0.19

AA 03 (03%) 04 (04%) 0.65 (0.14–3.04) 0.58

GG vs GA+AA 71 (71%) 62 (62%) 1.50 (0.83–2.71) 0.17

G 168 (0.84) 158 (0.79) Position Position

A 32 (0.16) 42 (0.21) 0.71 (0.43–1.19) 0.19
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the coding region of the gene. The C481T (rs1799929), 
G590A (rs1799930), G857A (rs1799931), and G191A 
(rs1801279) have been useful in the context of NAT2 
as an acetylator phenotype to detect them (Santos et al., 
2016). C481T polymorphism is a synonymous SNP fre-
quently associated with T341C, which occurs in clusters 
NAT2*5, as A, B, F, G, H, I, L, and M in the variant 
alleles 6E, 11A&B, 12 and 14 C. C481T (NAT2*11A) is 
exceedingly rare, and has not been found in over 2600 
individuals of European descent (Garcia-Martin, 2008). 
G857A substitution results in a change in the amino acid 
glutamate in the protein (G286E). This mutation alters 
the active site of the enzyme, lowering its selectivity and 
capacity to operate as a catalyst. The polymorphism in 
the NAT2 gene identified in the G857A variant reduces 
aromatic and heterocyclic amines. Only 11 NAT2 al-
leles have the mutation G857A, and two of these are the 
result of a slow acetylator phenotype, while the others 
have not yet been identified (Rajasekaran et al., 2011). In 
this study, only C481T and G857A polymorphisms have 
been studied in the Saudi patients confirmed with the 
AML disease. The current study results with G857A pol-
ymorphism were associated with a previous study docu-
mented in the Jordanian population (Jarrar et al., 2010).

A function for NAT2 gene polymorphism in sever-
al cancer types has been proposed, and AML has been 
documented in multiple studies in the global popula-
tion (Gra et al., 2008; Majumdar et al., 2008; Zanrosso 
et al., 2012; Zou et al., 2017). Limited studies have been 
recorded in the Saudi population with the NAT2 gene 
in different diseases. C481T and G857A polymorphisms 
have been linked to T2DM in the Saudi Arabian popula-
tion, and the study results validated the favorable con-
nection with G857A polymorphism. However, none of 
the SNPs was shown to be positively associated in this 
study, which may be due to the function of the specific 
disease (Al-Shaqha et al., 2015). A previous study in the 
Arab control population in Saudi Arabia with both the 
C481T and G857A polymorphisms in the NAT2 gene 
was performed (Bu et al., 2004). A similar study on the 
NAT2 gene was conducted in the Saudi Arabian popu-
lation in Al-Ahsa, where it was discovered that persons 
with the NAT2 gene had an elevated risk of slow acety-
lators, potentially impacting the efficacy and vulnerabil-
ity to numerous diseases (Zahra et al., 2020). A similar 
pattern of this study was replicated in the Jordanian 
population (Jarrar et al., 2018). The frequency of NAT2 
gene polymorphism in Saudi Arabia, Oman, and Emirati 
populations varies(Al-Ahmad et al., 2017; Tanira et al., 
2003; Zahra et al., 2020). The NAT2 gene was screened 
in the Egyptian population in children diagnosed with 
lymphoblastic leukemia, and the study results indicated 
that the NAT2 gene is slowly related with the acetylator 
phenotype with ALL risk in pediatric children (Kamel 
et al., 2015). In the NCBI dbSNP NAT2 C481T and 
G857A database, the worldwide Minor All Frequency 
was T=0.27 and A=0.08. G857A is a rather infrequent 
polymorphism, according to these frequencies (Fayez et 
al., 2018). The proportion of mutant alleles was validated 
in this study as 0.34 in T-allele and 0.16 in A-allele of 
both described polymorphisms in the NAT2 gene.

A meta-analysis of NAT2 gene variants in isoniazid-
induced hepatotoxicity (IIH) found that these genetic 
variants had a substantial impact on IIH. The NAT2 
genotyping test can help with a better knowledge of 
drug-enzyme metabolism as well as an earlier prediction 
of IIH (Khan et al., 2019). A documented meta-analysis 
found rs1799931 to be a protective factor against can-
cer development (Tian et al., 2014), which was consist-

ent with the current report’s results as well as those of 
others (Zou et al., 2017). A meta-analysis study on acute 
leukemia with the NAT2 gene was conducted (Zhu et 
al., 2019). This study has added strengths and limitations 
and one of the strengths of this study was opting for 
a minimum of 100 Saudi patients diagnosed with AML 
cases and 100 healthy Saudi controls involved in this 
study. Opting for only 2 SNPs involved in this study is 
one of the major limitations of this study. Missing of an-
thropometrical and clinical data was another limitation of 
this study.

CONCLUSION

In conclusion, the current study findings revealed 
a negative correlation as well as a protective factor for 
AML with the C481T and G857A polymorphisms in 
the NAT2 gene. The current study findings verified the 
comparable correlation found in Chinese studies.
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Smoking is a main risk factor for bladder cancer (BC). 
NAT2 is a drug-metabolizing enzyme that catalyses the 
detoxification of many xenobiotics and carcinogens. Sin-
gle nucleotide polymorphism (SNP) in NAT2 results in 
different acetylation phenotypes (fast, intermediate or 
slow). Certain NAT2 SNPs were associated with BC and/
or modified the association of BC with smoking. How-
ever, limited evidence is available among BC patients 
or smokers from Jordan. This study aimed to discover 
novel SNPs in NAT2 and to assess the association with 
BC. This was a case-control study among 120 BC patients 
and 120 controls. Amplification of a 446 bp fragment of 
NAT2 encoding the N-catalytic domain was conducted 
using a polymerase chain reaction. Gene sequencing 
was done using Sanger-based technology. A total of 40 
SNPs were detected. Two variants were significantly as-
sociated with BC (p<0.05); namely a novel c.87G>A and 
the reported c.341T>C. Regarding c.87G>A, genotype 
distribution was significantly associated with BC and 
subgroup analysis confirmed that this was significant in 
both smokers (p=0.007) and non-smokers (p=0.001). Re-
gression subgroup analysis suggested GA as a risk fac-
tor among smokers (AOR= 2.356). The frequencies of TC 
and CC genotypes of c.341T>C were significantly higher 
in BC (p<0.05). This was statistically significant among 
smokers only (p=0.044), upon subgroup analysis. Multi-
variate analysis showed that subjects with TC genotype 
are 6.15 more likely to develop BC and regression sub-
group analysis revealed TC as a risk factor among smok-
ers (AOR=5.47). This is the first study from Jordan to re-
port the association of smoking and two NAT2 variants 
with BC. The data supports the use of GA and TC geno-
types of the novel c.87G>A and the reported c.341T>C 
SNPs, respectively as potential biomarkers of BC, particu-
larly among smokers. Future investigations with a larger 
population are required to support our findings.
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INTRODUCTION

Globally, bladder cancer (BC) ranks as the 10th most 
common malignancy (Bray et al., 2018) with tobacco 
smoking being a main risk factor for the disease develop-
ment (Freedman et al., 2011, Saginala et al., 2020). Studies 
reported a 4-folds increased risk for BC among smoker 
individuals in comparison to non-smokers (Colombel et 
al., 2008). In addition, more invasive phenotypes of BC 
were described in smoker patients compared with non-
smokers (Jiang et al., 2012). It is well known that tobac-
co contains more than 4 000 chemicals, 60 of which are 
listed as carcinogens (Richter et al., 2008). Examples of 
carcinogenic chemicals that are found in cigarette smok-
ing are aromatic and heterocyclic amines (Turesky and 
Le Marchand 2011). These chemicals are detoxified by 
different drug-metabolizing enzymes including N-acetyl-
transferase 2 (NAT2) (Sanderson et al., 2007).

Human NAT2 is a Phase II drug metabolizing enzyme 
that is involved in the detoxification of many xenobi-
otics and carcinogens by catalyzing the transfer of an 
acetyl group from acetyl CoA as a donor to the acceptor 
compound (Grant et al., 1992). Many studies reported 
inter-individual variations in the rate of acetylation, with 
subjects classified as fast, intermediate or slow acetylators 
(Werely et al., 2007; Garcia-Martin 2008; Sabbagh et al., 
2011; Al-Ahmad et al., 2017; Aklillu et al., 2018). Phe-
notypic differences in acetylation rate explain some of 
the variation observed in the therapeutic/side effect 
profile of drugs metabolized by NAT2 such as isonia-
zid, sulfonamides and others (Werely et al., 2007; Lade-
ro 2008; Sim et al., 2014; Adole et al., 2016). Moreover, 
many reports suggested that the above differences may 
also modify the risk of developing BC (Hein 2006) and/
or modify the association of BC with smoking (Tao et 
al., 2010; Moore et al., 2011; Ribouh-Arras et al., 2019). 
Tao et al., showed that environmental tobacco smoke 
increased the risk of BC among slow NAT2 acetylators 
(Tao et al., 2010). In addition, a large population-based 
study from the US revealed that exposure intensity to 
tobacco smoking was correlated with BC risk in patients 
with slow acetylation (Moore et al., 2011). A recent study 
among the Lebanese population has shown that patients 
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with high BC risk were mainly males, current smokers, 
alcohol drinkers and those with occupational history of 
exposure to aromatic amines (Nasr et al., 2017). Further 
investigations have shown a strong association between 
NAT2 slow acetylator phenotype and smoking which is 
attributed to higher BC risk among the Algerian popula-
tion (Ribouh-Arras et al., 2019).

The NAT2 acetylation phenotype is largely determined 
by genetic variations in the sequence of the gene encod-
ing the NAT2 enzyme. This gene, also known as NAT2, 
is located on chromosome 2 and has two exons sepa-
rated by one intron (Blum et al., 1990). Transient heter-
ologous transfection of constructs that contain only the 
second exon of NAT2 is sufficient to produce a fully 
functional enzyme upon its translation (Boukouvala et al., 
2003). Not surprisingly, most of the sequence variations 
in NAT2 that result in phenotypic differences in acety-
lation are located within the second exon which is 873 
bps in length (Boukouvala et al., 2003; Ribouh-Arras et 
al., 2019).

Jordan is a Third World Middle Eastern country 
with one of the highest numbers of cigarette smokers 
per capita worldwide (Jaghbir et al., 2014). BC is con-
sidered the third most cancer in male patients and ac-
counts for almost 5% of all cancer cases diagnosed in 
Jordan (Directorate-MOH 2014). In addition, BC is a 
foremost cause of cancer related death in Jordan. Up to 
our knowledge, no research group in Jordan has ever se-
quenced the coding region of NAT2 to search for novel 
population specific polymorphisms, despite the impor-
tance of having such a database from a pharmacogenetic 
and personalized medicine standpoint. In addition, no 
studies to date examined the association between genetic 
variants of NAT2 and BC risk in Jordan. 

The N-catalytic domain of the NAT2 enzyme is found 
within the second exon of NAT2. Several reports found 
that most of the genetic variation in the NAT2 gene that 
leads to changes in acetylation activity is located within 
the above domain (Boukouvala et al., 2003; Ribouh-Ar-
ras et al., 2019). Given the above gaps, we sequenced 
a stretch of the second exon of the NAT2 gene from 
subjects of a BC case-control study to discover novel se-
quence polymorphisms in NAT2, test their association 
with BC in Jordan, and examine if these polymorphisms 
modify the link between BC and smoking.

MATERIALS AND METHODS

Ethical approval

This study has the approval of the Deanship of Re-
search and the Institutional Review Board commit-
tees of (Jordan University of Science and Technology, 
King Abdullah University Hospital (KAUH)), (Univer-
sity of Jordan, Jordan University Hospital (JUH)) and 
(King Hussein Cancer Center (KHCC)), (IRB numbers 
25/112/2018, 2018/127 and 30/2018, respectively). Sub-
jects were enrolled in this study after providing an in-
formed consent form. 

Study Settings and Subjects Enrolment

This was a case-control study among 120 BC patients 
from Jordan who attended the Urology clinics of KAUH 
located in the North of Jordan. Patients were also en-
rolled from the Urology clinics of JUH and the Oncol-
ogy clinics of KHCC, both located in the capital city. 

Patients were included if they were diagnosed with 
transitional cell carcinoma (TCC) of BC as their primary 
cancer and were being treated for BC at the time of en-
rolment at each respective hospital. On the other hand, 
patients were excluded if they have BC of other sub-
types rather than TCC or if BC was a secondary tumor.

Patients were interviewed by a clinical research coor-
dinator who described the study’s objectives and clarified 
that the study will include the collection of demographic, 
anthropometric measurements and clinical data as well as 
a blood sample. 

Demographic data included the patient age, gender 
and smoking status, while anthropometric data includ-
ed the patient height and weight needed to calculate 
the Body Mass Index (BMI). Clinical data including the 
pathological stage of the tumor at the time of its diag-
nosis was obtained from the electronic medical records.

Regarding the control group, it included 120 subjects 
who attended Family Medicine clinics of KAUH and 
JUH without a medical history of bladder disease. Con-
trol subjects were matched with cases by gender, BMI 
and smoking status. Subjects in the control group were 
excluded if they had a medical history of any urology-
related symptoms (difficulty upon urinating, blood and 
other discharges in the urine, burning upon urination).

Of note, all interviews of both groups were conducted 
by the same coordinator for the duration of patient re-
cruitment.

Blood sample collection

A single venous blood sample (3 ml) was collected 
from each subject using ethylenediamine tetraacetic acid 
(EDTA) tubes (AFCO, Amman, Jordan). Tubes were 
mixed properly to prevent clotting. Blood samples were 
stored at 4°C for the subsequent DNA extraction.

DNA extraction, PCR and sequencing

Genomic DNA extraction was carried out using the 
QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germa-
ny) according to the manufacturer’s instructions. Follow-
ing the final step of the protocol, DNA concentration 
was measured using an ND-2000 Nanodrop (Thermo 
Scientific, Waltham, MA, USA). DNA samples were 
stored at –80ºC for further processing (i.e. amplification 
followed by sequencing). 

Using the Ensembl genome browser 98 (http://www.
ensembl.org/index.html), the location of the N-catalytic 
domain was mapped on the nucleotide sequence of the 
second exon. A primer pair that flanks the N-catalytic 
domain was then designed using Primer 3 software 
(http://primer3.ut.ee). Primers were designed to am-
plify a 446 bp fragment. The sequence of the forward 
primer was (5’ to 3’): CTTGCTTAGGGGATCATGGA 
while the sequence of the reverse primer was (5’ to 3’): 
GGCTGATCCTTCCCAGAAAT. 

Conventional polymerase chain reaction (PCR) was 
then used to amplify the aforementioned 446 bp frag-
ment. The details of the PCR reaction mixture were as 
Alfaqih and others (Alfaqih et al., 2018). The PCR reac-
tion mixture was then incubated in a T100 thermal cycler 
(Biorad, Berkeley, CA, USA) under the following reac-
tion conditions; (i) initial denaturation step (95ºC, 3 min-
utes), (ii) 35 denaturation cycles (95ºC, 3 minutes), (iii) 
annealing (65ºC, 30 seconds) and (iv) extension (72ºC, 
one minute) and (v) a final extension (72ºC, 5 minutes).

Prior to sequencing the PCR products, 5 µls of the 
PCR mixture were loaded into a 2% agarose gel stained 
with ethidium bromide. The electrophoresis was run at 
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140 volts for 40 minutes. Ultraviolet light was used to 
visualize the products. PCR products of the previous 
step were sent to (Center Name) for sequencing using 
Sanger=based technology. Sequencing was performed 
from both ends of the fragment using the forward and 
reverse primers of the original PCR reaction.

The Chromas Pro Software (http://technelysium.com.
au/wp/chromas) was used to visualize sequence chro-
matograms. The above software was also used for se-
quence alignment with a reference sequence of the sec-
ond exon of NAT2 to identify genetic variants in the 
sequence. The NCBI (http://www.ncbi.nlm.nih.gov) and 
Ensemble genome browsers were used to indicate if any 
of the identified genetic variants are new or previously 
reported. 

Of note, the alleles and genotypes were successfully 
determined for all SNPs among all enrolled subjects. The 
allele and genotype frequencies of each SNP were cal-
culated using standard methods. Deviations from Hardy 
Weinberg equilibrium were tested using a chi-square test.

In-silico predictions for the effect of genetic SNPs on 
NAT2 protein

Four web-based applications; PolyPhen 2.0 (http://ge-
netics.bwh.harvard.edu/pph2/), SIFT (https://sift.bii.a-
star.edu.sg/), PROVEAN (http://provean.jcvi.org/index.
php) and Mutation Taster (http://www.mutationtaster.
org/) were used to predict the effect of NAT2 SNPs on 
protein structure and function.

Statistical analysis

The minimum sample size required to meet the study 
objective was estimated based on Pourhoseingholi and 
others (Pourhoseingholi et al., 2013):  BC prevalence in 
Jordan (5%), a margin of error which was set to be ±5% 
and,  a confidence level that was set to be 95%, with 5% 
alpha level, and power level of 80%. Based on the above 
information, the minimum sample size required was 73. 
The number of BC patients who enrolled was 120. 

Statistical analysis was carried out using the Statisti-
cal Package for Social Studies (SPSS) software (version 
23, IBM, NY). Student t-test was used to evaluate if sig-
nificant differences exist between cases and controls in 
terms of age and BMI, while Pearson Chi-square was 
used for gender and smoking status. Pearson’s Chi-
square was also used to evaluate the association of allele 
or genotype distributions with BC risk. Subgroup analy-
sis was also done according to smoking status. Results 
were considered significant if p≤0.05.

Multivariate logistic regression analysis was done to 
define the association of c.341T>C and c.87G>A SNPs 
with BC risk in the presence of potential confounders 

including age, gender, smoking, and BMI. Results were 
considered significant if p≤0.05 with a confidence limit 
of 95%. Regression subgroup analysis was also conduct-
ed according to smoking status.

RESULTS

Subject characteristics

A total of 240 subjects were recruited in this study; 
120 BC cases and 120 controls. The characteristics are 
summarized in Table 1. Among cases, the majority 
(86.7%) were males and 65.8% were smokers. The ma-
jority of the cases were in earlier stages of BC; non-mus-
cle-invasive (Ta=48.33% and T1=36.67%) and muscle-
invasive (T2=7.5%, T3=5% and T4=2.5%).

Among controls, 88.3% were males and 56.7% were 
smokers. While significant differences in case status by 
gender, smoking status, and BMI were not statistically 
significant, the mean age of cases (64.80 (12.32)) was 
significantly higher than that for controls (60.46 (12.02)) 
(p=0.006). 

Mutational analyses of a 446 bp fragment of the 
second exon of the NAT2 gene among study subjects

A total number of 40 variants were detected in our 
sample. These were a substitution in one single nucle-
otide (SNPs) and we did not detect any insertions or 
deletions (Fig. 1 Supplementary at https://ojs.ptbioch.
edu.pl/index.php/abp/). Out of the 40 SNPs detected in 
our population, 12 SNPs were previously reported while 
28 SNPs were not reported in any of the publicly avail-
able databases (GenBank or Ensembl) (Table A Supple-
mentary at https://ojs.ptbioch.edu.pl/index.php/abp/). 
None of the SNPs detected in this study had a minor 
allele frequency of less than 0.2. All of the SNPs were in 
agreement with Hardy Weinberg Equilibrium except for 
the two novel SNPs (c.147G>C) and (c.162T>C) (P< 
0.05). These two SNPs were thus excluded from further 
analysis. All of the remaining SNPs were brought for-
ward for further evaluation of their association with the 
risk of BC.

The association of genotypic and allelic frequencies of 
NAT2 SNPs with bladder cancer

The relationship between 38 SNPs discovered in the 
sequenced region of the NAT2 gene and BC was evalu-
ated. Out of 38 SNPs that fit these criteria, only two 
SNPs showed a significant relationship with BC case 
status (p<0.05); the reported SNP (c.341T>C) and the 
novel SNP (c.87G>A).

Table 1. Distribution of study subjects by independent variables and by disease status

Variable Controls  (n=120) Bladder cancer (n=120) p-value

Gender (n) (%)
Males
Females

106 (88.3%)
14 (11.7%)

104 (86.7%)
16 (13.3%)

0.423

Smoking (n) (%)
Yes
No

68 (56.7%)
52 (43.3%)

79 (65.8%)
41 (34.2%)

0.093

Age (years)α 60.46 (12.02) 64.80 (12.32) 0.006

BMI (kg/m2) α 28.50 (5.00) 28.60 (7.20) 0.906

αmean ± standard deviation; BMI, body mass index. The p-values were calculated by Pearson Chi-square test for gender, and smoking (%), while 
the student’s t-test was used for Age, BMI
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Genotype distribution of c.341T>C by case status was 
statistically significant (p=0.0097). The frequency of the 
heterozygous TC and the homozygous CC genotypes 
was higher among BC cases than their control coun-
terparts (Table 2). Similarly, the genotype distribution 
of c.87G>A was significantly different by case status 
(p=0.001). The homozygous GG and the heterozygous 
GA were higher among controls compared to cases, 
while the homozygous AA genotype was higher in BC 
cases (Table 2).

Regarding the analysis of alleles association with BC 
(Table 3), it was found that for c.341T>C, the frequency 
of the T allele was higher among controls, compared to 
BC cases, while the frequency of the C allele was high-
er in cases. For c.87G>A, the frequency of the G al-
lele was significantly higher among controls, while the 
frequency of the A allele was significantly higher in BC 
cases (p=0.003).

Upon subgroup analysis of genotype frequency among 
smokers and non-smokers, separately (Table 4), the 
genotype distribution of c.341T>C showed a signifi-
cant association with disease status, cases vs. controls, 
among smokers only (p=0.044). Among non-smokers, 

the distribution of c.341T>C by disease status, cases vs. 
controls, was not statistically significant (p=0.063) (Ta-
ble  4). Regarding the genotype distribution of the novel 
SNP c.87G>A by case status among smokers and non-
smokers, statistically significant differences were detected 
between genotype and case status among both smokers 
and non-smokers.

Multivariate regression analysis of NAT2 SNPs with 
bladder cancer

BC patients in this study were significantly older than 
controls and the percentage of smokers was higher in 
BC patients than in controls but not statistically signifi-
cant. Accordingly, a multivariate regression analysis was 
done to assess if any of the NAT2 SNPs significantly 
modulates BC risk upon adjustment of potential con-
founders. Table 5 represents all variables in the model 
to assess the effect of genotypes on BC after controlling 
the effects of age, gender, BMI, and smoking. 

It was found that smoking and age increased the risk 
of BC (p<0.05). Upon controlling for the effect of gen-
der, age, BMI, and smoking status, the genotype distri-
bution of c.341T>C was significantly involved in BC 

Table 2. Genotype frequencies of NAT2 SNPs in study subjects.

SNP ID Genotype Control n (%) Bladder cancer n (%) p-value

c.341T>C
TT
TC
CC
Total

15 (12.5%)
105 (87.5%)
0 (0.0%)
120 (100%)

3 (2.5%)
113 (94.2%)
4 (3.3%)
120 (100%)

0.0097

c.87G>A 
GG
GA
AA
Total

66 (55.0%)
54 (45.0%)
0 (0.0%)
120 (100%)

53 (44.2%)
51 (42.5%)
16(13.3%)
120 (100%)

0.001

The p-values were calculated by the Pearson Chi-square test

Table 3. Allele frequencies of NAT2 SNPs in study subjects.

SNP ID Allele Control n (%) Bladder cancer n (%) p-value

c.341T>C T
C

135 (56.2%)
105 (43.8%)

119 (49.6%)
121 (50.4%) 0.143

c.87G>A G
A

186 (77.5%)
54 (22.5%)

157 (65.4%)
83 (34.6%) 0.003

The p-values were calculated by the Pearson Chi-square test

Table 4. The Genotyping frequencies and smoking status

Smoking status SNP ID Genotype Control n (%) Bladder cancer n (%) p-value

Smokers

c.341T>C
TT
TC
CC
Total

7 (10.3%)
61 (89.7%)
0 (0.0%)
68 (100%)

2 (2.5%)
74 (93.7%)
3 (3.8%)
79 (100%)

0.044 

c.87G>A 
GG
GA
AA
Total

44 (64.7%)
24 (35.3%)
0 (0.0%)
68 (100.0%)

35 (44.3%)
37 (46.8%)
7 (8.9%)
79 (100%)

0.007

Non-Smokers

c.341T>C
TT
TC
CC
Total

8 (15.4%)
44 (84.6%)
0 (0.0%)
52 (100.0%)

1 (2.4%)
39 (95.1%)
1 (2.4%)
41 (100.0%)

0.063

c.87G>A 
GG
GA
AA
Total

22 (42.3%)
30 (57.7%)
0 (0.0%)
52 (100%)

18 (43.9%)
14 (34.1%)
9 (22.0%)
41 (100.0%)

0.001

The p-values were calculated by the Pearson Chi-square test
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development. Subjects with the TC genotype were 6.15 
more likely to develop BC compared to TT (p=0.007 
and 95% C.I.=1.6 to 22.9). Regarding the c.87G>A 
genotype distribution, the p-value indicated no significant 
difference (p>0.05). 

Regression subgroup analysis with smoking status

We further conducted the analysis by smoking status 
Table 6. Regarding the c.341T>C SNP, the TC was a 
risk factor among smokers (5.47 times), (p=0.044 and 
95% C.I.=1.044 to 28.679). Regarding c.87G>A, GA 
was a risk factor only among smoker patients (AOR= 
2.356, p=0.019 and 95% C.I.=1.152to 4.819). 

Prediction of the effect of NAT2 SNPs on protein 
function and phenotype

All SNPs effects were predicted depending on dif-
ferent in-silico predictions websites which are Mutation 
Taster, PROVEAN, Polyphen-2 and Sift. Table 7 rep-
resents the prediction of the reported SNP c.341T>C 
and the novel SNP c.87G>A. For c.341T>C, Isoleucine 
amino acid was changed to Threonine at position 114 
of the amino acids sequence. It was predicted as being 
polymorphism, deleterious, affecting the protein func-
tion and reflecting slow acetylator phenotype. Regarding 
c.87G>A, no change was detected in the amino acid se-
quence (Glutamine amino acid), however, it was predict-
ed as a disease-causing, neutral and tolerated. 

DISCUSSION

Globally, BC is considered the 10th most common 
malignancy, and the 13th most fatal cancer, accounting 
for 2.1% of all cancer fatalities (Halaseh et al., 2022). In 
Jordan, BC was found to be the fourth most prevalent 
cancer and accounting for 4.1% of all cancer deaths 
(Abdo et al., 2021). NAT2 is an important enzyme that 
metabolizes xenobiotics, via acetylation reactions, hence, 

modulating susceptibility to environmental carcinogens 
and toxins that arise from tobacco products, diet, or 
other environmental exposures (Mittal et al., 2004). 

NAT2 gene is a polymorphic gene that encodes for 
NAT2 enzyme (Magalon et al., 2008). Genetic variations 
in this gene result in three different phenotypes; rapid, 
intermediate, and slow acetylators affecting the drug 
metabolism, therapeutic effects and adverse effects, as 
well as the vulnerability of the individual to several car-
cinogens (Garcia-Martin, 2008; Ladero, 2008; Sabbagh et 
al., 2011). Genetic polymorphisms of NAT2 have been 
found to be associated with susceptibility to develop dif-
ferent cancer types with various degrees (Avirmed et al., 
2021; Zhu et al., 2021). It has been hypothesized that the 
increased susceptibility to BC among smokers is caused 
by genetic polymorphisms in the NAT2 gene that results 
in slow acetylation of the aromatic molecules that exist 
in tobacco (Tao et al., 2010; Ribouh-Arras et al., 2019), 
thus we aimed to test this hypothesis in our study.

To the extent of our knowledge, this study was the 
first to explore NAT2 polymorphism and its association 
with BC among the Jordanian population. Moreover, in 
our study, the effect of single nucleotide polymorphism 
of the NAT2 gene was stratified by smoking status to 
identify the effect of genetic variations regardless of 
smoking status.

Our study revealed – as expected – that the major-
ity of BC patients were males and smokers. BC patients 
were found to be overweight, which is a previously 
known risk factor for BC in addition to the male gender 
and smoking (Kirkali et al., 2005; Nasr et al., 2017; Re-
zaei et al., 2019).

We have investigated the association of several SNPs 
in the N-terminal catalytic domain in the NAT2 gene 
with the risk of BC. The results of our genetic analysis 

Table 5. Adjusted effects of genotypes on Bladder Cancer

p-value AOR (95% C.I)

BMI 0.762 0.992 (0.943-1.044)

Age 0.002 1.042 (1.015-1.068)

Gender Females vs Male 0.319 0.63 (0.254-1.563)

Smoker vs non-smoker 0.037 1.908 (1.038-3.507)

c.341T>C 
TT
TC
CC

_
0.007
0.999

Ref
6.158 (1.652-22.953)
_*

c.87G>A 
GG
GA
AA

_
0.261
0.998

Ref
1.394 (0.781-2.49)
_*

AOR, adjusted odds ratio; CI, confidence interval; *Distorted AOR.

Table 6. Regression subgroup analysis with smoking status

Genotype p-value AOR (95% C.I.)

Smokers

c.341T>C 
TT
TC
CC

Ref
0.044
0.999

Ref
5.472 (1.044-28.679) 
–*

c.87G>A 
GG
GA
AA

Ref
0.019
0.999

2.356 (1.152-4.819)
–*

Non- Smokers

c.341T>C 
TT
TC
CC

Ref
0.061
1

Ref
9.106 (0.901-92.043)
–*

c.87G>A 
GG
GA
AA

Ref
0.286
0.999

Ref
0.559 (0.192-1.626)
–*

AOR, adjusted odds ratio; CI, confidence interval; *Distorted AOR.

Table 7. Prediction of novel NAT2 SNPs on NAT2 protein function and phenotype

SNP ID NP Mutation taster PROVEAN Polyphen-2 Sift

c.341T>C p.Ile114Thr Polymorphism Deleterious Benign Affect protein function

c.87G>A P.Glu29= Disease causing Neutral Benign Tolerated

583



580											           2023L. Elsalem and others

showed that the frequency of the A allele and the AA 
genotype of the novel SNP c.87G>A was significantly 
higher in BC. Since tobacco smoking is a major risk fac-
tor for the development of BC we performed a stratified 
analysis. Interestingly, the analysis showed that these re-
sults were significant in both smokers and non-smokers, 
Regression subgroup analysis, however, showed that GA 
genotype was a risk factor for BC among smokers only. 
This may indicate that smoking modifies the association 
between BC and GA genotype of this SNP. 

Individuals with the TC genotype of c.341T<C SNP 
are 6 times more likely to have BC compared to those 
with the TT genotype. This is consistent with findings 
of previous studies that revealed c.341T>C SNP with 
its slow acetylation phenotype to increase the risk of 
BC especially among smokers (El Desoky et al., 2005; 
García-Closas et al., 2005; Quan et al., 2016; Song et al., 
2020). Furthermore, our results found that only smoking 
individuals carrying the C allele in our population could 
be at a higher risk of BC in view of their slower acetyla-
tion of tobacco smoking confirming the results of others 
(Marcus et al., 2000), while contrasting other studies that 
indicate no difference in BC risk between different geno-
types (Mittal et al., 2004; Saleh et al., 2019).

The reported SNP c.341T>C was predicted as poly-
morphism, benign, and affecting protein function with 
deleterious effects. In addition, this SNP is linked to 
slow acetylator phenotype. As mentioned earlier, this 
SNP increased the risk of BC among smokers. This is 
in accordance with other studies, where SNPs with slow 
acetylation are associated with a higher risk for different 
cancer types including BC, and mainly among smokers 
(Zhu et al., 2015; Marcus et al., 2000; Kabir & Rehman, 
2018).

Our sequence analysis was limited to a short stretch 
(446 bp) of the second exon of the coding region of the 
NAT2 gene; an area that only encompassed the N- cata-
lytic functional domain of the enzyme. Sequence analysis 
of the entire coding region of the gene is required in 
future studies. This is especially important since previ-
ous studies from other populations showed that genetic 
areas outside the area sequenced in this investigation 
may contain genetic variants that affect enzyme function 
and acetylation phenotype (Boukouvala et al., 2003; Ri-
bouh-Arras et al., 2019).   

A high degree of polymorphism was discovered in 
this gene across a short stretch of the coding sequence. 
Previous studies also reported the NAT2 gene as be-
ing highly polymorphic upon gene sequencing (Sekine et 
al., 2001; Matimba et al., 2009).  Considering that more 
than half of the genetic variants discovered in this in-
vestigation were not previously reported, a more com-
prehensive evaluation of the NAT2 gene polymorphism 
should be conducted on a larger number of individuals 
representing different geographic areas and ethnic back-
grounds present in Jordan.

This report highlights the discovery of a novel SNP in 
the NAT2 gene and its association with BC. Studies that 
examine the effect of the above SNP on enzyme func-
tion and/or structure should be conducted using puri-
fied enzyme preparations or mammalian cells transfected 
with vectors carrying the coding region of the enzyme. 
The above investigations could be coupled with in vivo 
assays which examine the acetylation kinetics of indi-
viduals that carry the different genotypes using safe and 
well tolerated substrates (for example, caffeine). 

Considering that NAT2 polymorphisms may affect 
the therapeutic dose and safety profile of many of the 
most commonly prescribed medications and the high 

degree of polymorphism discovered in NAT2 (at least 
among the Jordanian population), we suggest to build 
a national database of the most frequent alleles of the 
NAT2 gene in Jordan including their effect on the me-
tabolism of various drugs and medications. This database 
can then be used as a tool to promote NAT2 pharma-
cogenetic profiling of patients as part of their treatment 
protocol.

The major strengths of this study include being the 
first study in Jordan in which a gene of pharmacogenetic 
importance was sequenced. This population-based study 
could represent the first step toward establishing a da-
tabase of NAT2 gene variants in Jordan – this gene is 
known to have wide variations across ethnicities (Yee et 
al., 2020). Moreover, our study was not limited to inves-
tigating the effects of already reported polymorphisms 
but rather attempted to discover novel – not previously 
reported – variants. This might set up the stage for fu-
ture population-based studies in the region. Moreover, 
stratifying our analyses according to smoking status ena-
bled us to control smoking as a potential confounder. 
Our sample was retrieved from three major centers, one 
of them is the only specialized cancer center in Jordan, 
in which cancer patients are treated from all over the 
country. This makes our results generalizable to all Jor-
danians with BC.

Yet, this investigation is subject to several limitations. 
First, the relatively small sample size limits our ability to 
attain sufficient statistical power and increases the risk 
of type II error. Second, we acknowledge that we were 
not able to quantitatively assess the smoking status of 
participants in order to assess its dose-response relation-
ship with BC, compared to what was done by Moore 
and others (Moore et al., 2011). Third, this study did not 
investigate the acetylation activity of the enzyme nor 
evaluated the acetylation phenotype (by measuring N-
acetylated metabolites after administration of drugs like 
isoniazid, or caffeine) (Grant et al., 1984) distribution 
among study participants. Since this information is also 
lacking in Jordan, future studies investigating NAT2 phe-
notype and genotype associated with BC in the Jordani-
an population are needed. The lack of enzyme modelling 
studies assessing the effects of newly discovered variants 
was another limitation. Finally, despite controlling for 
smoking status as a confounder, causal inferences still 
cannot be made due to the nature of observational stud-
ies, such as case-control studies, where a temporal se-
quence is lost.

CONCLUSION

This case-control study demonstrated that smoking 
and genetic variation in the NAT2 gene are associated 
with BC risk. Although several investigations across 
multiple populations explored the association of NAT2 
polymorphism with the risk of BC, this is the first study 
from Jordan. Furthermore, this is the first report from 
the region to present genomic sequence data on the N-
catalytic domain of the NAT2 gene. This genomic-based 
approach allowed us to identify a novel variant c.87G>A 
that was not reported before and was found here to be 
associated with BC risk. In addition, we detected the 
previously reported SNP (c.341T>C) that was related 
to slow acetylation phenotype and was also found to in-
crease BC risk. Our data supports the use of TC and 
GA genotypes of c.341T>C and c.87G>A SNPs, respec-
tively as potential biomarkers of BC, particularly among 
smokers. However, further investigations with a larger 
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population are needed to validate our findings. Given 
the high prevalence of tobacco smoking in Jordan, the 
initiation of awareness campaigns that explain the im-
plications of cigarette smoking on health and disease is 
strongly recommended.
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Alpha mangostin (AM), isolated from G. mangostana, 
showed beneficial effects in several disorders due to its 
antioxidant and anti-inflammatory properties. Acute kid-
ney injury (AKI) due to different etiologies can develop 
into severe complications, resulting in high mortal-
ity rates. In this work, AM is tested for its ability to al-
leviate AKI in glycerol-induced AKI rat model, where 30 
Male Sprague-Dawley rats were assigned to a healthy 
group, glycerol-treated group and AM-treated group. 
Glycerol- and AM groups received a single dose of glyc-
erol (per IM, 50% glycerol in saline, 8 ml/kg), whereas 
control group was injected with saline. AM treatment (a 
single daily dose, per IP, 175mg/kg) was accomplished 
for three days. Animals were executed to collect blood 
samples and kidney tissue for biochemical and histo-
logical examination. It was found that glycerol induced 
increase in serum creatinine, blood urea nitrogen (BUN), 
lipid peroxidation, serum magnesium, TNF-α and IL-6. It 
also induced renal edema and hypocalcemia along with 
histopathological renal damage. AM treatment improved 
renal histological features and alleviated increase in se-
rum creatinine, BUN, serum magnesium, TNF-α and IL-6 
levels, as well as renal edema and lipid peroxidation but 
did not affect serum calcium levels. This suggests AM as 
a potential therapeutic agent for treating AKI mainly via 
its antioxidant and anti-inflammatory properties.

Keywords: AKI, alpha mangostin, rhabdomyolysis, antioxidant, 
TNF-α, IL-6, anti-inflammatory
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TGF-β, transforming growth factor-β; KW/BW, kidney weight to 
body weight ratio

INTRODUCTION

Fruits are highly consumed and largely appreciated 
throughout the world. They represent a wealthy pool of 
diverse bioactive compounds, which have shown vari-
able health benefits in reducing the incidence of various 
diseases such as hyperlipidemia, cancer, oxidative stress, 
inflammation and heart disease in addition to their ef-
fects as anti-diabetic, antimicrobial, neuroprotective, im-
mune-stimulant and anticonvulsant (Karasawa & Mohan, 
2018). Garcinia mangostana together with nearly 400 other 
species belongs to Garcinia genus; the biggest genus of 
the Clusiaceae family (Magadula, 2010). G. mangostana’s 
round, reddish- to dark purple fruits have a sweet, slight-
ly acidic flavor and have been used to treat a wide vari-
ety of medical conditions (Ovalle-Magallanes et al., 2017). 
G. mangostana fruit is reported to be rich in xanthones; 
tricyclic oxygenated compounds (Fig. 1) that exhibit nu-

merous bioactivities such as α-amylase inhibitory, anti-
HIV, antimicrobial, antioxidant, anti-inflammatory, anti-
malarial, and antihypertensive effects in addition to its 
cytotoxic effect on various tumor cell lines (Mohamed 
et al., 2017; Ibrahim et al., 2019a; Ibrahim et al., 2019b; 
Gutierrez-Orozco & Failla, 2013). α-Mangostin (AM, 
Fig. 1) is one of the major xanthones isolated from G. 
mangostana that has antioxidant properties and possesses 
diverse bio-activities, such as anti-tumor, anti-inflamma-
tory, cardio-protective, anti-diabetic, larvicidal, antifungal, 
α-amylase inhibitory, anti-parasitic, anti-obesity, and an-
tioxidant (Chen et al., 2008; Devi Sampath & Vijayara-
ghavan, 2007; Watanabe et al., 2018; Larson et al., 2010; 
Perez-Rojas et al., 2016; Chen et al., 2018).

Figure 1. Structure of α-mangostin (AM).
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Despite the number of reports suggesting a beneficial 
effect for AM in alleviating nephropathy (Perez-Rojas et 
al., 2009; Sanchez-Perez et al., 2010), no reports investi-
gating its role in the management of acute kidney injury 
(AKI) are yet available. AKI is a high mortality rate clini-
cal condition characterized by a sudden renal impairment; 
with multiple complicated underlying causes including 
hemorrhagic shock, infection, rhabdomyolysis, and ure-
thral obstruction (Chawla et al., 2014; Bosch et al., 2009). 
Epidemiological screening showed that the incidence rate 
in ICU for AKI-patients was 30–50% and the mortality 
rate among those patients was 63% (Glodowski & Wa-
gener, 2015). Surviving patients need 6–12 months to 
completely recover their kidney functions (Li et al., 2020a), 
whereas 19-31% of AKI patients reach end-stage renal 
failure (Goldberg & Dennen, 2008; Venkatachalam et al., 
2015). Therefore, early intervention to improve kidney 
functions and treat AKI plays a key role to ameliorate the 
progression to chronic nephropathy (Homsi et al., 2010).

Intramuscular Glycerol injection is one of the most com-
mon protocols used in rats to induce rhabdomyolysis (RM) 
that ends by AKI, one of the most severe complications 
of RM (Al Asmari et al., 2017; Sun et al., 2018). RM is a 
condition caused by extensive skeletal muscle breakdown 
due to ischemia, toxins, physical effects and infections, re-
sulting in leakage of overwhelming amounts of intracellular 
contents including myoglobin accessing the blood circula-
tion. Myoglobin exerts toxic effect on the kidneys, where it 
induces oxidative stress due to production of ROS and in-
flammation ending by apoptosis. When myoglobin becomes 
filtered through the kidneys, it is engulfed into the tubular 
cells via endocytosis, where the ferrous-myoglobin is con-
verted to ferric-myoglobin releasing highly reactive hydroxyl 
radicals. These radicals induce lipid peroxidation and affect 
membrane integrity, resulting in AKI (Panizo et al., 2015). 
ROS-induced inflammation results in infiltration of im-
mune cells to the site of inflammation, where these cells 
start producing proinflammatory mediators, such as TNF-α 
and different interleukins that further aggravate the inflam-
matory response. Both TNF-α and IL-6 have been linked 
to disease severity in case of AKI and are used as markers 
for predicting the clinical outcome and mortality (Shimazui 
et al., 2019; Ramesh & Reeves, 2004).

In the current work, we aimed at evaluating the thera-
peutic potential of AM against glycerol-induced AKI via 
assessing its anti-inflammatory, antioxidant and tissue 
protective effects.

METHODS

Materials

All materials utilized in the current study were of ana-
lytical grade and were purchased from local suppliers un-
less otherwise stated. AM was isolated and purified from 
fruit bulb and purity was estimated to be 98% (see sup-
plementary data).

Animals and Treatment

Thirty Male Sprague-Dawley rats, 8 weeks-old (180–
200  g), were housed in controlled temperature under 
12hrs light/dark cycle with free access to food and water 
and were allowed to accommodate for one week before 
initiating the experimental procedure. Animals were as-
signed randomly into three groups with 10 animals in 
each; a healthy control group, a positive control group 
(AKI-group) and AKI-AM treated group.

To induce the AKI model in the second and third 
groups, rats in these groups were deprived of water for 
24 hrs before being injected with a calculated dose of 
50%, v/v glycerol/saline divided equally on both hind 
limbs (IM, 8 ml/kg body weight). Healthy control ani-
mals were treated similarly to AKI animals but received 
an equivalent volume of sterile saline instead of glycerol. 
One hour before inducing the AKI model, animals of 
AKI-AM group received AM (175 mg/kg in DMSO, IP 
injection), and the AKI group animals received a corre-
sponding amount of DMSO, and the treatment was re-
peated once a day for three consecutive days.

Twenty four hours after the last dose of AM, animals 
were weighed then sacrificed under anesthesia. Blood 
was collected by cardiac puncture and kidneys were 
promptly collected, rinsed in ice-cold saline and weighed 
individually and the recorded weight was used for calcu-
lating KW/BW ratio. The right kidney from each animal 
was stored in 10% neutral formalin solution for further 
histological examination, whereas the left one was ho-
mogenized in Tris-buffer and frozen for further bio-
chemical evaluation.

All animal handling protocols were approved by the 
local Institutional Animal Care and Use Committee, fac-
ulty of pharmacy, Minia university (project code number: 
ES10/2022), and were in compliance with the International 
Guidelines for the Care and Use of Laboratory Animals.

Kidney weight-to-body weight ratio

The average weight of the freshly isolated kidneys was 
divided by the corresponding animal body weight and 
the value was multiplied by 100 to represent it as a per-
centage.

Biochemical analysis

Renal parameters. Collected blood samples were al-
lowed to clot at room temperature for 15–20 minutes 
before being centrifuged at 3000  rpm at 4°C for 10 min 
to separate the serum. Assessment of blood urea nitro-
gen (BUN), creatinine, calcium (Ca2+), and magnesium 
(Mg2+) levels were performed spectrophotometrically us-
ing the commercially available kits according to the man-
ufacturer’s instructions (Randox®, UK).

Lipid peroxidation. Kidney homogenates were cen-
trifuged at 5000 rpm for 15 minutes and the superna-
tants were collected for the quantification of thiobarbi-
turic acid reactive substances (TBARS) in an attempt to 
assess lipid peroxidation based on the earlier established 
protocol (Ohkawa et al., 1979) and according to the 
manufacturer’s instructions (Lipid peroxidation (MDA) 
assay kit, Sigma Aldrich, USA). Kidney lipid peroxida-
tion in tissue was calculated as µmole MDA/g of tissue.

Assessment of TNF-α and ILs using enzyme-linked 
immunosorbent assay (ELISA). Levels of circulating 
proinflammatory markers TNF-α and interleukin-6 (IL-
6) were evaluated in serum using commercially available 
ELISA kits according to the manufacturer’s instructions 
(Sigma Aldrich, USA).

Assessment of relative gene expression using qRT-PCR

In brief, primers specific to the genes of interest: glu-
tathione peroxidase (GPx), glutathione reductase (GRs) 
and superoxide dismutase (SOD) along with that of ribo-
somal protein S-18 (RPS-18) as a house keeping gene were 
utilized (as shown in primers list, Table 1) to perform, 
quantitative RT-PCR analyses. Freshly isolated kidney 
tissues were homogenized, and RNA was isolated using 
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miRNeasy Mini (Qiagen, Germany), followed by reverse 
transcription to create the cDNA using ImProm-IITM re-
verse transcription system according to the manufacturer’s 
instructions (Promega, USA). Expression level of target 
genes mRNA was evaluated based on the cDNA, then 
the relative target gene expression was calculated by com-
parative Ct (2−ΔCt) method using RPS-18 as a house keep-
ing gene. Data were presented as mean ± standard error 
of means for three independent experiments.

Histopathological examination

After being excised, kidneys were rinsed in saline then 
fixed in 10% neutral formalin solution for 24 hrs fol-
lowed by dehydration in a series of increasing alcohol 
concentrations. Finally, they were embedded in paraffin, 
and 5-microns sections were cut on a microtome and 
mounted on glass slides for histological investigation. 
After being deparaffinized, the sections were rehydrated 
and stained with Hematoxylin & Eosin to evaluate and 
quantify the extent of tubular injury, dilatation, vacu-
olation and necrosis in kidney tissues as previously de-
scribed (Wu et al., 2017).

Data and Statistical Analysis

All data are expressed as means ± S.E.M. (n=10) for 
all the experiments. Multiple comparisons of data were 
analyzed by one-way analysis of variance, as appropriate, 
and group means were compared using Tukey Kramer 
post hoc test. p-values less than 0.05 were considered as 
statistically significant.

RESULTS

Effect of glycerol and AM on serum biochemical 
parameters and lipid peroxidation

Injection of glycerol into the animals resulted in signs 
of renal injury that was characterized by a significant 
three-fold elevation of serum creatinine when comparing 
these animals to healthy control group (p<0.05). Glyc-

erol administration also resulted in significant increase in 
blood urea nitrogen (BUN) compared to healthy control 
animals (p<0.05) (Fig. 2A and B).

Acute renal injury induced by glycerol also resulted 
in a significant increase in lipid peroxidation (p<0.05) 
in comparison to healthy control animals. Interestingly, 
administration of AM in glycerol-induced AKI animals 
effectively ameliorated the signs of renal injury. It signifi-
cantly decreased serum creatinine as well as BUN levels 
to values that are comparable to normal healthy group 
(1.2±0.01 mg/dL and 43.66±25.66mg/dL respectively, 
p<0.05) (Fig. 2A and B)

In addition, AM was significantly capable of ameliorat-
ing glycerol-induced lipid peroxidation when compared 
to animals receiving glycerol alone (p<0.05) as shown in 
Fig. 2C.

Effect of glycerol and AM on serum calcium and 
magnesium levels

Analysis of electrolytes in the sera of test animals re-
vealed a significant elevation in serum magnesium (Mg2+) 
in AKI group compared to the healthy control group 
(4.1±0.02 mg/dl vs. 2.48±0.14 mg/dl, p<0.05). In con-
trast, a significant reduction in serum calcium (Ca+2) was 
observed in this group compared to the healthy control 
(2.39±mg/dl vs. 8.56±0.31 mg/dl, p<0.05) as seen in 
Fig. 3A and B. It is worth to note that the treatment 
with AM significantly ameliorated the increase in serum 
Mg2+ levels induced by glycerol compared to glycerol-
treated animals which didn’t receive AM (p<0.05). In 
the same time, serum Mg2+ levels were significantly in-
distinguishable when comparing AM-treated animals 
with the healthy control ones (p>0.05). On the other 
hand, depleted (Ca+2) levels in response to glycerol treat-
ment were not replenished upon AM treatment (p>0.05) 
and remained significantly less than the healthy control 
(p<0.05, Fig. 3).

Effect of glycerol and AM on endogenous antioxidants

The relative expression of GPx, GRs and SOD was 
assessed to investigate the effect of the different treat-
ments. Glycerol injection resulted in a significant reduc-
tion in the relative gene expression of all three enzymes 
compared to control animals (p<0.05; Figs 4A, B and C). 
Interestingly, treating AKI animals with AM significantly 
ameliorated the glycerol-induced reduction in GPx, GRs 
and SOD compared to animals that received glycerol 
only (p<0.05; Figs 4A, B and C). It is to be mentioned 
that relative gene expression of GPx and GRs was indis-
tinguishable from that of healthy control animals upon 
AM treatment (p>0.2), whereas the relative expression of 

Table 1. sequence of the primers used for quantitative evaluation of 
GPx, GRS, TSOD expression

Gene Sense Anti-sense

GPx GTCCACCGTGTATGCCTTCT TCTGCAGATCGTTCATCTCG

GRs CAATTGGCATGTCATCAAGG CCATCTCGAAATGTTGCGTA

TSOD TGGTGAACCAGTTGTGGTGT AAAATGAGGTCCTGCAGTGG

RPS-18 AGTTGGTGGAGCGATTTGTC GAACGCCACTTGTCCCTCTA

Figure 2. effect of glycerol and AM on biochemical parameters. 
Glycerol administration induced a significant increase in serum urea (A), creatinine (B) and lipid peroxidation compared to healthy con-
trol (**p<0.05). Animals treated with AM show significant reduction in all three parameters compared to glycerol treated animals (##).
Values are expressed as mean ± S.E.M., n=10, **/##p<0.001, */#p<0.01.
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SOD was still significantly less than that of control after 
AM treatment (p<0.05).

Effect of glycerol and AM on circulating inflammatory 
markers level

Animals exposed to glycerol treatment revealed a sig-
nificant increase in levels of circulating TNF-α and IL-6 
when compared to healthy control animals (Fig. 5A and 
B, p<0.05). Interestingly, treating animals with AM re-
sulted in significant amelioration in serum levels of both 
proinflammatory cytokines (p<0.05).

Effect of glycerol and AM on kidney index

As expected, glycerol-treated animals suffered from 
renal edema as observed by a significant increase in 
kidney index (KW/BW ratio) when compared to the 
healthy group (0.57% vs. 0.31% respectively, p<0.05). 
Interestingly, treating the animals with AM was capable 
of reducing KW/BW ratio in the corresponding animals 
compared to the AKI group animals; however, this re-
duction was not statistically significant (0.42% vs. 0.57%, 
p>0.05) (Fig. 6).

Histopathological findings

Administration of glycerol effectively induced AKI as 
observed in the form of severe degenerative changes in 
renal corpuscles accompanied with accumulation of pro-
tein casts in the mesangial tissue when compared to con-
trol group animals (Fig. 7C and D, arrow head). In addi-

tion, marked degeneration of the renal tubules could be 
detected (arrow) where the lumen of such tubules was 
obliterated by protein casts. These changes were accom-
panied by severe congestion of the renal blood vessels 
(Fig. 7C and D).

Interestingly, treating AKI animals with AM resulted 
in marked alleviation of the degenerative changes in-
duced by glycerol. Figures 6E and F show normal re-
nal corpuscles (C) and glomerular capillaries. Despite the 
mild degree of hydropic degeneration that can be de-
tected in some renal tubules (arrow), the majority of the 
tubules showed normal morphological features (T). It is 
to be noted that some protein materials can be detected 
in few tubules but less than that observed in the glycer-
ol-treated animals. A comparison among the test groups 
regarding these morphological changes is presented in 
Table 2.

DISCUSSION

AKI is a renal dysfunction that is characterized by 
prompt loss of renal filtration rate and accumulation of 
protein debris within the renal tissues, where rhabdomy-
olysis (RM) is a main cause of AKI (Parekh et al., 2012). 
Glycerol-induced rhabdomyolysis is an established model 
that mimics AKI in human as it induces a myoglobinu-
ric condition and a significant reduction in filtration rate 
that result mainly from oxidative stress, which induces 
inflammation and consequently apoptosis (Zager, 1996).

In the current study, glycerol injection induced a sig-
nificant increase in serum creatinine and BUN, indicating 
renal dysfunction that was associated with renal edema 
in response to the toxic levels of myoglobin reaching 
the kidneys as observed by the increased KW/BW ra-
tio. These pathological changes were confirmed by the 
histological examination that showed signs of tubular ne-
crosis, congestion and protein casts accumulation within 
the tubules and mesangial tissue. The observed effects of 
glycerol were reported earlier by several research groups 
(Al Asmari et al., 2017; Ustundag et al., 2009; Korrapati 
et al., 2012).

Despite the possibility of recovering the renal func-
tions affected by RM within few months, some reports 
have shown that structural changes, including fibrosis, 
possibly take place as a result of excessive extracellular 
matrix deposition and the released pro-inflammatory and 
pro-fibrotic factors (Wen et al., 2011). This causes RM-
induced AKI to be a serious condition that needs rapid 
intervention to improve the prognosis and to prevent 
long term complications.

RM can result from muscle damage caused by direct 
traumatic insults or excessive muscular effort that dam-

Figure 4. effect of glycerol and AM treatments on endogenous antioxidant enzyme gene expression. 
Administration of glycerol significantly reduced the relative expression of GPx (A, p<0.01), GRs (B, p<0.01) and SOD (C, p<0.001) com-
pared to healthy control animals. Treating animals with AM significantly increased gene expression of GPx (A, p<0.05), GRs (B, p<0.05) 
and SOD (C, p<0.05) compared to glycerol treated animals. No significant difference in relative gene expression of GPx and GRs could be 
detected between AM treated animals and control ones. Values are expressed as mean ± S.E.M., n=10, **/##/$$p<0.001, */#/$p<0.05.

Figure 3. effect of glycerol and AM treatments on serum calcium 
and magnesium. 
Glycerol administration induced a significant increase in serum 
Mg2+ (A, p<0.05) and reduction in serum Ca2+ (B, p<0.001) com-
pared to healthy control. Animals treated with AM showed a sig-
nificant reduction in magnesium levels compared to the glycerol 
treated group (p<0.05) but no significant changes in serum calci-
um levels (p>0.0.05) was achieved compared to the glycerol treat-
ed group. In AM treated animals, Mg2+ levels are comparable to 
control but Ca2+ levels are significantly lower than control (p>0.26 
and p<0.001 respectively). Values are expressed as mean ± S.E.M., 
n=10, **/##p<0.001, */#p<0.05
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ages muscle cells, some metabolic disorders, bacterial 
and viral infections, alcohol intake and exposure to vari-
ous types of drugs like statins, heroine and cocaine as 
well as prolonged immobilization (Holt & Moore, 2001). 

As these factors induce RM, damaged muscle cells start 
to release unexpectedly large amounts of myoglobin 
which becomes filtered through the renal tubules, but 
instead of being excreted, myoglobin is mostly endocy-
tosed inside the renal tubules’ cells. These endocytosed 
myoglobin molecules undergo several oxidation reactions 
releasing hydroxyl free radicals among other ROS, initi-
ating a cascade of oxidation and peroxidation reactions 
to generate a condition of oxidative stress (Boutaud & 
Roberts, 2011). As observed in the current study, glyc-
erol treatment significantly induced peroxidation as one 
of oxidative stress outcomes that can be evaluated by 
MDA tissue content, in agreement with several studies 
reporting lipid peroxidation in AKI models (Al Asmari 
et al., 2017).

In rodents, it is believed that glycerol-induced AKI 
is a result of myoglobinuric nephrotoxicity and renal is-
chemia (Parekh et al., 2012; Zager, 1996), where the mo-
lecular events observed in this model are similar to those 
observed clinically, which causes the glycerol-induced 
RM a very common model to study AKI (Stein et al., 
1978). In other words, pathophysiology of RM-induced 
AKI includes oxidative stress, cast formation in renal tu-
bules, vasoconstriction and inflammation of renal tissues 
(Shanu et al., 2013).

In response to oxidative stress, pro-inflammatory 
cytokines are released activating macrophages and T-
lymphocytes at the site of inflammation, which in turn 
produces various cytokines e.g. TGF-β and TNF-α to 
propagate the inflammation condition. Released proin-
flammatory TNF-α interacts with various cell types and 
induces NFκB activation and nuclear translocation. This 
activates the transcription of NFκB downstream proin-
flammatory target genes, resulting in the release of in-
creased amounts of proinflammatory cytokines e.g. Il-6 
(Moreno et al., 2012).

Several reports have shown that antioxidants are ca-
pable of protecting against myoglobin-induced oxidative 
stress via scavenging the released ROS, improving the 
endogenous antioxidant defense mechanisms, prevent-
ing lipid peroxidation or ameliorating the inflammatory 
response, and hence protecting against the renal dam-
age. These molecules included ascorbic acid, vitamin E, 
polyphenols, suramin, curcumin and quinacrine among 
others (Al Asmari et al., 2017; Korrapati et al., 2012; Us-
tundag et al., 2009).

AM, a xanthone isolated from G. mangostana fruit, has 
been implicated in a lot of studies for its wide range of 
therapeutic effects as previously mentioned (Sanchez-
Perez et al., 2010; Devi Sampath and Vijayaraghavan, 
2007; Jung et al., 2006). It has been shown to exert its 
action via its positive effects on the endogenous anti-
oxidant defense mechanisms, as it was previously re-
ported to improve the superoxide dismutase and glu-

Figure 5. effect of glycerol and AM treatments on circulating 
proinflammatory cytokines. 
Glycerol treatment induced a significant increase in both TNF-α 
(A, p<0.001), and IL-6 (B, p<0.001) compared to healthy control. 
AM treatment significantly ameliorated the increase in serum 
levels of both TNF-α (A, p<0.001) and IL-6 (B, p<0.001) compared 
to glycerol treated group. Values are expressed as mean ± S.E.M., 
n=10, **/##p<0.001, */#p<0.05

Figure 6. kidney index of the different test groups. 
Glycerol administration induced a significant increase in kidney-
to-body weight ratio compared to healthy control group (p<0.01). 
AM treatment resulted in reduction in kidney index compared to 
glycerol treated group (p<0.05). Values are expressed as mean 
± S.E.M., n=10, **/##p<0.001, */#p<0.01

Figure 7. Photomicrographs of kidney sections from the differ-
ent test groups. 
A&B: sections from healthy control showing normal renal cor-
puscles with normal glomerular capillaries (C) and normal re-
nal tubules (T) as well as normal collecting tubules (arrow, H&E 
stain, x400). B: renal medulla showing normal collecting tubules 
with cuboidal lining epithelium and normal loop of Henle’s (H&E 
stain, x400). C&D: sections from glycerol treated group showing 
degenerative changes in renal corpuscles (C) with accumulation 
of protein materials in the mesangial tissue and renal tubules (ar-
rowheads) with protein casts (arrow) and protein casts in the re-
nal tubules’ lumen (P). D: renal medulla showing sever congestion 
of the renal blood vessels (V) and protein casts (P). E&F: sections 
from AM-treated group with normal renal corpuscles (C), almost 
normal renal tubules (T) and collecting tubules (arrowhead) with 
few ones showing mild degree of hydropic degeneration (arrow). 
Scanty amounts of protein are present in few tubules (double ar-
row). F: renal medulla showing normal renal tubules. Protein casts 
present in few tubules (arrow). (H&E stain, X400)

Table 2. Effect of glycerol and AM on the kidney morphological 
features

Control 
group

AKI  
group

AKI-AM 
group

Degenerated corpuscles – +++ –

Congestion – ++ –

Protein casts – +++ +

Necrosis – +++ –

Hydropic degeneration – +++ +

Key: – no pathological change, +mild degree pathological change, 
++moderate pathological change, +++severe pathological change
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tathione peroxidase activity, in addition to replenishing 
glutathione tissue content (Fang et al., 2016). In addi-
tion, AM was shown to combat inflammation and sup-
press the production of various inflammatory mediators 
and fibrogenic mediators via scavenging different free 
radicals like superoxide and peroxynitrite according to in 
vivo and in vitro studies investigating its potential effects 
in nephrotoxicity models (Perez-Rojas et al., 2009; Li et 
al., 2020b; Muhamad Adyab et al., 2019; Sanchez-Perez 
et al., 2010). Some reports related the anti-inflammatory 
effect of AM to its ability to activate SIRT-1, a nuclear 
histone deacetylase, which inhibits NFκB signaling and 
consequently its downstream pro-inflammatory effectors 
(Franceschelli et al., 2016), whereas others reported the 
ability of AM to inhibit leukocyte migration as well as 
the production and secretion of inflammatory mediators 
e.g Il-2, Il-6 and TNF-α from different cell types (Kim et 
al., 2021; John et al., 2022). Despite these positive effects 
of AM, its effect on RM-induced AKI in glycerol model 
is not yet investigated.

In the current research, we found that AM administra-
tion to glycerol-induced AKI rats could efficiently allevi-
ate signs of AKI as it normalized BUN and creatinine 
levels and alleviated renal edema. It also alleviated the 
oxidative stress induced by glycerol administration as 
observed in ameliorating MDA tissue content. It signifi-
cantly reduced serum magnesium levels, however, serum 
calcium levels were not improved upon treatment. AM 
treatment also normalized the relative gene expression 
of the antioxidant enzymes SOD, GPx and GRs, and 
ameliorated the expected increase in circulating TNF-α 
and IL-6, which were upregulated upon AKI induction. 
On the cellular level, AM could reverse most of the 
histopathological changes induced by glycerol injection, 
regaining normal corpuscles and renal tubules with mini-
mal protein deposition indicating good signs of recovery 
from tissue damage.

These effects can be explained by the previously re-
ported ROS scavenging activity of AM and its ability to 
replenish the endogenous antioxidant mechanism (Fang 
et al., 2016; Martinez et al., 2011). In this context, AM 
was reported to achieve its antioxidant effect via increas-
ing the activity of various antioxidant enzymes including 
SOD and GPx, and retrieving the gene expression of 
endogenous antioxidant enzymes as well (Perez-Rojas et 
al., 2009). In addition, its previously reported mitochon-
drial-stabilizing, antiapoptotic effect prevents cell death 
and protects against tissue damage, enabling the recovery 
of renal functions upon its use (Perez-Rojas et al., 2009; 
Sanchez-Perez et al., 2010). AM has been also reported 
previously for its anti-inflammatory effect and its abil-
ity to reduce/ameliorate TNF-α and other inflammatory 
cytokines e.g. IL-6 II-1β and IL-8 in several models in-
cluding kidney disease models via its inhibitory effect on 
NFκB and TLR-4 signaling in addition to other signaling 
pathways linked to inflammation in renal tissues (Tewtra-
kul et al., 2009; Xu et al., 2017; Zou et al., 2019).

Hypocalcemia is expected in the early stage of AKI 
where calcium becomes deposited within the cells as a 
result of Ca2+-ATPase pumps dysfunction and the dam-
aged sarcoplasmic reticulum, leading to a significant de-
crease in serum calcium levels. In a later response, pro-
teases and phospholipases attack the cell membranes re-
sulting in leakage of cellular contents, which consequent-
ly destroy cells in the near proximity. It is to be noted 
that renal injury-induced hypocalcemia is observed only 
in the early oliguric phase of AKI (Graziani et al., 2011; 
Edelstein et al., 1997).

In contrast, the increase in serum magnesium level in 
AKI could be attributed to the expected hypovolemic 
condition that may affect magnesium concentrations, 
and the impaired tubular filtration mechanisms follow-
ing AKI that could affect its excretion. It is well estab-
lished that the decline in renal functions is commonly 
associated with increased serum magnesium levels (Swa-
minathan, 2003; Quamme, 1989). The observed effect of 
AM on serum magnesium levels could be attributed to 
its ability to retrieve the renal functions and hence im-
proved filtration rate leading to decreasing magnesium 
levels.

TNF-α is a proinflammatory cytokine that is produced 
by infiltrating immune cells in addition to various cell 
types within the renal tissue i.e. mesangial cells, podo-
cytes, and endothelial cells of the proximal tubules, col-
lecting ducts and thick ascending limbs (Ramseyer & 
Garvin, 2013). It is produced in response to different 
stimuli such as oxidative stress, infections, complement 
reaction and exposure to lipopolysaccharides. It has been 
reported earlier that normalizing the oxidative stress lev-
els using superoxide dismutase (SOD) mimics amelio-
rated TNF-α production and renal pathological changes 
in a diabetic nephropathy animal model (Ebenezer et al., 
2009). TNF-α aggravates the inflammatory process via 
its effect on activating nuclear translocation of the tran-
scriptional factor NFκB with the subsequent activation 
of the transcribing its downstream proinflammatory tar-
get genes (e.g. TNF-α, IL-6, inducible nitric oxide syn-
thase (iNOS) and adhesion molecules). A large body of 
evidence has confirmed the role of TNF-α in inducing 
renal damage (Shahid et al., 2008; Sun & Kanwar, 2015; 
Mehaffey & Majid, 2017). It has been reported that 
TNF-α can enhance the expression of the pro-fibrotic 
factor TGF-β via activating ERK signaling. This cross 
talking between both cytokines causes both to be crucial 
players in the process of tissue remodeling and fibrosis 
as reported earlier (Sullivan et al., 2005; Liu et al., 2021). 
IL-6 is a proinflammatory cytokine that is produced by 
immune- as well as renal cells in response to inflam-
mation. Previous reports have correlated its serum lev-
els with the severity of organ failure and dysfunction in 
ICU-admitted systemic inflammatory conditions (Shima-
zui et al., 2019). The previously reported ability of AM 
to reduce the gene expression level of TNF-α, TGF-β 
and IL-6 allows it to break the vicious circle of oxida-
tive stress- inflammation-tissue damage-remodeling and 
fibrosis (Yiemwattana & Kaomongkolgit, 2015), resulting 
in a significant improvement in the renal functions and 
histology and preventing fibrosis, which is a main com-
plication of AKI as observed in the current study.

In conclusion, this work represents AM as a safe nat-
ural product that can be potentially used to ameliorate 
the devastating renal effects of RM on kidneys directly 
via its antioxidant and anti-inflammatory effects and in-
directly by preventing fibrosis. It can modulate the in-
flammatory process through its effect on the proinflam-
matory cytokines, TNF-α and IL-6, bringing the inflam-
mation to a halt and achieve better recovery in the renal 
tissue. This may provide a medicinal tool to combat the 
transition of these acute effects into chronic, long lasting 
damages and hence decrease AKI-related mortality rates.

LIMITATIONS

Despite the interesting findings, there are some limita-
tions to this study. Serum creatinine and blood urea ni-
trogen were used as biochemical markers to evaluate re-
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nal function, and these data were confirmed by the his-
topathological examination of renal tissue sections. Urine 
analysis based studies including urine volume, urine cre-
atinine and creatinine clearance tests could have support-
ed the findings that AM attenuates glycerol-induced re-
nal impairment. In addition, further studies are required 
to understand the molecular mechanism by which AM 
exerts its nephroprotective effect and to confirm the ef-
ficacy of AM to improve kidney functions in AKI.
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Objective: Sorafenib is the first-line treatment for hepa-
tocellular carcinoma (HCC), but its efficacy is limited 
by the drug resistance of HCC cells. MiR-375 has been 
shown to be an inhibitor of autophagy that contributes 
to sorafenib resistance of HCC cells. In this context, this 
study probed into the unaddressed molecular target of 
miR-375 in inhibiting the autophagy of HCC cells under 
sorafenib treatment. Methods: Western blotting and 
qRT-PCR (quantitative reverse transcription-polymerase 
chain reaction) have been applied to measure the ex-
pressions of miR-375 and SIRT5 in parental HCC cells 
(HepG2 and Huh7) and sorafenib-resistant HCC cells 
(HepG2/so and Huh7/so). HepG2/so cells were accord-
ingly transfected with miR-375 mimic, miR-375 inhibi-
tor, sh-SIRT5, pcDNA3.1-SIRT5 or negative control. Ex-
pressions of p62, LC3I and LC3II in HCC cells have been 
measured by Western blotting. Viability and apoptosis 
of HCC cells have been assessed by CCK-8 (cell count-
ing kit 8) and flow cytometry respectively. Bioinformat-
ics techniques and dual-luciferase reporter assay have 
been used to predict and verify the targeting relation-
ship between miR-375 and SIRT5. Results: MiR-375 was 
under-expressed and SIRT5 was over-expressed in HCC 
cells. An autophagy inhibitor impaired the survival of 
HepG2/so cells transfected with miR-375 inhibitor. An 
autophagy activator enhanced the drug resistance of 
HepG2/so cells transfected with miR-375 mimic. MiR-375 
suppressed the drug resistance of HepG2/so cells by in-
hibiting autophagy. SIRT5 enhanced the drug resistance 
of HepG2/so cells by promoting autophagy and it could 
be targeted by miR-375. Conclusion: MiR-375 suppresses 
autophagy to attenuate the sorafenib resistance of HCC 
cells by regulating SIRT5. The findings of this study may 
provide new therapeutic targets for treating HCC.

Keywords: MiR-375, SIRT5, autophagy, drug resistance, Sorafenib, 
hepatocellular carcinomacell
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INTRODUCTION

Liver cancer belongs to the commonest deadly can-
cers worldwide. The death rate of liver cancer rose 
from 2012 to 2016 and the incidence rate continues to 
increase (Siegel et al., 2019). Hepatocellular carcinoma 
(HCC) accounts for the vast majority of primary liver 
cancers, which can be caused by cirrhosis, infection of 
hepatitis B or C virus, alcohol abuse and other risk fac-
tors (Villanueva, 2019). Sorafenib is a multikinase inhibi-
tor that has been considered the first treatment option 
and standard therapy for advanced-stage HCC for over 
a decade (Marisi et al., 2018). Sorafenib targets multiple 
tyrosine kinases and therefore impairs proliferation, mi-
gration and angiogenesis and activates apoptosis in HCC 
(Brunetti et al., 2019). However, a considerable portion 
of patients with HCC are insensitive to sorafenib, result-
ing in an unsatisfactory overall efficacy of this widely 
used drug (Cheng et al., 2020). HCC cells developing 
sorafenib resistance exhibit significant mesenchymal phe-
notypes and stemness features (Xia et al., 2020). There-
fore, exploration of the mechanisms of sorafenib resist-
ance is important for prolonging the survival of patients 
with HCC.

Autophagy is a metabolic process that is unavoidably 
altered in cancers and it can be well manipulated to im-
prove the clinical outcomes of cancer patients (Levy et 
al., 2017). Autophagy prevents cell damage and improves 
survival in response to energy or nutrient shortage and 
various cytotoxic insults (Dikic & Elazar, 2018). An 
autophagy inhibitor, chloroquine, overcame the resist-
ance of liver cancer cells to drugs targeting hepatocyte 
growth factor-activated MET kinase which stimulated 
liver carcinogenesis and tumor metastasis (Huang et al., 
2019). Autophagy is also suggested to be an important 
participant in mediating sorafenib resistance of HCC. 
For instance, depletion of METTL3, a primary m6 A 
methyltransferase, enhanced the sorafenib resistance of 
HCC cells by activating autophagy-associated pathways 
through destabilization of FOXO3 mRNA (Lin et al., 
2020). CD24 activated autophagy by regulating PP2A/
AKT/mTOR signaling pathway and therefore decreased 
the sorafenib sensitivity of HCC cells (Lu et al., 2018). 
MicroRNA (miR)-541 inhibited autophagy-dependent 
sorafenib resistance of HCC cells by directly targeting 
autophagy-related gene (ATG) 2A and Ras-related pro-
tein Rab-1B (Xu et al., 2020).

In recent years, microRNAs (miRNAs) have shown 
great promise as therapeutic targets for cancer treat-
ment. MiRNAs regulate gene function in diverse cellular 
activities including autophagy. MiR-375 is known to be 
an autophagy inhibitor in many disease conditions. As an 
example, miR-375 promoted inflammation and apoptosis 
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of acinar cells in severe acute pancreatitis by inhibiting 
ATG7-mediated autophagy (Zhao et al., 2020). MiR-375 
also inhibited autophagy to facilitate the sorafenib ther-
apy for HCC (Zhao et al., 2018). However, the mecha-
nism of miR-375 in regulating autophagy-dependent 
sorafenib resistance in HCC remains largely unknown.

SIRT5 is a sirtuin family member that resides primarily 
in mitochondrial matrix and regulates cellular homeostasis 
(Kumar & Lombard, 2018). Overexpression of SIRT5 is 
associated with tumorigenesis in breast cancer, colorec-
tal cancer, HCC and more (Greene et al., 2019; Shi et al., 
2019; Zhang et al., 2019). Garva and others found that 
SIRT5 positively regulated autophagy and proliferation of 
tumor cells under stress conditions (Garva et al., 2019). 
However, there is no report on either SIRT5-mediated 
autophagy in HCC or the interaction between miR-375 
and SIRT5. The authors used Jefferson database to pre-
dict whether SIRT5 mRNA and miR-375 have binding 
sites (https://cm.jefferson.edu/) and designed this study 
to verify the involvement of miR-375/SIRT5 axis in au-
tophagy-mediated sorafenib resistance of HCC cells.

MATERIALS AND METHODS

Cell cultivation

A healthy liver cell line (L-02) and human HCC cell 
lines (HepG2 and Huh7) were purchased from the 
American Type Culture Collection. L-02, HepG2 and 
Huh7 cells were cultured in Dulbecco’s modified Eagle 
medium (DMEM), MEM and high-glucose DMEM, re-
spectively. All media were supplemented with 10% fe-
tal bovine serum and 2 mM glutamine. These cells were 
incubated in a moist environment (37°C, 5% CO2) and 
used for experiments until they reached the logarithmic 
growth phase.

Establishment of sorafenib-resistant HCC cell models

Sorafenib treatment was given to HepG2 and Huh7 
cells at the logarithmic growth phase. The initial dose 
of sorafenib was set at 1 μmol/L. The culture medium 
was renewed every 24 hours, in which the sorafenib 
concentration increased by 0.25 μmol/L each time until 
reaching a total of 12 μmol/L. The half maximal inhibi-
tory concentration (IC50) >10 μM indicated resistance 
to sorafenib. Sorafenib-resistant HepG2 and Huh7 cells 
(HepG2/so and Huh7/so) were continuously treated 
with sorafenib to enhance the drug resistance. The cells 
were observed and photographed under an inverted mi-
croscope.

Cell transfection and treatment

L-02 or HepG2/so cells were transfected with miR-
375 mimic, miR-375 inhibitor, sh-SIRT5, pcDNA3.1-
SIRT5 or their negative control (mimic NC, inhibitor 
NC, sh-NC or pcDNA3.1) in 3.5 cm culture dishes 
(2×106 cells per dish) using Lipofectamine 2000 (Invit-
rogen, California, USA). The plasmids and RNAs were 
provided by GenePharma (Shanghai, China). All other 
experiments were carried out 48 hours after the transfec-
tion.

For analyzing the effect of autophagy on sorafenib re-
sistance of HCC cells, HepG2/so cells transfected with 
miR-375 mimic were treated with an autophagy activator 
rapamycin (RAP, 0.2 μg/10 μl; Cell Signaling Technol-
ogy, MA, USA) for 24 hours and HepG2/so cells trans-
fected with miR-375 inhibitor were treated with an au-

tophagy inhibitor 3-Methyladenine (3-MA, 50 μM; Sell-
eck, USA) for 24 hours. The use of RAP and 3-MA was 
based on existing literature (Ding et al., 2021; Lendvai et 
al., 2021).

CCK-8 assay

The assay was applied to measure the IC50 of paren-
tal and sorafenib-resistant HCC cells. The survival rates 
of HCC cells were measured 24 hours after treatment 
with sorafenib of different concentrations (1, 2, 4, 8, 16, 
32 μmol/L). The influence of miR-375 or SIRT5 on the 
survival of sorafenib-resistant HCC cells was also as-
sessed. Cells of each group were cultured in a 96-well 
plate where every well contained 1.5×104 cells. Cells in 
each well were incubated with 10 μl of CCK-8 reagent 
at 37°C for 3 hours. The absorbance value was meas-
ured at 450 nm.

Flow cytometry

Cells in each group were made into suspension for 
centrifugation at 2000 r/min. The cells were washed 
twice with phosphate-buffered saline (PBS) and then re-
suspended in binding buffer. Cell suspension (195 μL, 
about 1×105 cells) was mixed with 5 μL of Annexin-V-
fluorescein isothiocyanate (FITC) and propidium iodide 
(PI) solution. The cells were incubated in the dark for 
10 minutes and their apoptosis rates were measured by a 
flow cytometer (BD Biosciences, Suzhou, China).

qRT-PCR

Total RNA was obtained from 4 ~ 5×104 cells per 
well using a TRIzol kit. cDNA reverse transcribed from 
the RNA was used as the template for qRT-PCR. The 
reaction was performed according to the instruction of 
SYBR Prime Script RT-PCR kit. The total reactants con-
sisted of 0.8 μl of cDNA, 5.0 μl of SYBR Primix Ex 
Taq, 1.0 μl of primers and 3.2 μl of RNase H2O. The 
thermal cycling was set as follows: 5 minutes at 95°C; 
30 cycles of 15 seconds at 95°C, 30 seconds at 95°C 
and 40 seconds at 72°C. GAPDH served as a reference 
gene. Each sample had three duplicates. The results were 
analyzed using the 2–ΔΔCT method: ΔΔCt = (Cttarget gene-
Ctreference gene)experimental group–(Cttarget gene–Ctreference gene)control group. 
Sequences of the primers used in the PCR are presented 
in Table 1.

Western blotting

Cells were cultured for 48 h before Western blotting 
analysis in which 1 ~ 2×106 cells per well were used. Af-
ter two PBS washes, the cells were lysed in lysis buffer 
on ice for 45 minutes and shaken at 15-minute intervals. 
After quantification by a bicinchoninic acid (BCA) kit, 
proteins extracted from the cells were mixed with load-
ing buffer and transferred onto a polyvinylidenefluoride 

Table 1. Primer sequences

miR-375-F CACAAAATTTGTTCGTTCGGCT

miR-375-R GTGCAGGGTCCGAGGT

SIRT5-F ACAATGGCTCGTCCAAGTTC

SIRT5-R CCAGTAACCTCCTGCTCCTCT

GAPDH-F GACAGTCAGCCGCATCTTCT

GAPDH-R GCGCCCAATACGACCAAATC

Note: F, forward; R, reverse.
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(PVDF) membrane after SDS-PAGE electrophoresis. 
Non-specific binding was blocked in 5% skim milk for 
2 hours (room temperature). After that, the membrane 
was incubated with primary antibodies of SIRT5 (#8779, 
1:1000), LC3II/I (#12741, 1:1000), p62 (#88588, 1:1 
000), acetylated-lysine (#9814, 1:500) (Cell Signaling 
Technology, Beverly, MA, USA) or LDHB (ab53292, 
Abcam, Cambridge, MA, USA) at 4°C overnight and 
washed with PBS Tween 20 (PBST) for 3×15 minutes. 
The proteins were then incubated with the secondary an-
tibody (ab6728, 1:2000, Abcam, Cambridge, MA, USA) 
for 1 hour. Protein expressions were reflected by chemi-
luminescence. GAPDH (Cell Signaling, #5174, 1:1000) 
acted as a reference protein.

Dual-luciferase reporter assay

MiR-375 was found to have a binding site on the 
3’UTR of SIRT5 mRNA based on the analysis of jef-
ferson (https://cm.jefferson.edu/). Wild and mutant 
SIRT5-3’UTR (WT-SIRT5 and MUT-SIRT5) were syn-
thesized and cloned to luciferase reporter vectors and 
then co-transfected with miR-375 mimic or mimic NC 
into HEK-293T cells. Luciferase activities in the cells 
were assessed 48 hours after transfection using a fluores-
cent luminescence detector based on the instruction of 
the dual-luciferase reporter assay kit (Beyotime, Shang-

hai, China). Relative luciferase activity = Firefly lucif-
erase activity/Renilla luciferase activity.

Statistical analysis

SPSS 18.0 (IBM Corp., Armonk, NY, USA) and 
GraphPad Prism 7.0 (GraphPad Software Inc.) were ap-
plied for statistical analysis. Data were finally presented 
as mean ± standard deviation (S.D.). T-test and one-way 
analysis of variance were used to analyze the differences 
of two groups and multi-groups, respectively. Differenc-
es were deemed statistically significant when P<0.05.

RESULTS

MiR-375 is under-expressed in sorafenib-resistant HCC 
cells

The parental strains of HCC cells (HepG2 and Huh7) 
were continuously cultured in sorafenib of increasing con-
centrations to obtain sorafenib-resistant HCC cells (HepG2/
so and Huh7/so). The morphology of HepG2 and Huh7 
cells under the inverted microscope were changed from a 
plump, pebble-like shape (epithelial phenotype) into a spin-
dle shape (mesenchymal phenotype) (Fig. 1A). CCK-8 as-
say detected that the IC50 of sorafenib in HepG2/so and 

Figure 1. MiR-375 is under-expressed in sorafenib-resistant HCC cells
(A) The morphology of HepG2 and Huh7 cells under an inverted microscope. (B) CCK-8 assay measured the sorafenib IC50 of HepG2, 
Huh7, HepG2/so and Huh7/so cells. (C) the expression of miR-375 in HepG2, Huh7, HepG2/so and Huh7/so cells. (D–E) qRT-PCR detected 
the expression of miR-375 in HepG2/so (D) or L-02 (E) cells transfected with miR-375 mimic or miR-375 inhibitor. (F) CCK-8 assay assessed 
the survival of the transfected L-02 cells. CCK-8 assay (G) and flow cytometry (H) assessed the survival and apoptosis of the transfected 
HepG2/so cells after sorafenib treatment. N=3; *P<0.05, **P<0.01, *** P<0.001; data were presented as mean ± S.D.; T-test was for com-
parison between two groups; one-way analysis of variance was for multi-group comparison; the Tukey test was for post hoc multiple 
comparisons after ANOVA; HCC, hepatocellular carcinoma; cell counting kit 8; qRT-PCR, quantitative reverse transcription-polymerase 
chain reaction.
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Huh7/so cells was higher than in HepG2 and Huh7 cells 
(Fig. 1B, P<0.05), suggesting stronger tolerance of HepG2/
so and Huh7/so cells to sorafenib.

MiR-375 was under-expressed in HepG2/so and 
Huh7/so cells compared to HepG2 and Huh7 cells 
(Fig.  1C, P<0.05). To investigate the potential effect 
of miR-375 expression on sorafenib resistance and on 
healthy liver cells, HepG2/so and L-02 cells were trans-
fected with miR-375 mimic or miR-375 inhibitor. MiR-
375 was up-regulated in the miR-375 mimic group and 
down-regulated in the miR-375 inhibitor group (Fig.  1D–
E, P<0.05, vs the mimic NC or inhibitor NC group), sug-
gesting successful cell transfection. The results of CCK-8 
assay showed that transfection of miR-375 mimic/inhibi-
tor had no significant impact on the survival of heathy 
liver cells (Fig. 1F). After the transfection, HepG2/so cells 
were exposed to sorafenib for 24 hours. Sorafenib treat-
ment impeded the survival of HepG2/so cells (Fig.  1G, 
P<0.05). The survival of HepG2/so cells was further 
damaged by miR-375 mimic while improved by miR-375 
inhibitor (Fig. 1G, P<0.05). The results of flow cytometry 
showed that miR-375 mimic promoted sorafenib-induced 
apoptosis of HepG2/so cells while miR-375 inhibitor at-
tenuated the apoptosis (Fig. 1H, P<0.05).

Autophagy acts on miR-375-mediated drug resistance 
of HCC cells

The autophagy level in transfected HepG2/so cells 
was inhibited by 3-MA or activated by RAP. CCK-8 as-
say detected that 3-MA treatment impaired the viability 
of HepG2/so cells transfected with miR-375 inhibitor, 
while RAP treatment enhanced the viability of HepG2/
so cells overexpressing miR-375 (Fig. 2A, P<0.05, vs the 
miR-375 inhibitor group or miR-375 mimic group). The 
apoptosis of HepG2/so cells was reduced in the miR-
375 inhibitor group, while enhanced in the miR-375 in-
hibitor + 3-MA group (Fig. 2B, P<0.05, vs the inhibitor 

NC group and miR-375 inhibitor group, respectively). 
The apoptosis of HepG2/so cells was promoted in the 
miR-375 mimic group, while inhibited in the miR-375 
mimic + RAP group (Fig. 2B, P<0.05).

Meanwhile, according to the Western blotting measure-
ment of the expressions of p62, LC3I and LC3II, the au-
tophagy of HepG2/so cells was inhibited in the miR-375 
inhibitor + 3-MA group, while enhanced in the miR-375 
mimic + RAP group (Fig. 2C, P<0.05, vs the miR-375 in-
hibitor group and miR-375 mimic group, respectively).

MiR-375 attenuates sorafenib resistance by mediating 
autophagy in HCC cells

According to the CCK-8 analysis of cell viability, 
HepG2/so cells were less susceptible to sorafenib than 
HepG2 cells (P<0.05). The drug resistance of HepG2/
so cells was enhanced by miR-375 inhibitor and reduced 
by miR-375 mimic (Fig. 3A, P<0.05). The apoptosis rate 
of HepG2/so cells was significantly reduced compared 
to that of HepG2 cells (P<0.05). The number of apop-
totic HepG2/so cells was decreased after transfection of 
miR-375 inhibitor, while increased after transfection of 
miR-375 mimic (Fig. 3B, P<0.05).

Furthermore, the LC3II/LC3I ratio was increased 
and p62 was decreased in HepG2/so cells compared 
to HepG2 cells (P<0.05). The above mentioned expres-
sion trends of p62, LC3I and LC3II in HepG2/so cells 
were promoted by miR-375 inhibitor, while perturbed by 
miR-375 mimic (Fig. 3C, P<0.05).

SIRT5 is targeted and down-regulated by miR-375

SIRT5 was detected to be a downstream target of 
miR-375 based on the bioinformatics analysis of jef-
ferson (Fig. 4A). Dual-luciferase reporter assay was de-
signed to confirm the potential regulation between miR-
375 and SIRT5. miR-375 mimic attenuated the relative 

Figure 2. Autophagy acts on miR-375-mediated drug resistance of HCC cells
(A) CCK-8 assay assessed the survivability of HepG2/so cells; (B) Annexin-V-FITC/PI staining and flow cytometry assessed the apopto-
sis of HepG2/so cells; (C) Western blotting measured the expressions of p62, LC3I and LC3II in HepG2/so cells. N=3; *P<0.05, **P<0.01, 
***P<0.001; data were presented as mean ± S.D; T-test was for comparison between two groups; one-way analysis of variance was for 
multi-group comparison; the Tukey test was for post hoc multiple comparisons after ANOVA; HCC, hepatocellular carcinoma; CCK-8, cell 
counting kit 8; FITC, fluorescein isothiocyanate; PI, propidium iodide; RAP, rapamycin; 3-MA, 3-Methyladenine..
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Figure 3. MiR-375 attenuates sorafenib resistance by mediating autophagy in HCC cells
(A) The survival rates of HepG2 and HepG2/so cells; (B) the apoptosis rates of HepG2 and HepG2/so cells; (C) the levels of p62, LC3I and 
LC3II in HepG2 and HepG2/so cells. N=3; *P<0.05, **P<0.01, ***P<0.001; data were presented as mean ± S.D.; T-test was for comparison 
between two groups; one-way analysis of variance was for multi-group comparison; the Tukey test was for post hoc multiple compari-
sons after ANOVA; HCC, hepatocellular carcinoma.

Figure 4. SIRT5 is targeted and down-regulated by miR-375
(A) The binding sites between miR-375 and SIRT5 were predicted by jefferson; (B) dual-luciferase reporter assay verified the binding 
between miR-375 and SIRT5; (C–D) the expression of SIRT5 in cells transfected with miR-375 mimic or miR-375 inhibitor. N=3; *P<0.05, 
**P<0.01, ***P<0.001; data were presented as mean ± S.D.; one-way analysis of variance was for multi-group comparison; the Tukey test 
was for post hoc multiple comparisons after ANOVA.
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luciferase activity of WT-SIRT5 (Fig. 4B, P<0.01), but 
did not affect that of MUT-SIRT5. In cells, the expres-
sion of SIRT5 was negatively regulated by miR-375 
(Fig.  4C–D, P<0.01).

SIRT5 is over-expressed in sorafenib-resistant HCC cells 
and reverses the suppressive effect of miR-375 on 
sorafenib resistance

According to the results of qRT-PCR and West-
ern blotting, HepG2/so and Huh7/so cells had higher 
expressions of SIRT5 than HepG2 and Huh7 cells 
(Fig.  5A–B, P<0.05). To investigate the effect of SIRT5 
on sorafenib resistance, SIRT5 was either knocked down 
or over-expressed in HepG2/so cells via transfection of 
sh-SIRT5 or pcDNA3.1-SIRT5 (Fig. 5C–D, P<0.05). 
SIRT5 inhibition aggravated the damage to the survival 
of HepG2/so cells whereas SIRT5 overexpression im-

proved the survival (Fig. 5E, P<0.05). The suppressive 
or promotive effect of SIRT5 inhibition or overexpres-
sion on sorafenib resistance of HepG2/so cells was re-
versed by miR-375 inhibitor or miR-375 mimic (Fig. 5E, 
P<0.05). SIRT5 inhibition exacerbated sorafenib-induced 
apoptosis of HepG2/so cells, which was later attenuated 
by miR-375 inhibitor (Fig. 5F, P<0.05). SIRT5 over-
expression ameliorated the deaths of sorafenib-treated 
HepG2/so cells, while the apoptosis rate was increased 
in the pcDNA3.1-SIRT5 + miR-375 mimic group 
(Fig.  5F, P<0.05).

SIRT5 promotes autophagy by catalyzing the dea-
cetylation of LDHB (Shi et al., 2019). The ratio of 
LC3II/LC3I was reduced, the expression of p62 was 
up-regulated and the acetylation level of LDHB was 
increased in the sh-SIRT5 group (vs the sh-NC group) 
and pcDNA3.1-SIRT5 + miR-375 mimic group (vs the 

Figure 5. SIRT5 is over-expressed in sorafenib-resistant HCC cells and reverses the suppressive effect of miR-375 on sorafenib resist-
ance
(A–B) The expression of SIRT5 in HepG2, Huh7, HepG2/so and Huh7/so cells. After HepG2/so cells were transfected with pcDNA3.1-SIRT5 
or sh-SIRT5, qRT-PCR (C) and Western blotting (D) measured the expression of SIRT5 in HepG2/so cells; (E) CCK-8 assessed the survival 
rate of HepG2/so cells; (F) Annexin-V-FITC/PI staining and flow cytometry assessed the apoptosis of HepG2/so cells; Western blotting 
measured the expressions of p62, LC3I and LC3II (G) and the acetylation level of LDHB (H) in HepG2/so cells. N=3; *P<0.05, **P<0.01, 
***P<0.001; data were presented as mean ± S.D.; T-test was for comparison between two groups; one-way analysis of variance was for 
multi-group comparison; the Tukey test was for post hoc multiple comparisons after ANOVA; HCC, hepatocellular carcinoma.
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pcDNA3.1-SIRT5 + mimic NC group); different expres-
sion patterns of LC3II, LC3I and p62 and a decreased 
acetylation level of LDHB were found in the pcDNA3.1-
SIRT5 group (vs the pcDNA3.1 group) and sh-SIRT5 + 
miR-375 inhibitor group (vs sh-SIRT5 + inhibitor NC 
group) (Fig. 5G–H, P<0.05).

The above experiment data exhibited that SIRT5 
knockdown inhibited autophagy to augment the suscep-
tibility of HCC cells to sorafenib, and miR-375 down-
regulation abolished the assistance of SIRT5 knockdown 
to sorafenib treatment. In addition, SIRT5 overexpres-
sion enhanced the resistance to sorafenib via autophagy 
activation in HCC cells, while miR-375 up-regulation 
improved the sensitivity of SIRT5 overexpressing HCC 
cells to sorafenib. Taken together, miR-375 mediated the 
tolerance of HCC cells to sorafenib by regulating SIRT5.

DISCUSSION

HCC is the predominant primary liver cancer caused 
by both intrinsic and extrinsic risk factors (Ghouri et 
al., 2017). As the first-line treatment option for HCC, 
sorafenib significantly improves the overall survival of 
HCC patients but the drug efficacy has been greatly lim-
ited by high its resistance rate (Niu et al., 2017). Some 
biological processes in tumor microenvironment, includ-
ing angiogenesis, inflammation, fibrosis, autophagy and 
viral reactivation, are associated with sorafenib resist-
ance (Chen et al., 2015). To further explore the molecu-
lar mechanisms underlying sorafenib resistance-related 
biological processes would help amplify the benefits of 
sorafenib. The present paper elucidates the regulatory 
mechanism of miR-375 in autophagy-mediated sorafenib 
resistance of HCC cells.

First of all, sorafenib-resistant HCC cells (HepG2/so 
and Huh7/so) were established. HepG2/so and Huh7/
so cells obtained increased cell viability and decreased 
apoptosis compared to HepG2 and Huh7 cells. MiR-
375 was found to be down-regulated in HepG2/so and 
Huh7/so cells compared with parental HepG2 and Huh7 
cells. Sorafenib impaired the survival of HepG2/so cells 
and miR-375 overexpression further enhanced sorafenib-
induced cell death. To confirm the potential regulation 
of endogenous miR-375 in HCC cells under sorafenib 
treatment, the expression of miR-375 was either up-reg-
ulated or down-regulated in HepG2/so cells. According 
to the measurement of cell viability and apoptosis, miR-
375 inhibition made HepG2/so cells more resistant to 
sorafenib, while miR-375 overexpression increased the 
drug sensitivity. The assistance of miR-375 in anti-tumor 
therapy has already been uncovered. MiR-375 augmented 
the susceptibility of HCC cells to sorafenib by targeting 
the autophagy-related gene, ATG14 (Yang et al., 2020). 
MiR-375 also inhibited the survival of fulvestrant-resist-
ant breast cancer cells by restraining autophagy (Liu et 
al., 2018).

Numerous existing scientific reports have authenti-
cated that autophagy inhibition results in suppression 
on sorafenib resistance of HCC cells. For instance, 
SNHG16 promoted sorafenib resistance by enhancing 
autophagy via the miR-23b-3p/EGR1 axis in HCC (Jing 
et al., 2020). LncRNA HANR enhanced autophagy-de-
pendent sorafenib resistance of HCC cells by competing 
with ATG9A for miR-29b (Shi et al., 2020). The LC3II/
LC3I ratio was increased and p62 was decreased in 
HepG2/so cells in comparison with HepG2 cells, sug-
gesting activated autophagy in sorafenib-resistant HCC 
cells. After transfection of miR-375 inhibitor or miR-375 

mimic, the autophagy level was promoted or inhibited 
in HepG2/so cells. Autophagy activated or inhibited in 
HepG2/so cells by miR-375 inhibitor or miR-375 mimic 
was thereafter inhibited by 3-MA or promoted by RAP. 
The results of viability and apoptosis tests showed that 
autophagy manipulation counteracted with the effect of 
miR-375 on sorafenib resistance. Therefore, miR-375 in-
hibited sorafenib resistance by regulating autophagy in 
HCC cells.

Based on the bioinformatics analysis and dual-lucif-
erase reporter assay, SIRT5 was found to be targeted 
and down-regulated by miR-375. SIRT5 was up-regulat-
ed in HepG2/so and Huh7/so cells compared with pa-
rental cells. SIRT5 is a vital metabolic regulator and pro-
motes the progression of HCC in some cases (Chang et 
al., 2018; Dang et al., 2018; Tang & Yang, 2020). In the 
present study, SIRT5 inhibition suppressed autophagy 
and increased apoptosis of HepG2/so cells, while SIRT5 
overexpression had the opposite effects. Down-regula-
tion of miR-375 reversed the effects of SIRT5 inhibi-
tion, promoting sorafenib resistance of HepG2/so cells. 
On the other hand, up-regulation of miR-375 inhibited 
autophagy activated by SIRT5 overexpression and sup-
pressed sorafenib resistance of HepG2/so cells.

Collectively, miR-375 mediates autophagy to enhance 
the sorafenib resistance of HCC cells partially by directly 
down-regulating SIRT5. MTDH, also known as AEG-
1, is another target of miR-375 in mediating multidrug 
resistance of HCC cells (Xue et al., 2017; Provvisiero 
et al., 2019; Li et al., 2021). Therefore, downregulation 
of MTDH may also contribute to miR-375-induced 
sorafenib sensitivity of HCC cells. Moreover, sorafenib 
can directly inhibit SLC7A11 (also called System Xc-) 
and consequently impede glutathione biosynthesis to 
induce ferroptosis in HCC cells (Li et al., 2021). MiR-
375 may also sensitize HCC cells to sorafenib-induced 
ferroptosis. Sorafenib resistance exists in most cases of 
HCC treatment. Despite this unsatisfactory outcome, 
sorafenib is still a potent drug for advanced HCC. The 
miR-375/SIRT5 axis discovered in the present study may 
serve as a new target for increasing sorafenib sensitivity 
and therefore improve the outcomes of HCC treatment.
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Long noncoding RNA LGALS8-AS1 promotes angiogenesis and 
brain metastases in non-small cell lung cancer
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Brain metastases (BM) are associated with poor progno-
sis in patients with non-small cell lung cancer (NSCLC). 
Considering that, LGAS8-AS1-mediated progression of 
BM was probed in NSCLC. The clinical characteristics of 
60 NSCLC patients (30 without BM and 30 with BM) were 
analyzed. NSCLC patients with BM had higher levels of 
LGALS8-AS1 than NSCLC patients without BM. Deplet-
ing LGALS8-AS1 prevented NSCLC cell proliferation, mi-
gration, invasion, and angiogenesis in vitro, and NSCLC 
tumorigenesis and BM in vivo. LGALS8-AS1 targeted 
miR-885-3p to mediate Fascin actin-bundling protein 
1 (FSCN1) expression. Restoring miR-885-3p inhibited 
NSCLC growth, angiogenesis, and BM, and FSCN1 induc-
tion rescued the performance of LGALS8-AS1 depletion 
on NSCLC cells. Our results provide new insights into 
LGALS8-AS1-mediated NSCLC metastasis and suggest 
that LGALS8-AS1 may be a useful biomarker for identify-
ing NSCLC with metastatic potential.
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INTRODUCTION

Non-small cell lung cancer (NSCLC) is one of the 
deadliest malignancies, accounting for more than 80% 
of lung cancer cases worldwide, with a current 5-year 
survival rate of only 15% (Salehi et al.,  2020). Patients 
with advanced NSCLC generally die within 18 months 
of diagnosis mainly due to metastatic spread (Wood et 
al.,  2014). Brain metastases (BM) are a common compli-
cation of advanced NSCLC (Chen et al., 2012), for which 
the management always involves systemic therapy (Fang 
et al.,  2021). Since angiogenesis is associated with aggres-
siveness in NSCLC (Schettino et al.,  2012), targeting in-
hibition of angiogenesis is promising in the treatment of 
NSCLC and many clinical trials have evaluated the ad-
dition of anti-angiogenic therapy to standard therapy in 
patients with NSCLC (Alshangiti et al.,  2018). Therefore, 
exploring the regulatory mechanism of angiogenesis is 
helpful for understanding the pathogenesis of NSCLC 
and developing new therapeutic drugs.

Long non-coding RNAs (lncRNAs) are of significance 
in the physiological and pathological processes of diseas-
es (Xie et al., 2018; Zhang et al., 2019). The occurrence 
of human malignant tumors is often accompanied by the 
deregulation of lncRNA (Kondo et al.,  2017). More and 
more studies have shown that lncRNAs play a key role 
in tumorigenesis and metastasis (Hanniford et al., 2020; 
Yang et al., 2018; Gupta et al., 2010). LncRNAs usually 
regulate their downstream target genes by competing en-
dogenous RNAs with microRNAs (miRNAs), which can 
affect the proliferation and metastasis of various cancer 
types (Zheng et al., 2019; Wang et al., 2018; Hao et al., 
2019). For example, lncRNA GAN1 inhibits tumor pro-
gression in NSCLC via decoying miR-26a-5p; lncRNA 
LINC00473 promotes proliferation, migration, invasion, 
and inhibition of apoptosis of NSCLC cells by acting as 
a sponge of miR-497-5p (Xu et al.,  2021). LGALS8-AS1 
has been confirmed to be highly expressed in breast can-
cer and promotes breast cancer metastasis by targeting 
miR-125b-5p (Zhai et al., 2021). However, the expression 
and role of LGALS8-AS1 in NSCLC remain unclear.

MiRNAs are a group of short endogenous non-coding 
RNAs with a length of about 18-22 nucleotides, which 
can regulate post-transcriptional gene expression by bind-
ing to the 3’-UTR of target gene mRNA to inhibit mRNA 
translation and reduce mRNA stability (Ahn et al.,  2020). 
MiRNAs are involved in almost all biological processes, 
including tumor angiogenesis (Mao et al.,  2015). For ex-
ample, miR-543 promotes tumorigenesis and angiogenesis 
in NSCLC (Wang et al.,  2020) whereas miR-20a-5p inhib-
its tumor angiogenesis (Han et al., 2021). It is studied that 
miR-885-3p can architect cell autophagy and apoptosis in 
squamous cell carcinoma cells (Huang et al.,  2011). How-
ever, the biological function of miR-885-3p in NSCLC 
has not been fully elucidated.

Therefore, this study aims to explore the role of 
LGAS8-AS1 in NSCLC metastasis and angiogenesis 
through regulating miR-885-3p expression and its po-
tential mechanism. The study identified a lncRNA, 
LGALS8-AS1, which is associated with NSCLC me-
tastasis and angiogenesis and elucidated the molecular 
regulatory mechanism of LGALS8-AS1 in NSCLC and 
provides a new reference for the treatment of NSCLC 
patients.

METHODS

Tissue sampling

This study was approved by the ethics committee of 
Affiliated Brain Hospital of Nanjing Medical University. 
Written informed consent was obtained from all sub-
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jects, 60 patients who were histologically confirmed with 
NSCLC. BM are confirmed by whole-brain CT scan or 
MRI. Tumor tissues and adjacent normal tissues were 
collected during surgery.

Cell culture

Human lung cancer cells (A549) and human umbilical 
vein endothelial cells (HUVECs) were purchased from 
the Institute of Biochemistry and Cell Biology, Chinese 
Academy of Sciences. Under humidified air conditions 
of 37°C and 5% CO2, cells were cultured in Roswell 
Park Memorial Institute (RPMI)-1640 (Gibco, USA) me-
dium supplemented with 10% fetal bovine serum, 100 
U/ml penicillin, and 100 mg/ml streptomycin (Invitro-
gen, USA).

Cell transfection

Both miR-885-3p mimic and mimic negative control 
(NC) were purchased from RiboBio (Guangzhou, Chi-
na). The shRNA sequence targeting LGALS8-AS1 was 
purchased from Genepharma (Shanghai, China). Fascin 
actin-bundling protein 1 (FSCN1) was cloned into the 
pcDNA3.1 vector (Invitrogen). Cells were transiently 
transfected with RNAiMax and Lipofectamine 3000 with 
Plus reagent (Thermo Fisher Scientific).

Cell counting kit (CCK)-8

Cells growing on the 96-well plates were tested by a 
CCK-8 kit (Liji, Shanghai, China) to determine prolifera-
tive activity. Quantitative results were obtained on a mi-
croplate reader (SAFAS Xenius XL, Ruixuan, Shanghai, 
China) at 450 nm.

Flow cytometry

Cells were stained with annexin V-fluorescein isothio-
cyanate and propidium iodide according to the manufac-
turer’s instructions (Bioscience, Shanghai, China). Then 
the apoptosis rate was detected by flow cytometry (Beck-
man, USA). The percentage of cells in the Q3 quadrant 
represents early apoptosis, and the percentage of cells 
in the Q2 quadrant represents late apoptosis (Wang et 
al., 2020).

Transwell assay

Transwell chambers (8-μm pore size; Corning Costar, 
Cambridge, MA, USA) measure cell migration and inva-
sion capacity. For cell invasion, cells suspended in se-
rum-free RPMI-1640 medium were seeded into the up-
per chamber pre-coated with Matrigel. The lower cham-
ber was PMI-1640 medium with 20% serum as a chemo-
tactic agent. After 24 h culture, the cells were fixed with 
90% formaldehyde and stained with 0.1% crystal violet. 
The cells were photographed under a microscope and 
counted. In the cell migration experiment, there was no 
matrigel coating, and the other operations were the same 
as the invasion experiment (Yang et al., 2018).

Tube formation

Matrigel (0.5mmol/L) was coated with pre-cooled 96-
well plates. HUVECs were starved without serum for 1 
h and then re-suspended in Dulbecco’s modified Eagle 
medium to make a cell suspension. Next, cell suspen-
sions (1×105 cells/mL) were inoculated into a matrigel 
coating containing cell conditioned culture-medium with 
3 repeat wells per treatment. The plates were then in-
cubated at 37°C for 6 to 8 h. The tube formation was 

observed under a microscope (Olympus). The number 
of tubes in a branch (a branch point is a skeleton part 
where three or more tubes meet) and the number of 
rings (a ring is a background area surrounded by [or al-
most] tubular structures) were counted.

Real-time reverse transcriptase-polymerase chain 
reaction (RT-qPCR)

Total RNA was extracted using a Trizol reagent ac-
cording to the manufacturer’s instructions (Invitrogen, 
Carlsbad, CA, USA). RNA purity was determined using 
a NanoDrop spectrophotometer (Thermo Fisher Scien-
tific, Waltham, MA, USA). cDNA reverse transcription 
kit (Promega, Madison, WT, USA) was used to reverse 
transcribed 1 μg total RNA into the first strand cDNA. 
Power SYBR Green PCR Master Mix (Promega) quan-
titative PCR was used to detect RNA levels. LncRNA 
and protein-coding gene were normalized to glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) mRNA, and 
miRNA was normalized to U6. The primer sequences 
used are presented in Table 1.

Western blot

Total protein lysates were subjected to 10% or 12% 
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis, loading on a polyvinylidene fluoride membrane (Mil-
lipore, USA), and blocking the membrane with 5% non-
fat milk. After that, primary antibodies FSCN1 (1:1000, 
sc-21743, Santa Cruz Biotechnology) and GAPDH 
(1:1000, ab8245, Abcam) were supplemented, and Im-
munoreactive bands were visualized after incubation with 
secondary antibody (Invitrogen) by enhanced chemilumi-
nescent detection system (Thermo Fischer Scientific).

Luciferase reporter gene assay

pGL3 luciferase reporters for LGALS8-AS1 and 
FSCN1 were designed by Genomeditech (Shanghai, 
China), named LGALS8-AS1-wild type (WT), LGALS8-
AS1-mutant type (MUT), FSCN1-WT, and FSCN1-
MUT. These reporters and miR-885-3p mimic or mimic 
NC were co-transfected into A549 cells, thus measuring 
luciferase activity with a luciferase assay kit (Promega) 
(Wu et al., 2021).

Table 1. Primer sequences

Genes Primer sequences (5’– 3’)

LGALS8-AS1 F: ACATCCGAATGCCATCCTCC

R: AGGACTGACTCCTGTCGCTT

miR-885-3p F: AGGCAGCGGGGTGTAGTGGATAG

R: CCAGTGCAGGGTCCGAGGTATTC

FSCN1 F: ACAGCAGGGGACTCAG

R: CCCACCGTCCAGTATTT

U6 F: CTCGCTTCGGCAGCACA

R: AACGCTTCACGAATTTGCGT

GAPDH F: CACCCACTCCTCCACCTTTG

R: CCACCACCCTGTTGCTGTAG

Note: LGALS8-AS1, long noncoding RNA LGALS8-AS1; miR-885-3p, mi-
croRNA-885-3p; FSCN1, Fascin actin-bundling protein 1; GAPDH, glycer-
aldehyde 3-phosphate dehydrogenase

604



Vol. 70 						      553Long noncoding RNA LGALS8-AS1 promotes angiogenesis and brain metastases

Xenograft models in nude mice

For xenograft models, 4-week-old BALB/c nude mice 
(Cyagen Biosciences) bred under pathogen-free condi-
tions were subcutaneously injected with A549 cells sta-
bly transfected with sh-LGALS8-AS1 and sh-NC (5×106, 
n=6/group). A549 cells were pre-diluted in 200 μL 
phosphate-buffered saline (PBS) + 200 μL Matrigel (BD 
Biosciences). During 28-h housing, mice were measured 
for longitudinal diameter and lateral diameter at an inter-
val of 7 days to calculate tumor volume as 0.5×L×D2. 
On day 28, xenograft tumors were dissected from mice 
and weighed.

A lung cancer BM model was established according 
to previous studies (Li et al., 2017; Nguyen et al., 2009). 
A549 cells after transfection were resuspended in 100 
μL of PBS and injected into the right ventricle of mice 
(1×106, n=6/group). Finally, brain tissues were collected 
and prepared for HE staining and observations of meta-
static nodules.

Statistical analysis

The selected way to perform statistical analysis was 
SPSS 19.0, and that to construct graphs was GraphPad 
Prism 6. Two-tailed paired Student’s t-test and one-way 
analysis of variance were of utility for data comparison 
of two groups and more than two groups, respectively. 
Tukey’s post hoc test validated pairwise comparisons. 

Pearson correlation analysis assessed gene correlation. 
P<0.05 was considered to indicate a statistically signifi-
cant difference.

RESULTS

LGALS8-AS1 is more expressed in NSCLC patients with 
BM

A total of 60 patients with NSCLC were included in 
the study, of which 30 had BM and the remaining 30 did 
not. The clinical characteristics are shown in Table  2. 
Examinations of LGALS8-AS1 found that LGALS8-AS1 

Table 2. Analysis of clinical characteristics of NSCLC patients with and without BM

Characteristics
NSCLC with BM NSCLC without BM

(n=30) (n=30)

Age (years), median (range) 56 (50-63) 59 (55-66)

Gender

Male 12 (40.0%) 23 (76.7%)

Female 18 (60.0%) 7 (23.3%)

Tumor histology

Adenocarcinoma 26 (86.7%) 18 (60.0%)

Squamous cell carcinoma 4 (13.3%) 6 (20.0%)

Carcinosarcoma – 2 (6.7%)

Large cell carcinoma – 1 (3.3%)

Neuroendocrice carcinoma – 3 (10.0%)

Disease stage at diagnose

I – 3 (10.0%)

II – 6 (20.0%)

III – 7 (23.3%)

IV 30 (100.0%) 14 (46.7%)

Smoking history

Smoker 8 (26.7%) 5 (16.7%)

Former smoker 4 (13.3%) 10 (33.3%)

Never 18 (60.0%) 15 (50.0%)

Lymph node metastatic status

N0 2 (6.7%) 4 (13.3%)

N1 4 (13.3%) 3 (10.0%)

N2 9 (30.0%) 9 (30.0%)

N3 15 (50.0%) 14 (46.7%)

Figure 1. LGALS8-AS1 is more expressed in NSCLC patients with 
BM
LGALS8-AS1 expression in clinical samples (A–B); the values were 
expressed as mean ± standard deviation (n=60).
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was increased in tumor tissues, and it was higher in tu-
mor tissues of NSCLC patients with BM (Fig. 1A, B).

Targeting suppression of LGALS8-AS1 blocks NSCLC 
development

Firstly, the effect of LGALS8-AS1 on the progres-
sion of NSCLC cells was investigated. A549 cells were 
transfected with sh-LGALS8-AS1 to silence the expres-
sion of LGALS8-AS1, and the transfection was verified 
by RT-qPCR (Fig. 2A). Cell proliferation was then de-
tected by CCK-8, and it was found that A549 cell pro-
liferation decreased after down-regulating LGALS8-AS1 
(Fig. 2B). Apoptosis was detected by flow cytometry, 
and the results showed that apoptosis of A549 cells in-
creased after downregulation of LGALS8-AS1 (Fig. 2C). 
Transwell was used to detect cell migration and invasion, 

and it was found that A549 cell migration and invasion 
decreased after downregulating LGALS8-AS1 (Fig. 2D, 
E). Angiogenesis was also examined by tube formation 
assays, which showed that angiogenesis was attenuated 
after down-regulating LGALS8-AS1 (Fig. 2F). These re-
sults indicate that down-regulation of LGALS8-AS1 in-
hibits proliferation, migration, invasion, and angiogenesis 
of NSCLC cells, and promotes cell apoptosis.

LGALS8-AS1 deficiency suppresses tumor growth and 
BM in vivo

Based on our findings that LGALS8-AS1 is involved 
in NSCLC cell progression, the study further explored 
its role in tumor growth and brain metastasis in vivo. Tu-
mor growth was studied by subcutaneous injection of 
A549 cells stably transfected with sh-LGALS8-AS1 into 

Figure 2. Targeting suppression of LGALS8-AS1 blocks NSCLC development
Based on sh-LGALS8-AS1-induced knockdown of LGALS8-AS1 (A), assays were to determine proliferation (B), apoptosis (C), migration (D), 
invasion (E), and angiogenesis (F); values are presented as mean ± standard deviation (N=3) *P<0.05 vs. sh-NC.

Figure 3. LGALS8-AS1 deficiency suppresses tumor growth and BM in vivo
In nude mice injected with sh-LGALS8-AS1, tumor volume and weight were measured (A–B) and BM was evaluated (C–D); values are 
presented as mean ± standard deviation (n=6) *P<0.05 vs. sh-NC.
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nude mice. As measured, LGALS8-AS1 down-regulation 
reduced tumor volume and weight (Fig. 3A, B). BM 
were explored by injecting A549 cells stably transfected 
with sh-LGALS8-AS1 into the right ventricle of nude 
mice. As presented in HE staining results, the number 
of brain metastatic nodules was reduced in sh-LGALS8-
AS1-treated mice (Fig. 3C, D).

miR-885-3p expression is controlled by LGALS8-AS1

Next, LGALS8-AS1 was predicted to have bind-
ing sites with miR-885-3p through the RNA22 data-
base (Fig.  4A). Subsequently, dual luciferase assay was 
performed to verify their targeting relationship, and 
the results showed that the luciferase activity of A549 
cells could be significantly reduced by co-transfection 
of LGALS8-AS1-WT with miR-885-3p mimic (Fig. 4B). 
In addition, the expression of miR-885-3p in clinical 
samples was detected, and it was found that miR-885-
3p in lung cancer tissues was down-regulated (Fig. 4C) 
and negatively correlated with LGALS8-AS1 expression 
(Fig.  4D). Moreover, after downregulating LGALS8-
AS1, it was found that miR-885-3p expression was in-
creased in A549 cells (Fig. 4E). The results showed that 
LGALS8-AS1 inhibited miR-885-3p expression by tar-
geting miR-885-3p.

miR-885-3p represses NSCLC development in vitro

In order to investigate the effect of miR-885-3p on 
NSCLC cells, miR-885-3p mimic or mimic NC was 
transfected into A549 cells, and successful transfection 
was verified by RT-qPCR (Fig. 5A). In A549 cells over-
expressing miR-885-3p, it could be recognized that pro-
liferative, invasive, migratory, and an-apoptotic activities 
were all in a weakened status, and the same was true for 
angiogenic capacity (Fig. 5B–F). These results suggest 
that up-regulation of miR-885-3p inhibits proliferation, 
migration, invasion, and angiogenesis of NSCLC cells, 
and promotes cell apoptosis.

miR-885-3p targets FSCN1

Subsequently, the RNA22 database predicted that 
miR-885-3p and FSCN1 had binding sites (Fig. 6A). 

Then, dual luciferase assay was performed to verify the 
targeting relationship between them. The results showed 
that the luciferase activity of A549 cells could be sig-
nificantly reduced by co-transfection of FSCN1-WT with 
miR-885-3p mimic (Fig. 6B). RT-qPCR detected FSCN1 
mRNA expression in lung cancer tissues, and the results 
showed that FSCN1 mRNA expression was up-regulated 
(Fig. 6C) and was negatively correlated with the expres-
sion of miR-885-3p (Fig. 6D). Moreover, mRNA and 
protein expression of FSCN1 in A549 cells decreased 
after up-regulation of miR-885-3p (Fig. 6E). These re-
sults suggest that targeting miR-885-3p regulates FSCN1 
expression.

LGALS8-AS1-mediated impairments of A549 cell 
activities can be rescued by FSCN1

To verify the regulatory role of LGALS8-AS1/miR-
885-3p/FSCN1 axis in lung cancer cells, sh-LGALS8-
AS1 + pcDNA3.1-FSCN1 and sh-LGALS8-AS1 + 
pcDNA3.1-NC were transfected into A549 cells. RT-
qPCR and Western blot results showed that pcDNA3.1-
FSCN1 reversed the inhibition effect of sh-LGALS8-AS1 
on FSCN1 expression (Fig. 7A). The results of CCK-8, 
flow cytometry, Transwell and tube formation experi-
ments showed that up-regulation of FSCN1 mitigated 
the impact of down-regulation of LGALS8-AS1 on pro-
liferation, apoptosis, migration, invasion, and angiogen-
esis of A549 cells (Fig. 7B–F). In conclusion, LGALS8-
AS1 promotes NSCLC cell progression by regulating the 
miR-885-3p/FSCN1 axis.

DISCUSSION

As studies indicate, 90% of lung cancer deaths are 
caused by distant metastasis, and BM is a common site 
of distant metastasis in NSCLC (Rybarczyk-Kasiuchnicz 
et al.,  2021). LncRNA dysregulation is fundamental for 
tumorigenesis and distant metastasis of NSCLC and 
serves as a biomarker for NSCLC (Pan et al.,  2020). In 
the present study, LGALS8-AS1 was up-regulated in 
NSCLC patients’ tumor tissues and was more expressed 
in NSCLC patients with BM. Silencing LGALS8-AS1 

Figure 4. miR-885-3p expression is controlled by LGALS8-AS1
A potential binding relationship between LGALS8-AS1 and miR-885-3p was predicted (A) and confirmed by detecting luciferase activity 
(B) miR-885-3p expression in clinical samples (C) and its correlation with LGALS8-AS1 expression (D) miR-885-3p expression was altered 
by sh-LGALS8-AS1 in A549 cells (E); values are presented as mean ± standard deviation (N=3) *P<0.05 vs. sh-NC.
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blocked the malignant phenotype and angiogenesis in 
NSCLC cells, as well as inhibiting tumor growth and 
BM in vivo. Overall, LGALS8-AS1 plays a critical role in 
NSCLC metastasis and serves as a potential therapeutic 
target for NSCLC metastasis.

Abnormally expressed lncRNAs are involved in regu-
lating NSCLC development by acting as miRNA spong-
es. For example, lncRNA plasmacytoma variant translo-
cation 1 promotes angiogenesis in NSCLC by competi-
tive absorption of miR-29c (Wang et al.,  2018). LncRNA 

DNAH17 antisense RNA 1 induces the occurrence and 
metastasis of NSCLC by binding to miR-877-5p (Du 
et al.,  2020). LGALS8-AS1 has only been reported in 
breast cancer considered an oncogenic gene regarding 
its potential to induce malignant phenotype and metas-
tasis. Here, the study observed high LGALS8-AS1 ex-
pression in NSCLC, and LGALS8-AS1 expression was 
able to discriminate whether NSCLC patients developed 
BM. Cell and animal experiments consistently confirmed 
that LGALS8-AS1 knockdown played a negative role in 

Figure 5. miR-885-3p represses NSCLC development in vitro.
Based on miR-885-3p mimic-induced elevation of miR-885-3p expression (A), assays were to determine proliferation (B), apoptosis (C), 
migration (D), invasion (E), and angiogenesis (F); values are presented as mean ± standard deviation (N=3) *P<0.05 vs. mimic NC.

Figure 6. miR-885-3p targets FSCN1.
A potential binding relationship between FSCN1 mRNA and miR-885-3p was predicted (A) and confirmed by detecting luciferase activity 
(B); FSCN1 mRNA expression in clinical samples (C) and its correlation with miR-885-3p expression (D) FSCN1 mRNA and protein expres-
sion was altered by miR-885-3p mimic in A549 cells (E); values are presented as mean ± standard deviation (N=3) *P<0.05 vs. mimic NC.
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NSCLC for cell growth, angiogenesis, and tumor growth 
and metastasis. In addition, the RNA22 database pre-
dicted that LGALS8-AS1 had a binding site with miR-
885-3p.

miR-885-3p was mediated by LGALS8-AS1 in this 
study. miR-885-3p has received academic attention in the 
field of cancer. miR-885-3p expression decline has previ-
ously been found in lung adenocarcinoma to be associ-
ated with pathological stage and poor survival in patients 
(Yang et al.,  2021). Functionally discussed, miR-885-3p 
impairs gastric cancer cell activities and oxidative stress 
(He et al., 2021), and tumor angiogenesis in colon cancer 
(Xiao et al.,  2015). This study confirmed the reduction 
in miR-885-3p expression in NSCLC, and the suppres-
sive effects of miR-885-3p on NSCLC cell growth and 
angiogenesis.

miRNAs usually function by binding to target gene 
mRNAs (Datta et al.,  2019). Here, FSCN1 was selected 
to be a target of miR-885-3p. FSCN1 is a structurally 
unique and highly conserved actin cross-linking pro-
tein that mediates cellular interaction (Liu et al.,  2019). 
It has been described that dysregulation of FSCN1 ag-
grandizes tumor motility and invasiveness by altering 
the structure of cell protrusions and focal extracellular 
matrix adhesions (Gao et al.,  2019). Therefore, FSCN1 
is considered an oncogene in cancers, including adreno-
cortical carcinoma (Liang et al.,  2019), ovarian cancer (Li 
et al.,  2018), laryngeal squamous cell carcinoma (Gao et 
al.,  2018), and NSCLC (Xiao et al.,  2016). Here, FSCN1 
was overexpressed in NSCLC and can mitigate the ef-
fects of LGALS8-AS1 knockdown, promoting NSCLC 
cell growth and angiogenesis.

This study did not address a possible direct relation-
ship between LGALS8-AS1 expression and clinical fac-
tors, including tumor node metastasis staging and sur-
vival analysis, due to insufficient clinical sample size and 
lack of a long-term follow-up of all included patients. 
Also, this study did not further explore the effects of 
overexpression of LGALS8-AS1 and downregulation of 
miR-885-3p alone on NSCLC cells. In addition, FSCN1 
has been confirmed to mediate NSCLC cell migration 
and invasion by altering the Mitogen-activated protein 
kinase pathway (Zhao et al.,  2018). Whether the MAPK 
pathway or other signaling pathways are involved in the 
regulation of LGALS8-AS1 in NSCLC still needs to be 
further explored to determine detailed and comprehen-
sive mechanics.

CONCLUSION

Our study provides new insights into the mechanism 
by which lncRNAs regulate NSCLC progression. Our 
findings suggest that the LGALS8-AS1/miR-885-3p/
FSCN1 axis is an essential signaling pathway for NSCLC 
cell growth, angiogenesis, and BM.
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Objective: To analyze the clinical characteristics of primary Sjögren’s syndrome

(pSS) combined with interstitial lung disease (ILD), so as to provide a theoretical

basis for the early diagnosis, treatment and prevention of PSS-ILD.

Methods: From October 2017 to January 2022, patients with pSS who were

admitted to the Department of Rheumatology at Yueyang Hospital of

Integrated Traditional Chinese and Western Medicine, Shanghai University of

Traditional Chinese Medicine were included in this retrospective study. Patients

were divided into the pSS-ILD (102 cases) and pSS-non-ILD groups (154 cases)

based on the presence or absence of ILD on high-resolution computed

tomography (HRCT). Demographics information, clinical symptoms,

laboratory indicators and HRCT features were compared, and the logistic

regression analysis was utilized to identify the risk factors.

Results: A total of 256 patients were included. Patients with pSS-ILD weremore

often female, and their age and disease duration were significantly higher than

those in the pSS-non-ILD group (p < 0.05). The HRCT imaging classification

included ground glass-like shadow (78.4%) and patchy solid shadow (17.6%),

and Non-specific interstitial pneumonitis (NSIP) (72.5%) was the predominant

typology. Regarding the laboratory indexes, the positive rates of erythrocyte

sedimentation rate, C-reactive protein, white blood cell count, neutrophil/

lymphocyte ratio, triglycerides, total cholesterol, and anti-SS-A52 antibodies

were significantly higher in the pSS-ILD patients than in the pSS-non-ILD group,

while the positive rates of anti-synaptic antibodies were lower than in the pSS-

non-ILD group, and the differences between two groups were statistically

significant (p < 0.05). Logistic regression showed that age >60 years, longer

duration of disease, higher triglycerides, and cholesterol were risk factors for

pSS-ILD patients.

Conclusion: The clinical features of pSS-ILD patients were xerophthalmia,

cough and shortness of breath, and HRCT can help to diagnose the disease

at an early stage. Age over 60 years, chronic course of disease, and elevated lipid

levels are risk factors for ILD in pSS patients, and the relationship between

autoimmune antibody levels and the occurrence of ILD needs to be further
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confirmed in follow-up studies with large sample sizes. These findings have the

potential to provide useful information for early diagnosis, treatment, and

prevention of the development of pSS-ILD.

KEYWORDS

primary Sjögren’s syndrome, interstitial lung disease, clinical characteristics, risk
factors, diagnosis

Introduction

Primary Sjogren’s syndrome (pSS) is a common chronic

autoimmune disease with a prevalence of 0.33%–0.77%, which is

characterized by exocrine lymphocyte infiltration, mainly involving

salivary glands and lacrimal glands (Zhang et al., 1993; Mariette and

Criswell, 2018). Due to the presence of multiple autoantibodies in

the patient’s serum, pSS is a complex heterogeneous autoimmune

disease with a diverse clinical face, with almost three-quarters of

patients developing extraducular lesions, including the lungs,

kidneys, liver, and nervous system (Martin-Nares and

Hernandez-Molina, 2019; Yayla et al., 2020; Manfre et al., 2022).

Pulmonary lesions are one of the most common extraglandular

manifestations of pSS, with an incidence of 9%–75% (Palm et al.,

2013; Reina et al., 2016; Manfredi et al., 2017; Roca et al., 2017; Lee

et al., 2021), of which the incidence of Interstitial LungDisease (ILD)

can reach 30.1% (Zhao et al., 2020). Moreover, pulmonary

involvement is closely related to the prognosis of pSS patients.

Compared to pSS patients without lung involvement, patients with

lung involvement have a significantly lower quality of life (Dogru

et al., 2017). It is reported that patients with pSS-ILD have a

mortality rate of up to 39% and a 4-fold increase in mortality

after 10 years (Parambil et al., 2006; Palm et al., 2013). Therefore,

early screening of patients with high risk for the development of ILD

is of great significance for prompt intervention in order to

improve prognosis.

Prior studies have found that male gender, older age, and

elevated levels of C-reactive protein (CRP) are risk factors

associated with the development of interstitial lung disease in

patients with primary Sjögren’s syndrome (He et al., 2020).

However, there is still limited reporting on the comprehensive

assessment of ILD in pSS patients, which combines the patients’

immune antibody levels and high-resolution computed

tomography (HRCT) manifestations. Thus, this study aimed

to analyzed the clinical characteristics of pSS-ILD and

identified the risk factors related to the development of

interstitial lung lesions in pSS patients.

Materials and methods

Study design and participants

This retrospective study started with identification of pSS

patients by searching the electronic medical records. We enrolled

patients with pSS who were admitted to the Department of

Rheumatology at Yueyang Hospital of Integrated Traditional

Chinese and Western Medicine, Shanghai University of

Traditional Chinese Medicine between October 2017 and

January 2022.

Inclusion criteria for participants were as follows: 1) age over

18 years old; 2) meeting the 2012 American College of

Rheumatology (ACR) recommended SS classification criteria

(Shiboski et al., 2012); 3) presence of respiratory symptoms or

lung abnormalities on HRCT; 4) at least one HRCT examination

within 1 year.

The exclusion criteria were as follows: 1) secondary dry

syndrome or combined with other rheumatic diseases; 2)

combined pulmonary infections, chronic obstructive

pulmonary disease, pneumoconiosis and lung diseases such as

tumors, tuberculosis, and pulmonary nodules; 3) patients with

severe primary diseases of the heart, lungs, liver, kidneys and

other organs; 4) patients with incomplete clinical information.

Then all patients were divided into pSS-ILD group and pSS-non-

ILD group based on whether their HRCT features showed ILD or

not. pSS patients whose imaging features supporting ILD in

HRCT (e.g., ground-glass opacity, reticulation, consolidation,

nodules, traction bronchiectasis, honeycombing) were

diagnosed as pSS-ILD (Lohrmann et al., 2004). Altogether

256 pSS patients were screened in this study and divided into

the pSS-ILD (102 cases) and pSS-non-ILD groups (154 cases).

This study was approved by the Ethics Committee of Shanghai

University of Traditional Chinese Medicine (No. 2018-014) and

was registered at Chinese Clinical Trial Registry (No.

ChiCTR2000037057).

Data collection

Demographic and clinical data were collected from patients’

medical records, including age, sex, disease duration. Clinical

features associated with pSS and pSS-ILD were fully recorded as

well, such as xerostomia, xerophthalmia, cough, shortness of

breath. Moreover, the blood biochemical data were also collected,

including complete blood cell count, erythrocyte sedimentation

rate (ESR), C-reactive protein (CRP), blood lipids, rheumatoid

factor (RF), immunoglobulin, complement 3 (C3), complement 4

(C4), antinuclear antibody (ANA) spectrum, cytokine.

Blood biochemical data testing methods: Complete blood cell

count: The BC-6800 automatic hematology analyzer (mindray,
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China) was used for testing. The mindray series analyzer’s auto

hematology analyzer reagent (mindray, China) was used.

Erythrocyte sedimentation rate (ESR): The TEST

1 Automatic Rapid Blood Sedimentation Analyzer (Alifax,

Italy) was used for determination. EDTA anticoagulant was

used for blood collection.

C-reactive protein (CRP): The high-sensitivity human

C-reactive protein detection kit (mindray, China) was used

for the determination of C-reactive protein in human whole

blood samples by latex-enhanced immunoscattering

turbidimetric assay.

Blood lipids: Enzyme method was used for testing, including

total cholesterol (TC), triglycerides (TG), high-density

lipoprotein (HDL), and low-density lipoprotein (LDL) testing.

Reagent brands: glucose oxidase-cholesterol dehydrogenase

method TG kit, glucose oxidase-peroxidase method TC kit,

Direct HDL-cholesterol (HDL-c) assays Kit and Direct LDL-c

kit (Beckman, United States).

Rheumatoid factor (RF): The N Latex RF Kit (Siemens

healthineers, Germany) was used for testing.

Immunoglobulin (Ig), complement 3 (C3), complement 4

(C4): The Scattering turbidimetric method was used for testing.

The reagent kit brand was N Antiserum to Immunoglobulin A

(IgA), immunoglobulin M (IgM), immunoglobulin G (IgG),

complement C3 and complement C4 reagent kit (Siemens

healthineers, Germany).

Antinuclear antibody (ANA) spectrum: The EUROLINE

ANA profile 3 (Euroimmun Medizinische Labordiagnostika,

Germany) was used for testing.

Cytokines: Luminex® xMAP (Luminex Corporation,

United States) technology was used for quantitative detection

of tumor necrosis factor-α (TNF-α), Interleukin 2 receptor (IL-

2R), IL-6 and IL-8. The reagent kit brand was 12 Human

Cytokine assay kit (RAISECARE, China).

In addition, all patients underwent HRCT examination.

Approach to Radiological Analysis: The Philips iCT 256 spiral

computed tomography (CT) scanner was used for image analysis.

The tracheal level was selected as the starting position, and the

scan was conducted downwards until the bottom of the lungs

(excluding the lung apex). The scan parameters were as follows:

pitch 1, reconstruction slice thickness of 1.0 mm, interlayer

spacing of 1.0 mm, tube current of 40–120 mA, voltage of

120 KV, and reconstruction with a wide window level setting

of 2000 HU/-600 HU. All imaging data were reviewed by two

experienced radiologists in batches. For high-resolution CT

images, a qualitative analysis method and reproducible

calculated measurement parameters, including the

morphology, extent, and severity of interstitial lung disease

(such as linear, nodular, reticular, honeycombing, traction

bronchiectasis lesions) were used for classification, counting,

and scoring. The maximum diameter and area of all lesions

were measured, and the CT density value (CT value) was

calculated to evaluate the degree and type of lesion. During

the analysis process, independent assessments were performed

first, followed by a consensus reached through discussion.

For HRCT abnormalities, different HRCT features of pSS-

ILD patients were image-typed according to the American

Thoracic Society/European Respiratory Society (2013)

International Multidisciplinary Classification of idiopathic

interstitial pneumonia (Travis et al., 2013), including Non-

specific interstitial pneumonitis (NSIP), Unusual interstitial

pneumonia (UIP), Lymphocytic interstitial pneumonitis (LIP),

Organizing pneumonia (OP). Additionally, we refer to the

literature to stage the severity of fibrosis by chest HRCT in

pSS-ILD patients into stages 1, 2, and 3 (Qiu et al., 2008). Stage

1 is defined as early or active lesion with ground glass shadow,

increased interlobular stroma and thickened interlobular septa;

stage 2 is defined as progressive or chronic prolonged lesion with

stage 1 manifestations and interface signs, subpleural arcuate

shadow, intrapulmonary lamellar solidity and small nodular

shadow; stage 3 is defined as advanced lesion with stage 1,

stage 2 and reticular shadow, fibrous streak shadow,

honeycomb shadow, multiple large alveoli, distended

bronchial dilatation and diffuse fibrosis. Determination of

HRCT results were determined by both radiologists and

rheumatologist.

Statistics

All data were statistically analyzed using SPSS 24.0 statistical

software. Continuous variables were presented as mean ±

standard deviation (SD) for normally distributed data; if the

variance had chi-square, two independent samples t-test was

used, and if the variance was not chi-square, approximate t-test

was used. Median (interquartile spacing) was used for non-

normally distributed data and non-parametric test was used

for statistical analysis. Categorical variables were presented as

the percentages and were compared using chi-square test or

Fisher’s exact test. Logistic regression analysis was used to

identify the factors associated with the development of ILD in

patients with pSS. All reported p-values were two sided and p <
0.05 was considered to be statistically significant.

Results

Demographic and clinical features in
patients with pSS-interstitial lung
disease (ILD)

This study included a total of 256 patients with pSS. Of these,

there were 102 patients in the pSS- ILD group, with a mean age of

63.36 ± 9.22 years, of whom 66 (64.71%) were over 60 years old.

The pSS-non-ILD group consisted of 154 patients, with a mean

age of 57.16 ± 12.72 years, of whom 73 (47.40%) were over
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TABLE 1 Demographics and clinical characteristics of the primary Sjögren’s syndrome (pSS)- interstitial lung disease (ILD) and pSS-non-ILD.

pSS-ILD (n = 102) pSS-non-ILD (n = 154) p-value

Demographics

Sex (male, %) 4 (3.92%) 12 (7.79%) 0.210

Age (years) 63.36 ± 9.22 57.16 ± 12.72 0.000*

Disease duration (months) 90 (24, 156) 48 (24, 120) 0.006*

Clinical symptoms

Xerostomia (n, %) 90 (88.24%) 137 (88.96%) 0.858

Xerophthalmia (n, %) 87 (85.29%) 115 (74.68%) 0.041*

Arthralgia (n, %) 44 (43.14%) 62 (40.26%) 0.647

Fever (n, %) 18 (17.65%) 23 (14.94%) 0.562

Fatigue (n, %) 18 (17.65%) 23 (14.94%) 0.359

Raynaud’s phenomenon (n, %) 18 (17.65%) 23 (14.94%) 0.606

Cough (n, %) 7 (6.86%) 9 (5.84%) 0.742

Cough and sputum (n, %) 7 (6.86%) 9 (5.84%) 0.000*

Chest tightness (n, %) 7 (6.86%) 9 (5.84%) 0.050

Shortness of breath (n, %) 23 (22.55%) 4 (2.60%) 0.000*

Skin rash (n, %) 23 (22.55%) 4 (2.60%) 0.553

Myalgia (n, %) 4 (3.92%) 8 (5.19%) 0.768a

Laboratory metrics

ESR (mm/h) 24.5 (13.75, 49.25) 20 (11, 75) 0.044*

CRP elevation (n, %) 23 (22.55%) 20 (12.99%) 0.045*

WBC (×109/L) 5.40 (4.10, 7.03) 5.10 (3.68, 6.30) 0.027*

PLT (×109/L) 183.00 (153.00, 226.00) 182.50 (137.00, 233.25) 0.888

Hb (g/L) 123.08 ± 13.42 120.14 ± 13.69 0.091

NLR 2.49 (1.65, 4.13) 2.13 (1.50, 3.17) 0.044*

TG (mmol/L) 1.28 (0.96, 1.84) 1.12 (0.84, 1.51) 0.004*

TC (mmol/L) 4.80 (3.90, 5.49) 4.50 (3.70, 5.10) 0.046*

HDL (mmol/L) 1.22 (0.99, 1.48) 1.22 (1.02, 1.44) 0.828

LDL (mmol/L) 2.93 (2.36, 3.40) 2.75 (2.32, 3.26) 0.099

RF+ (n, %) 32 (31.37%) 36 (23.38%) 0.193

ANA+ (n, %) 87 (85.29%) 133 (86.36%) 0.810

Anti-Ro52+ (n, %) 65 (63.73%) 77 (50.00%) 0.040*

Anti-Ro60+ (n, %) 65 (63.73%) 102 (66.23%) 0.690

Anti-SSB+ (n, %) 39 (38.24%) 42 (27.27%) 0.075

Anti-centromere+ (n, %) 9 (8.82%) 32 (20.78%) 0.014*

C3 (g/L) 0.89 (0.78, 1.00) 0.89 (0.77, 1.02) 0.896

C4 (g/L) 0.195 (0.15, 0.24) 0.20 (0.15, 0.24) 0.528

(Continued on following page)
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60 years old. Generally, there were significant differences

between the pSS-ILD and total pSS-non-ILD groups related to

age (p < 0.01) and disease duration (p < 0.001) characteristics

studied (Table 1).

Next, clinical symptoms of the two groups were analyzed.

Among 256 patients with pSS, the most common clinical

manifestations were xerostomia, xerophthalmia, and

arthralgias. Fever, fatigue, Raynaud’s phenomenon, cough and

sputum, chest tightness and shortness of breath, skin rash,

muscle aches and pains have been observed in a few patients.

Patients with pSS-ILD have a significantly higher proportion of

clinical manifestations of xerophthalmia (85.2%), cough (25.4%),

and shortness of breath (22.5%) compared with patients without

ILD (p < 0.05) (Table 1).

Laboratory metrics

As shown in Table 1, ESR, CRP, white blood cell count

(WBC), neutrophil/lymphocyte ratio (NLR), TC, and TG were

significantly higher in the pSS-ILD group than in the pSS-non-

ILD group (p < 0.05). As for the immunologic index, the

positivity for different autoantibodies in pSS-ILD groups was

as follows: 87 cases (85.29%) for ANA, 65 cases (63.73%) for

Ro52, 65 cases (63.73%) for Ro60, 39 cases (38.24%) for SSB, and

9 cases (8.82%) for anti-centromere antibodies. By chi-square

test, patients in the pSS-ILD group had a higher rate of anti-

Ro52+ and a lower rate of anti-centromere+ than those in the pSS-

non-ILD group, and the differences between the two groups were

statistically significant (p < 0.05) (Table 1).

In addition, among all pSS patients, cytokines were measured

and analyzed in 222 patients showed that IL-6 was significantly

higher in the pSS-ILD group than in the pSS-non-ILD group (p <
0.05), while no statistically significant differences between the

remaining cytokines in the two groups (p > 0.05) (Table 1).

HRCT features

HRCT provides superior evaluation of the lung compared

with conventional radiographs. If HRCT findings are

characteristic, lung biopsy is not necessary to confirm ILD in

humans. In our study, all 256 patients underwent HRCT and

102 of them showed interstitial lung lesions onHRCT. For HRCT

abnormalities, the percentages of different patterns were showed

in Table 2. Of note, ground glass-like shadow described as a hazy

increased opacity of the lungs was the most common, followed by

patchy solid shadow. The percentages of different stages were as

follows: 38 patients (34.3%) were in stage 1 (early stage),

35 patients (34.3%) were in stage 2 (chronic prolongation),

and 29 patients (28.4%) were in stage 3 (late stage). And then

HRCT imaging classification of pSS-ILD patients were showed as

follows: 74 cases (72.5%) with NSIP, 10 cases (9.8%) with UIP,

6 cases (5.9%) with LIP, and 2 cases (2.0%) with OP. However,

due to atypical HRCT imaging manifestations that could not be

clearly defined to which imaging type they belonged, or the

presence of two or more types of imaging manifestations at the

same time, they were categorized as other in our study results

(10 cases, 9.8%) (Table 2).

Additionally, we investigated the features for ILD detected

by HRCT in pSS patients with or without respiratory

symptoms. It is noteworthy that 50 percentage of patients

without obvious pulmonary symptoms exhibited

abnormalities, consistent with ILD symptoms, in HRCT-

scan. We further observed the characteristics of HRCT in

these patients without respiratory symptoms (imaging

performance, staging and classification). Obviously, HRCT

features in pSS-ILD patients without obvious pulmonary

symptoms are predominantly early compared to patients

with obvious pulmonary symptoms (Figure 1). This

suggests that regular HRCT should also be performed in

patients with pSS without respiratory symptoms.

TABLE 1 (Continued) Demographics and clinical characteristics of the primary Sjögren’s syndrome (pSS)- interstitial lung disease (ILD) and pSS-
non-ILD.

pSS-ILD (n = 102) pSS-non-ILD (n = 154) p-value

IgG (g/L) 13.95 (11.28, 18.20) 14.25 (11.55, 17.30) 0.948

IgM (g/L) 0.80 (0.60, 1.16) 0.88 (0.63, 1.22) 0.386

IgA (g/L) 2.65 (1.92, 3.75) 2.46 (1.72, 3.42) 0.163

IL-2R (u/mL) 507.00 (375.50, 645.30) 452.50 (355.50, 591.00) 0.175

IL-6 (pg/mL) 3.32 (2.00, 6.23) 2.39 (2.00, 4.16) 0.030*

IL-8 (pg/mL) 28.80 (17.80, 57.30) 28.60 (16.80, 59.80) 0.717

TNF-α (pg/mL) 10.00 (7.70, 12.70) 9.50 (7.40, 11.70) 0.271

ESR, erythrocyte sedimentation rate; CRP, C-reactive protein;WBC, white blood cell count; PLT, platelets; NLR, neutrophil/lymphocyte ratio; Hb, hemoglobin; TG, triglycerides; TC, total

cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein; RF, rheumatoid factor; ANA, antinuclear antibody; C3, complement 3; C4, complement 4; IgG, immunoglobulin

G; IgM, immunoglobulin M; IgA, immunoglobulin A; IL-2R, interleukin-2 receptor; IL-6, interleukin-6; IL-8, interleukin-8; TNF-α, tumor necrosis factor-α. *, The difference between the
groups was statistically significant. a, denotes calculation using Fisher’s exact probability method.

The meaning of the bold values indicates statistically significant differences.
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Risk factors for the development of ILD
and predictive model

Furthermore, we also performed logistic regression analysis

to investigate the independent risk factors of interstitial lung

lesions in patients with pSS. In the univariate logistic regression

analysis comparing the pSS-ILD cohort with the control cohort,

several variables showed statistically significant odds ratios. The

pSS-ILD cohort had an odds ratio (OR) of 2.034 (95% CI

1.216–3.414, p = 0.007) for age>60 years, 1.006 (95% CI

1.003–1.010, p < 0.001) for disease duration, 0.103 (95% CI

0.024–0.446, p = 0.002) for shortness of breath. Among the

laboratory metrics, the following ORs were observed: ESR

(OR = 1.010, 95% CI 1.000–1.020, p = 0.046); CRP (OR =

1.951, 95% CI 1.008–3.776, p = 0.047); WBC (OR = 1.150,

95% CI 1.032–1.281, p = 0.011); NLR (OR = 1.179, 95% CI

1.043–1.333, p = 0.008); TG (OR = 1.793, 95% CI 1.191–2.700,

p = 0.005); TC (OR = 1.329, 95% CI 1.038–1.702, p = 0.024);

Anti-Ro52+ (OR = 1.949, 95% CI 1.167–3.255, p = 0.011); Anti-

centromere+ (OR = 0.369, 95% CI 0.168–0.811, p = 0.013).

Based on the results and clinical relevance, 11 variables were

a step forward included in the multivariate logistic regression

analysis. The finally results showed that older than 60 years

(OR = 2.381, 95% IC 1.302–4.355, p < 0.05), longer duration

of disease (OR = 1.007, 95% IC 1.003–1.012, p < 0.001), higher

TG (OR = 1.652, 95% CI 1.014–2.691, p < 0.05), higher TC (OR =

1.424, 95% CI 1.059–1.915, p < 0.05) and anti-Ro52+ (OR = 1.949,

95% CI 1.167–3.255, p = 0.011) were risk factors for ILD in pSS

patients. Interestingly, we also found a protective factor for ILD

in pSS patients was anti-centromere+ (OR = 0.402, 95% CI

0.17–0.935, p < 0.05) (Table 3).

Discussion

The pathogenesis of pSS-ILD is not fully elucidated. An early

study revealed that the combined involvement of genetic,

environmental and infection susceptibility factors result in

recruitment of inflammatory cells into the interstitial and

alveolar spaces of the lung, releasing inflammatory factors and

causing alveolar epithelial damage. Consequently, fibroblasts and

myofibroblasts in the interstitial spaces of the lung become

activated and produce extracellular matrix proteins, leading to

lung fibrosis (Wells and Denton, 2014; Panagopoulos et al.,

2021). In our study, patients in the pSS-ILD group had

significantly higher WBC counts than patients in the pSS-

non-ILD group. WBC, as an inflammatory cell, can activate

inflammatory responses in certain pathological conditions, so is

it possible that patients in the pSS-ILD group had higher

inflammatory indicators? We then further analyzed the

inflammatory indexes in both groups and found that CRP,

ESR, NLR, and IL-6 were significantly higher in the pSS-ILD

group than that in the patients without ILD. NLR, as a new

inflammatory index that can reflect the systemic inflammatory

status, is commonly used in the diagnosis and assessment of

prognosis of infectious diseases. It includes lymphocyte and

neutrophil counts, which has the advantages of being simple,

easy to operate, inexpensive and reproducible. And it is more

clinically meaningful than single lymphocyte and neutrophil

counts, and can be widely used in clinical practice to assess

the inflammatory status of diseases in combination with CRP,

ESR and other indexes. IL-6 is a multifunctional cytokine with

multiple immunomodulatory effects, and its elevation is

positively correlated with inflammation. Previous study

(Boumba et al., 1995; Mavragani, 2017) reported that IL-6, IL-

8, IL-10, and TNF-α may be involved in the occurrence and

development of ILD in patients with pSS, suggesting that the

occurrence of pSS-ILD is closely related to the inflammatory

response and needs clinical attention.

In addition, pSS also can attack blood lipids and promote the

development of atherosclerosis (Vaudo et al., 2005). Previous

study reported that pSS patients had a strong trend to present

dyslipidemia when compared to healthy individuals (Cruz et al.,

2010). Consistently, our study showed that TG and TC were

significantly higher in the pSS-ILD group than in the pSS-non-

ILD group. As for the reasons, the elevation of TG and TCmay be

related to the older age of patients. On the other hand, it also

suggested that pSS-ILD patients were more likely to have

abnormal TG and TC than patients without ILD. In clinical

TABLE 2 Clinical characteristics of patients with primary Sjögren’s
syndrome (pSS)-interstitial lung disease (ILD).

Number of patients (%)

Subjects 102 (39.84)

Gender, male 4 (3.92)

respiratory symptoms 51 (50.00)

HRCT features

Ground-glass opacity 80 (78.43)

Reticulation 18 (17.65)

consolidation 18 (17.65)

Honeycombing 3 (2.94)

NSIP 74 (72.55)

UIP 10 (9.80)

LIP 6 (5.88)

OP 2 (1.96)

Stage 1 38 (37.3)

Stage 2 35 (34.3)

Stage 3 29 (28.4)

NSIP, non-specific interstitial pneumonia; UIP, usual interstitial pneumonia; LIP,

lymphocytic interstitial pneumonia; OP, organizing pneumonia.
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treatment, we need to pay more attention to and monitor the

lipid profile of patients in order to reduce the risk of

cardiovascular and cerebrovascular adverse events in patients.

Certainly, glucocorticoid can also cause dyslipidemia in patients,

which could be a potential confounding factor.

Moreover, immunological factors also play an important

role in the pathogenesis of pSS-ILD, and multiple immune cells

are jointly involved in the pathogenesis (Ytterberg et al., 2015).

We further analyzed the immunological indicators between the

two groups, and the results showed that the anti-RO52+ rate in

pSS-ILD group was significantly higher than that in non-ILD

group, while the positive rates of immunoglobulin and

complement were not significantly different, indicating that

anti-Ro52+ pSS patients were more prone to ILD. Davidson

et al. (2000) have reported that lung involvement occurs

primarily in pSS patients who are positive for anti-RO

antibodies and can occur early in the disease. This suggests

that early screening should be conducted for such patients in

clinical practice.

pSS-ILD is asymptomatic and easy to be missed, and some

patients have no obvious clinical symptoms in the early stage.

HRCT can detect abnormal changes in the lungs of pSS patients

at an early stage with a specificity of 90%, which is the same as the

pathological findings of lung biopsy. In this study, 256 patients

underwent HRCT of the lung, and 102 of them showed

interstitial lung lesions, which mainly consisted of ground

glass-like shadow, patchy solid shadow, fibrous streak shadow,

lattice shadow and honeycomb shadow, among which ground

glass-like shadow was the most common, followed by patchy

solid shadow. HRCT staging of patients based on imaging

presentation revealed that NSIP was the most common type

of ILD in patients with pSS. Abrasive glassy shadow is an early

manifestation of interstitial lung changes, mostly reversible, while

lattice-like and honeycomb-like changes are indicative of

intermediate and advanced stages of irreversible fibrosis. In

addition, it is noteworthy that 50% patients without obvious

pulmonary symptoms exhibited abnormalities, consistent with

ILD features in HRCT-scan, although these were relatively

early. Therefore, HRCT can help to diagnose the disease at

an early stage so that we can better grasp the timing of

treatment. In addition, respiratory symptoms appeared later

than pulmonary imaging findings in some patients, which

requires clinicians to judge whether there is pulmonary

involvement in pSS patients, not only based on respiratory

symptoms, but also regular imaging examinations to achieve

the purpose of early diagnosis.

Pulmonary involvement increases the 10-year mortality of

pSS patients by 4 times (Palm et al., 2013). Early diagnosis and

treatment can prevent pulmonary lesions from progressing from

reversible inflammatory stage to irreversible pulmonary fibrosis

stage, and significantly improve the prognosis of patients. After

single factor screening, eleven clinical variables were found to be

significantly different between two groups. These factors were

age, course of disease, CRP, ESR, WBC, NLR, TG, TC, anti-

Ro52+, anti-centromere+, and IL-6. The multivariate analysis

showed that age ≥60 years, chronic disease, high TG and high

FIGURE 1
Characteristics of HRCT in pSS-ILD patients with or without respiratory symptoms. (A,B) Percentage of different HRCT staging (A) and
classification (B) in ILD patients with and without respiratory symptoms.
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TC were the high risk factors for ILD in pSS patients, which was

consistent with previous studies (Gao et al., 2018). Analysis of the

reason may be induced in older adults with the body immune

function change matter more, thus easier to cause the change of

immune, eventually lead to the occurrence of ILD. Surprisingly,

our study also found that anti-centromere+ is a protective factor

for ILD, which is similar to what has been reported in previous

studies, the antibodies against the centromere has protective

effect to the organs in the diffuse systemic sclerosis (dsSSc)

(Caetano et al., 2018). However, in our literature review, we

found no reports of anti-Ro52+ and ILD in pSS patients. The

correlation between the level of autoimmune antibodies in pSS

patients and the incidence of ILD is worthy of further

investigation.

In addition, there were some limitations in our study. First of

all, this study was a retrospective, single-center, and small-scale

study, which may affect the universality and practical clinical

significance of the results. Second, there was a correlation

between some of the indicators, such as high age and elevated

lipid levels, which may have led to potential confusion. Third,

some results with statistical differences lacked appropriate

clinical interpretation, which affected the authenticity of the

results. In the next step, we will conduct a multi-center study

with a large sample size and collect more comprehensive patient

clinical data to reduce controllable interference factors and

provide advantages for early diagnosis, treatment and

prognosis of pSS-ILD.

Conclusion

The clinical features of pSS-ILD patients were

xerophthalmia, cough and shortness of breath, and HRCT can

help to diagnose the disease at an early stage. Age over 60 years,

TABLE 3 Possible relevant risk factors of developing interstitial lung disease among primary Sjögren’s syndrome (pSS) patients.

Characteristics Univariate Multivariate

Odds ratio 95% CI p-value Odds ratio 95% CI p-value

Gender, male 0.483 0.151–1.541 0.219

Age>60 (years) 2.034 1.216-3.414 0.007** 2.035 1.140–3.634 0.016*

Disease duration (months) 1.006 1.003–1.010 0.000*** 1.006 1.002–1.010 0.002**

Xerostomia 1.304 0.580–2.934 0.520

Xerophthalmia 0.866 0.471–1.592 0.642

Shortness of breath 0.103 0.024–0.446 0.002**

Chest tightness 0.657 0.341–1.256 0.209

ESR (mm/h) 1.010 1.000–1.020 0.046* 1.003 0.988–1.107 0.711

CRP elevation 1.951 1.008–3.776 0.047* 1.902 0.662–5.461 0.232

WBC (×109/L) 1.150 1.032–1.281 0.011** 1.045 0.908–1.203 0.538

NLR 1.179 1.043–1.333 0.008** 1.038 1.002–1.010 0.660

TG (mmol/L) 1.793 1.191–2.700 0.005** 1.664 1.020–2.714 0.041*

TC (mmol/L) 1.329 1.038–1.702 0.024* 1.349 1.004–1.812 0.047*

HDL (mmol/L) 0.905 0.426–1.923 0.795

LDL (mmol/L) 1.413 0.998–1.999 0.051

Anti-Ro52+ 1.949 1.167–3.255 0.011* 1.812 1.002–3.287 0.049*

Anti-Ro60+ 0.896 0.530–1.512 0.680

Anti-SSB+ 1.651 0.968–2.816 0.066

Anti-adnexin+ 0.369 0.168–0.811 0.013* 0.405 0.174–0.945 0.037*

RF+ 1.498 0.855–2.625 0.157

ANA+ 1.076 0.613–1.890 0.799

NLR, neutrophil–lymphocyte ratio; LDL, low-density lipoprotein; TC, total cholesterol; TG, triglyceride; RF, rheumatoid factor; ANA, antinuclear antibodies. *p < 0.05; **p < 0.01; ***p <
0.001.

The meaning of the bold values indicates statistically significant differences.
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chronic course of disease, and elevated lipid levels are risk factors

for ILD in pSS patients, and the relationship between

autoimmune antibody levels and the occurrence of ILD needs

to be further confirmed in follow-up studies with large

sample sizes.
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Clinical study: the impact of
goal-directed fluid therapy on
volume management during
enhanced recovery after surgery
in gastrointestinal procedures
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Background: Goal-directed fluid therapy, as a crucial component of

accelerated rehabilitation after surgery, plays a significant role in expediting

postoperative recovery and enhancing the prognosis of major surgical

procedures.

Methods: In line with this, the present study aimed to investigate the impact of

target-oriented fluid therapy on volume management during ERAS protocols

specifically for gastrointestinal surgery. Patients undergoing gastrointestinal

surgery at our hospital between October 2019 and May 2021 were selected

as the sample population for this research.

Results: 41 cases of gastrointestinal surgery patients were collected from our

hospital over 3 recent years. Compared with T1, MAP levels were significantly

increased from T2 to T5; cardiac output (CO) was significantly decreased from

T2 to T3, and significantly increased from T4 to T5; and SV level was significantly

increased from T3 to T5. Compared with T2, HR and cardiac index (CI) were

significantly elevated at T1 and at T3–T5. Compared with T3, SVV was

significantly decreased at T1, T2, T4, and T5; CO and stroke volume (SV)

levels were increased significantly at T4 and T5. In this study, pressor drugs

were taken for 23 days, PACU residence timewas 40.22 ± 12.79 min, time to get

out of bed was 12.41 ± 3.97 h, exhaust and defecation time was 18.11 ± 7.52 h,

and length of postoperative hospital stay was 4.47 ± 1.98 days. The average

HAMA score was 9.11 ± 2.37, CRP levels were 10.54 ± 3.38 mg/L, adrenaline

levels were 132.87 ± 8.97 ng/L, and cortisol levels were 119.72 ± 4.08 ng/L.

Prealbumin levels were 141.98 ± 10.99 mg/L at 3 d after surgery, and 164.17 ±

15.84 mg/L on the day of discharge. Lymphocyte count was 1.22 ± 0.18 (109/L)
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at 3 d after surgery, and 1.47 ± 0.17 (109/L) on the day of discharge. Serum

albumin levels were 30.51 ± 2.28 (g/L) at 3 d after surgery, and 33.52 ± 2.07 (g/L)

on the day of discharge.

Conclusion: Goal-directed fluid therapy (GDFT) under the concept of

Enhanced Recovery After Surgery (ERAS) is helpful in volume management

during radical resection of colorectal tumors, with good postoperative

recovery. Attention should be paid to the influence of pneumoperitoneum

and intraoperative posture on GDFT parameters.

KEYWORDS

accelerated rehabilitation surgery, goal-directed fluid therapy, vstroke volume
variation, cardiac index, pneumoperitoneum, fluid supplement volume,
vasoactive drug

Introduction

During gastrointestinal surgery, patients are influenced by

various factors, such as their psychological state, anesthesia,

surgical procedures, and pain. As a result, they may

experience different levels of illness-related effects. These

effects manifest in the form of a robust surgical stress

response, leading to the production of significant amounts of

stress hormones in patients’ bodies. Consequently, symptoms

such as elevated blood pressure, inadequate oxygen supply, and

accelerated heart rate may arise, ultimately impacting the surgical

outcomes (Pu et al., 2020; Daca-Alvarez et al., 2022; Ding et al.,

2022; Erdem et al., 2022). Therefore, it is particularly important

to implement effective perioperative management for patients

undergoing gastrointestinal surgery (Ayala et al., 2022).

Fluid therapy plays a crucial role in ensuring the safety of

patients during surgery and facilitating postoperative recovery

within the context of Enhanced Recovery After Surgery (ERAS)

protocols (Ashok et al., 2020). Consequently, this factor has

garnered significant attention not only from surgeons but also

from anesthesiologists (Feldheiser et al., 2016). In recent years,

with the widespread adoption of the ERAS concept, there has

been a surge in the number of medium-to high-risk patients

requiring surgical interventions, as well as an increase in the

complexity and volume of surgeries performed. This trend has

led to a growing interest among scholars in exploring and

researching various aspects of fluid therapy (Gustafsson et al.,

2019). Building upon traditional fluid replacement and restrictive

fluid therapy approaches, the concept of goal-directed fluid

therapy (GDFT), which offers more precise and accurate

administration, has gained widespread recognition (Arena

et al., 2021).

GDFT, or goal-directed fluid therapy, refers to an

individualized rehydration approach that relies on monitoring

hemodynamic indicators to assess the body’s fluid requirements

(Di et al., 2020). The effectiveness of GDFT within the ERAS

framework often hinges on various common risk factors

associated with both the surgery and the patient (Giusto et al.,

2021). Previous research has demonstrated that personalized

GDFT during surgical procedures can yield significant benefits

for patients categorized as medium-to-high risk (Bisgaard et al.,

2020; Jiang et al., 2021). Consequently, recent studies have

primarily focused on investigating the application of GDFT in

ERAS protocols for major surgery involving middle- and high-

risk patients (Aaen et al., 2021). This present study aimed to

examine the impact of goal-directed fluid therapy on volume

management during ERAS in gastrointestinal surgery.

Materials and methods

General information

This study was approved by the Medical Ethics Committee of

our hospital (NO: 2020051617), and all patients signed an

informed consent form. Adult patients who were scheduled to

undergo surgery in Gastrointestinal Procedures under general

anesthesia from October 2019 to May 2021 were selected,

regardless of gender and ASA score (class I or II).

Exclusion criteria

Severe uncontrolled cardiovascular, endocrine, or respiratory

disease; severe digestive tract obstruction; significant liver and

kidney dysfunction; abnormal blood coagulation function;

contraindications for artery puncture and central vein

catheterization prior to surgery; severe nervous system disease;

abnormal mental states; inability to communicate normally.

Exit criteria

Active request by the patient to withdraw during the study;

failure to effectively cooperate with the treatment plan, leading to

the failure of normal research protocols; serious accidents during
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treatment; transfer to an intensive care unit (ICU) for monitoring

and treatment after operation.

Before the withdrawal of any subject, the reason for

withdrawal was recorded accurately, and a new subject was

not included instead.

Procedures under the research program

Before the surgery, the doctor informed the patient about

possible anesthesia methods, possible complications and

solutions during anesthesia, and postoperative analgesia

strategy. One day before surgery, the patient took laxatives

orally to clean the intestines, without undergoing mechanical

enema. Solid food was fasted from 6 h before the operation;

2 hours before anesthesia induction, patients took 4 mL/kg of

multidimensional carbohydrate drink orally (surgical energy).

After entering the room, patients were monitored for non-

invasive blood pressure, electrocardiogram, SpO2, respiratory

rate, and body temperature; depth of anesthesia was monitored

using a Narcotrend monitor. A FloTrac/Vigileo sensor was

connected after radial artery catheterization under local

anesthesia to monitor cardiac output (CO), cardiac index (CI),

stroke volume (SV), and stroke volume variation (SVV). Before

anesthesia induction, midazolam 0.05 mg/kg, pentoxiquine

hydrochloride 0.4–0.6 mg, and lansoprazole 30 mg were

injected intravenously. Anesthesia induction consisted of

etomidate 0.3 mg/kg, sufentanil 0.4–0.6 μ G/kg, cisatracurium

0.15 mg/kg, and mask-assisted respiration, nitrogen removal,

and oxygen delivery; the anesthesia machine was connected

after endotracheal intubation, with respiratory parameters FiO

30%–50%, tidal volume 6–8 mL/kg, respiratory rate 12–15 times/

min, and I:E = 1:2. Subsequently, the right subclavian vein was

punctured and catheterized. Ultrasound-guided transabdominal

plane (TAP) block was given at the head end of the bilateral iliac

crest, with 0.375% ropivacaine 20 mL on each side. Propofol rate

was 3–6 mg/(kg/h), remifentanil was 0.05–0.2 μG/(kg/min), and

1%–1.5% sevoflurane was inhaled. During the operation, the

concentration of sevoflurane was adjusted according to the

Narcotrend value, and the Narcotrend value was maintained

at 37–45. Muscle relaxants were added according to the needs of

the operation. Ulinastatin 5 000 U/kg was injected into the crystal

solution during the operation.

Fluid management plan

(1) (Daca-Alvarez et al., 2022) Compensatory dilatation

(5 mL/kg) was supplemented 30 min before anesthesia

induction. Crystalloid solution (Ringer Lactate) was used as

the background infusion. Before laparotomy, crystalloid

solution (2 mL/kg/h) was input. At the laparotomy stage,

5 mL/(kg/h) was used as the background infusion until the

end of the operation (Ding et al., 2022). SVV ≤13% was taken

as the reference range of volume reactivity. If SVV >13% at a

measured time point, this was defined as a low-volume time

point, and volume-loading treatment was carried out: that is,

150 mL of hydroxyethyl starch 130/0.4 sodium chloride injection

was given intravenously for 10 min, and SVV was re-evaluated

until SVV ≤ 13%. If SVV ≤13% at a measured time point, CI was

further evaluated. (Erdem et al., 2022). If CI < 2.5 L/(min/m2),

dobutamine 2.5–10 μg/(kg/min) was used. When the heart rate

(HR) was higher than 100 beats/min, dobutamine was reduced or

stopped. (Pu et al., 2020). Central venous oxygen saturation

(ScvO2) was evaluated. When ScvO2 < 73% and Hb < 10 g/dL,

concentrated red blood cells were infused to bring Hb ≥ 10 g/dL.

If it was still the case that ScvO2<73%, dobutamine 2.5–20 μ G/

(kg • min) was used until ScvO2 ≥ 73%.

Intraoperative management and
analgesia plan

When MAP <65 mmHg, intravenous infusion of

norepinephrine 40 μg was administered; arterial blood

samples were taken every 60 min for blood gas analysis.

During the operation, blood glucose was maintained

between 5.6 and 10 mmol/L. During the operation, central

temperature (nasopharynx temperature) was maintained no

lower than 36°C by means of air heater and liquid heating; this

was maintained until the patient was transferred back to the

ward. Before the end of the operation, 5 mg of dizosine, 6 mg

of tropisetron, 5 mg of dexamethasone, 1.5 mg of droperidol,

and 0.375% ropivacaine were given for local infiltration

anesthesia.

The PCIA formula for postoperative analgesia consisted of

deszocin 0.4–0.5 mg/kg, flurbiprofen lipid 5 mg/kg, tropisetron

12–18 mg, background dose 2 mL/h, pressing dose 0.5 mL,

locking time 15 min. After the operation, the patient was

decannulated and transferred to the PACU. Once the patient

was awake, respiration and circulation were stable, and VAS was

less than 3 points, he was transferred back to the ward.

Observed indicators

Mean arterial pressure (MAP), HR, CO, CI, SV, and SVV

were recorded after endotracheal intubation (T1), after skin

incision (T2), 60 min after pneumoperitoneum (T3), 5 min

after laparotomy (T4), at the end of surgery (T5). For this

study, the intraoperative fluid infusion volume (crystalloid/

colloid), intraoperative blood loss, surgical duration, and

amount of vasoactive drugs used during the procedure were

recorded. The patient’s time of awakening, status of gas/bowel

movements, and postoperative hospital stay were also

documented.
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Statistical methods

SPSS 21.0 statistical software was used for statistical

analysis. Measurement variables that followed a normal

distribution are expressed in the form of x ± s, and

repeated-measures ANOVA was used to compare different

time points. Differences were regarded as statistically

significant if p < 0.05.

Results

Comparison of patient characteristics

A total of 41 patients who underwent gastrointestinal surgery

at our hospital were included in this study, covering a span of

3 years. Table 1 presents demographic data for the patients,

including gender, age, and disease type. Statistical analysis

revealed no significant differences in these variables among

the patient groups (p > 0.05).

Hemodynamic changes during surgery

In comparison to the baseline measurement (T1), there was a

significant increase in mean arterial pressure (MAP) from T2 to

T5 (p < 0.05, Table 2). Cardiac output (CO) was significantly

decreased from T2 to T3, but notably increased from T4 to T5

(p < 0.05, Table 2). Stroke volume (SV) levels exhibited a

significant increase from T3 to T5 (p < 0.05, Table 2). Heart

rate (HR) and cardiac index (CI) were significantly higher at

T1 and T3–T5 than at T2 (p < 0.05, Table 1). Moreover, systolic

volume variation (SVV) was significantly decreased at T1, T2, T4,

and T5 in comparison to T3 (p < 0.05, Table 2). At T4 and T5,

both CO and SV demonstrated a significant increase (p < 0.05,

Table 2). These data indicate that GDFT-significant

hemodynamic changes were observed during the surgical

procedure. GDFT can significantly improve postoperative

cardiac function and has potential cardiac protective effects.

Postoperative follow-up

The duration of pressor drug administration was recorded as

23 days in this study. The average time spent in the post-

anesthesia care unit (PACU) was 40.22 ± 12.79 min, while the

time taken for patients to mobilize and get out of bed was 12.41 ±

3.97 h. The interval prior to bowel movement/defecation was

observed to be 18.11 ± 7.52 h. The average length of the

postoperative hospital stay was determined to be 4.47 ±

1.98 days (Table 3). GDFT can significantly improve the

duration of PACU stay, time to mobilize and get out of bed,

and length of hospital stay.

Surgical stress indices

Assessment of surgical stress indices revealed an average

HAMA score of 9.11 ± 2.37. Additionally, C-reactive protein

(CRP) levels were measured at 10.54 ± 3.38 mg/L, adrenaline

levels at 132.87 ± 8.97 ng/L, and cortisol levels at 119.72 ±

TABLE 1 General information of gastrointestinal surgery.

Group

Number 41

Age 61.56 ± 10.74

Sex 23 (Man)/18 (Woman)

BMI 23.52 ± 3.52

Cancer category

Colon cancer 28

Rectal cancer 13

ASA

ASA-Ⅰ 17

ASA-Ⅱ 24

TABLE 2 Hemodynamic changes during operation.

Group T1 T2 T3 T4 T5

MAP (mmHg) 80.55 ± 8.31 82.61 ± 7.22* 85.22 ± 10.11* 84.97 ± 7.25* 87.91 ± 6.21*

HR (time/min) 62.32 ± 8.95# 57.74 ± 6.95 60.04 ± 6.68# 66.85 ± 10.05# 61.96 ± 8.52#

CO (L/min) 3.85 ± 0.61 3.22 ± 0.52* 3.84 ± 0.69* 4.33 ± 0.56*$ 4.07 ± 0.53*$

CI [L/(min/m2)] 2.77 ± 0.71# 2.33 ± 0.84 3.03 ± 0.74# 2.71 ± 0.42# 2.75 ± 0.66#

SV (mL) 58.97 ± 9.11 56. 19 ± 8.87 62.53 ± 9.01* 66.05 ± 7.74*$ 64.18 ± 9.28*$

SVV (%) 11.35 ± 2.98$ 12.98 ± 3.31$ 13.53 ± 3.37 10.35 ± 2.57$ 9.42 ± 2.99$

*Compared with T1, p < 0. 05; # compared with T2, p < 0. 05; $compared with T3, p < 0. 05.
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4.08 ng/L (Table 4). GDFT can significantly improve surgical

stress index measurements.

Nutritional status

Regarding patients’ nutritional status, prealbumin levels were

found to be 141.98 ± 10.99 mg/L at 3 days after surgery; levels

increased to 164.17 ± 15.84 mg/L on the day of discharge from

the hospital (Table 5). Lymphocyte counts at 3 days after surgery

were reported as 1.22 ± 0.18 (10̂9/L), rising to 1.47 ± 0.17 (10̂9/L)

on the day of discharge (Table 5). Serum albumin levels at 3 days

after surgery were recorded as 30.51 ± 2.28 g/L, increasing to

33.52 ± 2.07 g/L on the day of discharge. GDFT can significantly

improve postoperative nutritional status.

Discussion

Gastrointestinal surgery is characterized by significant

trauma, a high risk of blood loss, and a high proportion of

elderly patients or those with multiple comorbidities (Harada

et al., 2022). The application of Enhanced Recovery After Surgery

(ERAS) principles in gastrointestinal surgery has received

extensive scholarly attention, and this framework been

implemented extensively in clinical practice, gradually

reaching a mature stage (Jabłońska et al., 2022). However,

fluid management during gastrointestinal surgery is critical, as

both fluid overload and inadequate circulating blood volume can

have adverse effects on patient outcomes. Specifically, fluid

overload can lead to an increased incidence of postoperative

complications such as anastomotic leakage and delayed recovery

of gastrointestinal function (Pu et al., 2021; Lata et al., 2022).

Conversely, insufficient effective circulating blood volume can

result in inadequate tissue perfusion, hypoxia, and an elevated

risk of postoperative complications and mortality (Mao et al.,

2022). In gastrointestinal surgery, devices such as Esophageal

Doppler (ED) and FloTrac/Vigileo, among others, are commonly

used for real-time monitoring of stroke volume (SV), systolic

volume variation (SVV), and pulse pressure variation (PPV) to

assess dynamic changes in fluid status and optimize fluid

management (Ross et al., 2022). In this study, we collected

data from 41 patients who underwent gastrointestinal surgery

at our hospital over the past 3 years. Table 1 presents the general

characteristics of these patients, including gender, age, and

disease type. Makaryus et al. showed that optimization of

perioperative fluid management is crucial for Enhanced

Recovery Pathways (ERPs), as this helps improve lung

function, tissue oxygenation, gastrointestinal motility, and

wound healing (Makaryus et al., 2018). Therefore, in this

study, data were collected from 41 patients who underwent

gastrointestinal surgery to examine the impact of goal-directed

fluid therapy on volume management during ERAS in

gastrointestinal surgery.

While there has been limited research on the application of

goal-directed fluid therapy (GDFT) in gastrointestinal surgery

under the ERAS framework, it is worth noting that existing

studies have small sample sizes and provide only weak evidence

(Scott et al., 2015; Pędziwiatr et al., 2018; Low et al., 2019).

Intraoperative GDFT plays a crucial role in perioperative fluid

therapy within the ERAS management approach (Sica et al.,

2020). Most studies related to ERAS include intraoperative

GDFT as a component (Wobith and Weimann, 2021).

Therefore, this article aimed to review and discuss the current

application and research progress of GDFT in gastrointestinal

TABLE 4 Surgical stress indexes.

Group

HAMA (Score) 9.11 ± 2.37

CRP (mg/L) 10.54 ± 3.38

Adrenaline (ng/L) 132.87 ± 8.97

Cortisol (ng/L) 119.72 ± 4.08

TABLE 5 Nutritional status.

Group

Prealbumin (mg/L)

3 d after surgery 141.98 ± 10.99

The day of leave hospital 164.17 ± 15.84

Lymphocyte count (×109 L)

3 d after surgery 1.22 ± 0.18

The day of leave hospital 1.47 ± 0.17

Serum albumin (g/L)

3 d after surgery 30.51 ± 2.28

The day of leave hospital 33.52 ± 2.07

TABLE 3 Postoperative follow-up.

Group

Pressor drug 23

PACU residence time (min) 40.22 ± 12.79

Time for getting out of bed (h) 12.41 ± 3.97

Exhaust and defecation time (h) 18.11 ± 7.52

Postoperative hospital stay (day) 4.47 ± 1.98
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surgery within the context of ERAS, drawing on high-quality

studies. In this study, we observed a significant increase in mean

arterial pressure (MAP) from T2 to T5, while cardiac output

(CO) was decreased from T2 to T3 but increased from T4 to T5.

Grass et al. showed that among these 5,155 patients, 2,320

patients (45.1%) received more than 3 L of intravenous fluids

on postoperative day 0 (Grass et al., 2020). Thus, these data also

show the encouraging efforts of GDFT, as it has been found to be

associated with better outcomes and indicates potential for

customization in specific patient populations.

Goal-directed fluid therapy (GDFT) utilizes various

observational indicators, including traditional static

measurements such as SvO2, central venous pressure,

pulmonary capillary wedge pressure, and lactic acid, as well as

functional hemodynamic indicators such as stroke volume (SV),

SV variation (ΔSV), systolic volume variation (SVV), and pulse

pressure variation (PPV) (Wobith and Weimann, 2021).

Recently, there has been a growing interest in studying SV,

ΔSV, SVV, and PPV, and similar parameters measured by

equipment such as the FloTrac/Vigileo and LiDCO, as they

provide new insights into the cardiac preload of the body

(Joosten et al., 2021). It is important to note that SVV or PPV

should be evaluated when patients are mechanically ventilated

and free from complications such as thoracotomy, arrhythmia, or

myocardial disease. In contrast, SV and ΔSV are not influenced

by tidal volume or rhythm and can be evaluated in awake patients

or those with arrhythmias (Liu et al., 2021). In our study, we

observed a significant increase in SV from T3 to T5, while HR

and cardiac index (CI) values were notably elevated at T1 and

T3–T5. Moreover, CO and SV demonstrated a significant

increase at T4 and T5. Makaryus et al. showed that GDFT

improves blood flow intraoperatively, and ultimately reduce

LOS and complications (Makaryus et al., 2018). Therefore,

this treatment method improves pulmonary function, tissue

oxygenation, gastrointestinal motility, and wound healing. The

clinical demand for evidence-based Enhanced Recovery After

Surgery (ERAS) programs is increasing with the rise in the

number of patients undergoing major surgeries with medium

to high risk levels (McLain et al., 2021). Early research on ERAS

has shown that optimizing intraoperative fluid management can

significantly benefit patients (Mizunoya et al., 2019). The debate

surrounding intraoperative fluid management schemes has

evolved from traditional rehydration approaches to restrictive

rehydration and ultimately to individualized goal-directed fluid

therapy (GDFT) supported by evidence-based medicine

(Mohammed El-Hadi Shoukat Mohammed et al., 2021).

Numerous high-quality studies have demonstrated the

significant advantages of GDFT for medium-to high-risk

patients undergoing major surgery, including a reduction in

the incidence and mortality of postoperative complications,

shorter hospital stays, lower medical costs, faster postoperative

recovery, and improved quality of life, aligning with the

principles of ERAS (Rollins et al., 2020). It is worth noting

that perioperative fluid management under the ERAS

model should encompass the entire diagnostic and

treatment process, including the stages before, during, and

after surgery, as fluid management at each stage can

significantly impact patient prognosis (Turi et al., 2021). In

this study, the duration of pressor drug administration was

recorded as 23 days, while the average time spent in the post-

anesthesia care unit (PACU) was 40.22 ± 12.79 min. Patients

took an average of 12.41 ± 3.97 h to mobilize and get out of

bed, and 18.11 ± 7.52 h for bowel movements/defecation; the

average length of the postoperative hospital stay was 4.47 ±

1.98 days. Additionally, the average HAMA score was

determined to be 9.11 ± 2.37; CRP levels were measured at

10.54 ± 3.38 mg/L, adrenaline levels at 132.87 ± 8.97 ng/L, and

cortisol levels at 119.72 ± 4.08 ng/L. Lee et al. reported that

goal-directed fluid therapy is associated with earlier

progression to a postoperative soft diet, reduced acute

postoperative pain intensity, and less rescue analgesics (Lee

et al., 2021). Thus, these data also illustrate the fact that goal-

directed fluid therapy leads to better postoperative recovery

and a better renal protective effect.

However, it is important to acknowledge that inappropriate

treatment at any stage of the diagnostic and treatment process can

undermine the entire ERAS pathway and affect the final outcome

(Turi et al., 2022). This article has primarily focused on

intraoperative fluid management within the ERAS framework,

without delving into preoperative and postoperative fluid

management schemes (Virág et al., 2022). Due to the current

medical model and the roles assigned in implementing the

overall ERAS program, anesthesiologists are primarily responsible

for controlling and accurately managing the intraoperative stages of

fluid management, while preoperative and postoperative fluid

management is often carried out by surgeons (Xie et al., 2021).

This approach contradicts the concept of continuous and unified

fluid management advocated by anesthesiologists during the

perioperative period (Weinberg et al., 2019; Zorrilla-Vaca et al.,

2021). Regarding nutritional status, in this study, prealbumin levels

were found to be 141.98 ± 10.99 mg/L at 3 days after surgery,

increasing to 164.17 ± 15.84 mg/L upon discharge from the

hospital. Lymphocyte counts at 3 days after surgery were

reported to be 1.22 ± 0.18 (10̂9/L), increasing to 1.47 ± 0.17

(10̂9/L) on the day of discharge. Serum albumin levels at 3 days

after surgery were recorded as 30.51 ± 2.28 g/L, increasing to 33.52 ±

2.07 g/L on the day of discharge. These data indicate that goal-

directed fluid therapy has a better effect at discharge.

While the concept of perioperative fluid management has

been established for some time, its implementation in clinical

practice lacks uniformity within the current medical

development model. However, with the emergence of

perioperative medicine as a specialized discipline, it is

expected that a standardized approach to managing the

perioperative process will be developed in the future. This

may enable anesthesiologists to implement continuous and
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consistent fluid management for patients undergoing

elective surgery.

It is worth mentioning that this article has specifically

focused on the application of GDFT in gastrointestinal

surgeries under the ERAS model, without covering its

utilization in other areas. Additionally, this article has not

delved extensively into preoperative and postoperative fluid

management schemes and their impact on patients. Finally,

due to the limited sample size of 41 cases from the author’s

institution, further validation through larger-scale studies is

required to confirm the findings of this study.
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Protective effect of tretinoin derivative and TXNRD1 protein on 
streptozotocin induced gestational diabetes via an age-rage 
signaling-pathway
Wensheng Wang✉ and Lin Wang
Department of Nursing, Hebi Polytechnic, Changjiang Street QibinHebi, Henan 458030, China

Background: In the present study effect of tretinoin de-
rivative was investigated on the pathogenesis of ges-
tational diabetes mellitus (GDM) in mice model in vivo. 
Materials and Methods: Diabetes was induced in mice 
by injecting Streptozotocin (STZ) for 5consecutive days 
at a dose of 65 mg/kg body weight through the intraperi-
toneal route. Tretinoin derivative was given to the mice 
at 0.12 and 0.25 mg/kg doses through gavage in normal 
saline alternately for one week after STZ injection.Re-
sults: The results demonstrated that tretinoin derivative 
administration to the diabetic mice significantly (P<0.05) 
alleviated the blood FBG and FINS levels. Administration 
of tretinoin derivative to the diabetic mice significantly 
(P<0.05) promoted the blood HDL level and alleviated 
TC and TG levels. The administration of tretinoin deriva-
tive to the diabetic mice significantly (P<0.05) alleviated 
the CRP, IL-6and TNF-α production in pancreatic tissues. 
Tretinoin derivative administration to the diabetic mice 
significantly (P<0.05) elevated the SOD activity, and CAT 
level and lowered the MDA level in pancreatic tissues. The 
TXNRD1 expression in diabetic mice was comparable to 
that in the normal group after administration of tretinoin 
derivativeat the dose of 0.25 mg/kg dose. In silico data 
demonstrated that tretinoin derivativeinteracts with TXN-
RD1 protein with the binding affinity ranging from –10 to 
9.4 kcal/ mol. Conclusion: In conclusion, tretinoin deriva-
tive administration effectively regulated streptozotocin-
induced changes in fasting blood glucose, insulin level, 
high-density lipid level and triglyceride level in diabetic 
mice in vivo. The streptozotocin-induced excessive pro-
duction of C-reactive protein and inflammatory cytokines 
was also down-regulated in diabetic mice on administra-
tion of tretinoin derivative. Therefore, tretinoin derivative 
can be investigated further as a therapeutic agent for the 
treatment of gestational diabetes mellitus.

Keywords: Streptozotocin, Cytokines, Gestational diabetes, Triazoles, 
Antioxidant
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INTRODUCTION

Gestational diabetes mellitus (GDM) is a leading med-
ical complication in pregnant females characterized by 
high glucose level (Metzger et al., 1998). It has been ob-
served that the bodies of pregnant females react differ-
ently to elevated sugar levels. In most cases high blood 
glucose level during pregnancy leads to miscarriage or 
premature birth (Metzger et al., 1998). Despite being 
the leading life threat to pregnant females and their ba-
bies the pathogenesis of GDM is yet to be fully known 
(Johns et al., 2018). Studies have revealed that one of the 
major factors involved in the development and patho-
genesis of GDM is insulin resistance (IR) (Hajifaraji et 
al., 2018; Sha et al., 2019). Furthermore, the pathogen-
esis of GDM is complicated by the excessive release of 
inflammatory factors and induction of oxidative stress 
pathways during pregnancy (Hajifaraji et al., 2018; Sha 
et al., 2019). During type-2 diabetes, the expression of 
the antioxidant gene, thioredoxin reductase-1 cytoplasmic 
(TXNRD1) is markedly elevated which complicates the 
disorder (Baig et al., 2020; Nazem et al., 2019). The activ-
ity of superoxide dismutase (SOD) is also found to be 
higher in patients suffering from type-2 diabetes (Baig et 
al., 2020; Nazem et al., 2019). It is reported that elevated 
levels of inflammatory factors persistently in pregnant 
females play a prominent role in the pathogenesis of 
GDM (Sudharshana et al., 2018). 

The TrxR1, a member of the thioredoxin system 
which is encoded by TXNRD1 plays a vital role in regu-
lating the redox system. It also constitutes an important 
part of the antioxidant defense system and inhibits Trx 
expression to maintain the reduced state of intracellular 
proteins (Cebula et al., 2015). Up-regulation of TXNRD1 
plays a crucial role in increasing the resistance of cells 
to oxidative stress by neutralizing hydrogen peroxide and 
inactivation of apoptotic pathway. Thus, increasing the 
expression of TXNRD1 is believed to be of therapeutic 
significance for the treatment of diabetes (Kabuyama et 
al., 2008; Chang et al., 2018). The TrxR/Trx system has 
been demonstrated to be associated with inhibition of 
oxidative stress, inactivation of apoptosis, DNA synthe-
sis and regulation of NF-κB pathway (Park et al., 2015; 
Raninga et al., 2016; Matsui et al., 1996). It is also re-
ported that inflammatory response in cells is regulated 
by TXNRD1 expression (Shi et al., 2020). 

Triazoles are known for various pharmaceutical activi-
ties, such as anti-cancer, antioxidant, anti-inflammatory, 
anti-HIV, anti-diabetic, and anti-protozoal properties. 
Structural-activity relationship investigations have re-
vealed that the 1,2,3-triazole part is the most active phar-
macophoric group in numerous bioactive compounds. 
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The pharmacological activity of 1,2,3-triazoles is mainly 
attributed to various types of interactions such as hy-
drogen bonds, van der Waals forces, and dipole–dipole 
bonds with proteins, enzymesand different receptors in 
living organisms (Bonandi et al., 2017; Bozorov et al., 
2019). The compounds containing 1,2,3-triazole scaffold 
have been found to exhibit various pharmaceutical activ-
ities like antibacterial (Zhang, 2019; Chu et al., 2020), an-
timalarial (Chu et al., 2019; Feng et al., 2020), anti-tuber-
cular (Yan et al., 2020), anti-viral (Feng et al., 2021), and 
anti-cancer (Slavova et al., 2020) properties. The present 
study was designed to investigate the therapeutic effect 
of a tretinoin derivative on gestational diabetes mellitus 
and understand the underlying mechanism.

MATERIALS AND METHODS

Mice model of gestational diabetes

Male C57BL/6 mice eighty in number (body weight 
18–30 g and around 10 weeks old) were supplied by the 
Experimental Animal Center belonging to the Hospital 
in Shanghai, China [Registration number 09/2020]. The 
mice were kept in cages in the animal center at a regu-
lated temperature of 24±1°C, humidity of 65%, and ex-
posed to 12/12-hour light/dark cycles. Mice in the nor-
mal group were fed a normal diet and those in the mod-
el GDM groups were given fat rich and sucrose diet. 
The animal experimental procedures were conducted in 
compliance with the guidelines of the institutional labo-
ratory and Guide of the National Institute of Health for 
Care and Use of Laboratory Animals [Ethical clearance 
certificate number 102/2020].

The female mice were caged overnight with male mice 
at the proestrus stage and microscopy was performed to 
confirm the pregnancy on the following day. Diabetes 
was induced in mice by injecting STZ (Sigma-Aldrich, 
St. Louis, MO, USA) for 5 consecutive days at a dose 
of 65  mg/kg body weight through intraperitoneal route. 
Induction of diabetes in mice was confirmed by meas-
uring the glucose blood for 8weeks after STZ injection. 
The mice having elevated level of blood glucose (16.7 
mmol/L) and suffering from polyuria, polyphagia and 
weight loss were considered to be diabetic (John et al., 
2012). The mice were divided into four groups of 10 
each; normal, model diabetes and two tretinoin deriva-
tive treatment (administered with 0.12 and 0.25 mg/kg 
body weight) groups. Tretinoin derivative was given to 
the mice by gavageat doses of 0.12 and 0.25 mg/kg in 
normal saline alternately for one week after STZ injec-
tion.

Mice were fasted for 10 hours and then injected with 
1% pentobarbital sodium (50 mg/kg) anesthesia after 
completion of the treatment. The blood samples were 
collected from the abdominal aorta of the mice for bio-
chemical analysis of the various parameters. The collect-
ed blood samples were stored overnight in a refrigerator 
and thencentrifuged at 4°C for 25 minutes at 1 2000×g 
to collect the serum. Tissue samples were extracted from 
the pancreatic islets and placental for investigation of 
pathological changes.

Assay for FBG, FINS, IR, HDL and TG determination

The blood samples collected from the mice abdominal 
aorta were analyzed for FBG level using the commer-
cially available glucose test strips (Nova Biomedical Cor-
poration) according to the supplier’s instructions. The 
enzyme-linked immunosorbent assay kits (Shanghai Hu-
zhen Biological Technology Co., Ltd.) were used for the 
measurement of FINS in the mice blood samples as per 
manufacturer’s guidelines. BK-400 automatic biochemical 
analyzer (BioBase) was used for the measurement of TG 
and HDL levels in the mice blood samples. The HO-
MA-IR was calculated using the reported formula [FBG 
(mmol/l)×FIN S (mU/l)] /22.5.

Measurement of oxidative stress factors in mice 
pancreatic tissues

The tissue sections from the pancreas of the mice 
were extracted, sliced into thin sections and then ho-
mogenized. The lysate obtained was subjected to cen-
trifugation at 2000×g for 15 min at 4°C to separate the 
supernatant for measurement of various oxidative fac-
tors. The commercially available UV-visible spectropho-
tometer assay kits (Beyotime Institute of Biotechnology) 
were used for the measurement of CAT, MDA levels, 
and activity of SOD in mice pancreatic tissues.

Western blot analysis

The pancreatic tissue samples of the mice were ly-
sed on treatment with RIPA lysis buffer (Sigma-Al-
drich; Merck KGaA) to obtain the tissue lysate. The 
protein content in the tissue lysates was estimated us-
ing the Bradford method. Protein samples (30 μg) in 
equal quantities were separated on 10% SDS-PAGE 
gel and then transferred onto the PVDF membranes. 
Incubation of the membranes was performed with 5% 
skimmed milk powder for 2 hours at 4°C to block the 
non-specific sites. Membranes were incubated overnight 
with anti-CRP (cat. no. ab207756), anti-TNF-α (cat. no. 
ab205587), anti-IL-6 (cat. no. ab208113), anti-TXNRD1 
(cat. no. ab124954) and anti-GAPDH (cat. no. ab9485; 
all purchased from Abcam) primary antibodies at 4°C. 
After washing with PBS the membranes were incubated 
again at room temperature for 1 hour with HRP-con-
jugated secondary antibodies (cat. no. ab7090; 1:10,000; 
Abcam). Expression of protein bands was visualized us-
ing the Chemiluminescence enhancement reagent (Ther-
mo Fisher Scientific, Inc.) and analyzed by the ImageJ 
software (version 1.46r; National Institutes of Health). 

Statistical analysis

The presented data are the mean ± S.D. of the three 
independently conducted experiments. Analysis of the 
data was performed using the Graph-Pad Prism software 
(version 8; Graph-Pad Software, Inc.). The difference 
between the groups was determined using the Student’s 
test and ANOVA followed by Tukey’s post hoc test. 
The values at P<0.05 were considered to represent the 
statistically significant differences.

RESULTS

Tretinoin derivative administration alleviates FBG and 
FINS levels in diabetic mice

In diabetic mice, the FBG as well as FINS levels were 
significantly (P<0.05) elevated in blood compared to the 

Figure 1. Chemical structure of tretinoin derivative.
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normal group (Fig. 2). Tretinoin derivative administra-
tion to the diabetic mice significantly (P<0.05) alleviated 
the blood FBG as well as FINS levels in a dose-depend-
ent manner. The FBG and FINS levels in diabetic mice 
were reduced more closely to those in the normal group 
after treatment with 0.25 mg/kg tretinoin derivative 
compared with the 0.12 mg/kg group.

Tretinoin derivative administration promotedHDL level 
in diabetic mice

The HDL level showed a significant (P<0.05) decrease 
in blood samples of diabetic mice compared to the nor-
mal group (Fig. 3). Administration of tretinoin deriva-
tive to the diabetic mice significantly (P<0.05) promoted 
the blood HDL level in a dose-dependent manner. The 
HDL level in diabetic mice was promoted more compa-
rable to those in the normal group after treatment with 
tretinoin derivativeat a dose of 0.25 mg/kg compared to 
the group receiving 0.12 mg/kg.

Tretinoin derivative administration alleviates TC and TG 
levels in diabetic mice

In diabetic mice, the TC and TG levels were signifi-
cantly (P<0.05) elevated in blood compared to the nor-
mal group (Fig. 4). Administration of tretinoin derivative 
to the diabetic mice significantly (P<0.05) alleviated the 

blood TC and TG levels in a dose-dependent manner. 
The TC and TG levels in diabetic mice were reduced 
more comparable to the normal group on treatment with 
0.25 mg/kg dose tretinoin derivative compared to the 
0.12 mg/kg group.

Tretinoin derivative administration alleviates 
inflammation of pancreatic islets in diabetic mice

In diabetic mice, the CRP and IL-6 production 
showed a significant (P<0.05) increase in pancreatic 
tissues compared to the normal group (Fig. 5). Addi-
tionally, the TNF-α level in diabetic mice pancreatic 
tissues was also significantly (P<0.05) increased com-
pared to the normal group. However, the administra-
tion of tretinoin derivative to the diabetic mice signifi-
cantly (P<0.05) alleviated the CRP and IL-6 production 
in pancreatic tissues in a dose-dependent manner. The 
tretinoin derivative administration also suppressed the 
TNF-α level in diabetic mice pancreatic tissues compa-
rable to the normal group.

Figure 2. Effect of tretinoin derivative on blood FBG and FINS 
levels in diabetic mice. 
Diabetic mice were administered Tretinoin derivative at 0.12 
and 0.25 mg/kg doses or physiological saline (normal and 
model groups). Commercially available glucose test strips and 
enzyme-linked immunosorbent assay kits were used for the de-
termination of blood FBG and FINS levels, respectively in mice. 
*P<0.05,**P<0.01 vs model group.

Figure 3. Effect of tretinoin derivative on blood HDL level in dia-
betic mice. 
Diabetic mice were administered tretinoin derivative at 0.12 and 
0.25 mg/kg doses or physiological saline (normal and model 
groups). A commercially available BK‑400 automatic biochemical 
analyzer was used for the determination of blood HDL in mice. 
*P<0.05, **P<0.01 vs model group.

Figure 4. Effect of tretinoin derivative on blood TC and TG levels 
in diabetic mice. 
Diabetic mice were administered tretinoin derivative at 0.12 and 
0.25 mg/kg doses or physiological saline (normal and model 
groups). The BK‑400 automatic biochemical analyzer was used for 
the determination of blood TC and TG levels, respectively in mice. 
*P<0.05,**P<0.01 vs model group.

Figure 5. Effect of tretinoin derivative on CRP, IL-6 and TNF-α 
production in pancreatic tissues of diabetic mice. 
Diabetic mice were administered tretinoin derivative at 0.12 and 
0.25 mg/kg doses or physiological saline (normal and model 
groups). Western blotting assay was performed to assess the 
production of CRP, IL-6 and TNF-α in mice pancreatic tissues. 
*P<0.05,**P<0.01 vs model group.
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Tretinoin derivative administration alleviates 
inflammatory response in diabetic mice

The SOD activity and CAT level showed a significant 
(P<0.05) decrease in pancreatic tissues of diabetic mice 
compared to the normal group (Fig. 6). Moreover, the 
level of MDA showed a significant (P<0.05) increase 
in diabetic mice pancreatic tissues in comparison to 
the normal group. Administration of tretinoin deriva-
tive to the diabetic mice significantly (P<0.05) elevated 
the SOD activity and CAT level in pancreatic tissues in 
a dose-dependent manner. The SOD activity and CAT 
level in diabetic mice were elevated comparable to the 
normal group on the administration of 0.25 mg/kg dose 
of tretinoin derivative. The tretinoin derivative adminis-
tration lowered the MDA level in diabetic mice pancre-
atic tissues close to the normal group. The MDA level in 
diabetic mice pancreatic tissues was lowered to the level 
of the normal group on administration of tretinoin de-
rivative at 0.25 mg/kg dose.

Tretinoin derivative targets AGEs in diabetic mice

The expression of AGEs was prominently higher in 
the dermal tissues of diabetic mice compared to the 
normal group (Fig. 7). However, the administration of 
tretinoin derivative effectively alleviated the expression 
of AGEs in dermal tissues of diabetic mice in a dose-
dependent manner. The expression of AGEs in diabetic 
mice was reduced comparable to the normal group on 

Figure 6. Effect of tretinoin derivative on SOD activity and CAT 
and MDA levels in pancreatic tissues of diabetic mice. 
Diabetic mice were administered tretinoin derivative at 0.12 and 
0.25 mg/kg doses or physiological saline (normal and model 
groups). The UV‑visible spectrophotometer was used for the de-
termination of SOD activity and CAT and MDA levels in mice pan-
creatic tissues. *P<0.05,**P<0.01 vs model group.

Figure 7. Effect of tretinoin derivative on the expression of 
AGEsin dermal tissues of diabetic mice. 
Diabetic mice were administered tretinoin derivative at 0.12 and 
0.25 mg/kg doses or physiological saline (normal and model 
groups). Immunohistochemical staining was used for the determi-
nation of the expression of AGEsin mice.

Figure 8. Effect of tretinoin derivative on TXNRD1 expression in 
serum samples of diabetic mice. 
Diabetic mice were administered tretinoin derivative at 0.12 and 
0.25 mg/kg doses or physiological saline (normal and model 
groups). The western blotting assay was used for the determina-
tion of TXNRD1 protein in mice serum samples. *P<0.05,**P<0.01 
vs model group.

Figure 9. The in silico interaction between tretinoin derivative 
andTXNRD1 protein. 
The binding of tretinoin derivative with TXNRD1 protein was in-
vestigated using the AutoDock Vina and Discovery Studio soft-
ware.

Figure 10. Demonstration of binding between tretinoin deriva-
tive and TXNRD1 protein through two-dimensional diagram. 
AutoDock Vina and Discovery Studio software were used for un-
derstanding the binding of tretinoin derivative with TXNRD1 pro-
tein.
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administration of 0.25 mg/kg dose tretinoin derivative 
compared to the 0.12 mg/kg group.

Tretinoin derivative administration elevates TXNRD1 
expression in diabetic mice

The TXNRD1 expression showed a remarkable de-
crease in diabetes mice serum samples compared to the 
normal group (Fig. 8). However, administration of treti-
noin derivative to the diabetic mice led to a prominent 
increase in TXNRD1 expression in serum samples in a 
dose-dependent manner. The TXNRD1 expression in 
diabetic mice was promoted comparable to the normal 
group on administration of 0.25 mg/kg dose of tretinoin 
derivative compared to the 0.12 mg/kg group.

Tretinoin derivative interacts with TXNRD1 protein

It was observed from in silicodata that trizoleinteracts 
with TXNRD1 protein (3EAN) with the binding affinity 
ranging from –10 to 9.4 kcal/ mol (Fig. 9). The binding 
of tretinoin derivative with TXNRD1 protein involves 
arginine (ARG C:416) andtryptophan (TRP C:411) ami-
no acid residues of TXNRD1 via conventional hydrogen 
bonds (Fig. 10). Moreover, the protein interacts with 
tretinoin derivative via pi-alky and alkyl interactions in-
volving leucine (LEU D:75), tryptophan (TRP D:411), 
leucine (LEU D:76) and alanine (ALA C:79) amino resi-
dues.

DISCUSSION

Expecting mothers have a serious life threat to them-
selves as well as to their children because of gestational 
diabetes mellitus (Johns et al., 2018). Unfortunately, the 
incidence of the disorder has been increasing every year 
over the past decade in Chinese women (Johns et al., 
2018). High blood glucose levels during pregnancy have 
been found to be responsible for premature deliveries 
and increased abortion rate (Poston et al., 2016). The 
present study was designed to understand the effect of 
tretinoin derivative on gestational diabetes in mice model 
in vivo. Initially, it was observed that streptozotocin ad-
ministration in the mice caused a significant increase in 
FBG and FINS levels compared to the normal group. 
Other specific features of diabetes such as polyuria, 
polydipsia, polyphagia and weight loss were also ob-
served in the mice administered with streptozotocin. 
Thus, these features confirmed the induction of diabetes 
in mice model. However, the administration of tretinoin 
derivative to the diabetic mice significantly (P<0.05) al-
leviated the blood FBG and FINS levels in a dose-de-
pendent manner. Further, it was observed that FBG and 
FINS levels in diabetic mice were alleviated comparable 
to the normal group on treatment with 0.25 mg/kg dose 
of tretinoin derivative. In diabetic mice, the HDL level 
showed a significant (P<0.05) decrease in blood samples 
compared to the normal group. On the other hand, treti-
noin derivative administration effectively promoted the 
blood HDL level in diabetic mice in a dose-dependent 
manner. The TC and TG levels were also elevated sig-
nificantly in blood samples of the diabetic mice com-
pared to the normal group. However, the administration 
of tretinoin derivative to the diabetic mice significantly 
(P<0.05) reversed the streptozotocin-induced increase in 
TC and TG levels in blood samples in a dose-depend-
ent manner. Thus, initial data clearly showed that treti-
noin derivative reverses streptozotocin-induced changes 
in FBG, FINS, lipoprotein and triglyceride levels in the 

mice and therefore needs to be investigated further for 
possible role in the treatment of diabetes.

The increased expression of C-reactive protein (CRP) 
in diabetic patients is an indicator of inflammatory re-
actions and it is also associated with insulin resistance 
(Batemanet al., 2016). It is reported that CRP promotes 
activation of various substrates of insulin receptors and 
inhibits tyrosine kinase activity (Kaushik et al., 2009). 
Thus, insulin synthesis and its secretion are inhibited by 
CRP thereby leading to the development of resistance 
to the insulin action. Additionally, excessive secretion of 
TNF-α has been found to down-regulate the expression 
of glucose transporter-T4 and consequently increase in-
sulin resistance. Studies have also demonstrated that el-
evated IL-6 production is associated with a decrease in 
insulin sensitivityand an increase in secretion of gluco-
corticoids and growth hormones. Thus, excessive IL-6 
level in diabetic patients promotes insulin resistance 
and increase the level of blood glucose (Skórzyńska-
Dziduszko et al., 2016; Roca-Rodríguez et al., 2017; Khal-
iq et al., 2018; Bhat et al., 2018; Dar et al., 2016; Ansari 
et al., 2018). In the present study, the CRP and IL-6 
production was elevated in diabetic mice pancreatic tis-
sues compared to the normal group. The TNF-α level 
in diabetic mice pancreatic tissues was also increased re-
markably compared to the normal group. On the other 
hand, tretinoin derivative administration indiabetic mice 
effectively alleviated the CRP and IL-6 production in 
pancreatic tissues in a dose-dependent manner. Further, 
tretinoin derivative administration also led to a promi-
nent reduction in TNF-α level in diabetic mice pancre-
atic tissues. In diabetic mice, SOD activity and CAT 
level showed a prominent decrease in pancreatic tissues 
than those of the normal group. The level of MDA also 
showed a remarkable increase in diabetic mice pancreatic 
tissues in comparison to the normal group. Fortunately, 
administration of tretinoin derivative to diabetic mice 
effectively elevated the SOD activity and CAT level in 
pancreatic tissues. It was found that tretinoin derivative 
administration lowered the MDA level in diabetic mice 
pancreatic tissues. Administration of tretinoin derivative 
to the diabetic mice also reversed the streptozotocin-
induced increase in TXNRD1 protein expression effec-
tively.

CONCLUSION

In conclusion, tretinoin derivative administration effec-
tively regulated streptozotocin-induced changes in fasting 
blood glucose, insulin level, high-density lipid level and 
triglyceride level in diabetic mice in vivo. The streptozo-
tocin-induced excessive production of C-reactive protein 
and inflammatory cytokines was also down-regulated in 
diabetic mice on administration of tretinoin derivative. 
Furthermore, the activity of SOD and the level of CAT 
in diabetic mice were elevated by triazole administration. 
Tretinoin derivative administration suppressed TXNRD1 
protein expression and in silico data revealed that it binds 
to arginine (ARG C:416) and tryptophan (TRP C:411) 
amino acid residues of the protein via conventional hy-
drogen bonds. Therefore, tretinoin derivative can be 
investigated further as a therapeutic agent for the treat-
ment of gestational diabetes mellitus.
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Identification of AHNAK expression associated with the 
pathogenesis of chronic obstructive pulmonary disease by 
bioinformatic analysis
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Background: Chronic obstructive pulmonary disease 
(COPD) was a risk factor for lung cancer tumorigenesis. 
This study aimed to discover novel diagnostic biomark-
ers for COPD patients and determine their underlying 
pathogenetic mechanisms. Materials and methods: Dif-
ferentially expressed genes (DEGs) in COPD samples and 
normal controls were analyzed and utilized to construct 
a network associated with a high risk for COPD occur-
rence. Enrichment analysis was applied on the strength 
of Gene Ontology (GO) annotations and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway analysis. 
The RT-qPCR analysis was performed to determine 10 
hub genes in COPD. ELISA assay was utilized to meas-
ure IL-1β, IL-6, and IL-10 levels. Spearman’s correlation 
analysis was conducted to detect the correlation be-
tween inflammatory cytokines and AHNAK expression. 
Cell proliferation and apoptosis were evaluated by CCK-8 
and flow cytometry assays. Results: AHNAK was signifi-
cantly increased in COPD serum samples compared with 
non-COPD smokers and strongly correlated with inflam-
mation. AHNAK level could also discriminate COPD from 
non-COPD with high accuracy. Conclusion: AHNAK may 
be a feasible biomarker playing crucial functions in the 
diagnosis and progression of COPD.

Keywords: AHNAK, chronic obstructive pulmonary disease, differen-
tially expressed genes, enrichment analysis, PPI network
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INTRODUCTION

Chronic obstructive pulmonary disease (COPD) was a 
classic chronic respiratory disease with a global average 
prevalence of 13.1% (Blanco et al., 2019). In 2015, about 
3.2 million people died of COPD (Jolliffe et al., 2019); 
by 2030, COPD is expected to be the fourth most com-
mon cause of death and the fifth most common cause 
of disability worldwide (Barnes, 2007). Its main features 
included persistent airflow limitation and recurrent airway 
inflammation, including emphysema, parenchymal emphy-
sema destruction, and mucus overproduction due to capil-
lary bronchitis (Hogg et al., 2009). However, the molecular 
pathogenesis of COPD remains unclear, and effective pre-
vention and treatment methods were lacking. Therefore, 

further research on the molecular mechanisms of COPD 
was needed to identify new drug targets.

Patients with COPD frequently presented with abnor-
mal lung inflammation characterized by increased num-
bers of inflammatory cells (neutrophils, macrophages, 
and t-lymphocytes) and the release of multiple inflamma-
tory mediators (lipids, chemokines, cytokines, and growth 
factors) (Guiedem et al., 2018; Barnes, 2016). The main 
cause of COPD is exposure to noxious gases or parti-
cles, with smoking being one of the major risk factors 
(Salvi, 2014). The increase in inflammatory response cells 
and subsequent release of mediators further amplified 
the normal inflammatory response to smoking in COPD 
disease (Barnes, 2017). Up to now, nearly 1 billion peo-
ple worldwide were smokers (Propper, 2020). However, 
only a minority of smokers eventually developed COPD, 
and the exact molecular and cellular pathogenesis of this 
complex process was not fully understood.

In this study, we used differential analysis from the 
NCBI Gene Expression Omnibus (GEO) database to 
screen for AHNAK, a critical gene that was highly ex-
pressed in COPD. Furthermore, bioinformatics analysis 
was utilized to explore its potential pathogenesis. Col-
lectively, these results suggested that AHNAK may be a 
useful biomarker for COPD.

MATERIALS AND METHODS

Subject enrollment

68 healthy non-COPD smokers who underwent physi-
cal examination, 79 stable-COPD patients, and 83 acute 
exacerbation COPD (AECOPD) patients admitted to 
Fujian Geriatric Hospital between August 2017 and 
May 2020 were enrolled in our study. There was no sig-
nificant difference in gender and age between the two 
groups (P>0.05). COPD was diagnosed according to the 
standard of the Global Initiative for Chronic Obstruc-
tive Lung Disease (GOLD). The specific manifestations 
were: pulmonary function first-second force exhalation 
volume (FEV1) to force spirometry (FVC) ratio less 
than 0.7 after an inhaled bronchodilator (salbutamol 200 
ug), combined with clinical symptoms and signs, exclud-
ing irreversible obstructive pulmonary ventilation dys-
function caused by other factors. Exclusion criteria: (1) 
cases with bronchial asthma, bronchiectasis, interstitial 
pneumonia, lung cancer, and other definite severe lung 
diseases were excluded from this study; (2) cardiovascu-
lar diseases, metabolic diseases, rheumatic immune dis-
eases, and acute and chronic inflammatory diseases in 
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other parts of the body were excluded; (3) those who 
had been treated with antibiotics, systemic corticosteroid 
therapy, or immunosuppressive drugs within 3 months.

All included subjects were drawn 10 ml of venous 
blood after 8 h fasting, and all samples were sent to 
the laboratory department for centrifugation. The upper 
serum layer was taken, and the samples were stored at 
–80°C until use. All the subjects’ information was shown 
in Table 1. This study was approved by the Ethics Com-
mittee of Fujian Geriatric Hospital and followed the 
Declaration of Helsinki. All participants were informed 
of the study plan and signed a written informed consent 
form.

Data download and differentially expressed genes 
(DEGs) analysis

We used the ‘chronic obstructive pulmonary disease’ 
search term as the keyword and limited the search scope 
to ‘expression profile by array’ to search the GEO data-
base. In our study, our dataset included 10 samples from 
COPD patients and 10 control samples. All the data 
were downloaded and analyzed by R and GEOquery. 
After analysis, 122 up-regulated DEGs were found in 
COPD, which was used for subsequent analysis.

Gene Ontology (GO) annotations and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analysis

GO annotations and the Database conducted KEGG 
analysis of the integrated DEGs in COPD for Annota-
tion, Visualization, and Integrated Discovery (DAVID; v 
6.7).

Identification of protein-protein interaction (PPI) 
network

A hub gene was considered a gene with an absolute 
value of clinical trait relatio0.8ip of more than 0.2 and 
an absolute value of Spearman’s correlation value of 
more than 0.8. The interaction of the hub gene and the 
DEGs were deemed to be key genes.

Real-time quantitative polymerase chain reaction 
analysis

Total RNAs were extracted from serum samples and 
cells using TRIzol reagent (Invitrogen, Carlsbad, CA). 
Then, reverse transcription was conducted to synthe-
size cDNA from RNA using a PrimeScript RT reagent 
kit (Takara, Japan). Finally, RT-qPCR was performed 
on a 7500 Real-time PCR System (Applied Biosys-
tems, Beijing, China) using SYBR Premix EX Taq rea-
gent (Takara, Japan) following the protocol. U6 func-
tioned as an internal control, and data were analyzed 
relative to GAPDH based on the 2–∆∆CT aquation. The 
primers sequences were as follows: AHNAK forward, 
5’-AGCGTCTGTAGCTTCCTTGT-3’, and reverse 5’- 
GGCAGCCTCAGTCGTGTATT-3’; GAPDH forward, 
5’-TGGCACCGTCAAGGCTGAGA-3’, and reverse, 
5’-TGGTGAAGACGCCAGTGGACTC-3’.

ELISA assay

IL-1β and IL-6 levels in serum samples were deter-
mined by corresponding ELISA kits obtained from So-
larbio Life Sciences (Beijing, China). The detailed infor-

Table 1. Clinical information on COPD patients and healthy controls

Control (n=68) Stable COPD (n=79) acute exacerbation COPD (n=83) P value

Age (years) 65.11±7.83 64.84±6.98 65.25±7.92 0.9412

Gender (Male/Female) 38/30 46/33 51/32 0.7835

BMI (kg/m2) 21.62±3.51 21.75±2.99 21.06±2.37 0.2914

FEV1/FVC (%) 83.59±9.22 60.33±6.41 53.47±7.25 <0.0001

CRP (mg/L) 5.19±1.67 25.71±13.36 51.28±27.49 <0.0001

Smoking history(Yes/No) 45/23 75/4 80/3 <0.0001

Figure 1. DEGs in COPD. 
(A) Heatmap results of DEGs in COPD samples and healthy controls. (B) Volcano result of DEGs in COPD. COPD, chronic obstructive pul-
monary disease; DEG, differentially expressed genes.
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mation of all ELISA kits was as follows: IL-1β (SEKH-
0002), IL-6 (SEKH-0013).

Statistical analysis

GraphPad Prism 6.0 and R version 3.5.3 were applied 
to analyze the data. All the data were presented as mean 
± standard deviation (S.D.). Differences between the 
two groups were compared and analyzed using Student’s 
t-test followed by Tukey’s posthoc test. A P-value of less 
than 0.05 was considered to be statistically significant.

RESULTS

DEGs of COPD

122 up-regulated genes were identified in our study 
and presented as a Volcano map (Fig. 1A). Figure 1B 
displayed the heatmaps of the 122 DEGs in our dataset.

GO functional analysis and pathway-enrichment KEGG 
analysis of DEGs

Three functional groups of GO analysis consisted of 
biological processes (BP), cell composition (CC), and 
molecular function (MF). As shown in Fig. 2A, with the 
BP results, the up-regulated DEGs were enriched in the 
categories of regulation of inflammatory response, posi-
tive regulation of the small molecular, metabolic process, 
negative regulation of lymphocyte-mediated immunity, 
regulation of purine nucleotide biosynthetic process, and 
regulation of nucleotide biosynthetic process. As for 
the CC functional groups, the up-regulated DEGs were 
concentrated at the cell-cell junction, phagocytic vesicle, 
apical junction complex, myelin sheath, nuclear chromo-
some, telomeric region, and bicellular tight junction. Fi-
nally, with the MF groups, the up-regulated DEGs were 
enriched at cell adhesion molecule binding, actin filament 
binding, SH3 domain binding, and calcium-dependent 
protein binding.

Figure 2. The GO of BP, CC and MF, and KEGG pathways after GEOs analysis. 
(A) GO results. (B) KEGG results. GO, gene ontology; BP, biological process; CC, cellular component; MF, molecular function; KEGG, Kyoto 
encyclopedia of genes and genomes; DEG, differentially expressed genes.

Figure 3. PPI network of DEGs. 
(A) PPI network results of DEGs. (B) The 10 top hub genes in the PPI network. PPI, protein-protein interaction; DEG, differentially ex-
pressed genes.
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In addition, as shown in Fig. 2B, the KEGG path-
ways analysis of the DEGs in COPD unveiled that they 
were mostly concentrated in the categories of amyo-
trophic lateral sclerosis, neurotrophin signaling pathway, 
tight junction, and RNA transport.

PPI results of DEGs

The PPI network for integrated DEGs was shown in 
Fig. 3A and Fig. 3B. The 10 hub genes that extensively 
interacted with other genes in COPD were AHNAK, 
S100A6, S100A4, ANXA8, GSN, DDB1, PSMD4, 
USP5, COPE, and UBQLN2.

Up-regulation in COPD patients

Furthermore, patients were divided into stable 
COPD and acute exacerbation COPD groups, and 
the clinical information of the patients and healthy 
controls were shown in Table 1. Next, after collect-
ing COPD and non-COPD serum samples, we found 
that AHNAK expression was significantly increased 
in COPD patients (Fig. 4A, P<0.001); moreover, 
compared with stable-COPD patients, AHNAK was 
up-regulated in serum samples of acute exacerbation 
COPD patients (P<0.05). the area under the curve 
(AUC) of AHNAK concerning discriminating COPD 
from non-COPD smokers was 0.8789 (Fig. 4B, cut-
off value >1.454, sensitivity 75.95, specificity 92.65).

Figure 4. The AHNAK expression in COPD. 
(A) Expression of AHNAK in COPD serum samples. (B) ROC analysis of AHNAK in COPD. COPD, chronic obstructive pulmonary disease

Figure 5. Correlation between AHNANK expression and inflammatory cytokines. 
Correlation with AHNAK expression and IL-1β (A) and IL-6 (B) levels in COPD.
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Association between AHNAK and inflammation in COPD

To determine the correlation between AHNAK 
and inflammation in COPD, we measured inflamma-
tory cytokines levels and performed Spearman’s correla-
tion analysis accordingly. As shown in Figs 5A and B, 
AHNAK was strongly correlated with IL-1β and IL-6 
levels in COPD.

DISCUSSION

High-throughput sequencing made rapid progress in 
the past decade, and advances in bioinformatics deep-
ened our understanding of disease mechanisms and facil-
itated drug target development, including COPD (Scher-
er et al., 2017; Dorn et al., 2014; Regan et al., 2019; Mats-
son et al., 2016). Several studies have identified hundreds 
of DEGs based on mRNA gene expression profiles in 
COPD (Huang et al., 2019; Zhu et al., 2020; Morrow et 
al., 2017). A hub gene was a gene playing a critical role 
in biological processes, and the regulation of other genes 
in a related pathway was often influenced by this gene. 
Therefore, the hub gene was often an important target 
and a hot spot for research. In this study, we screened 
122 up-regulated DEGs and analyzed the expression 
profiles using WGCNA. Among them, we identified 10 
hub genes, of which AHNAK was the shared central 
gene and DEG. These results suggested that AHNAK 
may play an important role in the progression of COPD.

AHNAK was a large structural scaffold protein with 
700 kDa, which was implicated in blood-brain barrier 
formation, cardiac calcium channel regulation, and tu-
mor metastasis (Alvarez et al., 2010; Gentil et al., 2005; 
Haase et al., 2005; Sohn et al., 2018). What we all know 
is that AHNAK has been proved to be implicated in 
various diseases, functioning as a potential biomarker 
for disease detection or predicting the prognosis. For 
instance, Zhao and others (Zhao et al., 2017) reported 
that AHNAK was down-regulated in glioma cell lines, 
inhibiting glioma tumor growth and associated with poor 
prognosis. Lee and others (Lee et al., 2018) revealed that 
AHNAK was a crucial candidate for bladder urothelial 
carcinoma diagnosis based on in-depth proteomics. Du-
mitru and others (Dumitru et al., 2013) discovered that 
AHNAK was dysregulated in laryngeal carcinoma and 
significantly correlated with poor clinical outcomes in la-
ryngeal carcinoma patients. Sudo and others (Sudo et al., 
2014) proposed that AHNAK was highly expressed in 
several mesothelioma cell lines, playing a key role in reg-
ulating mesothelioma cell migration and invasion. Zhang 
and others (Zhang et al., 2019) suggested that high 
AHNAK expression was strongly correlated with short 
disease-free survival and poor prognosis, exerting as an 
oncogene in pancreatic ductal adenocarcinoma. More 
importantly, Nedeljkovic and others (Nedeljkovic et al., 
2018) implied that AHNAK abnormal expression could 
be novel candidate variants in COPD. The data we ob-
tained from clinical samples also confirmed the specific 
high expression of AHNAK in COPD patients, which 
was consistent with the comprehensive bioinformatic 
analysis. Therefore, this study provided new insights into 
the complex pathogenesis of COPD.

In order to explore the mechanisms involved in dis-
ease progression, we performed a PPI dynamic analy-
sis. Based on KEGG and GO’s enrichment results, we 
identified 38 pathways enriched in the dynamic PPI net-
work. The top 12 processes were inflammation response, 
small molecular, metabolic process, cell-cell junction, 
phagocytic vesicle, apical junction complex, cell adhesion 

molecular binding, actin filament binding, SH3 domain 
binding, amyotrophic lateral sclerosis, neurotrophin, tight 
junction, and RNA transport. Thus, we verified the rela-
tionship between AHNAK and inflammatory factors in 
COPD, and the outcome demonstrated that AHNAK 
was closely associated with IL-1β and IL-6 levels in 
COPD patients. These results support that AHNAK 
represents a sensitive biomarker for the diagnosis of 
COPD.

Nevertheless, this study maintains some limitations. 
First, the specific mechanism of action of AHNAK in 
COPD requires further in vivo studies. In addition, the 
sample size in this study was relatively small, and the 
DEGs between the different stages of COPD could not 
be determined due to the sample size. In future studies, 
we will use a larger sample size consisting of samples 
from patients with different stages of COPD to avoid 
accidental errors. Finally, long-term follow-up investiga-
tions of COPD patients are recommended to determine 
the impact of abnormal AHNAK expression on COPD 
prognosis.

CONCLUSION

AHNAK was significantly elevated in COPD, func-
tioning as a potential biomarker for COPD detection 
and treatment.
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Multidrug resistance severely limits the efficacy of ovar-
ian cancer (OC) treatment. Recent studies have revealed 
the carcinogenic role of LINC00707 RNA. However, the 
role of LINC00707 in the development of multidrug re-
sistance in OC has not been clarified. Therefore, the aim 
of this study was to investigate the relationship between 
LINC00707 and multidrug resistance in OC, which can fa-
cilitate the development of new therapeutic agents for 
effectively addressing this issue. The RNA expression of 
LINC00707, miR-382-5p and leucine-rich repeat kinase 2 
(LRRK2) in SKOV3 (a human OC cell line) cells was detect-
ed by qRT-PCR. The effects of LINC00707 on the prolif-
eration and viability of SKOV3 cells were determined by 
MTT assay and colony formation assay. The interaction 
of LINC00707, miR-382-5p, and LRRK2 was bioinformati-
cally predicted and verified with dual-luciferase reporter 
assay. In addition, the effect of LINC00707 on drug resist-
ance in SKOV3 cells through targeting the miR-382-5p/
LRRK2 axis was explored. The expression of LINC00707 
and LRRK2 was significantly increased in SKOV3 cells, 
while miR-382-5p expression was significantly decreased. 
The results of bioinformatic prediction and colony for-
mation assay demonstrated that LINC00707 could regu-
late LRRK2 expression in SKOV3 cells by targeting miR-
382-5p. Additionally, knockdown of LINC00707 markedly 
increased expression of miR-382-5p and decreased that 
of LRRK2, increased cell proliferation and viability, as 
well as sensitivity to chemotherapeutic agents in SKOV3 
cells. Notably, these manifestations were more obvious 
with simultaneous knockdown of LINC00707 and miR-
382-5p compared with knockdown of LINC00707 alone. 
LINC00707 is overexpressed in SKOV3 cells and promotes 
SKOV3 cell proliferation and resistance to chemothera-
peutic drugs via targeting the miR-382-5p/LRRK2 axis.
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INTRODUCTION

Ovarian cancer (OC) is one of the deadliest malig-
nancies in women. Global cancer statistics in 2020 re-

ported more than 310,000 new cases and nearly 210,000 
deaths of OC, with increasing morbidity and mortality 
rates each year (Kuroki & Guntupalli, 2020; Sung et al., 
2021). Although more than a third of OC patients can 
be diagnosed at an early stage (Sadeghi et al., 2011), dis-
tant metastases usually occur in about 60% of these pa-
tients, which results in a five-year survival rate of only 
30% (Siegel et al., 2020). In addition, surgical resection 
of the tumor and cisplatin-based chemotherapy are the 
two major standard treatments for newly diagnosed OC 
patients in clinical settings. Unfortunately, clinical data 
have shown that with prolonged treatment, OC loses 
sensitivity to cisplatin and can even completely acquire 
resistance to it, resulting in treatment failure (Luo et al., 
2020). Consequently, resistance, particularly multidrug 
resistance, continues to be the primary challenge when 
employing chemotherapeutic drugs for OC. Therefore, 
it is important to explore the mechanism of drug resist-
ance in OC cells.

To date, multiple studies have shown that the acqui-
sition of drug resistance in OC is affected by multiple 
factors, of which genetic and epigenetic factors are the 
most significant (Bast et al., 2009). Particularly, long non-
coding RNAs (lncRNAs), a class of RNA transcripts 
with more than 200 nucleotides but no capacity for pro-
tein coding, play a key role in the development of mul-
tidrug resistance. By interacting with chromatin, RNA, 
and proteins, lncRNAs affect numerous processes in a 
cancer cell such as cell proliferation, anti-apoptosis, and 
migration (Raveh et al., 2015). Moreover, lncRNAs have 
also been reported to be associated with acquired resist-
ance in cancer cells. When paclitaxel-resistant cells were 
subjected to lncRNA sequencing, Xu and others specu-
lated that five upregulated lncRNAs and 21 downregu-
lated lncRNAs were linked to multidrug resistance (Xu 
et al., 2018). Wang et al. suggested that lncRNA EPIC1 
could promote AKT-mTORC1 signaling and resist-
ance to rapamycin in breast cancer and OC by binding 
to the transcription factor Myc (Wang et al., 2020). Shi 
et al. discovered a significant increase in the expression 
of LINC01118 in paclitaxel-resistant OC tissues, which 
promoted cell migration and invasion while inhibiting 
apoptosis (Shi & Wang, 2018). All these data indicate the 
significance of lncRNAs in the multidrug resistance of 
OC. Notably, LINC00707 has been shown to behave as 
a cancer-promoting factor in both colorectal and cervi-
cal malignancies (Guo et al., 2021). A recent study on 
cisplatin-resistant non-small cell lung cancer (NSCLC) 
cells showed that knocking down LINC00707 expres-
sion significantly restored the sensitivity of the resist-
ant cells to cisplatin (Zhang et al., 2019). In summary, 
LINC00707 not only promotes cancer development, but 
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also increases the susceptibility of cancer cells to medica-
tion resistance.

MicroRNAs (miRNAs), small non-coding RNAs of 
about 20 nucleotides in size, regulate the expression 
level of genes by binding to the 3’ UTR region of tar-
get genes, thereby affecting the regular activities of cells 
(Sun et al., 2019). MiRNAs may play a direct or indirect 
role in the progression of cancer and the emergence of 
drug resistance to chemotherapeutics. A study showed 
that downregulated miR-130a was associated with multi-
drug resistance in various cancers, and miR-130a targeted 
MET and enhanced TRAIL sensitivity in NSCLC cells 
(Acunzo et al., 2012). According to the results of previ-
ous studies, miR-382-5p may be a tumor suppressor gene, 
and reduction of its expression can promote cancer 
progression (Xie & Pan, 2021). Furthermore, increased 
miR-382-5p expression levels led to significant reduction 
in iron levels in OC cells (Sun et al., 2021). However, 
no studies have yet been conducted on the role of miR-
382-5p in acquisition of multidrug resistance in OC cells. 
Interestingly, an interaction between LINC00707 and 
miR-382-5p has been revealed, which is shown to af-
fect cancer progression (Guo et al., 2021), but the role 
of this relationship in OC remains unclear. We proposed 
the multidrug resistance mechanism of OC as follows: 
LINC00707 acted as a molecular sponge for miR-382-5p 
and increased OC progression and resistance to chemo-
therapeutic agents by targeting miR-382-5p. This hypoth-
esis was further supported by in vitro cell experiments.

MATERIALS AND METHODS

Cell culture and treatment

Human normal ovarian surface epithelial cell line 
(IOSE80) and human OC cell line (SKOV3) were ob-
tained from the American Type Culture Collection 
(ATCC, VA, USA). The cells were cultured in DMEM/
F12 medium supplemented with 100 U/mL penicillin, 
0.1 mg/mL streptomycin sulfate, and 10% fetal bovine 
serum (FBS), then the medium was incubated at 37°C 
and 5% CO2

According to the manufacturer’s instructions, the fol-
lowing plasmids or fragments were transfected into the 
cells using LipofectamineTM 2000 transfection reagent: 
control shRNA, LINC00707 shRNA, control pcDNA3.1 
vector, pcDNA3.1-LINC00707, control mimics, miR-
382-5p mimics, control inhibitor, and miR-382-5p inhibi-
tor. Next, LINC00707 shRNA and miR-382-5p inhibi-
tor were transfected into SKOV3 cells together, upon 
which the following groups were obtained: sh-NC, sh-
LINC00707, control vector, LINC00707, miR-NC, miR-
382-5p, Anti-NC, Anti-miR-382-5p, and sh-LINC00707 
+ Anti-miR-382-5p. The medium was replaced with 
fresh medium six hours after transfection for two days 
of culture. Finally, the transfection efficiency was verified 
using qRT-PCR.

Quantitative real-time PCR (qRT-PCR)

The TRIzol™ Plus RNA Purification Kit was used to 
extract total RNA from SKOV3 cells following the man-
ufacturer’s instructions. The concentration and purity of 
RNA were subsequently measured by NanoDrop One 
ultramicrospectrophotometer. With the help of Prime-
Script RT Master Mix, cDNA was obtained by reverse 
transcription. qRT-PCR was performed to detect the ex-
pression levels of LINC00707, miR-382-5p, and leucine-

rich repeat kinase 2 (LRRK2) according to the instruc-
tions of the SYBR Premix Ex Taq II kit. GAPDH or 
U6 served as an internal control, and six replicates were 
set up for the experiment. The experimental data ob-
tained by qRT-PCR were used to calculate the relative 
expression of the target gene with the help of the 2−ΔΔCt 
method. The primer sequences used are shown in Ta-
ble  1.

MTT assay

The transfected SKOV3 cells were seeded in a 96-well 
plate at a density of 5×103 cells/well, and to each well, 
20 μL MTT solution (5 mg/mL) was added. After 4 h 
of incubation at 37°C, the supernatant was aspirated and 
200 µL DMSO was then added into each well. Later, 
the absorbance values at a wavelength of 490 nm were 
measured by a microplate reader, and the cell viability 
was evaluated. In order to observe the drug resistance of 
cells, the transfected SKOV3 cells were incubated with 
different concentrations of paclitaxel (PTX, 2, 4, 8, 16, 
32 μmol/L), doxorubicin (Dox, 0.5, 1, 2, 4, 8 μmol/L), 
methotrexate (MTX, 2, 4, 8, 16, 32 μmol/L), and cispl-
atin (DDP, 0.25, 0.5, 1, 2, 4 μmol/L) for 48 h. Subse-
quent to the addition of 20 μL MTT solution to each 
well, the supernatant was aspirated after 4 h of incuba-
tion at 37°C. Again, 200 μL DMSO was added to each 
well, and the absorbance at 590 nm was detected by a 
microplate reader. Half-maximal inhibitory concentration 
(IC50) was calculated with the use of GraphPad Prism 7 
software.

Colony formation assay

The transfected SKOV3 cells were inoculated into 
6-well culture plates at 1×106 cells/well and cultured 
in DMEM/F12 medium containing 10% FBS for two 
weeks, with the medium replaced every three days. Af-
terwards, SKOV3 cells were fixed with 4% paraformal-
dehyde and stained with 0.1% crystal violet.

Dual-luciferase reporter assay

In order to verify the interaction among LINC00707, 
miR-382-5p, and LRRK2, wild type LINC00707 and 
LRRK2, or LINC00707 and LRRK2 fragments with 

Table 1. Primer Sequences for qRT-PCR

RNA Sequences (5’ to 3’)

LINC00707
F: 5’- CCAACAGGGTATCAGAATTCTC

R: 5’- TGCTGACAATAGCCATTAGG

miR-382-5p
F: 5’- CTCGCTTCGGCAGCACA

R: 5’- TATGGTTGTAGAGGACTCCTTGAC

LRRK2
F: 5’- AGCAAGGGACAGGCTGAAGTTG

R: 5’- GCAGGCTTTGCGTTGCTTCTCA

U6
F: 5’- AACGCTTCACGAATTTGCGT

R: 5’- CTCGCTTCGGCAGCACA

GAPDH
F: 5’- GCACCGTCAAGGCTGAGAAC

R: 5’- ACCACCCTGTTGCTGTAGCCAA
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mutated nucleic acid sequences were constructed and 
then inserted into the luciferase reporter gene of pMIR-
REPORT (pGL3) plasmid (H306, Obio Technol-
ogy, Shanghai, China) based on the predicted binding 
sites of LINC00707 and LRRK2 with miR-382-5p. The 
cells were accordingly divided into four groups: wild 
type pGL3-LINC00707 (LINC00707-WT) and pGL3-
LRRK2 (LRRK2-WT) or mutant pGL3-LINC00707 
(LINC00707-MUT) and pGL3-LRRK2 (LRRK2-MUT) 
vectors. Next, miR-382-5p mimics and pGL3 plasmids 
were transfected together into SKOV3 cells using Lipo-
fectamineTM 2000. Subsequently, luciferase activity was 
assessed using the Dual-Luciferase Reporter System Kit 
(E1910, Promega, USA).

Western blot

The cells were lysed in lysis buffer (RIPA) supple-
mented with a protease inhibitor (PMSF). Equal amounts 
of protein (20 μg) were separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred to polyvinylidene fluoride (PVDF) mem-
branes. After that, the membranes were blocked with 5% 
milk in Tris-buffered saline containing 0.1% Tween-20 
for 1 h at ambient temperature. The membranes were 
subsequently incubated overnight at 4°C with primary 
LRRK2 antibody (1:1000, ab133474, Abcam, Cambridge, 
UK), followed by 1 h of incubation at 37°C with per-
oxidase conjugated goat anti-rabbit immunoglobulin G 
(IgG) antibody (1:3000; ab97051). Next, immunoreac-

tive bands were visualized using enhanced chemilumi-
nescence reagents (Thermo Fisher Scientific, Waltham, 
USA) and imaged using a Luminescent Image Analyzer 
ChemiDoc XRS Plus (Bio-Rad). Optical densitometric 
quantification of band intensities from four independent 
experiments was performed using Image-Pro Plus 6.0 
software, and relative expression levels of target proteins 
were normalized to band intensities of GAPDH.

Data analysis

Measurement data were presented as mean ± standard 
deviation (S.D.). The t-test was adopted when comparing 
only two groups, and one-way analysis of variance with 
Tukey’ test was employed when comparing more than 
two groups. Pearson correlation was applied to analyze 
the expression correlation. All statistical analyses were 
performed using SPSS 26.0 software (IBM, Armonk, 
NY, USA), with two-tailed p<0.05 as the level of statisti-
cal significance. All experiments were performed in trip-
licate, with at least three independent experiments.

RESULTS

LINC00707 is upregulated in SKOV3 cells

QRT-PCR was used to determine LINC00707 ex-
pression in OC cells in this study. We found that 
LINC00707 was expressed at significantly higher levels 
in SKOV3 than in IOSE80 cells (Fig. 1), which suggests 
that LINC00707 may be involved in OC development.

Knockdown of LINC00707 suppresses the proliferation 
of SKOV3 cells

In order to investigate the effect of LINC00707 on 
OC, LINC00707 was knocked down or overexpressed 
using plasmids, and the transfection efficiency was de-
tected by qRT-PCR. The qRT-PCR results demonstrated 
that the expression level of LINC00707 was significantly 
decreased in cells in the sh-LINC00707 group compared 
with that in the sh-NC group and was notably increased 

Figure 1. LINC00707 is upregulated in ovarian cancer (OC) cells.
The expression levels of LINC00707 RNA in human normal ovarian 
surface epithelial cells (IOSE80) and human OC cells (SKOV3) de-
tected by qRT-PCR. **p<0.01, vs IOSE80 group.

Figure 2. Knockdown of LINC00707 suppresses the proliferation of ovarian cancer (OC) cells.
(A) Expression level of LINC00707 in SKOV3 cells after transfection measured with qRT-PCR. (B) The effect of LINC00707 knockdown or 
overexpression on SKOV3 cell viability assessed with MTT assay (C) Cell colony formation assay results of the effect of LINC00707 knock-
down or overexpression on SKOV3 cell proliferation. **p<0.01, vs sh-NC; iip<0.01, vs Vector. sh, short hairpin; NC, negative control.
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Figure 3. Knockdown of LINC00707 decreases multidrug resistance in ovarian cancer (OC) cells.
(A–D) MTT assay results of the effect of PTX (A), Dox (B), MTX (C) and DDP (D) on drug resistance in SKOV3 cells with knocked down or 
overexpressed LINC00707. **p<0.01, vs sh-NC; iip<0.01, vs Vector. sh, short hairpin; NC, negative control; PTX, paclitaxel; Dox, doxorubicin; 
MTX, methotrexate; DDP, cisplatin.

Figure 4. LINC00707 targets miR-382-5p and negatively interacts with miR-382-5p in ovarian cancer (OC) cells.
(A) The binding sites between LINC00707 and miR-382-5p predicted by lncBASE software. (B) Dual-luciferase reporter assay results of rela-
tive fluorescein activity in SKOV3 cells transfected with LINC00707 WT + miR-382-5p mimics and LINC00707 MUT + miR-382-5p mimics. 
(C) qRT-PCR results of the expression level of miR-382-5p in SKOV3 cells transfected with LINC00707. (D) qRT-PCR results of the expres-
sion levels of miR-382-5p in IOSE80 cells and SKOV3 cells. **p<0.01, vs. sh-NC (or miR-382-5p NC); iip<0.01, vs Vector. WT, wild type; MUT, 
mutant; sh, short hairpin; NC, negative control.
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in the LINC00707-oe group compared with the control 
vector group (Fig. 2A). Later, we examined cell prolif-
eration and viability through MTT and colony forma-
tion assays. Combining the results of both assays, we 
observed that the proliferation and viability of cells in 
the sh-LINC00707 group were much lower than those 
in the sh-NC group, and the proliferation and viability 
of cells in the LINC00707-oe group were much higher 
than those in the control vector group (Fig. 2B, 2C). 
Thus, knockdown of LINC00707 can significantly inhib-
it SKOV3 cell proliferation.

Knockdown of LINC00707 decreases multidrug 
resistance in SKOV3 cells

Subsequently, in order to observe the effect of 
LINC00707 on chemoresistance of SKOV3 cells, the 
resistance of LINC00707-knock-down and LINC00707 
overexpressing SKOV3 cells to PTX, Dox, MTX, and 
DDP was studied using MTT assay. The MTT results 
showed that the IC50 of SKOV3 cells treated with PTX, 
Dox, MTX, and DDP was markedly decreased in the 
sh-LINC00707 group compared with the sh-NC group, 
while being considerably increased in the LINC00707-oe 
group relative to the control vector group (Fig. 3A–D). 
In brief, knockdown of LINC00707 can reduce the re-
sistance of SKOV3 cells to chemotherapeutic agents.

LINC00707 targets miR-382-5p

LINC00707 was predicted to target miR-382-5p us-
ing lncBASE software (Fig. 4A). According to the find-
ings of dual-luciferase reporter assay, co-transfection of 
WT-LINC00707 3’-UTR with miR-382-5p mimics in the 
miR-382-5p group greatly reduced the luciferase activity 

compared with the miR-NC group (Fig. 4B). qRT-PCR 
results indicated that SKOV3 cells in which LINC00707 
was knocked down showed significant increase in the 
miR-382-5p expression compared with the cells in the sh-
NC group, and those with LINC00707 overexpression 
showed significant downregulation of miR-382-5p expres-
sion compared with those in the control vector group 
(Fig. 4C). In addition, the expression level of miR-382-5p 
was much lower in SKOV3 cells than in IOSE80 cells 
(Fig. 4D). Overall, LINC00707 targets miR-382-5p and 
sh-LINC00707 can significantly upregulate the miR-382-
5p expression in OC.

LRRK2 is a target gene of miR-382-5p

Firstly, we generated SKOV3 cells with miR-382-5p 
knock down or overexpression to determine the rela-
tionship between miR-382-5p and LRRK2. The expres-
sion level of miR-382-5p in SKOV3 cells was significantly 
elevated in the miR-382-5p group compared with the 
miR-NC group and the expression level of miR-382-5p 
was markedly lowered in the Anti-miR-382-5p group 
relative to the Anti-NC group (Fig. 5A). Subsequently, 
with the help of starbase2.0 (https://starbase.sysu.edu.
cn/starbase2/index.php), miR-382-5p was predicted to 
target LRRK2 mRNA (Fig. 5B). The dual-luciferase re-
porter assay results showed that the miR-382-5p group 
presented a significant decrease in luciferase activity after 
co-transfection of the WT-LRRK2 3’-UTR with miR-
382-5p mimics (Fig. 5C). qRT-PCR results indicated that 
miR-382-5p overexpression could considerably reduce 
LRRK2 expression compared with the miR-NC group in 
SKOV3 cells, while miR-382-5p knockdown significantly 
upregulated LRRK2 expression compared with the Anti-

Figure 5. MiR-382-5 targets LRRK2 mRNA and negatively interacts with LRRK2 expression in ovarian cancer (OC).
(A) qRT-PCR results of the expression of miR-382-5p in SKOV3 cells after transfection. (B) The targeting relationship of miR-382-5p to 
LRRK2 mRNA predicted by starbase2.0 (https://starbase.sysu.edu.cn/starbase2/index.php), and the predicted miR-382-5p binding site in 
LRRK2 mRNA. (C) Dual-luciferase reporter assay results validating the association between miR-382-5p and LRRK2. (D) qRT-PCR results of 
the expression level of LRRK2 mRNA in SKOV3 cells transfected with miR-382-5p. (E) qRT-PCR results of the expression level of LRRK2 
mRNA in IOSE80 cells and SKOV3 cells. **p<0.01 vs sh-NC (or miR-382-5p NC); WT, wild type; MUT, mutant.
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NC group (Fig. 5D). Additionally, LRRK2 was expressed 
at quite higher levels in SKOV3 cells than in IOSE80 
cells (Fig. 5E). Collectively, we found that miR-382-5p 
expression and LRRK2 expression are upregulated in 
OC, miR-382-5p directly targets LRRK2, and knockdown 
of miR-382-5p significantly promotes LRRK2 expression.

LINC00707 promotes proliferation and multidrug 
resistance of SKOV3 cells by targeting the miR-382-5p/
LRRK2 axis

In order to further investigate the effect of 
LINC00707 on OC cell viability and drug resistance, the 
expression level of LRRK2 was detected by qRT-PCR 
and Western blot by targeting the miR-382-5p/LRRK2 
axis, after simultaneous knockdown of LINC00707 and 
miR-382-5p in SKOV3 cells. The results showed that 
the sh-LINC00707 + Anti-miR-382-5p group displayed 
a much higher expression level of LRRK2 than the sh-
LINC00707 group; and the expression level of LRRK2 
was significantly decreased in the sh-LINC00707 + Anti-
miR-382-5p group compared with the Anti-miR-382-5p 
group (Fig. 6A, 6B). The MTT assay outcomes indicated 
that cell viability was considerably increased in the sh-

LINC00707 + Anti-miR-382-5p group compared with 
the sh-LINC00707 group, but significantly reduced in 
the sh-LINC00707 + Anti-miR-382-5p group compared 
with the Anti-miR-382-5p group (Fig. 5C). Next, the 
resistance of SKOV3 cells to chemotherapeutic agents 
(PTX, Dox, MTX, and DDP) was detected using MTT 
assay. We discovered that the sh-LINC00707 + Anti-
miR-382-5p group had a much higher IC50 than the 
sh-LINC00707 group, and the sh-LINC00707 + Anti-
miR-382-5p group presented a lower IC50 than the An-
ti-miR-382-5p group (Fig. 6D–G). These results suggest 
that LINC00707 promotes proliferation and resistance 
of SKOV3 cells to chemotherapeutic agents by targeting 
the miR-382-5p/LRRK2 axis.

DISCUSSION

OC, one of the gynecological malignancies with the 
highest mortality rates, poses a severe threat to female 
health worldwide. Research suggests that chemoresistance 
of OC cells significantly contributes to the high mortality 
(Barriga-Rivera et al., 2016). Currently, the combination 
of Dox and PTX is typically effective at first, but the 

Figure 6. LINC00707 promotes proliferation and resistance of ovarian cancer (OC) cells to chemotherapeutic agents by targeting the 
miR-382-5p/LRRK2 axis.
(A) QRT-PCR results of the expression level of LRRK2 in SKOV3 cells after simultaneous transfection of LINC00707 shRNA and miR-382-5p 
inhibitor. (B) Western blot results of LRRK2 protein levels in SKOV3 cells after transfection. (C) MTT results of the viability of SKOV3 cells 
after transfection. (D–G) MTT results of the tolerance of SKOV3 cells to PTX (D), Dox (E), MTX (F), and DDP (G) after simultaneous trans-
fection of LINC00707 shRNA and miR-382-5p inhibitor. **p<0.01, vs. NC; #p<0.05, vs. sh-LINC00707; ip<0.05, vs. Anti-miR-382-5p. sh, short 
hairpin; NC, negative control.
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condition relapses in the majority of patients, and is then 
usually incurable, with just an 18-month-survival rate 
(Yang et al., 2017). Therefore, a thorough understanding 
of the molecular mechanism of multidrug resistance in 
OC is crucial for improving the prognosis. Our study’s 
findings showed that LINC00707, which was expressed 
at a considerably higher level in OC, could boost cellu-
lar resistance to chemotherapeutic drugs by targeting the 
miR-382-5p/LRRK2 axis.

LncRNAs, described in recent studies, hold promise 
as potential biomarkers for cancer diagnosis, prognosis, 
and treatment. Notably, many lncRNAs are dysregulat-
ed in OC, which may play crucial roles in the incidence 
and progression of tumors (Wang et al., 2018). Among 
them, lncRNA HOXD-AS1 is an OC-associated lncRNA 
that is overexpressed in both OC tissues and cells and 
can indicate poor prognosis in patients (Zhang et al., 
2017). Recently, Zahra and coworkers performed high-
throughput sequencing and found that LINC00707 was 
highly upregulated in OC tissues and has potential as a 
diagnostic marker (Zahra et al., 2021). Although earlier 
research indicated that LINC00707 is a proto-oncogene 
(Guo et al., 2021), it is not clear how LINC00707 and 
OC are related. Therefore, the aim of our study was to 
investigate the effect of LINC00707 in OC and its mo-
lecular mechanism. In this study, LINC00707 was over-
expressed in SKOV3 cells, and LINC00707 overexpres-
sion markedly increased the proliferation and viability 
of SKOV3 cells, while LINC00707 knockdown inhib-
ited the proliferation and viability of cells. Furthermore, 
studies on several malignancies have shown that lncR-
NAs have a role in controlling chemosensitivity (Xu et 
al., 2018). Our findings clearly showed that LINC00707 
overexpression increased resistance to PTX, Dox, MTX, 
and DDP in SKOV3 cells. These findings are in line 
with the results of LINC00707 overexpression in cancer 
cells in the bladder (Gao & Ji, 2021) and breast (Yuan et 
al., 2020). Thus, it is clear that LINC00707 overexpres-
sion induces OC resistance to chemotherapeutic agents.

Recent evidence has suggested that the interaction 
between lncRNAs and microRNAs may have an impact 
on a number of pathological mechanisms, including the 
development of cancer and the acquisition of drug re-
sistance. By functioning as a competitive endogenous 
RNA sponge for miR-17 and altering STAT3 expression, 
lncRNA H19 was discovered by Huang et al. to accel-
erate the development of NSCLC (Huang et al., 2018). 
Li et al. discovered that lncRNA SNHG1 promoted the 
resistance of hepatocellular carcinoma cells to sorafenib 
by increasing miR-21 expression to activate the Akt path-
way (Li et al., 2019). Through bioinformatic predictions 
and several experiments in our study, we demonstrated 
that there was a binding site in LINC00707 for miR-
382-5p, and LINC00707 acted as the molecular sponge 
of miR-382-5p. Interestingly, Guo et al. also proved the 
interaction between LINC00707 and miR-382-5p (Wang 
et al., 2020). However, our study is the first to find that 
miR-382-5p expression is significantly downregulated in 
OC cells and inversely correlated with LINC00707 ex-
pression. Although miR-382-5p has only been the subject 
of a few studies, they have shown that this microRNA 
suppresses the genes involved in tumor development. 
For instance, the expression level of miR-382-5p is sig-
nificantly downregulated in colorectal cancer tissues (Xie 
& Pan, 2021). Likewise, few studies were conducted on 
the downstream target genes of miR-382-5p. In this re-
gard, our study discovered that miR-382-5p targeted the 
LRRK2mRNA 3’-UTR region and regulated the expres-
sion level of LRRK2. Mutations in LRRK2 were first 

thought to be critical for inducing familial Parkinson’s 
disease (Deniston et al., 2020). Interestingly, the expres-
sion level of LRRK2 was found to be significantly down-
regulated in NSCLC tissues (Ma et al., 2019). However, 
the role of LRRK2 in cancer has rarely been reported. 
In our study, the expression level of LRRK2 was discov-
ered to be significantly upregulated in SKOV3 cells and 
was clearly inversely regulated by miR-382-5p; LRRK2 
expression level in SKOV3 cells was significantly high-
er when LINC00707 and miR-382-5p were simultane-
ously knocked down than that when either of them was 
knocked down alone. Moreover, SKOV3 cells in the sh-
LINC00707 + Anti-miR-382-5p group were significantly 
more resistant to chemotherapeutic agents than those in 
the Anti-miR-382-5p group, but significantly less resist-
ant than those in the sh-LINC00707 group. Therefore, 
LINC00707 induced multidrug resistance of SKOV3 
cells by targeting the miR-382-5p/LRRK2 axis.

CONCLUSION

In summary, LINC00707 is highly expressed in 
SKOV3 cells. LINC00707 regulates the expression of 
LRRK2 by targeting miR-382-5p, thereby enhancing the 
proliferation and viability of SKOV3 cells and inducing 
multidrug resistance in them. Therefore, knocking down 
LINC00707 expression is key for addressing multidrug 
resistance in OC cells. However, the role of LINC00707 
is multifaceted, and more research is required to fully 
elucidate its function.
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Genetic association between vitamin D receptor gene and Saudi 
patients confirmed with Familial Hypercholesterolemia
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Introduction: Familial Hypercholesterolemia (FH) is a 
common condition caused by inherited genetic abnor-
malities. Inadequate clearance of the circulating low-
density lipoproteins (LDL) is the primary cause of the 
excessive concentrations of LDL seen in FH patients. The 
relation with vitamin D deficiency and vitamin D recep-
tor (VDR) gene is well documented in the Saudi Arabia. 
Aim: The aim of this study was to investigate the role 
of molecular analysis studied between FH patients and 
fours polymorphisms associated with VDR gene in Saudi 
Population. Methods: In this case-control study, 120 pa-
tients were selected, and 50 patients were confirmed as 
FH and 70 subjects were confirmed as healthy controls. 
Genotyping was performed with polymerase chain reac-
tion followed by restriction fragment length polymor-
phism analysis using ApaI, BsmI, TaqI and FokI poly-
morphisms in the VDR gene. Results: The current study 
results confirmed no association between clinical charac-
teristics studied between FH cases and controls (p>0.05). 
Hardy Weinberg Equilibrium analysis was present in 
ApaI and FokI polymorphisms (p<0.05). Only ApaI (C vs 
A: OR-15.1 (95% CI:5.78-39.41); p<0.001; AC+CC vs AA: 
OR-6.59 (95% CI:2.42-17.95); p=0.0006) and BsmI (G vs A: 
OR-2.88 (95% CI:1.54-5.38); p=0.0006 and AG+GG vs AA: 
OR-3.79 (95% CI:1.72-8.35); p=0.0007) polymorphisms 
showed both allele and genotype association between 
FH patients and controls. ANOVA analysis confirmed that 
TG levels were associated (p=0.02) with combination of 
heterozygous and homozygous genotypes present in 
all four polymorphisms studied in this population. Con-
clusion: ApaI and BsmI polymorphisms in the VDR gene 
showed association with FH patients in the Saudi Popu-
lation.
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INTRODUCTION

Familial Hypercholesterolemia (FH) is defined as a 
common disorder caused due to inherited genetic de-
fects which is responsible for elevated LDLc levels due 
to inadequate clearance of the circulating LDL (Hori et 
al., 2023). The definition of FH is described as elevated 
levels of LDLc which describes in time the development 

of atherosclerosis process in the arteries with subsequent 
high risk of cardiovascular diseases (Maștaleru et al., 
2022). Extremely high levels of LDL-c are the result of 
homozygous familial hypercholesterolemia (HoFH), a se-
vere and rare form of FH. If ignored, HoFH can cause 
atherosclerotic cardiovascular disease in the early decades 
of life. An estimated 1 in 3 00 000–360 000 people in the 
United States have HoFH. Isolated groups and those 
experiencing the founder effect also have a higher inci-
dence (Kayikcioglu & Tokgozoglu, 2023). Clinical scoring 
systems for the diagnosis of FH are widely used and ap-
proved, and numerous sets of criteria have been created, 
encompassing clinical, biochemical, and genetic factors. 
The most commonly used criteria are Simon Broome, 
MedPed and Dutch lipid clinical network (DLCN), the 
last one being used predominantly in the European 
countries (Huangfu et al., 2023; Todorovova et al., 2023). 
Some patients have unusual alleles in the minor genes 
APOA5, ABCG5, ABCG8, LIPA, and STAP1, where-
as the vast majority have mutations in the classically 
related FH genes LDLR, APOB, or PCSK9. Interest-
ingly, many FH cases either demonstrate a mixture and 
accumulation of numerous common variations or have 
no known genetic etiology. In addition, inflammation, 
vascular tone, cellular proliferation, and other unknown 
processes account for 80% of common DNA variations 
that predispose an individual to coronary artery disease 
(Ruiz-Pesini et al., 2023). Previous meta-analysis esti-
mates the worldwide frequency of heterozygous FH to 
be 1:313 (Beheshti et al., 2020). However, the estimated 
heterozygous FH prevalence in the Arabian Gulf region 
is 1:112, which is around three times the predicted in-
cidence worldwide (Alhabib et al., 2021). Based on the 
incidence of 1:200–500, the estimated number of HeFH 
patients in Saudi Arabia ranges from 63 485 to 158 712. 
The lack of genetic screening programs and governmen-
tal data makes it difficult to determine the true FH inci-
dence in Saudi Arabia and the Middle East (Alzahrani et 
al., 2020). In Saudi Arabia, information on the genetics 
of FH is extremely scarce. The literature revealed that 
21 variations were linked to LDLR, APOB and PCSK9 
genes and 80% of these variants were predicted to in-
fluence the LDLR gene, and c.1332dup (p.D445*) and 
c.2026delG (p. G676Afs*33) mutations were confirmed 
to be novel variants in the LDLR gene (Al-Allaf et al., 
2014).

In Saudi Arabia, the main causes of vitamin D defi-
ciency are cultural practices, climate, genetic disposition, 
and skin color. Furthermore, high temperatures are pre-
disposed to this deficiency (Al-Alyani et al., 2018). It was 
well-established that Vitamin D will be converting into 
25-hydroxyvitamin D in liver and kidney will be convert-
ing into 1,25-dihydroxyvitamin D3, which has a biologi-
cal purpose (Bikle, 2014). Expression of VDR in mel-
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anocytes allows it to control melanin production. Vita-
min D is effective at treating a variety of skin conditions 
in humans (Tang et al., 2018). The vitamin D receptor 
(VDR) is a nuclear steroid receptor that functions as a 
DNA-binding transcription factor. Vitamin D activity 
and metabolic concentrations are both affected by pol-
ymorphisms in the VDR gene (Guo et al., 2023). The 
VDR gene is present on chromosome 12p13, which has 
variants in exons 2 and 3 for the enzymes ApaI, BsmI, 
and TaqI, and in exon 2 for the enzyme FokI. The re-
striction enzymes for VDR gene polymorphisms can be 
used to analyze the gene’s many polymorphic sites in its 
untranslated region; which influences the functional sta-
bility of the transcript. Alleles with and without certain 
restriction sites are designated A-a, B-b, T-t, and F-f, 
respectively (Ghada Bin Saif & Imran Ali Khan, 2022). 
Numerous studies on the VDR gene in various human 
diseases have been conducted in Saudi Arabia, but no 
studies on the VDR gene and FH have been document-
ed. The aim of this study was to investigate the role of 
VDR gene polymorphism studies in FH patients in the 
Saudi Arabia.

MATERIALS AND METHODS

FH subjects

A case-control study was conducted from King Khalid 
University Hospital in Riyadh city. The FH cases were 
confirmed based on Dutch group protocol (Alharbi et 
al., 2015) which is an inclusion criteria. The FH subjects 
without Dutch group criteria is considered to be exclud-
ed. The Dutch group criteria is defined as the diagno-
sis of FH based on clinical, genetic and family history. 
However, in our study, clinicians have confirmed the FH 
cases based on the previous study (Alharbi et al., 2015).

Healthy controls were selected based on normal lev-
els of lipid profile. In this study, 70 FH cases and 50 
healthy controls were recruited based on signing of pa-
tient informed consent form. This study was performed 
based on Declaration of Helsinki and ethical grant was 
approved within the hospital premises (E-19-1176). All 
patients (n=120) have signed the informed consent form 
to enroll in this study.

BMI details

Body Mass Index (BMI) was calculated based on Als-
hammary et al studies using body weight and height (Als-
hammary & Khan, 2021).

Sample collection

In this study, 5ml of blood was collected from 120 
participants. Peripheral blood was separated into 3ml 
serum sample and 2ml in EDTA tube. Serum blood 
was used to measure the lipid profile parameters such 
as LDLc, HDLc, total cholesterol (TC) and triglycerides 

(TG). Lipid profile was performed based on the previ-
ous study (Batais et al., 2019).

Molecular analysis

EDTA sample was used for extraction of genomic 
DNA using DNA isolation kit. Extracted genomic DNA 
was used to quantify the DNA quality using NanoDrop 
spectrophotometer. VDR gene primers were adapted 
from the recently published article (Ghada Bin Saif & 
Imran Ali Khan, 2022) and all 4 single nucleotide poly-
morphisms were selected. The primer sequence of four 
polymorphisms were shown below:

(ApaI/TaqI) F: AGAGCATGGACAGGGAGCAAG 
and R: GCAACTCCTCATG GCTGAGGTCTCA; 
(BsmI) F: CAACCAAGACTACAACCGCGTCAGTGA 
and R: AACCAGCGGAAGAGGTCAAGGG; (FokI) 
F: AACCAGCGGAAGAGGTCAAGGG and R: ATG-
GAAACACCTTGCTTCTTCTCCCTC

Next, Polymerase Chain Reaction (PCR) was amplified 
with 4 polymorphisms present in the VDR gene. The 
initial denaturation took place for 10 mins at 95°C, de-
naturation at 95°C–30s, annealing took place at different 
temperatures for 4 polymorphisms, extension took place 
at 72°C–45s and final extension at 72°C–10 mins. The 
conditions of thermal cycler were followed for 35 cycles. 
After completion of amplification, PCR products were 
run on 2% of agarose gel stained with ethidium bro-
mide and then restriction fragment length polymorphism 
analysis was performed using specific restriction enzymes 
as discussed in Table 1. Digestion was performed based 
on previous study (Alharbi et al., 2017) for 24 hours. All 
types of PCR products were run on 2% agarose gel.

Statistical analysis

The visible data is regularly distributed and reported 
as mean ± S.D.; this study was conducted as a frequen-
cy-based analysis. Chi-square analysis was used to iden-
tify statistically significant differences between the case 
and control groups. Goodness-of-fit analysis was used 
to establish Hardy-Weinberg equilibrium (HWE). The 
frequencies of each genotype and allele were computed. 
Genotype and allelic frequencies comparisons were made 
between healthy controls and vitiligo patients, and other 
genetic models. This study was determined as the odds 
ratio and its 95% CI. In this study, a one-way Anova 
analysis (Khan et al., 2019) was used in Table 4. How-
ever, p-values below 0.05 were regarded as statistically 
significant (p<0.05).

RESULTS

In this research, a total of 70 FH cases and 50 healthy 
control subjects were enrolled. The FH patients were 
clinically diagnosed based on Dutch group criteria and 
equally 50% of males and females were selected in 
both FH cases and controls. The mean age for both 
study groups were in between 51.98±10.61 in controls 

Table 1. List of VDR gene polymorphism and restriction enzymes used in this study

Rs number PCR products Annealing  
temperature

Restriction  
enzymes

Restriction  
time

Temperature for 
digestion

Digested  
products

rs79785232 746bp 66°C ApaI 18 hours 37°C 746/529/217bp

rs1544410 872bp 66°C BsmI 18 hours 37°C 872/701/171bp

rs731236 746bp 66°C TaqI 18 hours 37°C 427/293/252/201/169/92bp

rs2228570 267bp 66°C FokI 18 hours 37°C 267/193/70bp
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Table 2. Anthropometric measurements between FH cases and control subjects

S. No Patients’ measurements/Values FH (n=70) Controls (n=50) T-tests

1 Age (years) 52.47±10.51 51.98±10.61 0.80

2 Gender (Female: Male) 35:35 25:25 0.99

3 Weight (kgs) 73.75±9.15 73.15±9.21 0.35

4 Height (cms) 165.56±7.47 165.35±7.58 0.15

5 BMI (kg/m2) 26.84±2.49 26.81±2.53 0.06

6 TG (mmol/L) 2.02±1.34 1.67±0.87 0.11

7 TC (mmol/L) 5.29±0.94 5.01±0.98 0.11

8 HDLc (mmol/L) 0.68±0.21 0.63±0.24 0.22

9 LDLc (mmol/L) 3.76±0.83 3.80±0.92 0.80

Table 3. HWE analysis was studied in POLYMORPHISMS s in the VDR gene

Polymorphisms Minor allele VAF χ2 HW p-value

rs79785232 C 0.05 0.13 0.70

rs1544410 G 0.17 6.55 0.01

rs731236 C 0.27 6.83 0.008

rs2228570 T 0.13 1.11 0.29

P-value indicates one degree of freedom (if p<0.05 indicates non-consistent with HWE; VAR – Variable Allele Frequencies)

Table 4. Genotype and allele frequencies between FH cases and controls in the VDR gene

VDR-Genotypes Controls (n=50) FH cases (n=70) ORs (95%CI); p-values

AA (ApaI) 45 (90%) 39 (55.7%) Reference

AC 05 (10%) 31 (44.3%) OR-7.15 (95% CI: 2.53-20.18); p=0.0005

CC* 00 (0%) 00 (0%) OR-1.15 (95% CI: 0.02-59.39); p=0.94*

AC+CC vs AA* 05 (10%) 31 (44.3%) OR-6.59 (95% CI: 2.42-17.95); p=0.0006

A 95 (0.95) 78 (0.56) Reference

C 05 (0.05) 62 (0.44) OR-15.1 (95% CI: 5.78-39.41); p<0.001

AA (BsmI) 37 (74%) 30 (42.9%) Reference

AG 09 (18%) 28 (40%) OR-3.83 (95% CI: 1.57-9.36); p=0.002

GG 04 (08%) 12 (17.1%) OR-3.7 (95% CI: 1.08-12.65); p=0.02

AG+GG vs AA 13 (26%) 40 (57.1%) OR-3.79 (95% CI: 1.72-8.35); p=0.0007

A 83 (0.83) 88 (0.63) Reference

G 17 (0.17) 52 (0.37) OR-2.88 (95% CI: 1.54-5.38); p=0.0006

TT (TaqI) 23 (46%) 46 (65.7%) Reference

TC 27 (54%) 24 (34.3%) OR-0.44 (95% CI: 0.21-0.93); p=0.03

CC* 00 (0%) 00 (0%) OR-0.51 (95% CI: 0.009-26.27); p=0.73

TC+CC vs TT* 27 (54%) 24 (34.3%) OR-0.45 (95% CI: 0.21-0.94); p=0.03

T 73 (0.73) 116 (0.83) Reference

C 27 (0.27) 24 (0.17) OR-0.55 (95% CI: 0.31-1.05); p=0.06

CC (FokI) 37 (74%) 53 (75.7%) Reference

CT 13 (26%) 17 (24.3%) OR-0.91 (95% CI: 0.39-2.11); p=0.83

TT* 00 (0%) 00 (0%) OR-0.71 (95% CI: 0.01-36.11); p=0.85

CT+TT vs CC* 13 (26%) 17 (24.3%) OR-0.90 (95% CI: 0.39-2.07); p=0.81

C 87 (0.87) 123 (0.88) Reference

T 13 (0.13) 17 (0.12) OR-0.92 (95% CI: 0.42-2.01); p=0.84
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and 52.74±10.51 in FH cases (p=0.80). Both cases, FH 
(26.84+2.49) and controls (26.81+2.53), were found to 
be overweight (p=0.06) and mean levels of weight was 
found to be an average of 73kg in both groups (p=0.35). 
None of the parameters of lipid profile (TG/TC=0.11; 
HDLC=0.22 and LDLC=0.80) were associated when 
compared between FH group and control. Table 2 de-
fines the general characteristics used for FH group and 
control group.

The polymorphic site studied in VDR gene was in 
Hardy Weinberg Equilibrium in the whole sample. In 
this study, p-value was measured with one degree of 
freedom in which p<0.05 is considered as non-consist-
ent. In this study, ApaI (p=0.70 and X2=0.13) and FokI 
(p=0.008 and X2=6.83) were associated whereas in other 
polymorphisms such as BsmI (p=0.01 and X2=6.55) and 
TaqI were non-significant. Table 3 consists of HWE 
analysis details.

Table 4 presents the group of polymorphisms present 
in the VDR gene in FH cases and controls. The ApaI 
polymorphism was strongly associated with allele (OR-
15.1 (95% CI: 5.78-39.41); p<0.001), genotypes (AC vs 
AA; OR-7.15 (95% CI: 2.53-20.18); p=0.0005) and domi-
nant model (OR-6.59 (95% CI: 2.42-17.95); p=0.0006). A 
similar association was found in BsmI polymorphism (G 
vs A: OR-2.88 (95% CI: 1.54-5.38); p=0.0006; AG vs AA: 
OR-3.83 (95% CI: 1.57-9.36); p=0.002 and AG+GG vs 
AA: OR-3.79 (95% CI: 1.72-8.35); p=0.0007). A nega-
tive impact was confirmed in both TaqI (C vs T: OR-
3.79 (95% CI: 1.72-8.35); p=0.0007; TC vs TT: OR-0.44 
(95% CI: 0.21-0.93); p=0.03 and TC+CC vs TT: OR-0.45 
(95% CI: 0.21-0.94); p=0.03) and FokI (T vs C: OR-0.92 
(95% CI: 0.42-2.01); p=0.84; CT vs CC: OR-0.91 (95% 
CI: 0.39-2.11); p=0.83 and CT+TT vs CC: OR-0.90 (95% 
CI: 0.39-2.07); p=0.81). Yates correction couldn’t docu-
ment the association in any of genotypes or allele in FH 
groups.

Anova analysis was confirmed in TG group (p=0.02) 
in the lipid profile and BMI parameters. TC (p=0.48), 
HDLC (p=0.46), LDLC (p=0.93) and BMI (p=0.12) 
were not associated when compared with heterozygous 
and homozygous mutants in ApaI, BsmI, TaqI and FokI 
polymorphisms in VDR gene. Table 5 shows the ANO-
VA analysis within FH heterozygous and homozygous 
mutants in the VDR gene.

DISCUSSION

The hypercholesterolemia that runs in families is 
called familial hypercholesterolemia, and it’s inherited 
in an autosomal dominant pattern. Patients are typically 
heterozygous, meaning they carry only one copy of the 
genetic mutation. Homozygosity occurs exceedingly in-
frequently when a patient gets an erroneous gene from 
both parents; having homozygous FH results in extraor-
dinarily high blood cholesterol levels. LDLR gene mu-
tations are frequently responsible. Gain-of-function mu-

tations in ApoB and PCSK9 genes, among others, have 
been reported (Pejic & Lee, 2006). Patients with FH 
have elevated LDL-c blood levels, which increases the 
risk of coronary artery disease and heart attack in the 
future (Alharbi et al., 2015). The relationship between 
cholesterol and vitamin D is that human skin cells re-
quire cholesterol in order to produce vitamin D when 
exposed to sunlight. The initial phase requires choles-
terol, but vitamin D is converted further in the liver and 
kidneys. Increased risk of cardiovascular disease (CVD) 
has been associated with low serum 25-hydroxyvitamin 
D [25(OH)D] levels, which plays an important part in 
the onset of osteoporosis, but it has also been con-
nected to other health problems. Diabetes (type 1 and 
2), multiple sclerosis, autoimmune, and viral diseases 
have all been linked to vitamin D deficiency. The rela-
tion between Vitamin D and cholesterol is connected 
with 7DHC, making the influence of vitamin D status 
on blood lipids particularly intriguing, despite conflicting 
findings from earlier studies (Gumus et al., 2023; Hong, 
2022). Documented studies in vitamin D deficiency have 
been discovered as a potential risk factor for CVD, ei-
ther independently or in conjunction with other cardio-
vascular risk factors such as diabetes, hypertension, or 
obesity (Burgess & Gill, 2022; Norman & Powell, 2014; 
Pilz et al., 2016). The main cause of vitamin D deficien-
cy include a lack of sun exposure, a sedentary lifestyle, 
being overweight, having type 2 diabetes, lower HDLC 
level, being over age, having dark skin, living far from 
the equator, experiencing winter, being a smoker, being 
exposed to secondhand smoke, having impaired absorp-
tion due to renal and liver disease, and taking certain 
medications (Mozos & Marginean, 2015).

The aim of this study was to investigate the role of 
VDR gene polymorphism in diagnosed FH patients in 
the Saudi population. The present study results con-
firmed that ApaI and FokI polymorphisms were found 
to be in HWE analysis. Only ApaI and BsmI polymor-
phisms showed both allele and genotype association be-
tween FH patients and controls (p<0.05). In our study, 
ApaI (AC vs AA: p=0.0005, AC+CC vs AA: p=0.0006 
and C vs A: p<0.001) and BsmI (AG vs AA: p=0.002, 
GG vs AA: p=0.02, AG+GG vs AA: p=0.0007 and G vs 
A: p=0.0006) polymorphism was associated when com-
pared between FH cases and controls. ANOVA analysis 
confirmed that TG levels were associated with combina-
tion of heterozygous and homozygous genotypes present 
in all four polymorphisms studied in this population. 
The first step was measuring the cholesterol and vitamin 
D levels of healthy women. As a result of Gemfibrozil 
and Atorvastatin’s ability to inhibit HMG-CoA reduc-
tase production, blood cholesterol levels have dropped 
dramatically in the second phase. Within this popula-
tion, vitamin D levels also went down. Women who 
took medication for vitamin D, on the other hand, had 
a low vitamin D level (Han et al., 2021). Other similar 
studies have been documented between vitamin D and 

Table 5. Anova Analysis Performed between Heterozygous and Variant genotypes in FH cases with BMI and lipid profile

rs79785232 (AC=31) rs1544410 (AG+GG=40) rs731236 (TC=24) rs2228570 (CT=17) p-value

BMI (kg/m2) 27.32±2.29 27.08±2.61 26.54±2.69 27.76±1.56 0.12

TG (mmol/L) 2.32±1.63 2.01±1.18 1.91±1.16 2.31±1.96 0.02

TC (mmol/L) 5.34±0.84 5.41±0.91 5.62±0.90 5.42±1.16 0.48

HDLc (mmol/L) 0.67±0.18 0.68±0.20 0.69±0.19 0.65±0.25 0.46

LDLc (mmol/L) 3.74±0.90 3.83±0.82 3.72±0.88 3.90±0.81 0.93
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cholesterol related diseases. One of the Spanish studies 
measured vitamin D (25(OH)D) levels in hypercholester-
olemia patients and found a signiifcant correlation (Cu-
tillas-Marco et al., 2013). Rady and others confirmed that 
the FF genotype in the VDR gene is associated with a 
threefold risk of juvenile idiopathic arthritis (Rady et al., 
2022). The study by Han and others shows compelling 
evidence that vitamin D insufficiency is linked to athero-
genic dyslipidemia, and in particular, elevated small dense 
LDL-C levels in middle-aged adults without CVD (Han 
et al., 2021). Previous studies have linked dyslipidemia 
(Jorde & Grimnes, 2011) and lipid profile (Ponda et al., 
2012) to vitamin D deficiency. Lipid levels in adulthood 
are also correlated with vitamin D levels, which are in 
turn linked to the gene’s steady association with vitamin 
D levels in the blood (Jorde & Grimnes, 2011; Nissen et 
al., 2014; Thongthai et al., 2015).

Vital biological functions like cell proliferation, regu-
lation, and differentiation, bone formation, and immune 
response modulation are all influenced by the endocrine 
vitamin D system. VDR is a member of the steroid hor-
mone family of nuclear receptors and is responsible for 
the transcriptional control of a number of hormone-
responsive genes by its binding to the active metabolite 
calcitriol. Due to the presence of VDRs in all major car-
diovascular cell types, including vascular smooth mus-
cle cells, endothelial cells, cardiomyocytes, platelets, and 
most immune cells, it is possible that VDR gene poly-
morphisms influence CVD. In addition, the VDR plays 
a crucial role in modulating the expression of several 
proteins that play a role in controlling the cardiovascu-
lar system. These include renin, endothelial nitric oxide 
synthase, and NADPH oxidase (Abouzid et al., 2021). 
The role of vitamin D and the VDR gene in Saudi Ara-
bia is critical, as one meta-analysis study conducted in 
Saudi Arabia revealed that 60% of the healthy popula-
tion in Saudi Arabia has a vitamin deficiency (Al-Alyani 
et al., 2018). The normal value of vitamin D deficiency 
in Saudi Arabia has been confirmed as 24.96 nmol/L 
which is below the limit (Albaik et al., 2016). The VDR 
gene polymorphism studies were carried out in the Saudi 
population with different human diseases and confirmed 
all forms of association (Ali et al., 2018; Alkhayal et al., 
2016; Alzaim et al., 2022; Ansari et al., 2021; Mansy et al., 
2019; Nemenqani et al., 2015; G. B. Saif & I. A. Khan, 
2022; Taha et al., 2019; Zeidan et al., 2022). Additionally, 
there are limited documented studies of Saudi Arabian 
patients with confirmed FH. The lack of cholesterol data 
was one of the study limitations.

CONCLUSION

Both ApaI and BsmI polymorphisms was associated 
to FH via allele and genotype frequencies in the Saudi 
population. The Saudi Arabia VDR gene polymorphism 
link was built with FH patients.
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Formononetin enhances the chemosensitivity of triple negative 
breast cancer via BTB domain and CNC homolog 1-mediated 
mitophagy pathways
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Oncology Department, Dongtai People’s Hospital, Dongtai City, Jiangsu Province 224200, China

This study aimed to investigate the effects of formon-
onetin on triple negative breast cancer (TNBC). Clinical 
samples were collected from patients with TNBC. Over-
all survival rates were evaluated using the Kaplan-Meier 
method. Gene expression was determined using im-
munohistochemistry, immunofluorescence and western 
blot. Cellular functions were determined using CCK-8, 
colony formation and propidium iodide (PI) staining. 
Xenograft assay was performed to further verify the ef-
fects of formononetin (FM) on TNBC. We found that FM 
combined therapy suppressed the metastasis of TNBC 
and increased the overall survival rates of TNBC patients. 
Moreover, FM suppressed the proliferation and induced 
mitochondrial damage and apoptosis of TNBC cells. FM 
increased the expression of the BTB domain and CNC 
homolog 1 (BACH1) in TNBC tissues as well as cells. 
However, BACH1 knockdown antagonized the effects of 
FM and promoted the survival of TNBC cells. FM sup-
pressed the tumor growth of TNBC. Taken together, FM 
suppressed the aggressiveness of TNBC via BACH1/p53 
signaling. Therefore, FM may be an alternative strategy 
for TNBC.
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INTRODUCTION

Breast cancer is the most common tumor among 
women worldwide (Braden et al., 2014; Burstein et al., 
2019). Recent decades witness an increase in the inci-
dence and mortality of breast cancer in China (Ding et 
al., 2020; Fan et al., 2014). Triple negative breast cancer 
(TNBC) is characterized by a high proliferative index, 
histological grade, and metastatic states (Garrido-Castro 
et al., 2019). Although great advances have been made in 
chemotherapy, radiotherapy, and surgery for TNBC (Bi-
anchini et al., 2016). However, the overall survival rates 
of TNBC are still unsatisfactory (Newman and Kaljee 
2017). The high recurrence and metastatic properties of 
TNBC neutralize the clinical outcomes (Xu et al., 2020). 
Therefore, a new strategy for TNBC is urgently needed.

Traditional Chinese medicine (TCM), with high ef-
ficiency and few side effects, is widely applied in the 
treatment of breast cancer (Chan et al., 2021; Yang et 

al., 2021). Formononetin (FM), extracted from astragalus 
membranaceus and spatholobus suberectus and with anti-in-
flammatory and anti-carcinogenic properties, is used as 
adjuvant therapy for breast cancer (Ma et al., 2020; Xin 
et al., 2019; Yu et al., 2020). Previous studies reveal that 
formononetin exerts its anti-cancer function via modu-
lating several signaling. For instance, formononetin sup-
presses the chemoresistance of TNBC via inactivating au-
tophagy (Li et al., 2021). Formononetin induces prostate 
cancer cell mitochondrial and apoptosis via regulating 
IGF-1/IGF-1R pathways (Huang et al., 2013). Addition-
ally, formononetin inhibits the immune suppressiveness 
of cervical cancer through inactivating MYC/STAT3/
PD-L1 signaling (Wang et al., 2022). This study explored 
the effects of NP (vinorelbine and cisplatin) combined 
with formononetin on TNBC.

MATERIALS AND METHODS

Patients

Clinical samples were collected from patients with re-
fractory TNBC undergoing chemotherapy (vinorelbine 
and cisplatin, NP) with or without FM. at People′s Hos-
pital of Dongtai City from April 1, 2019 to March 31, 
2021. The samples were immediately stored in liquid ni-
trogen at –80°C. This study was approved by the Ethi-
cal Committee of People′s Hospital of Dongtai City. All 
patients signed confirmed consent. The inclusion criteria 
are: (1) the patients diagnosed with mTNBC; (2) women 
under the age of 70; (3) no serious complications oc-
curred after the operation; (4) general condition score: 
ECoG 0-2; (5) patients in the combined group insisted 
on taking formononetin for at least 8 months. The ex-
clusion criteria are: the mTNBC patients with an esti-
mated ≤3 months of survival time; (2) patients accompa-
nied by severe impairment or insufficiency of heart, liver 
and kidney functions; (3) patients with poor compliance 
and unable to adhere to treatment.

Immunohistochemistry

Sections were deparaffinized. Then the slides were 
blocked with 0.1% Triton X-100. After washing with 10 
PBS, the section was incubated in 3% H2O2. The sec-
tions were incubated with primary antibody against BTB 
domain and CNC homolog 1 (BACH1) (ab128486, 1: 
150, Abcam, USA) at 4°C overnight in shade. The next 
day, the section was incubated with a secondary antibody 
at 37°C for 1.5 h in the shade. The slices were counter-
stained using hematoxylin for 10 min. Finally, the sec-
tions were visualized using a microscope (Nikon, Japan).
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Cell culture and transfection

Breast cancer cell line MCF7 was purchased from 
ATCC. Cells were incubated with DMEM containing 
10% FBS at 37°C in 5% CO2.

Cells were treated with 1.5 µM of vinorelbine, 2 µM 
of cisplatin, 80 µmol/L of FM or 10 mM of N-acetyl-
cysteine (NAC).

Cells were transfected with shBACH1 (sh1, F: 
5’-CCGGCCAGCAAGAATGCCCAAGAAACTC-3’ 
and R: 5’-AATTCAAAAACCAGCAAGAATGCCCAA-
GA-3’; sh2, F: 5’-CCGGGCCCATATGCTTGTGT-
CATTACTCGA-3’and R: 5’-AATTCAAAAAGCCCAT-
ATGCTTGTGTCATT-3’, sh-p53 (5’-GACUCCAGUG-
GUAAUCUAC-3’) and the negative control (NC, F: 
5’-CCGGCAACAAGATGAAGAGCACCAACTC-
GAGTTGGTGCTCTTCATCTTGTTGTTTTTG-3’ and 
R: 5’-AATTCAAAAACAACAAGATGAAGAGCAC-
CAA CTCGAGTTGGTGCTCTTCATCTTGTTG-3’) 
by using Lipofectamine® 3000 for 48 h.

Western blot

Protein was collected from TNBC tissues and cells. 
Protein concentrated with BCA kit (Beyontine, Shang-
hai). The protein was isolated using 12% SDS-PAGE. 
The separated protein was moved onto the PVDF mem-
brane, which was then blocked using 5% skimmed milk. 
Afterwards, the membranes were incubated with pri-
mary antibodies, such as anti-cyto C (ab133504, 1:2000, 
Abcam, USA), anti-caspase3 (ab32351, 1:5000, Abcam, 
USA), anti-Bcl-2 (ab32124, 1:1000, Abcam, USA), an-
ti-Bax (ab32503, 1:1000, Abcam, USA), anti-BACH1 
(ab300130, 1:1000, Abcam, USA), anti-p53 (ab32389, 
1:10000, Abcam, USA), anti-PARK2 (ab73015, 1:1000, 
Abcam, USA), anti-PINK1 (ab300623, 1:1000, Abcam, 
USA) and anti-GAPDH (ab9485, 1: 2000, Abcam, USA), 
and then with secondary antibodies (ab6721, 1:5000, Ab-
cam, USA). Finally, the bands were captured using an 
ECL kit and analyzed using ImageJ software.

MDA and SOD determination

The release of MDA and SOD was determined using 
specific commercial kits (Beyotime, Shanghai).

Immunofluorescence

Cells were fixed with 4% paraformaldehyde and per-
meabilized with 0.2% Triton X-100. Afterwards, cells 
were sealed with 5% bovine serum. Then cells were incu-
bated with primary antibodies against Hsp60 (ab190828, 
1:200, Abcam, USA), BACH1 (ab300130, 1:100, Abcam, 
USA), cyto-C (ab133504, 1:100, Abcam, USA) and then 
with secondary antibody. Then cells were counterstained 
with DAPI. The results were visualized using an immu-
nofluorescence microscope (Zeiss, Germany).

CCK-8 assay

After 48-hour transfection, cells were collected. Then 
cells were plated into 24-well plates and cultured for 0, 
12, 24, and 48 h. After being supplemented with CCK-8 
regents and cultured for another 2 h, cells were detected 
by a microplate reader at the wavelength of 450 nm.

Colony formation assay

After transfection, cells were plated into a 24-well 
plate. After 2 weeks of culture, cells were fixed and 
stained with 0.1% crystal violet. Subsequently, the colo-
nies were visualized using a microscope.

Propidium iodide (PI) staining

After transfection, cells were plated into a 24-well 
plate. Then cells were treated with PI solution (2 µg/
mL). Finally, PI positive cells were captured by a fluores-
cence microscope (Leica, Germany).

Xenograft assay.

18 BALB/c nude mice (6–8 weeks, 18–22 g) were pur-
chased from the Animal Center of Nanjing Medical Uni-
versity. Mice were randomly divided into three groups: 
control group, NP+FM group, and NP+FM+CDDO-
ME (CDDO-ME) group. Each mouse was inoculated 
subcutaneously with 3×104 cells. The tumor was meas-
ured every three days. Tumor size was calculated as fol-
lowed: V=lw2/2. At 21 days, mice were euthanized, and 
tumor were collected. This study was authorized by the 
Animal Care Broad of People’s Hospital of Dongtai City.

Statistical analysis

All data were analyzed using SPSS 20.0. The differ-
ence was analyzed using the Student t-test and ANOVA 
assay. The survival rates of patients were analyzed using 
Kaplan Meier and log-rank test. P<0.05 was deemed as a 
significant difference.

Table 1. Baseline demographics and disease

Characteristics N=88

Female, n (%) 88 (100)

Age, years, median(range) 52 (23-84)

Postmenopausal, n (%) 53 (60.23)

ECOG performance status, n (%)

0 56 (63.64)

1 32 (36.36)

LDH concentration, n (%)

<1 xULN 45 (51.14)

≥1 x ULN to <2.5 x ULN 38 (43.18)

≥2.5xULN 2 (2.27)

Unknown 3 (3.41)

Target lesion size, mm, median (range) 48.5 (9-194)

No. of metastatic organ sites, n (%)

1 26 (29.55)

2 48 (54.55)

≥3 14 (15.90)

Visceral± nonvisceral disease, n (%) 55 (62.50)

Prior NP therapy, n (%) 56 (63.64)

Disease-free interval

<12 months 39 (44.32)

≥12 months 49 (55.68)

Previous FM therapy, n (%) 32 (36.36)

No. of previous lines of therapy for re-
current/metastatic disease, n%)

0 85 (96.59)

1 3 (3.41)
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RESULTS

The characteristics of TNBC patients

As shown in Table 1, the participants were all fe-
male. 68% of the TNBC patients had increased LDH 
levels. 45% showed visceral metastasis and 33% with 
recurrence. Additionally, combined therapy significantly 
improved the overall survival rate of TNBC patients 
(Fig.  1).

FM promotes oxidative stress and mitochondrial 
damage in TNBC

Previous studies reveal that FM suppresses the pro-
gression of multiple myeloma via inducing oxidative 
stress. Then we determined the release of oxidative 
stress in TNBC. FM enhanced the effects of NP on 
the release of MDA and GSH (Figs 2A and B). FM en-
hanced mitochondrial aggregation induced by NP (Fig. 

2C). Moreover, FM+NP markedly increased cyto C pro-
tein expression compared with the NP group (Fig. 2D).

FM suppresses the aggressiveness of TNBC cells.

To further verify the effects of FM on TNBC, we de-
termined the MCF7 cellular functions. Compared to the 
control group, FM treatment significantly suppressed the 
cell viability of MCF7 cells (Fig. 3A). This was consist-
ent with the results from the colony formation assay. 
FM markedly inhibited the proliferation of MCF7 cells 
(Fig. 3B). Additionally, FM significantly enhanced the 
apoptosis of MCF7 cells (Fig. 3C). FM remarkably in-
creased the protein expression of BAX and Caspase3 
and decreased Bcl2 (Fig. 3D).

FM increases BACH1 expression

BACH1 is evidenced to play a vital role in mito-
chondrial function. We then determined the potentials 
of BACH1 in TNBC. The online database showed that 
BACH1 expression was decreased in invasive breast can-
cer tumors (Fig. 4A). To further verify this, we deter-
mined BACH1 expression in TNBC patients. As shown 
in Fig. 4B, BACH1 expression in patients administrat-
ed with NP+FM. Moreover, the protein expression of 
BACH1 was markedly increased in cells treated with 
NP+FM (Figs. 4C and D).

BACH1 transmits ROS signaling to mitochondria

BACH1 suppresses the aggressiveness of cancer cells 
via increasing the release of mitochondrial ROS (Hao 
et al., 2021). We, therefore investigated the potentials 
of BACH1 mitochondrial ROS. Figure 5A showed the 
transcription efficiency of sh-BACH1. BACH1 knock-
down antagonized the effects of FM and increased the 
cell ability of MCF7 cells (Fig. 5B). Moreover, BACH1 
knockdown suppressed the protein expression of cyto-
C, and cleaved caspase3 and -9 (Fig. 5C). Additionally, 
BACH1 knockdown suppressed mitochondrial aggrega-

Figure 1. The survival rates of TNBC patients. 
The overall survival rates of TNBC patients. **P<0.01.

Figure 2. FM increases oxidative stress and mitochondrial damage in TNBC. 
The release of MDA (A) and GSH (B) in MCF7 cells. (C) Mitochondrial aggregation determined by immunofluorescence. (D) The protein 
expression of cyto C in MCF7 cells determined using western blot. **P<0.01, ***P<0.001.
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Figure 3. FM suppresses the aggressiveness of MCF7 cells.
(A) MCF7 cell viability determined using CCK-8 assay. (B) The proliferation of MCF7 cells detected using a colony formation assay. (C) The 
apoptosis of MCF7 cells detected using PI staining. (D) The protein expression determined using western blot. **P<0.01.

Figure 4. FM increases BACH1 expression. 
(A) The expression of BACH1. (B) The expression of BACH1 in TNBC patients determined using immunohistochemistry. (C and D) BACH1 
protein expression detected using western blot. **P<0.01.

Figure 5. BACH1 transmits ROS signaling to mitochondria. 
(A) BACH1 protein expression detected using western blot. (B) MCF7 cell viability determined using CCK-8 assay. (C) Caspase3 and -9 
protein expression detected using western blot. (D) Mitochondrial aggregation determined by immunofluorescence. (E) The apoptosis of 
MCF7 cells detected using PI staining. (F) BACH1 protein expression detected using western blot. **P<0.01, ##P<0.01.
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tion (Fig.  5D). The apoptosis rates were significantly 
decreased in the sh-BACH1 group (Fig. 5E). To further 
confirm the roles of BACH1 in mitochondrial ROS. 
Cells were exposed to NAC (an ROS inhibitor). As 
shown in Fig. 5F, NAC antagonized the effects of FM 
and decreased the protein expression of BACH1.

FM regulates mitophagy via inducing BACH1-mediated 
activation of p53

We further investigated the potential underlying mech-
anisms. The online database STING predicted the po-

tential genes interacting with BACH1 (Fig. 6A). Then we 
found that BACH1 may regulate the expression of p53. 
To further verify this, cells were treated with FM and/
or sh-p53. As shown in Figs 6B and C, FM promoted 
p53 translocation from cytoplasm to mitochondria. p53 
deficiency suppressed protein expression of cyto C and 
Caspase9 mitochondrial aggregation (Fig. 6D) as well 
as mitochondrial aggregation (Fig. 6E). Moreover, p53 
knockdown decreased the protein expression of PINK1, 
PARK2 (Fig. 6F). p53 knockdown promoted the cell 

Figure 6. FM suppresses mitophagy via inducing BACH1-mediated activation of p53.
(A) The interaction between BACH1 and p53 predicted using STING. (B) p53 expression determined using immunofluorescence. (C) p53 
protein expression determined using western blot. (D) Mitochondrial aggregation determined by immunofluorescence. (E) cyto-C and 
caspase-9 protein expression determined using western blot. (F) PINK1 and PARK2 protein expression determined using western blot. (G) 
Cell viability determined using CCK-8 assay. (H) The apoptosis of MCF7 cells detected using PI staining. **P<0.01, ##P<0.01.

Figure 7. FM suppresses the tumor growth of TNBC via regulating BACH1. 
The tumor size (A), volume (B), and weight (C) of TNBC in vivo. **P<0.01, ***P<0.001, ##P<0.01.
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viability and inhibited the apoptosis of MCF7 cells 
(Figs  6G and H).

FM suppresses the tumor growth of TNBC via 
regulating BACH1

To further verify the effects of FM on TNBC, in vivo 
assay was performed. As shown in Fig. 7A–C, FM sup-
pressed the tumor size, volume and weight, which was 
abated by BACH1 deficiency.

DISCUSSION

In this study, FM suppressed improved the clinical 
outcome of TNBC patients. FM induced oxidative stress 
and apoptosis of MCF7 cells suppressed tumor growth. 
Additionally, FM suppressed mitophagy via inactivating 
BACH1/p53 signaling pathways.

Formononetin (FM) possesses anti-tumor proper-
ties in various cancers (Tay et al., 2019). For instance, 
FM suppressed the proliferation and metastasis of ovar-
ian cancer cells (Zhang et al., 2018). FM suppresses the 
growth and migration of gastric cancer (Yao et al., 2019). 
In breast cancer, FM induced breast cancer cell cycle rest 
(Chen et al., 2011). FM inhibits Taxol-chemoresistance 
of breast cancer cells via suppressing autophagy signal-
ing (Wu et al., 2021). However, seldom study focuses on 
the mitochondrial functions in breast cancer cells. In this 
study, FM transmitted ROS to mitochondria to release 
cyto C and induced the cascades of caspase-3 and cas-
pase-9, the activation of which induced the apoptosis of 
MCF7 cells. These findings suggest that FM may exert 
its anti-tumor functions via impeding the mitochondrial 
function in breast cancer cells.

BACH1, a member of the cap’n’collar (CNC) b-Zip 
family, plays a key role in regulating oxidative stress 
(Wiel et al., 2019). BACH1 is a key regulator of mito-
chondrial metabolisms in cancer (Lignitto et al., 2019). 
For instance, BACH1 knockdown induces mitochondrial 
respiration and increases the chemosensitivity of papil-
lary thyroid cancer cells to metformin (Yu et al., 2022). 
Moreover, BACH1 is overexpressed in TNBC patients 
and High levels of BACH1 predict poor overall survival 
and disease-free survival rates (Ou et al., 2019). Overex-
pressed BACH1 inhibits glycolysis as well as suppresses 
lactate catabolism in the tricarboxylic acid (TCA) cy-
cle, and promotes breast cancer bone metastasis (Lee et 
al., 2019; Padilla et al., 2022). These studies dictate that 
BACH1 may function as an oncogene in breast cancer. 
In this study, BACH1 was overexpressed in TNBC pa-
tients and MCF7 cells. Moreover, overexpressed BACH1 
suppressed the release of oxidative stress and cancer cell 
apoptosis. Moreover, BACH1 alleviated FM-induced mi-
tochondrial damage.

Mitochondrial metabolism plays a vital role in mito-
chondrial function, requiring intensive integration of mi-
tochondrial morphology and dynamics (Chan, 2020). Mi-
tophagy, erasing damaged mitochondria via autophagy, is 
a key process to maintaining mitochondrial quality (Srini-
vasan et al., 2017). However, dysfunction of mitophagy 
may induce the pathogenesis of cancer, such as hepato-
cellular carcinoma, colon as well as breast cancer (Chen 
et al., 2019; Deng et al., 2021; Yin et al., 2021). Therefore, 
to unraveling the underlying mechanisms may provide a 
novel target for cancer therapy. In this study, FM treat-
ment induced the overexpression of p53. As a tumor 
suppressor, p53 suppresses tumorgenesis via inducing ap-
optosis, pyroptosis, ferroptosis as well as autophagy. In 
this study, FM stimulated p53/PINK1/PARK2 signaling 

pathways via inactivating BACH1, which promoted the 
release of cyto C and caspases as well as mitophagy-me-
diated mitochondrial dysfunction.

However, there are several limitations to this study. 
A large number of patients could make the results more 
convincing. Therefore, future studies will recruit more 
metastatic TNBC patients. Additionally, mitochondrial 
damage and mitophagy may induce other forms of death, 
such as ferroptosis and pyroptosis. Whether FM induced 
ferroptosis or pyroptosis. This needs further study.

In conclusion, FM improved the clinical outcomes 
of TNBC patients. Additionally, FM suppressed the ag-
gressiveness of TNBC via regulating BACH1 signaling. 
Therefore, FM may be an alternative strategy for TNBC.

Declarations

Conflict of interest. None.
Funding. None.

REFERENCES

Braden AV, Stankowski RV, Engel JM, Onitilo AA (2014) Breast can-
cer biomarkers: risk assessment, diagnosis, prognosis, prediction of 
treatment efficacy and toxicity, and recurrence. Curr Pharm Des 20: 
4879–4898. https://doi.org/10.2174/1381612819666131125145517

Bianchini G, Balko JM, Mayer IA, Sanders ME, Gianni L (2016) Tri-
ple-negative breast cancer: challenges and opportunities of a het-
erogeneous disease. Nat Rev Clin Oncol 13: 674–690. https://doi.
org/10.1038/nrclinonc.2016.66

Burstein HJ, Curigliano G, Loibl S, Dubsky P, Gnant M, Poortmans 
P, Colleoni M, Denkert C, Piccart-Gebhart M, Regan M, Senn HJ, 
Winer EP, Thurlimann B; Members of the St. Gallen International 
Consensus Panel on the Primary Therapy of Early Breast Cancer 
(2019) Estimating the benefits of therapy for early-stage breast can-
cer: the St. Gallen International Consensus Guidelines for the pri-
mary therapy of early breast cancer 2019. Ann Oncol 30: 1541–1557. 
https://doi.org/10.1093/annonc/mdz235

Chan DC (2020) Mitochondrial dynamics and its involvement in dis-
ease. Annu Rev Pathol 15: 235–259. https://doi.org/10.1146/an-
nurev-pathmechdis-012419-032711

Chan PW, Chiu JH, Huang N, et al., (2021) Influence of traditional 
chinese medicine on medical adherence and outcome in estrogen 
receptor (+) breast cancer patients in Taiwan: a real-world popu-
lation-based cohort study. Phytomedicine 80: 153365. https://doi.
org/10.1016/j.phymed.2020.153365

Chen J, Zeng J, Xin M, Huang W, Chen X (2011) Formononetin in-
duces cell cycle arrest of human breast cancer cells via IGF1/PI3K/
Akt pathways in vitro and in vivo. Horm Metab Res 43: 681–686. htt-
ps://doi.org/10.1055/s-0031-1286306

Chen Y, Chen HN, Wang K, Zhang L, Huang Z, Liu J, Zhang Z, Luo 
M, Lei Y, Peng Y, Zhou ZG, Wei Y, Huang C  (2019) Ketocona-
zole exacerbates mitophagy to induce apoptosis by downregulating 
cyclooxygenase-2 in hepatocellular carcinoma. J Hepatol 70: 66–77. 
https://doi.org/10.1016/j.jhep.2018.09.022

Deng R, Zhang HL, Huang JH, Cai RZ, Wang Y, Chen YH, Hu BX, 
Ye ZP, Li ZL, Mai J, Huang Y, Li X, Peng XD, Feng GK, Li JD, 
Tang J, Zhu XF  (2021) MAPK1/3 kinase-dependent ULK1 degra-
dation attenuates mitophagy and promotes breast cancer bone me-
tastasis. Autophagy 17: 3011–3029. https://doi.org/10.1080/1554862
7.2020.1850609

Ding Y, Chen X, Zhang Q, Liu Q (2020) Historical trends in breast 
Cancer among women in China from age-period-cohort modeling 
of the 1990-2015 breast Cancer mortality data. BMC Public Health 
20: 1280. https://doi.org/10.1186/s12889-020-09375-0

Fan L, Strasser-Weippl K, Li JJ, St Louis J, Finkelstein DM, Yu KD, 
Chen WQ, Shao ZM, Goss PE (2014) Breast cancer in China. Lancet 
Oncol 15: e279–e89. https://doi.org/10.1016/S1470-2045(13)70567-9

Garrido-Castro AC, Lin NU, Polyak K (2019) Insights into molecu-
lar classifications of triple-negative breast cancer: improving pa-
tient selection for treatment. Cancer Discov 9: 176–198. https://doi.
org/10.1158/2159-8290.CD-18-1177

Hao S, Zhu X, Liu Z, Wu X, Li S, Jiang P, Jiang L (2021) Chronic 
intermittent hypoxia promoted lung cancer stem cell-like proper-
ties via enhancing Bach1 expression. Respir Res 22: 58. https://doi.
org/10.1186/s12931-021-01655-6

Huang WJ, Bi LY, Li ZZ, Zhang X, Ye Y (2013) Formononetin in-
duces the mitochondrial apoptosis pathway in prostate cancer cells 
via downregulation of the IGF-1/IGF-1R signaling pathway. Pharm 
Biol. Epub ahead of print. https://doi.org/10.3109/13880209.2013.
842600

661

https://doi.org/10.2174/1381612819666131125145517
https://doi.org/10.1038/nrclinonc.2016.66
https://doi.org/10.1038/nrclinonc.2016.66
https://doi.org/10.1093/annonc/mdz235
https://doi.org/10.1146/annurev-pathmechdis-012419-032711
https://doi.org/10.1146/annurev-pathmechdis-012419-032711
https://doi.org/10.1016/j.phymed.2020.153365
https://doi.org/10.1016/j.phymed.2020.153365
https://doi.org/10.1055/s-0031-1286306
https://doi.org/10.1055/s-0031-1286306
https://doi.org/10.1016/j.jhep.2018.09.022
https://doi.org/10.1080/15548627.2020.1850609
https://doi.org/10.1080/15548627.2020.1850609
https://doi.org/10.1186/s12889-020-09375-0
https://doi.org/10.1016/S1470-2045(13)70567-9
https://doi.org/10.1158/2159-8290.CD-18-1177
https://doi.org/10.1158/2159-8290.CD-18-1177
https://doi.org/10.1186/s12931-021-01655-6
https://doi.org/10.1186/s12931-021-01655-6
https://doi.org/10.3109/13880209.2013.842600
https://doi.org/10.3109/13880209.2013.842600


Vol. 70 						      539Chemosensitivity of triple negative breast cancer via BTB domain and CNC homolog

Lee J, Yesilkanal AE, Wynne JP, Frankenberger C, Liu J, Yan J, El-
baz M, Rabe DC, Rustandy FD, Tiwari P, Grossman EA, Hart PC, 
Kang C, Sanderson SM, Andrade J, Nomura DK, Bonini MG, Lo-
casale JW, Rosner MR  (2019) Effective breast cancer combination 
therapy targeting BACH1 and mitochondrial metabolism. Nature 
568: 254–258. https://doi.org/10.1038/s41586-019-1005-x

Li T, Zhang S, Chen F, Hu J, Yuan S, Li C, Wang X, Zhang W, Tang 
R (2021) Formononetin ameliorates the drug resistance of Taxol re-
sistant triple negative breast cancer by inhibiting autophagy. Am J 
Transl Res 13: 497–514. PMID: 33594306

Lignitto L, LeBoeuf SE, Homer H, Jiang S, Askenazi M, Karakousi 
TR, Pass HI, Bhutkar AJ, Tsirigos A, Ueberheide B, Sayin VI, Pa-
pagiannakopoulos T, Pagano M (2019) Nrf2 Activation promotes 
lung cancer metastasis by inhibiting the degradation of Bach1. Cell 
178: 316–329 e18. https://doi.org/10.1016/j.cell.2019.06.003

Ma C, Xia R, Yang S, Liu L, Zhang J, Feng K, Shang Y, Qu J, Li L, 
Chen N, Xu S, Zhang W, Mao J, Han J, Chen Y, Yang X, Duan Y, 
Fan G (2020) Formononetin attenuates atherosclerosis via regulating 
interaction between KLF4 and SRA in apoE(-/-) mice. Theranostics 
10: 1090–1106. https://doi.org/10.7150/thno.38115

Newman LA, Kaljee LM (2017) Health disparities and triple-negative 
breast cancer in african american women: a review. JAMA Surg 152: 
485–493. https://doi.org/10.1001/jamasurg.2017.0005

Ou X, Gao G, Bazhabayi M, Zhang K, Liu F, Xiao X (2019) MALAT1 
and BACH1 are prognostic biomarkers for triple-negative breast 
cancer. J Cancer Res Ther 15: 1597–1602. https://doi.org/10.4103/
jcrt.JCRT_282_19

Padilla J, Lee BS, Zhai K, Rentz B, Bobo T, Dowling NM, Lee J 
(2022) A Heme-binding transcription factor BACH1 regulates lac-
tate catabolism suggesting a combined therapy for triple-negative 
breast cancer. Cells 11. https://doi.org/10.3390/cells11071177

Srinivasan S, Guha M, Kashina A, Avadhani NG (2017) Mitochon-
drial dysfunction and mitochondrial dynamics – The cancer con-
nection. Biochim Biophys Acta Bioenerg 1858: 602–614. https://doi.
org/10.1016/j.bbabio.2017.01.004

Tay KC, Tan LT, Chan CK, Hong SL, Chan KG, Yap WH, Puspara-
jah P, Lee LH, Goh BH (2019) Formononetin: a review of its anti-
cancer potentials and mechanisms. Front Pharmacol 10: 820. https://
doi.org/10.3389/fphar.2019.00820

Wang JY, Jiang MW, Li MY, Zhang ZH, Xing Y, Ri M, Jin CH, Xu 
GH, Piao LX, Jin HL, Ma J, Jin Y, Zuo HX, Jin X  (2022) Formon-
onetin represses cervical tumorigenesis by interfering with the acti-
vation of PD-L1 through MYC and STAT3 downregulation. J Nutr 
Biochem 100: 108899. https://doi.org/10.1016/j.jnutbio.2021.108899

Wiel C, Le Gal K, Ibrahim MX, Jahangir CA, Kashif M, Yao H, Zie-
gler DV, Xu X, Ghosh T, Mondal T, Kanduri C, Lindahl P, Sayin 

VI, Bergo MO (2019) BACH1 Stabilization by antioxidants stimu-
lates lung cancer metastasis. Cell 178: 330–345 e22. https://doi.or-
g/10.1016/j.cell.2019.06.005

Wu J, Xu W, Ma L, Sheng J, Ye M, Chen H, Zhang Y, Wang B, Liao 
M, Meng T, Zhou Y, Chen H (2021) Formononetin relieves the 
facilitating effect of lncRNA AFAP1-AS1-miR-195/miR-545 axis on 
progression and chemo-resistance of triple-negative breast cancer. 
Aging (Albany NY) 13: 18191–18222. https://doi.org/10.18632/ag-
ing.203156

Xin M, Wang Y, Ren Q, Guo Y (2019) Formononetin and metformin 
act synergistically to inhibit growth of MCF-7 breast cancer cells in 
vitro. Biomed Pharmacother 109: 2084–2089. https://doi.org/10.1016/j.
biopha.2018.09.033

Xu M, Yuan Y, Yan P, Jiang J, Ma P, Niu X, Ma S, Cai H, Yang 
K (2020) Prognostic significance of androgen receptor expression 
in triple negative breast cancer: a systematic review and meta-anal-
ysis. Clin Breast Cancer 20: e385–e396. https://doi.org/10.1016/j.
clbc.2020.01.002

Yang Z, Zhang Q, Yu L, Zhu J, Cao Y, Gao X (2021) The signal-
ing pathways and targets of traditional Chinese medicine and natu-
ral medicine in triple-negative breast cancer. J Ethnopharmacol 264: 
113249. https://doi.org/10.1016/j.jep.2020.113249

Yao JN, Zhang XX, Zhang YZ, Li JH, Zhao DY, Gao B, Zhou HN, 
Gao SL, Zhang LF (2019) Discovery and anticancer evaluation of 
a formononetin derivative against gastric cancer SGC7901 cells. In-
vest New Drugs 37: 1300–1308. https://doi.org/10.1007/s10637-019-
00767-7

Yin K, Lee J, Liu Z, Kim H, Martin DR, Wu D, Liu M, Xue X  
(2021) Mitophagy protein PINK1 suppresses colon tumor growth 
by metabolic reprogramming via p53 activation and reducing acetyl-
CoA production. Cell Death Differ 28: 2421–2435. https://doi.
org/10.1038/s41418-021-00760-9

Yu X, Gao F, Li W, Zhou L, Liu W, Li M (2020) Formononetin in-
hibits tumor growth by suppression of EGFR-Akt-Mcl-1 axis in 
non-small cell lung cancer. J Exp Clin Cancer Res 39: 62. https://doi.
org/10.1186/s13046-020-01566-2

Yu Y, Feng C, Kuang J, Guo L, Guan H (2022) Metformin exerts an 
antitumoral effect on papillary thyroid cancer cells through altered 
cell energy metabolism and sensitized by BACH1 depletion. Endo-
crine 76: 116–131. https://doi.org/10.1007/s12020-021-02977-7

Zhang J, Liu L, Wang J, Ren B, Zhang L, Li W (2018) Formonon-
etin, an isoflavone from Astragalus membranaceus inhibits proliferation 
and metastasis of ovarian cancer cells. J Ethnopharmacol 221: 91–99. 
https://doi.org/10.1016/j.jep.2018.04.014

662

https://doi.org/10.1038/s41586-019-1005-x
https://doi.org/10.1016/j.cell.2019.06.003
https://doi.org/10.7150/thno.38115
https://doi.org/10.1001/jamasurg.2017.0005
https://doi.org/10.4103/jcrt.JCRT_282_19
https://doi.org/10.4103/jcrt.JCRT_282_19
https://doi.org/10.3390/cells11071177
https://doi.org/10.1016/j.bbabio.2017.01.004
https://doi.org/10.1016/j.bbabio.2017.01.004
https://doi.org/10.3389/fphar.2019.00820
https://doi.org/10.3389/fphar.2019.00820
https://doi.org/10.1016/j.jnutbio.2021.108899
https://doi.org/10.1016/j.cell.2019.06.005
https://doi.org/10.1016/j.cell.2019.06.005
https://doi.org/10.18632/aging.203156
https://doi.org/10.18632/aging.203156
https://doi.org/10.1016/j.biopha.2018.09.033
https://doi.org/10.1016/j.biopha.2018.09.033
https://doi.org/10.1016/j.clbc.2020.01.002
https://doi.org/10.1016/j.clbc.2020.01.002
https://doi.org/10.1016/j.jep.2020.113249
https://doi.org/10.1007/s10637-019-00767-7
https://doi.org/10.1007/s10637-019-00767-7
https://doi.org/10.1038/s41418-021-00760-9
https://doi.org/10.1038/s41418-021-00760-9
https://doi.org/10.1186/s13046-020-01566-2
https://doi.org/10.1186/s13046-020-01566-2
https://doi.org/10.1007/s12020-021-02977-7
https://doi.org/10.1016/j.jep.2018.04.014


Role of albumin and prealbumin
in assessing nutritional status and
predicting increased risk of
infectious complications during
childhood cancer treatment
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Introduction: Proper nutrition in patients with cancer is important for

preventing treatment complications and achieving remission. Malnutrition in

these patients leads to reduced production of essential structural proteins.

Purpose: The aim of the study was to assess the role of albumin and prealbumin

in assessing the nutritional status of cancer patients and in predicting an

increased risk of infectious complications during treatment.

Patients and Methods: The study included 40 pediatric patients with newly

diagnosed cancer and 30 healthy children serving as controls. Prealbumin,

albumin, and C-reactive protein (CRP) levels and the upper arm muscle area

(UAMA) were measured before and after treatment in children with cancer and

compared with the control group to evaluate nutritional status. Additionally, we

assessed associations between these parameters and the incidence of

infectious complications during cancer treatment in patients with

anthropometric malnutrition, as well as associations with an increased risk of

malnutrition related to inflammation before treatment.

Results: At baseline, patients with cancer had lower prealbumin and albumin

levels (p< 0.001), higher CRP levels (p < 0.001), and lower UAMA percentiles (p =

0.0245) compared with controls. Cancer treatment resulted in an increase in

prealbumin and albumin levels (p < 0.001) and a reduction in CRP levels (p <
0.001), with no change in UAMA (p = 1.000). Prealbumin deficiency was more

common than albumin deficiency before and after cancer treatment. Median

prealbumin and albumin levels tended to increase with an increasing UAMA

percentile range, but these differences were not significant (p> 0.05). The

incidence of infectious complications during treatment in patients with risk

factors for inflammation-relatedmalnutrition was similar to that in patients with

pre-existing anthropometric malnutrition without inflammation (p = 1.000). In a

univariable logistic regression model including prealbumin and albumin

deficiency, as well as low UAMA percentile, albumin deficiency before

treatment was shown to be a significant predictor of 3 or more infectious

episodes during treatment (p = 0.02).
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Conclusion: Albumin and prealbumin deficiency may predict the risk of

malnutrition associated with inflammation in patients with cancer.

Hypoalbuminemia may predict an unfavorable course of treatment

complicated by frequent infections in these patients.

KEYWORDS

albumin, prealbumin, children, cancer, malnutrition

Introduction

Thanks to advances in pediatric cancer treatment, the

number of childhood cancer survivors is growing. In recent

years, a reduction in childhood cancer mortality has been

observed in Europe, with Poland being one of the countries

with the lowest leukemia mortality rates (Bertuccio et al., 2020).

On the other hand, the long duration of cancer treatment, the use

of cytostatic and biologic drugs, as well as radiotherapy and

surgery, may lead to treatment-related complications. The most

common complications are infections, which can be life-

threatening in immunosuppressed patients, and thus reduce

cancer survival (Esbenshade et al., 2023; Zawitkowska et al.,

2019). As a result, cancer remains the third leading cause of death

(after accidents and injuries) in the pediatric population

(Cunningham et al., 2018).

Supportive care in cancer patients is important to prevent

serious complications or to mitigate their effects (Esbenshade

et al., 2023). One component of supportive care is to improve the

nutritional status of patients. Malnutrition at diagnosis increases

the risk of mortality during and after treatment (Barr and

Stevens, 2020). Proper nutritional status in cancer patients

promotes remission and improves patient comfort (Rogers

and Barr, 2020). Therefore, it is important to identify patients

at risk for malnutrition.

The assessment of nutritional status in children with cancer

should include common anthropometric measures such as

body weight and body mass index, as well as baseline body

composition evaluated by mid-upper arm circumference and

triceps skinfold thickness, or by more advanced tests such as

bioelectrical impedance analysis and dual-energy X-ray

absorptiometry (Ladas et al., 2016). Anthropometric

nutritional status can also be determined by the upper arm

muscle area (UAMA) index, which represents lean body mass

and is calculated using the Frisancho formula

(Frisancho, 1990).

Increased catabolism and energy expenditure in cancer

patients results in reduced production of structural proteins

(Bauer et al., 2011; Co-Reyes et al., 2012; Laviano et al., 2005;

Sala et al., 2004; Soeters et al., 2021; Romano et al., 2022).

These metabolic processes manifest clinically as muscle

wasting and poor muscle function both in adult and

pediatric patients (Joffe et al., 2019; Shachar et al., 2016;

Cederholm et al., 2017). Malnutrition in cancer is a type of

disease-related malnutrition with inflammation, where the

degree of disease-induced metabolic response determines

the rate of catabolism and the onset of clinically significant

malnutrition (Cederholm et al., 2017; Viani et al., 2020).

Patients with precachexia are at risk for malnutrition due

to the inflammatory response induced by the underlying

disease (Sala et al., 2004).

Given that low serum protein levels may predict

inflammatory malnutrition, we aimed to assess the protein

status of children with newly diagnosed cancer and the effect

of pretreatment albumin and prealbumin deficiency on the

incidence of infectious complications during treatment

(Cehreli et al., 2019; Luo et al., 2019).

Patients and methods

Study design

This observational, prospective, single-center study was

conducted in pediatric patients with newly diagnosed cancer

who were hospitalized between October 2019 and January

2022 in the Pediatric Department of Hematology, Oncology

and Transplantology at University Hospital in Lublin, Poland.

In total, 40 children with cancer were included. The results of the

study group were compared with the results of the control group,

which was recruited from volunteers. The control group included

children who were not receiving specialized care for chronic

diseases, were not taking any chronic medications, and had no

evidence of active infection on enrollment.

Median age at the time of cancer diagnosis was 11.29 years

(IQR, 5.25–13.27), and the median age of the control group was

6.5 years (IQR, 4.65–9.96). Most patients were male (67.5%),

had a diagnosis of hematological malignancy (75%), and

received low-intensity or intermediate-intensity treatment

(55%). The median follow-up was 39.93 weeks (IQR,

26.57–48.64), and the median time between the end of

cancer treatment and study measurements was 6.07 weeks

(IQR, 3.21–11.89). The baseline characteristics of the study

are summarized in Table 1.

In all patients, the levels of visceral serum proteins

(prealbumin and albumin) and C-reactive protein (CRP) were

assessed, and anthropometric measurements were performed

before and after cancer treatment to evaluate nutritional status
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as well as associations between these parameters and the

incidence of infectious complications during cancer treatment.

As malnutrition is a risk factor for infectious complications, we

assessed the incidence of complications in patients with

anthropometric malnutrition and those with an increased risk

of malnutrition related to inflammation before treatment.

Patients with anthropometric malnutrition met the following

criteria: lowUAMApercentile range and low albumin and/or low

prealbumin and normal CRP levels, whereas patients with

normal/high UAMA and low albumin and/or low prealbumin

and elevated CRP levels were suspected of malnutrition with

inflammation.

The clinical and demographic data of patients were obtained

from hospital medical records. In all patients, cancer was

diagnosed based on the International Classification of

Childhood Cancer ver. 3 (Steliarova-Foucher et al., 2005).

Patients received standard treatment according to the type

and stage of cancer.

Detailed clinical, demographic, and social characteristics of

study participants were reported previously (Milaniuk and

Drabko, 2024).

Informed consent was obtained from parents or legal

guardians of each participant included in the study.

Ethics approval
This study was conducted in accordance with the principles

of the Declaration of Helsinki. Approval was granted by the

Ethics Committee of the Medical University of Lublin (26 Sep

2019/No KE-0254/278/2019).

Biochemical assessment of serum
protein levels

Blood samples were collected from patients after an

overnight fast during routine sampling for laboratory

measurements. Serum prealbumin levels were determined by

enzyme-linked immunosorbent assay (IDK® prealbumin ELISA,

Immunodiagnostik AG, Germany) in samples previously stored

at −20°C. Albumin and CRP levels were determined immediately

after sample collection. Albumin deficiency was defined as a level

of 3.5 g/dL or lower and prealbumin deficiency as a level of 0.2 g/

L or lower. Prealbumin levels of less than 0.1 g/L indicated severe

deficiency. CRP levels greater than 0.5 mg/L indicated the risk of

inflammation.

Assessment of anthropometric protein-
energy undernutrition

In this study, UAMA was used to anthropometrically assess

protein-energy undernutrition (PEU) in cancer patients. It was

calculated using the Frisancho formula: UAMA (cm2) =

[MUAC − (TSFT*π)]2 ∕ (4*π), where MUAC is the mid-upper

arm circumference and TSFT is the triceps skinfold thickness.

UAMA percentiles were classified into the following

categories: low muscle (<5th percentile), below average (5th

to <15th percentile), average (15th to <85th percentile), above

average (85th to <95th percentile), and high muscle

(≥95 percentile) according to age- and sex-adjusted growth

charts (Frisancho, 1990).

Assessment of infectious complications

The medical records of participants were reviewed for the

history of the following infectious complications during

treatment: respiratory infections, gastrointestinal

inflammation, stomatitis, soft tissue inflammation, fever of

unknown origin (FUO), and sepsis. Standardized International

Classification of Diseases, Tenth Revision (ICD-10) diagnostic

codes were used in the analysis.

Statistical analysis

Patient characteristics were evaluated using descriptive

statistics, categorical variables were described as numbers and

percentages, and numerical variables were described as mean,

standard deviation, median, quartiles, and range. Differences

between groups were assessed using Fisher, χ2, Mann-

Whitney, Wilcoxon, Kruskal-Wallis. A single-variable logistic

regression analysis was used to assess prealbumin and albumin

deficiency and low percentile ranges of the UAMA as predictors

TABLE 1 Characteristics of 40 children with cancer.

Characteristics of 40 children with cancer

Sex
Female
Male

n (%)
13 (32.5)
27 (67.5)

Age, years Median (Q1-Q3) 11.29 (5.25–13.27)
Range 2.08–17.67

Primary diagnosis
Hematological malignancies
Acute lymphoblastic leukemia

Acute myeloid leukemia
Non-Hodgkin’s lymphoma

Hodgkin’s lymphoma
Solid tumors

Central nervous system tumors
Wilms tumor

Soft tissue sarcoma
Ewing sarcoma
Germ cell tumors

n (%)
30 (75.0)

15
2
5
8

10 (25.0)
2
2
3
2
1

Intensity of treatmenta

Low/intermediate
High

n (%)
22 (55.0)
18 (45.0)

aTreatment intensity was defined according to risk group classification or disease stage

as follows: SR, standard risk; IR, intermediate risk, stage I, II (low/intermediate

intensity of treatment), HR, high risk, stage III, and IV (high intensity of treatment).
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of infectious complications during treatment. For each

explanatory variable OR was calculated. A p-value

of <0.05 was considered significant. All statistical analyses

were performed using R version 4.1.1.

Results

Protein levels and UAMA percentile ranges
in cancer patients and controls

Albumin and prealbumin levels were significantly lower in

cancer patients than in controls. In the cancer group, albumin

and prealbumin levels were higher after vs. before treatment

(Table 2). In contrast, CRP levels were significantly higher in

cancer patients than in controls. Cancer treatment led to a

significant reduction in CRP levels (Table 2).

Regarding UAMA, there was a significantly higher number of

patients with low percentiles in the cancer group compared with

the control group. There were no differences in the distribution

of UAMA percentiles before vs. after treatment in cancer

patients (Table 3).

Protein levels and UAMA values in patients
with hematological malignancies and
solid tumors

There were no significant differences in protein levels and

UAMA values between group of patients with hematological

malignancies and those with solid tumors (neither before nor

after cancer treatment (p > 0.05). However, the comparison

within groups demonstrated that in patients with hematological

malignancies prealbumin and albumin concentrations were

significantly higher after treatment that before. Similat

observation was made in patients with solid tumours, but it

regard only to albumin concentrations (Table 4).

Assessment of prealbumin and
albumin deficiency

In patients with cancer, prealbumin deficiency was more

common before vs. after treatment (p < 0.001). Before

treatment, it was noted in 35 patients (87.5%), of whom

23 (57.5%) had severe prealbumin deficiency. After

treatment, prealbumin deficiency was reported in

25 patients (67.5%). None of the cancer patients had

severe prealbumin deficiency after treatment. Albumin

deficiency was found in 5 patients (12.5%) before

treatment, while it was not observed in any of the patients

after treatment (p = 0.0547). Before treatment, 21 patients

(52.5%) had elevated CRP levels, as compared with 8 patients

(20%) after treatment (p = 0.0053).

The median prealbumin level across all UAMA percentile

ranges was less than 0.2 g/L. However, patients with UAMA

below the 85th percentile had the median prealbumin level below

0.1 g/L, what indicated a severe deficiency. The median albumin

level for all UAMA percentile ranges was greater than 3.5 g/dL. In

addition, median albumin and prealbumin levels tended to

increase with an increasing UAMA percentile, but the

difference was not significant (p > 0.05). There was no

association between CRP levels and UAMA percentile

range (Table 5).

Associations between nutritional status at
diagnosis and infectious complications

The most common infectious complications during the

course of treatment affected respiratory system (n = 17) with

almost half of them being pulmonary mycosis (n = 8), and oral

cavity (n = 15) with stomatitis reaching grade III and IV of

severity (n = 5). The third most common infectious complication

were gastrointestinal tract infections (n = 9). Sepsis was

diagnosed in 8 patients and FUO occurred in 5. The

TABLE 2 Protein concentrations in patients before and after cancer treatment and in controls.

Proteins

Prealbumin g/L p-value Albumin g/dL p-value CRP mg/L p-value

Study group n = 40
before treatment

0.08 (0.07–0.15)
0.02–0.34

<0.001a 4.11 (3.87–4.44)
3.06–5.07

<0.001a 0.68 (0.07–3.31)
0.01–23.13

<0.001a

Study group n = 40
after treatment

0.18 (0.15–0.25)
0.1–0.38

4.58 (4.42–4.73)
3.92–5.11

0.09 (0.03–0.26)
0.01–2.09

Controls group n = 30 0.17 (0.15–0.22)
0.12–0.47

<0.001b 0.17 (0.15–0.22)
0.12–0.47

<0.001b 0.03 (0.03–0.03)
0.03–0.27

0.001b

Data are presented as median (Q1-Q3) and range, and the differences in parameters were calculated using the Wilcoxon test.
aPatients before vs. after cancer treatment.
bPatients before cancer treatment vs. control group.

Abbreviations: CRP, C-reactive protein.
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remaining infections regard to soft tissue infections,

asymptomatic COVID-19 and varicella (Figure 1). Severe

mucosal inflammation (typhlitis, stomatitis) required total

parenteral nutrition in 2 patients. In the remaining cases, oral

nutritional interventions were used.

Infectious complications occurred in 23 patients with cancer

(57.5%), with 3 or more infectious episodes reported in

11 patients (27.5%). The incidence of complications was

influenced by tumor type, with 3 or more episodes occurring

significantly more often in patients with hematological

malignancies than in those with solid tumors (63.2% vs. 40%;

p = 0.0381). Factors such as sex, intensity of treatment, and

patient age had no effect on the incidence of infectious

complications (p > 0.05).

Pretreatment prealbumin and albumin levels were slightly

lower in patients with infectious complications during cancer

treatment compared with patients without complications

(Table 6). However, these differences were not significant,

TABLE 3 Distribution of UAMA percentiles in patients before and after cancer treatment and in controls.

UAMA percentile p-valuea p-valueb

<5–15th 15–85th >85th

Study group n=40
before treatment

11 (27.5) 22 (55.0) 7 (17.5) 0.0245c 1.0000d

Study group n=40
after treatment

11 (27.5) 22 (55.0) 7 (17.5)

Controls group n=30 1 (3.3) 22 (73.3) 7 (23.3)

Data are presented as number and percentage (%). The differences in parameters were calculated using the Fisher testc and χ2 testd.
aPatients before cancer treatment vs. control group.
bPatients before vs. after cancer treatment.

UAMA, upper arm muscle area.

TABLE 4 Protein concentrations and UAMA values in patients before and after cancer treatment according to cancer type.

Type of cancer Prealbumin g/L p-value Albumin g/dL p-value UAMA (cm2) p-value

Hematological malignancies, n = 30 before treatment 0.08 (0.06–0.1)
0.02–0.2

<0.001 4.11 (3.86–4.49)
3.06–5.07

0.0012 24.14 (16.59–36.02)
10.26–65.4

0.0803

Hematological malignancies, n = 30 after treatment 0.18 (0.16–0.25)
0.1–0.38

4.57 (4.38–4.8)
3.92–5.11

25.12 (19.2–35.42)
12.15–62.82

Solid tumors n = 10 before treatment 0.14 (0.09–0.19)
0.03–0.34

0.4922 4.19 (3.91–4.42)
3.68–4.64

0.0098 21 (19.51–26.3)
16.1–53.48

0.8127

Solid tumors n = 10 after treatment 0.15 (0.13–0.18)
0.1–0.26

4.6 (4.48–4.64)
4.38–4.74

21.63 (20.09–28.48)
15.56–55.81

Data are presented as median (Q1-Q3) and range. Differences in parameters were calculated the Wilcoxon test.

Abbreviations: UAMA, upper arm muscle area.

TABLE 5 Pretreatment prealbumin, albumin, and CRP levels depending on the UAMA percentile range.

UAMA percentile range Prealbumin g/L p-value Albumin g/dL p-value CRP (mg/L) p-value

<5–15th n = 11 0.08 (0.06–0.14)
0.02–0.2

0.1013 4.08 (3.74–4.35)
3.32–4.61

0.4759 0.13 (0.03–0.3)
0.03–1.34

0.2002

15–85th n = 22 0.08 (0.06–0.1)
0.03–0.21

4.05 (3.88–4.48)
3.06–5.07

0.03 (0.03–0.15)
0.01–2.09

>85th n = 7 0.14 (0.11–0.18)
0.07–0.34)

4.42 (4.07–4.58)
3.36–4.67

0.1 (0.1–0.7)
0.03–1.43

Data are presented as median (Q1-Q3) and range. Differences in parameters were calculated using the Kurskal-Wallis test.

Abbreviations: CRP, C-reactive protein; UAMA, upper arm muscle area.
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except borderline significance for prealbumin. Patients with

hypoalbuminemia were significantly more likely to have 3 or

more infectious episodes (Table 7).

Infectious complications in patients with
anthropometric malnutrition and risk of
malnutrition with inflammation

The incidence of infectious complications during cancer

treatment was compared between patients with

anthropometric malnutrition without inflammation and those

at risk of malnutrition due to inflammation. Only 4 patients

(10%) met the diagnostic criteria for malnutrition without

inflammation, while 15 patients (37.5%) were at risk for

malnutrition due to inflammation. The remaining 21 patients

with cancer (52.6%) did not meet any of the criteria to be

included in either subgroup. We found no differences in the

incidence of infectious complications between subgroups, and

over 50% of patients in both subgroups had 3 or more infectious

episodes (Table 8).

Effect of protein deficiency and low UAMA
on the incidence of complications during
cancer treatment

In a univariable logistic regression model including

prealbumin and albumin deficiency, as well as low UAMA

percentile, pretreatment albumin deficiency was shown to be a

significant predictor of 3 or more infectious episodes during

cancer treatment (p = 0.02) (Table 9).

Discussion

This study highlights the importance of identifying

malnutrition in children with cancer. We present an analysis

of the protein and anthropometric status of protein malnutrition

in cancer, which indicates the risk of infectious complications in

malnourished patients and those at risk of malnutrition.

Previous studies confirmed that cancer patients have lower

blood protein levels than healthy individuals and in addition that

protein deficiency affects the treatment course and survival of

these patients (Cehreli et al., 2019; Luo et al., 2019; McLean et al.,

2020; Sanches et al., 2015; Kuvibidila et al., 2000). In our study,

prealbumin and albumin levels were also significantly lower in

children at the time of cancer diagnosis compared with healthy

control. Moreover, blood protein levels increased after cancer

treatment, which may indicate a metabolic switch to anabolic

processes in cancer remission.

Protein in the diet is very important for cancer patients,

whose metabolic rate is particularly high. Therefore, supportive

cancer care should include nutritional management of

malnourished patients. For this reason, the Polish Society for

Pediatric Clinical Nutrition and the Polish Society for Pediatric

Oncology and Hematology have developed guidelines for

assessing the clinical risk of malnutrition in children with

cancer and the indications for implementing nutritional

interventions before and during treatment in patients at risk

of malnutrition and malnourished patients (Budka-Chrzęszczyk

et al., 2024). The enrichment of meals with foods that are high in

protein and calories is a basic principle in the choice of diet for

children with cancer. However, during cancer treatment,

children’s taste and smell preferences often change, and

treatment with cytostatic drugs is associated with vomiting

FIGURE 1
Type and frequency of infectious complications.

TABLE 6 Pretreatment prealbumin and albumin levels according to the occurrence of infectious complications.

Infectious complications Prealbumin g/L p-value Albumin g/dL p-value

Yes n = 23 0.08 (0.05–0.1)
0.02–0.2

0.0504 0.12 (0.08–0.19)
0.03–0.34

0.073

No n = 17 0.12 (0.08–0.19)
0.03–0.34

4.38 (4.08–4.52)
3.06–5.07

Data are presented as median (Q1–Q3) and range. Differences in parameters were calculated using the U Mann-Whitney test.
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and nausea, making it difficult to follow dietary

recommendations. Patients at risk of permanent malnutrition

during treatment should therefore be treated with nutritionally

complete and energy-rich enteral formulas, this form of

management provides uninterrupted nutritional support. In

some cases, patients who have developed gastrointestinal

mucosal complications may have difficulty with oral intake,

and special situations such as acute pancreatitis and bowel

obstruction may require temporary parenteral nutrition. The

indications for nutritional interventions developed by the above

Polish societies are supported by literature data (Bauer, et al.,

2011; Ladas et al., 2016).

In our study group, up to 87% of children were found to be

protein deficient before treatment. The results of our study did

not confirm significant differences in protein status and the

incidence of PEU when comparing the group of patients with

solid tumours and hematological malignancies both before and

after treatment. In contrast, the results of the analysis showed

that there was an increase in protein levels after treatment in both

tumour groups, with significantly higher levels of prealbumin

TABLE 7 Distribution of prealbumin and albumin deficiency according to the number of infectious episodes.

Infectious complications

0–2 episodes n = 29 3–5 episodes n = 11 p-value

Prealbumin deficiency

Yes n = 35 24 (68.6) 11 (31.4) 0.2975

No n = 5 5 (100.0) 0 (0.0)

Albumin deficiency

Yes n = 5 1 (20.0) 4 (80.0) 0.0152

No n = 35 28 (80.0) 7 (20.0)

Data are presented as number (percentage) of patients. Differences in parameters were calculated using the Fisher test.

TABLE 8 Incidence of infectious complications in patients with anthropometric malnutrition and patients at risk for malnutrition with inflammation.

Infectious complications Patients with anthropometric
malnutrition n = 4

Patients at risk for malnutrition with
inflammation n = 15

p-value

Yes 3 (75.0) 9 (60.0) 1.000

No 1 (25.0) 6 (40.0)

Infectious complications

0–2 episodes 3–5 episodes 1.000

Patients with anthropometric malnutrition
n = 4

1 (25.0) 3 (75.0)

Patients at risk for malnutrition with
inflammation n = 15

6 (40.0) 9 (60.0)

Data are presented as number (percentage). Differences in parameters were calculated using the Fisher test.

TABLE 9 Univariable logistic regression analysis of prealbumin and albumin deficiency, as well as low UAMA percentile, as predictors of infectious
complications during treatment.

Variable Estimate OR LCI UCI p-value

Prealbumin deficiency 16.786 19,499,705.588 0.000 NA 0.992

Albumin deficiency 2.773 16.000 1.994 341.07 0.02

Low UAMA percentile 1.161 3.194 0.713 14.71 0.126

Odds ratio (OR), and lower (LCI) and upper (UCI) 95% confidence intervals for main risk factors.

Abbreviations: NA, not available; UAMA, upper arm muscle area.
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and albumin in the hematological malignancies and significantly

higher levels of albumin in the solid tumour group.

In our study, prealbumin deficiency was more common than

albumin deficiency before treatment and was present in most

patients. Prealbumin (transthyretin) is a transport protein for

thyroid hormones. Serum prealbumin levels below 0.1 g/L are

considered to indicate a significant risk of malnutrition (Keller,

2019; Beck and Rosenthal et al., 2002; Bharadwaj et al., 2016). In our

study, 67.5% of patients had prealbumin deficiency after treatment,

but the deficiency was not severe. We also observed that achieving

higher prealbumin concentrations after treatment occurred in

patients with hematological malignancies, who are at lower risk

of malnutrition due to their tumour type. Additionally, most

patients with hematological malignancies received low and

intermediate intensity treatment due to their low risk group

classification (standard risk or-intermediate risk), while most

patients with solid tumours received high intensity treatment due

to their high stage of disease. Compared with albumin, prealbumin

has a short half-life of only 2 days. Due to its favorable amino acid

composition, prealbumin can be used to assess changes in the

patient’s diet, such as insufficient caloric intake or dietary

improvement (Keller, 2019; Beck and Rosenthal et al., 2002;

Bharadwaj et al., 2016). In our study, a lower percentage of

patients with prealbumin deficiency after treatment may indicate

an improvement in the nutrition of cancer patients in remission and

thus predict an improvement in the nutritional status of patients.

However, this hypothesis cannot be confirmed due to the limited

duration of the study and the lack of monitoring of nutritional status

and prealbumin levels in cancer survivors.

Literature data report a different prevalence of

hypoalbuminemia at diagnosis in children with cancer,

ranging from 7.4% to 45.8% (McLean et al., 2020; Leraas

et al., 2023; Tandon et al., 2015; Yaprak et al., 2021). In our

study, albumin deficiency was found in only 12.5% of children

before treatment and in no children after treatment. Therefore,

albumin was shown to be less useful than prealbumin in

predicting malnutrition due to inflammation.

Our study highlights themeasurement of UAMA as a simple but

important tool for assessing lean body mass, particularly muscle

mass, which is a key component of metabolic and immune health.

The prevalence of anthropometric malnutrition according to UAMA

in our patients did not change during the observation period. A low

UAMA percentile was reported in 27.5% of cancer patients at

diagnosis, and this rate remained stable until the end of

treatment. Iniesta et al. (Revuelta Iniesta et al., 2019) reported a

lower prevalence of PEU in their study group including 64 children

with cancer. The highest prevalence of 14%was found at baseline and

decreased to 10% at 3 months and to 12.5% at 24 months of follow-

up.None of the patients hadPEU at 30 and 36months after diagnosis

(Revuelta Iniesta et al., 2019). In our study, we did not confirm a

significant relationship between PEU and the levels of selected

proteins. However, we found that patients with normal and high

UAMApercentiles had higher serum prealbumin and albumin levels

than patients with low UAMA. In contrast, Yaprak et al. (2021)

reported an association between anthropometric malnutrition in

children with cancer and prealbumin deficiency. The rates of low

serum prealbumin levels on admission and at follow-up were 54.3%

and 39.4%, respectively. Low prealbumin levels were reported in 73%

of patients with malnutrition vs. 42% of those without (p = 0.007). In

contrast, Gürlek Gökçebay et al. (2015) highlighted significant

changes in prealbumin levels following dietary intervention in

patients diagnosed with anthropometric malnutrition. At

3 months of follow-up, there was a significant decrease in

prealbumin levels in patients with vs. those without malnutrition

(p = 0.04), while no significant reduction in the proportion of patients

with malnutrition was reported. At 6 months, the proportion of

patients with malnutrition was significantly lower than at baseline

(p = 0.006) (Gürlek Gökçebay et al., 2015). These results indicate that

it is possible to modify the UAMA parameter in those patients who

have improved their diet, but that its improvement and increase from

deficient values to normal values can be achieved over a longer period

of time after completion of oncological treatment. However, this

hypothesis also cannot be confirmed due to the limited duration of

the study and the lack of monitoring of nutritional status and

prealbumin levels in cancer survivors.

Malnutrition can make a person more susceptible to

infection, which in turn increases the body’s need for energy

and also contributes to the onset or worsening of malnutrition

(Katona and Katona-Apte, 2008). In the inflammatory condition,

protein synthesis processes in the liver correlate inversely with

increases in CRP, so visceral protein deficiencies are often found

in disease states where acute phase proteins are elevated (Evans

et al., 2020). Proteins play an important role in supporting the

immune system, and their deficiency can adversely affect

immune function. They are essential for the proper

functioning of immune cells, including T and B lymphocytes,

and influence the production of cytokines that regulate immune

responses. An adequate supply of protein is also necessary for the

proper functioning of the complement system. In addition,

proteins play a role in wound healing and a deficiency can

interfere with tissue repair (Morales et al., 2023).

The incidence of infectious complications in cancer is

influenced by disease- and treatment-related factors, such as

bone marrow suppression, as well as by patient-related factors,

such as inadequate nutritional status (Pedretti et al., 2023).

Consequently, every patient with cancer is at risk for

developing infectious complications during cancer treatment,

which leads to a delayed completion of cancer treatment,

increased risk of infection-related mortality, and cancer

treatment failure. Among the infectious complications

analysed in our patient group, some were serious and life-

threatening (sepsis, FUO, fungal infections, stomatitis in

stages III and IV, typhlitis). However, due to small sample

size we did not analyze patients grouped according to

infections severity, but we assessed the impact of prealbumin

and albumin deficiency and PEU on the incidence of infectious
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complications during cancer treatment. We found a significantly

higher number of infectious complications in patients diagnosed

with hematological malignancies compared with those with solid

tumors. Our findings are in line with the study by Zajac-Spychala

et al. (2021). In our study, the incidence of infectious

complications during treatment in patients with risk factors

for inflammatory malnutrition was similar to that in patients

with pre-existing anthropometric malnutrition without

inflammation. We also found that patients at risk for

malnutrition with inflammation were more than 3 times more

likely to have known anthropometric malnutrition without

inflammation. Although the diagnosis of malnutrition based

on protein assessment is not recommended (Evans et al.,

2021), our findings confirm that they can be used to identify

inflammation leading to malnutrition that increases the risk of

infectious complications during cancer treatment to the same

extent as the presence of malnutrition itself.

We found lower pretreatment prealbumin and albumin levels

in patients with infectious complications, with borderline

statistical significance shown for prealbumin. In addition,

pretreatment prealbumin deficiency was present in all patients

who had more than 3 infectious episodes during treatment. This

findingmay support the role of proteins, particularly prealbumin,

in assessing changes in nutritional status in children with cancer

and in recognizing the need to implement supportive nutritional

measures during cancer treatment. Liang et al. (2018) reported a

significant increase in total protein, albumin, and prealbumin

levels after nutritional intervention in children with acute

lymphoblastic leukemia during induction treatment. They also

showed a lower incidence of infection during induction

treatment in patients who received nutritional therapy (Liang

et al., 2018). Although most our patients had prealbumin

deficiency and hypoalbuminemia was less common, albumin

deficiency was shown to be a significant predictor of 3 or more

episodes of infectious complications during treatment in our

patients. The role of hypoalbuminemia as a negative prognostic

factor for treatment outcome was demonstrated by other authors

(McLean et al., 2020; Leraas et al., 2023; Tandon et al., 2015;

Sonowal and Gupta, 2012).

The study has its strengths and limitations. The strengths

include prospective design which enables to collect data in

unified way and interdisciplinary approach of the study that

combines clinical, nutritional and, in some cases, immunological

perspectives relevant to supportive care during oncological

treatment of childhood cancer. One of its limitations is the

small sample size, which may have affected the statistical

significance of the results. However, the number of patients

included reflects the capacity of the department where the

study was conducted at the time of the study. We are also

aware that the study group was heterogeneous regarding

diagnosis but subjecting to analyzis only patients with one

type of cancer would make the study group even more

smaller. The treatment approach is also different, as patients

with hematological malignancies received steroid therapy.

However, this is a standard treatment for this type of cancer,

so we could not avoid its possible influence on the study results.

We did not analyse the effect of nutritional interventions on the

biochemical results obtained in this study, but we believe that the

questions raised will encourage further research.

Conclusions

The presence of protein-energy malnutrition in children with

cancer at the time of diagnosis increases the risk of infectious

complications during treatment. In our study, albumin and

prealbumin deficiencies were shown to indicate the risk of

malnutrition related to inflammation in patients with

childhood cancer. Hypoalbuminemia may be useful for

identifying cancer patients who are at risk for an adverse

treatment course, complicated by frequent infections.

Implementing nutritional interventions will be beneficial in

patients with PEU and in those with suspected malnutrition

with inflammation. Proper nutrition in cancer improves

nutritional status and reuduces the risk of infectious

complications during treatment.
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Application of the FISH method
and high-density SNP arrays to
assess genetic changes in
neuroblastoma—research by one
institute

Dorota Winnicka†, Paulina Skowera*†, Magdalena Stelmach*,
Borys Styka and Monika Lejman

Independent Laboratory of Genetic Diagnostics, Medical University of Lublin, Lublin, Poland

Neuroblastoma is the most common extracranial solid tumor in children.

Amplification of the MYCN gene has been observed in approximately 20%–

30% of tumors. It is strongly correlated with advanced-stage disease, rapid

tumor progression, resistance to chemotherapy and poor outcomes

independent of patient age and stage of advanced disease. MYCN

amplification identifies high-risk patients. To assess neuroblastoma tumors

with MYCN amplification we used paraffin-embedded tissue sections in

57 patients and intraoperative tumor imprints in 10 patients by fluorescence

in situ hybridization (FISH). Positive results for MYCN amplification have been

observed in twelve patients’ paraffin-embedded tissue sections and in three

patients’ intraoperative tumor imprints, which represents 22.4% of all patients

tested in the analysis. Fluorescence in situ hybridization is a highly sensitive and

useful technique for detecting MYCN amplification on paraffin-embedded

tissue sections of neuroblastoma tumors and intraoperative tumor imprints

thus facilitating therapeutic decisions based on the presence or absence of this

important biologic marker. The presence of structural changes, regardless of

MYCN gene amplification status, influences the clinical behavior of

neuroblastoma. High-Density SNP Arrays have emerged as the perfect tools

for detecting these changes due to their exceptional accuracy, sensitivity and

ability to analyze copy number and allele information. Consequently, they are

proven to be highly valuable in the genomic diagnosis of immature

neuroectodermal tumors.
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Introduction

Neuroblastoma is a malignant tumor in children aged

0–15 years. It accounts for 8%–10% of all childhood tumors,

with 80% affecting children under the age of 5 years and

approximately 15% representing all cancer deaths in children

(Aygun, 2018; Swift et al., 2018). Approximately 60–70 of the

new incidences of neuroblastoma are diagnosed each year in

Poland (Whittle et al., 2017).

Neuroblastoma derives from primitive cells of the

sympathetic nervous system. It occurs in the retroperitoneum,

posterior mediastinum, neck, or pelvis. The clinical symptoms in

neuroblastoma depend on the tumor mass, the extent of

metastasis and catecholamine and vasoactive intestinal peptide

secretion by the tumor cells. The diagnosis of neuroblastoma is

based on histopathological results and the presence of tumor

cells in the bone marrow accompanied by elevated levels of

urinary catecholamines. In addition to clinical, histopathological

and laboratory data, genetic test results are crucial in

determining prognosis (Adamkiewicz-Drożyńska, 2006;

Schulte et al., 2018).

The most common cytogenetic changes include deletions of

chromosome 1p, amplification of the oncogene MYCN, ploidy

changes, gains of chromosome arm 17q and deletion of 11q in

tumor cells. Genetic abnormalities are very powerful predictors

of response to therapy and outcome and provide important

information to guide optimal patient management (Bhat and

McGregor, 2017; Lim et al., 2020).

The MYCN gene is a cellular protooncogene of the MYC

family. MYCN maps to the 2p24 chromosome. Structural

alterations leading to amplification can manifest in the form

of double minute chromosomes (dmins) or homogeneous

staining regions (HSRs). Dmins represent extra chromosomal

material, while HSRs denote duplicate material within

chromosomes. Dmins are commonly observed in tumor-

derived cells, whereas HSRs are more prevalent in cell lines.

However, without traditional karyotype analysis, we are unable to

precisely determine what type of changes we are dealing with

(Van Noesel and Versteeg, 2004; Jeison et al., 2010).

MYCN is an oncogenic transcription factor involved in the

regulation of proliferation, transformation, differentiation and

apoptosis (Swift et al., 2018).

MYCN amplification is detected in 20%–30% of

neuroblastoma patients (Yue et al., 2017; Otte et al., 2020). It

is strongly correlated with advanced disease stage, rapid tumor

progression, resistance to chemotherapy and poor outcomes. The

MYCN amplification test result is included in medical protocols

around the world, it is an independent indicator in the

assessment of the patient outcome and it is one of the

qualifying factors for a group requiring the most aggressive

treatment (Brodeur et al., 1985; Huang and Weiss, 2013;

Ahmed et al., 2017; Kaczówka et al., 2018; Croteau et al.,

2021). MYCN amplification is present in 38% of patients with

stages 3 and 4 (Ahmed et al., 2017) but only in 5%–10% of

patients with stages 1, 2, and 4 s (Morandi, 2022). The level of

MYCN gene amplification is necessary to avoid either under- or

over-treating patients (Lee et al., 2018). The gold standard in the

assessment of MYCN amplification is fluorescence in situ

hybridization on paraffin-embedded tissue sections and

intraoperative tumor imprints.

The independent factors that predict the outcome of

treatment are: tumor histology, level of MYCN amplification

and chromosomal copy number changes (Chicard et al., 2016;

Lerone et al., 2021). In addition to these two main genetic

markers, a number of segmental aberrations involving

different chromosomes have also been described that, in

addition to MYCN amplification, have a strong effect on the

development of neuroblastoma, making it more aggressive and

resistant to treatment (Lerone et al., 2021). Currently, the

diagnosis of neuroblastoma also relies on molecular methods,

such as microarrays, but it is not always possible to isolate good-

quality DNA from paraffin-embedded tissue sections. An

alternative method to obtain good-quality DNA is the

intraoperative collection of tumor scrap from which DNA

isolation is performed directly.

SNP array analysis provides comprehensive detection of the

presence of deletions and duplications involving chromosomal

fragments and allows for simultaneous assessment of DNA

copy number.

SNP array analysis can also detect loss of heterozygosity

(LOH). Studies of neuroblastoma cells have identified LOH in

several chromosomal regions, of which LOH 1p and 4p correlate

with poor patient outcomes.

In addition to these relatively large genomic aberrations,

deletion aberrations of single genes, parts of genes or point

mutations e.g., TERT, ALK, ATRX, and ARID1A, have

recently been described as having unfavorable clinical

outcomes and implications for clinical management (Brunner

et al., 2016).

The aim of this study was to demonstrate the effectiveness of

the FISH method for the evaluation of MYCN amplification on

paraffin-embedded tissue sections and intraoperative tumor

imprints together with HD SNP array analysis in

neuroblastoma patients.

Materials and methods

The study materials consisted of 57 paraffin-embedded tissue

sections with freshly removed tumors and 10 intraoperative

tumor imprints, along with archival sections from 67 patients

with an established clinical diagnosis of neuroblastoma (31 little

girls and 36 little boys; median age: 3 years 2 months). All of the

children were admitted to the Department of Pediatric

Hematology, Oncology and Transplantology, Children’s

University Hospital, Lublin, Poland between 1994 and 2023.
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The collected clinical data included the patient`s age at

diagnosis, stage according to the INSS (International

Neuroblastoma Staging System) criteria (Park et al.,

2017), tumor location, histopathological diagnosis of the

examined tissues and MYCN amplification [Table 1].

Detailed patient data can be found in the Supplementary

Material. All studies were performed between 1994-2023.

FISH method

We used the Pretreatment Kit (Vysis) and the LSI N-MYC

(2p24) SpectrumGreen/CEP 2 SpectrumOrange Probe (Vysis) to

estimate MYCN amplification.

Paraffin-embedded tissue blocks were cut into 4-micron

thick sections on silanized slides and they were baked

at 56°C overnight. Slides were soaked twice in xylene

for 10 min and dehydrated in ethanol at 100%, 96%,

80%, and 70% for 2–5 min in each solution. Slides were

then immersed in 0.2 N hydrochloric acid for 20 min

and rinsed in water and wash buffer for 3 min in each of

them. The slides were immersed in Pretreatment Solution at

80°C for 30 min and they were washed twice in 2xSSC

for 5 min.

In the next step, the tissue sections were digested in protease

solution at 37°C for 30 min and then the slides were immersed in

2xSSC cooled to 5°C.

The slides were then fixed in 10% formalin for 10 min. Fixed

tissue, washed twice in 2xSSC and dried on a hot plate

at 45°C–50°C.

Slides with intraoperative tumor imprints were immersed in

a fixative prepared by mixing 3 parts methanol and 1 part acetic

acid for 30 min. The slides were then dried at room temperature

for 24 h.

To detect the presence of MYCN gene amplification, on

paraffin-embedded tissue sections and intraoperative imprints

of neuroblastoma tumors, we used fluorescence in situ

hybridization (FISH) on interphase nuclei. Molecular

cytogenetics uses the FISH method to identify specific DNA

sequences on chromosomes using DNA probes that are directly

labeled by the fluorophore. The labeled probe and the target

DNA are denatured in the first step of this method. Hybridization

is the second step of the FISH method. Combining the denatured

probe and target DNA allows for the annealing of

complementary DNA sequences.

We used 1 µL of direct fluorochrome-labeled, dual color

DNAProbe for theMYCN gene locus (2p24) and α-satellite DNA
identifying the centromeric region of chromosome 2 (Vysis LSI

N-MYC (2p24) SpectrumGreen/CEP 2 SpectrumOrange Probe)

combined with the 7 µL Hybridization Buffer and 2 µL water. The

probe was placed on a slide, then covered with a coverslip and

secured with rubber cement. The slides were incubated at 72°C

for 5 min to denature the DNA. Hybridization was performed for

14–18 h at 37°C.

The slides were subsequently immersed in post-

hybridization wash buffer at room temperature for

15–20 min until the coverslip fell off. Then they were

immersed in post-hybridization wash buffer warmed to

72°C for 5 min. The cells were counterstained with DAPI.

The signals were evaluated by eye or captured with Applied

Spectral Imaging- ASI- Israel at ×100 magnification on the

Nikon epifluorescence microscope equipped with a 100-W

mercury arc lamp and an appropriate set of filters (single

filters for FITC and TexasRed fluorochromes and a triple

bandpass filter for FITC/TR/DAPI). A minimum of 200

nuclei was evaluated for each of the MYCN and CEP2 loci.

Nuclei with two visible red and two green signals were scored

as negative for MYCN amplification (Figure 1). According to

the guidelines, the cutoff point for MYCN amplification was

set at 10 signals (amplification ≥10; gain <10) only in the

presence of disomy of chromosome 2. In the presence of

polysomy of chromosome 2 in tumor cells, confirmation of

MYCN gene amplification was based on the guideline that the

number of tested signals must exceed that of control signals

by at least four times (Ambros et al., 2009; Winnicka

et al., 2020).

The study was approved by the Ethics Committee of the

Medical University of Lublin (KE-0254/229/2012).

HD SNP array method

In eight patients, we isolated DNA from tumor tissue and

performed microarray testing using the CytoScan HD array to

TABLE 1 Patient characteristics.

Criterium Number

Age at diagnosis <18 m
>18 m

31
36

Diagnosis NB
GNB
GN
ND

52
11
1
3

INSS risk group 1
2
3
4s
4

7
3
24
3
30

Primary site Abdomen
Adrenal glands
Mediastinum
Pelvis
Cervical

22
25
11
7
2

MYCN amplification Yes
No

15
52
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evaluate additional cytogenetic abnormalities. In one case, the

quality of the DNA did not allow for the array procedure.

Genomic DNA was isolated with the QIAamp DNA Blood

Mini Kit (Qiagen, Hilden, Germany) according to the

manufacturer’s protocols. DNA samples were stored

at −20°C until the next step. The concentration and quality

of DNA were determined using a spectrophotometric method

(NanoDrop 8000; Thermo Fisher Scientific, Waltham, MA,

United States). In total, 250 ng of genomic DNA was used in

accordance with the manufacturer’s protocols. Microarray

testing was performed with the use of a CytoScan HD array

[2,670,000 markers, including 750,000 SNP and

1,900,000 non-polymorphic copy number variant (CNV)

markers] (Applied Biosystems, part of Thermo Fisher

Scientific). All subsequent steps and data analysis were

performed as described previously by Lejman et al. (2020).

The scanned data file was analyzed with Chromosome

Analysis Suite v 3.3 (ChAS; Thermo Fisher Scientific) using

the CRCh37 (hg19) reference genome.

Results

Results of MYCN amplification by
fluorescence in situ hybridization (FISH)

Sixty-seven patients participated in this study. Thirty-four

(50.7%) of patients had localized neuroblastoma (1–3 stages),

4.5% stage 4S, and 44.8% stage 4 disease. Forty-seven (70.1%) of

patients had an abdominal/adrenal mass at diagnosis. Thirty-one

(46.3%) patients were <18 months of age, and thirty-six (53.7%)

patients were >18 months of age. Of 67 patient samples,

including 52 neuroblastomas, 11 ganglioneuroblastomas, and

1 ganglioneuroma, 3 samples had no definitive diagnosis.

Positive results for MYCN amplification were observed in

twelve patients’ paraffin-embedded tissue sections and in three

patients’ intraoperative tumor imprints which represents 22.4%

of all tested patients in the analysis (Figure 2).

There were 9 (60%) little boys and 6 (40%) little girls included

in the study. Of the 15 patients, 1 (6.7%) had stage 3 disease, 1

FIGURE 1
Representative FISH image on paraffin-embedded tissue section (A) and intraoperative tumor imprints (B) using the Vysis LSI N-MYC (2p24)
SpectrumGreen/CEP 2 SpectrumOrange Probe from a neuroblastoma tumor showing normal interphase nuclei captured with Applied Spectral
Imaging- ASI-Israel at ×100 magnification on the Nikon epifluorescence microscope.

FIGURE 2
Representative FISH image on paraffin-embedded tissue section (A) and intraoperative tumor imprints (B) using Vysis LSI N-MYC (2p24)
SpectrumGreen/CEP 2 SpectrumOrange Probe from a neuroblastoma tumor showing amplification MYCN captured with Applied Spectral Imaging-
ASI- Israel at ×100 magnification on the Nikon epifluorescence microscope.
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(6.7%) had stage 4 s disease, and 13 (86.6%) had stage 4 disease.

Of these 15 patients with MYCN amplifications 5 (33.3%)

were <18 months of age, and 10 (66.7%) were >18 months of

age. Five (33.3%) of the patients with MYCN amplification had a

tumor mass in the abdomen and ten (66.7%) had a tumor mass in

the adrenal gland.

Molecular karyotype results

To evaluate additional molecular abnormalities we

performed microarray testing on 6 patients with different

stages of disease, tumor localization and ages at diagnosis.

We performed microarray testing on a patient with stage

4 disease and tumor localization in the adrenal gland. The patient

was a girl who was over 18 months of age at the time of diagnosis.

Through fluorescence in situ hybridization we observed positive

results for MYCN amplification. Microarray analysis revealed a

deletion within the short arm of chromosome 1 (arr [GRCh37]

1p36.33p36.22 (849466_9304205)x1), and a duplication

involving a fragment of the short arm of chromosome 1, and

the long arm of chromosome 1 (arr [GRCh37] 1p13.3q44

(110062169_249224684)x3). In region 2p25.3p21 we observed

chromothripsis (arr [GRCh37] 2p25.3p21 (12770_46642249)

cth) (Figure 3). The MYCN gene (2p24.3) was amplified in

this region (10 copies). In addition, the ALK gene (2p23.2-

p23.1) was also duplicated. Monosomy of chromosome 3 and

trisomy of chromosome 18 were identified (Figure 4).

The second patient was a boy over 18 months of age at

diagnosis, with stage 4 disease and tumor localization in the

adrenal gland. Through fluorescence in situ hybridization we did

not observe any amplification of the MYCN gene. Microarray

analysis identified 3 cell lines with various genetic changes

(Figure 5). We present the results in the table below (Table 2).

The third patient was a girl who was over 18 months of age at

diagnosis, with stage 3 disease and tumor localization in the

abdomen. Through fluorescence in situ hybridization we did not

observe any amplification of the MYCN gene. Microarray

analysis revealed mosaic monosomy of chromosome X and

duplication of region 22q11.21 (arr [GRCh37] 22q11.21

(18979347_21800471)x3). The Whole Genome View (WGV)

showed a decrease in the log2ratio value, which may indicate

the presence of monosomy on chromosomes 3, 4, 9, 10, 14, 15, 19,

and 21, and an increase in the log2ratio value, whichmay indicate

the presence of trisomy on chromosome 13. An ambiguous

assessment of chromosome copy number may be the result of

incorrect material collection. The fourth patient was a boy who

was over 18 months of age at diagnosis, with stage 3 disease and

tumor localization in the abdomen. MYCN amplification was

negative. With microarray analysis we identified a duplication

involving a fragment of the short arm of chromosome 1 (arr

[GRCh37]1p36.33p36.32 (849467_3627839)x3 [0.3]) and

deletions in the following regions: arr [GRCh37]

12q24.23q24.31 (118233114_125556278)x1 [0.2], 19p13.3p11

(260912_24505049)x1 [0.2]. As with the previous patient the

Whole Genome View (WGV) showed a decrease in the log2ratio

FIGURE 3
Complex copy number gains and losses in the region 2p25.3p21 of chromosome 2 in patient 63. With Neuroblastoma by single-nucleotide
polymorphism (SNP) array. Colored segmental regions (top line: red color—deletions; blue color—gains), copy number status, allelic difference, and
smooth signal aberrations by SNP array.
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value, which may indicate the presence of monosomy on

chromosomes 3, 4, 9, 10, 14, and 15 and an increase in the

log2ratio value, which may indicate the presence of trisomy on

chromosome 13. The microarray results for the two patients were

normal and did not reveal any additional changes in the

molecular karyotype.

Discussion

In recent years, significant progress has been made in

understanding the genetic basis of neuroblastoma. Numerous

studies have been published on somatic mutations and

chromosomal abnormalities associated with the

development of neuroblastoma. However, their role in

treatment response, prognosis, and the development of

metastasis has not been fully elucidated. Based on our

research, we have divided patients into two groups: those

with MYCN amplification and those without it.

High-risk patients are identified by the presence of MYCN

amplification. MYCN amplification is a powerful prognostic

factor for advanced stages and rapid tumor progression (Lau

et al., 2015). Interphase FISH analysis provides a direct and rapid

method. Only a small number of tumor cells are required,

compared with primary tumor biopsies, and FISH is more

sensitive by counting the MYCN copy number in each single

cell (Tibiletti, 2007; Campbell et al., 2017).

The fluorescence in situ hybridization (FISH) method is

faster to prepare than molecular biology techniques or

traditional cytogenetic analysis. FISH can be used on

interphase nuclei, in contrast to karyotype analysis, and it can

be performed on formalin-fixed nuclei, in cases where a fresh or

frozen tumor is not available (e.g., small biopsies or retrospective

studies). However, molecular methods, such as microarrays, have

FIGURE 4
Complex copy number gains and losses in the whole genome of patient 63. With Neuroblastoma. Colored segmental regions (top line: red
color—deletions; blue color—gains) (A) and Whole Genome View (B).

FIGURE 5
Complex copy number gains and losses in the whole genome of patient 64 with Neuroblastoma. Colored segmental regions (top line: red
color—deletions; blue color—gains) (A) and Whole Genome View (B).
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strong limitations when analyzing MYCN amplification and

other genetic changes in neuroblastoma because molecular

methods are based on DNA from a mixture of cells and

therefore only provide an average result for a particular

tumor. When a tumor is highly amplified, this is not a

problem for diagnosis. However, with low levels of MYCN

amplification, it can be difficult to interpret the results. The

first possibility is that there is a heterogeneous population of

tumor cells in which a small number of cells are highly amplified

or have other anomalies. Or it may be a highly amplified tumor

mixed with normal tissue. Finally, it may be a low level of

amplification occurring in tumor cells (e.g., a triploid

population) (Shapiro et al., 1993; Squire et al., 1996; Thorner

et al., 2006).

In the Polish population, tumor imprints are routinely used

to assess MYCN amplification. However, this is not always

possible and then the only material for MYCN amplification is

a paraffin tissue section. It can be done on both fresh and

archived tissues from many years ago.

For this study we used intraoperative tumor imprints and

fresh paraffin-embedded tissue sections in addition to archival

materials. Fresh material was obtained from a tumor removed

from a patient 2 weeks before the study and archival paraffin

sections were removed from a patient operated on 8 years and

2 months before the study. In our opinion both fresh tissue and

tissue from years before preserved in a paraffin block were

adequate materials for the test. The quality of the specimens

was similar and the evaluation of both archival and fresh

specimens was consistent with previous studies. Intraoperative

tumor imprints were taken immediately after their removal. The

quality of these specimens is much better compared to the

paraffin-embedded tissue sections, as only the tumor cells are

on the slide, with no surrounding tissue. The assessment of

MYCN amplification on intraoperative tumor imprints does not

cause any diagnostic problems.

Microarray testing of neuroblastoma samples provides

additional information on other chromosomal changes

observed in patients with and without MYCN amplification,

which has a strong impact on prognosis. In a sample from a

patient withMYCN amplification we found a deletion within the

short arm of chromosome 1 (1p36.33p36.22), and a duplication

involving a fragment of the short arm of chromosome 1 and the

long arm of chromosome 1 (1p13.3q44). In the literature, deletion

or loss of heterozygosity (LOH) of the 1p36 chromosomal band is

correlated with high-risk neuroblastoma features, including older

age at diagnosis, metastatic disease, MYCN amplification and

poor prognosis Unfavorable abnormalities also include

segmental copy number alterations, such as loss of 3p,

deletion or LOH 11q23, 14q23qter and gain of 17q

(Marrano et al., 2017). Amplification of the MYCN gene

was observed only at a level of 10 copies. Unfortunately,

this can be considered a limitation of the molecular

method because the FISH analysis showed the amplification

of theMYCN gene at a level of approximately 30 copies. In our

opinion, the gold standard for the assessment of MYCN

amplification is fluorescence in situ hybridization on

intraoperative tumor imprints. Furthermore, microarray

analysis showed a duplication of the 2p23.2p23.1 region,

including the ALK gene. Anaplastic lymphoma kinase

(ALK) is an important regulator of stem cell functions,

TABLE 2 Molecular changes identified in the microarray analysis of patient 64.

Molecular karyotype

Different aberrations Common aberrations

First cell line arr [GRCh37]
1q21.3q23.1 (153001296_157812399)x3 [0.7],
2p25.3p21 (12771_42229545)x3 [0.7],
3p26.3p21.2 (61892_51747702)x1 [0.7],
3q13.31q29 (115403680_197851444)x1 [0.7],
4p16.3p13 (2744163_43086625)x1 [0.7],
6q21q27 (106487938_170914297)x1 [0.7],
7p21.3p15.3 (8582953_24331799)x3 [0.7],
7q11.22q36.3 (70144228_159119707)x3 [0.7],
9p24.3p21.1 (208455_28198623)x1 [0.7],
11p15.4 (3189610_10187920)x3 [0.7]
11q13.3q25 (69472473_134937416)x1 [0.7]
14q11.2q31.3 (24238818_89633472)x1 [0.7],
17q12q21.32 (36152227_46070727)x3 [0.7],
18q11.2q23 (19414307_78013728)x3 [0.7],
19q13.2q13.43 (42791601_58956816)x1 [0.7],
21q22.11q22.3 (35184499_48093361)x1 [0.7]

arr [GRCh37] (Y)x0, 7p22.3p21.3 (43377_8573211)x3~4, 11p15.5p15.4
(230681_3021529)x3~4, 13q33.1q34 (103826264_115107733)x3~4

14q31.1q32.33 (81449690_107279475)x2hmz
17q21.32q25.3 (46073099_81041823)x3~4

Second cell
line

arr [GRCh37]11q13.2q13.3 (66814096_69464793)x3 [0.4]

Third cell
line

arr [GRCh37]5q33.3q35.2 (159230740_174855411)x1 [0.25], 5q35.2q35.3
(174856439_180715096)x3 [0.25]
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including STAT3 dependent self-renewal, and as a

transcriptional target of MYCN, high expression indicates

an unfavorable prognosis (Rosswog et al., 2023). According

to studies carried out on genetically engineered mouse

models of NB, the MYCN and ALK genes cooperate to

promote oncogenesis (Vivancos Stalin et al., 2019). Additionally,

CytoScan HD analysis revealed a monosomy of chromosome 3 and

a trisomy of chromosome 18.

In 3 out of 5 patients without changes inMYCN amplifications,

we observed complex alterations in the microarray pattern. In two

samples, discrete changes indicating the presence of monosomy of

chromosomes 3, 4, 9, 10, 14, and 15. According to scientific research

chromosome 10 is the most frequent loss. On the long arm of

chromosome 10, there are tumor suppressor genes such as PTEN,

DBMT, and LGI1, while the short arm contains IDI1, AKR1C3,

DDH1, NET1A, PRKCQ, and GATA-binding protein 3. Among

these, PTEN is the second most commonly deleted/mutated gene in

human tumors, with a mutation rate of 50%. The GDNF family

receptor alpha 2 (GFRA2) promotes the proliferation of NB cells (Li

et al., 2019). According to the literature, patients with

neuroblastoma and an abnormal chromosome 10 had a

significantly lower 3-year OS compared to the group of patients

with a normal copy number of chromosome 10 (Jiang et al., 2021).

In the same samples we noted an extra copy of chromosome 13,

which, according to other researchers (Bilke et al., 2008; Ambros

et al., 2014) is a common chromosome in the trisomy of

neuroblastoma. Interestingly, some authors show that there are

no structural changes on chromosome 13 in neuroblastoma (Bogen

et al., 2016). While its prognostic significance in neuroblastoma has

not been precisely determined, in other cancers, including ALL,

AML, and MDS, trisomy 13 is closely associated with an

unfavorable prognosis for the patient. The presence of trisomy

13 in acute leukemia cells indicates a poor response to

chemotherapy (Spirito et al., 2003; Herold et al., 2014).

Monosomy of chromosome X and duplication of region

22q11.21 have not been described in the literature in patients

with neuroblastoma so far. However, our results unequivocally

demonstrate that such alterations may also be present in this

type of cancer.

According to the Polish “Standards for the genetic

diagnostics of solid tumors in children” structural changes

involving chromosomal regions 1p, 1q, 2p, 3p, 4p, 6p, 6q, 11q,

and 17q are most commonly observed in advanced stages of

the disease in older children and represent unfavorable

prognostic factors, increasing the risk of disease recurrence,

regardless of the specific chromosomal pairs affected

(Trubicka et al., 2023). In one of our patients with stage

4 disease, the FISH study found no amplification of the

MYCN gene, while the microarray analysis identified 3 cell

lines in which some of the above-mentioned structural

changes were noted (including: 1p, 2p, 3p, 4p, 6q, 11q, and

17q) stratifying the patient into a group with an

unfavorable prognosis.

In the literature, high-risk patients had long-term survival

rates of only 10%–20%with combination chemotherapy, surgery,

and local radiation therapy (Tolbert and Matthay, 2018).

However, treatment approaches that used a combination of

induction therapy, myeloablative consolidation therapy with

stem cell support, and biological therapy had improved 5-year

survival rates from less than 15%–40% (Nakagawara et al., 2018).

Despite many biochemical, molecular and genetic indicators

as markers of poor prognosis,MYCN amplification is still used to

stratify patients into risk groups and is a marker of poor

prognosis. These patients respond poorly to conventional

therapy. The ability to determine this biological marker is

necessary for appropriate clinical management. Unfortunately,

treatment failure has been reported in all patient groups, even

without MYCN amplification, suggesting that additional

prognostic markers must be discovered to improve treatment

protocols (Feng et al., 2023).

In conclusion, both the FISH technique and microarray

testing have their advantages and disadvantages. In addition

to MYCN gene amplification, cytogenetic abnormalities are

also a marker of an unfavorable prognosis in patients

diagnosed with neuroblastoma. Therefore, it is very important

that the result be based on both, fluorescence in situ

hybridization and molecular karyotype.
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Regular paper

Prevalence of poor nutrition status in multiple sclerosis patients 
assessed by different diagnostic tools
Natalia Mogiłko1 and Sylwia Małgorzewicz2✉

1Department of Neurology and Clinical Neuroimmunology of the Specialist Hospital in Grudziadz, Grudziądz, Poland; 2Department of Clinical 
Nutrition, Medical University of Gdansk, Gdańsk, Poland

Patients with multiple sclerosis (MS) present a spectrum 
of nutritional disorders from obesity to malnutrition. The 
purpose of this study was an assessment of the nutri-
tional status of MS patients by NRS-2002 and GLIM cri-
teria. Methods: 147 patients were included in the study. 
The nutritional status was assessed by NRS 2002, GLIM, 
and body composition analysis. The routine biochemi-
cal parameters were measured. Results: Deterioration of 
the nutritional status was observed in 87.8% of patients. 
GLIM criteria indicated that 20% of patients were mal-
nourished and 80% were at risk. The percentage of pa-
tients with excess body mass was 46.8%, and of under-
weight patients was 6.6%. The risk of malnutrition was 
positively associated with low content of adipose tissue 
(R=–0.24; p=0.00), low BMI (R=–0.22; p=0.00), and higher 
weight loss in the last 6 months (R=0.47; p=0.00). Addi-
tionally, a significant (p<0.05) correlation between mal-
nutrition state and s-albumin (R=–0.2) and CRP (R=0.23) 
was observed. Conclusion: Overweight and obesity con-
cerned a large proportion of the studied group of MS 
patients, but this does not exclude the risk of malnutri-
tion. Dietary care and regular outpatient nutritional sta-
tus assessment should be provided throughout the dis-
ease.

Keywords: multiple sclerosis, nutritional status, body composition, 
s-albumin
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INTRODUCTION

Multiple sclerosis is a chronic neurological disease that 
leads to disability (Oh et al., 2018). At the beginning of 
the disease, patients often present excess body weight, 
while in advanced stages, signs of malnutrition appear, 
and the need to introduce enteral nutrition. It seems that 
the spectrum of disorders from obesity to malnutrition 
may be of clinical significance. The symptomatology of 
MS is very diverse, patients suffer from movement dis-
orders (limb paresis, ataxia), sensory disorders (persis-
tent paraesthesia, hypoaesthesia, hyperesthesia), cranial 
nerves lesion (oculomotor paralysis, visual disturbances, 
trigeminal neuralgia), as well as vegetative and mental 
disorders (cognitive and mood disorders) (Łabuz-Roszak 
et al., 2013). Depression, mood disorders, mobility limita-

tions, and dysphagia directly affect the nutritional status 
of people suffering from multiple sclerosis.

At the beginning of the disease, mood disorders, lack 
of proper diet, and the desire to comfort with food re-
sult in the consumption of processed foods rich in sugar 
and saturated fats – which is associated with body com-
position disturbances, including an increased amount of 
adipose tissue (Pilutti et al., 2016; Mokry et al., 2016). 
Additionally, steroid therapy and a sedentary lifestyle due 
to progressive disability increase the risk of obesity and 
its characteristic complications. In the later stages, gas-
trointestinal problems, such as gastroesophageal reflux, 
delayed gastric emptying, constipation, and dysphagia can 
be diagnosed. Dysphagia is the cause of dehydration and 
malnutrition (D’Amico et al., 2018; Ansari et al., 2020).

The dietitian should adjust the composition of the 
diet and the amount, volume, and consistency of meals 
and recommend thickeners depending on the patient’s 
current situation. Next, oral nutritional supplementation 
or enteral or parenteral nutrition may be necessary (Afi-
fi et al., 2021; Burgos et al., 2008). There is a need for 
the early identification of patients at risk of malnutrition 
because the therapeutic possibilities are much greater in 
this stage than in advanced cachexia.

Therefore, our study was aimed at exploring the nutri-
tional status by NRS 2002 and GLIM criteria of patients 
treated for multiple sclerosis in a stable clinical condi-
tion.

MATERIALS AND METHODS

The population of the study consisted of 147 MS pa-
tients (M=38), with an average age of 40.4±11.6 years, 
consecutively admitted to the neurology ward of a Spe-
cialist Hospital during a six-month period. All subjects 
gave their informed consent for inclusion before they 
participated in the study. The study received the approval 
of the Ethics Committee of the Medical University of 
Gdansk. The 57.8% of patients presented the following 
comorbidities: 18% hypothyroidism, 16% hypertension, 
16% hyperlipidemia, 12% depression, 6% Hashimoto’s 
disease, 5% diabetes, 5% allergy or asthma, 3% hyper-
thyroidism, 3% epilepsy, 2% anemia, and 1% psoriasis. 
The mean time since MS diagnosis was 6.5±4.9; there is 
no dysphagia recognized in the study group.

Nutritional status and body composition were evalu-
ated at admission by the NRS 2002 (the Nutritional 
Risk Screening) and the GLIM (the Global Leadership 
Initiative on Malnutrition) criteria which were applied by 
a trained clinical examiner. In addition, each patient un-
derwent an analysis of his/her medical records to obtain 
information regarding concomitant diseases and anthro-
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pometric parameters, such a s  body mass by electronic 
weight and body mass index calculation (BMI), and bio-
impedance analysis with the use of the InBody 120 ana-
lyzer.

The following biochemical parameters were measured 
by routine laboratory methods: C-reactive protein (CRP), 
s-albumin level, lipid profile, and whole blood morphol-
ogy.

Statistical analysis

Results are expressed as mean and standard deviation 
or percentages (for categorical variables). The Shapiro-
Wilk W test was used to evaluate the normal distribution 
of the tested parameters. On the other hand, the Leven 
(Brown-Forsythe) test was used to test the hypothesis 
of equal variances. Pearson and/or Spearman correla-
tion coefficients were used to calculate the correlation 
between the variables. A p-value <0.05 was considered 
to be statistically significant. Statistical processing of the 
results was performed with the use of the statistical soft-
ware STATISTICA PL v 13.0 (Statsoft, Krakow, Po-
land).

RESULTS

In the study group, the mean body weight was 
72.6±16.9 (range 45.0–130.0 kg) and the mean BMI was 
25.1 kg/m2 (range 16.1–43.4). 6.6% of patients presented 
as underweight with a body mass index <18.5 kg  m2 
(14.4% with BMI <20), and normal body weight was 
observed in 74 subjects (50.3%). High BMI (BMI >25) 
was presented in 42.1% of pts. The mean content of % 
body fat was 30.7 (range 9.9–52.0) – for females – 33.1% 
and for men 23.7%.

Independently of the BMI, according to the GLIM 
criteria, the majority of patients (85.5%) were at risk of 
malnutrition and 15.5% exhibited malnutrition. Based on 
the NRS 2002, a slight deterioration of the nutritional 
status was observed in 87.8% of patients, moderate in 
9.5% and severe in 2.7%. Analysis showed a strong cor-
relation between both methods (R=0.8; p<0.05).

Unintentional body weight loss (UBWL) in the last 6 
months was observed in 28% of patients in mean level 
1.4 kg (range 0–20 kg). 58% of patients did not change 
their body weight within the last 6 months. 9% of pa-
tients reduced their body weight intentionally by using 
various diets, including those generally available on the 
Internet, individual diets from dietitians, or by restricting 
selected groups of food products. There was also a group 
of patients who gained weight (5%).

The malnourished patients in comparison to patients 
“at risk” were older (57.4±12.8 vs 43.3±13.3, p<0.05) 
and presented significantly lower body fat (25.8±7.0 vs 
31.3±8.8, p<0.05), FFMI (14.8±1.1 vs 17.9±2.6, p<0.00), 
s-albumin (26.0±4.1 vs 39.4±4.0, p<0.05) and higher 
CRP serum level (12.1±3.2 vs 4.4 ±13.4, p<0.05) (see 
Table 1).

The risk of malnutrition was positively associated with 
low content of adipose tissue (R=–0.24; p=0.00), low 
BMI (R=–0.22; p=0.00), and higher weight loss in the 
last 6 months (R=0.47; p=0.00). However, a statistically 
significant correlation was observed between the mal-
nutrition diagnosis and s-albumin (R=–0.2; p<0.05) and 
CRP (R=0.23; p<0.05).

DISCUSSION

The aim of the study was to estimate the prevalence 
of risk for malnutrition and malnutrition among MS pa-
tients treated on neurology wards assessed with the NRS 
2002, routine screening method in hospital patients (Bur-
gos et al., 2008). It was evaluated in comparison to the 
GLIM criteria, the newest and recommended by the ES-
PEN tool for nutritional status assessment, as well as in 
comparison to BMI (Håkonsen et al., 2015; Cederholm 
et al., 2020). To our knowledge, there are no other stud-
ies that used GLIM criteria in a group of patients with 
multiple sclerosis.

Our data show that the risk of malnutrition is a sig-
nificant problem among MS patients. The prevalence of 
deterioration of nutritional status reached 85.5%, indica-
ting that a considerable number of patients were in need 
of appropriate nutritional advice.

It is worth emphasizing that regardless of the BMI, 
there may be observed unfavorable changes in body 
composition and nutritional status such as UBWL or de-
creased albumin level in this group of patients. A high 
BMI should not delay nutritional interventions because, 
in the early stages, the interventions are much more ef-
fective (Atuk Kahraman et al., 2021; Synnot et al., 2016).

In our study, malnutrition was associated with elevat-
ed CRP. Some authors (Palavra et al., 2016; Taheri et al., 
2017) reported an increase in inflammatory markers in MS 
patients. For example, interleukin (IL-6) plays a signifi-
cant role in the development of malnutrition through the 
catabolism of muscle proteins and the anorectic effect of 
cytokines (increased leptin production and lipolysis). An 
increased level of cytokines is characteristic of hypoalbu-
minemic patients and is associated with shorter survival 

Table 1. Selected parameters in study MS groups. Data are presented as mean ± S.D. or %.

Parameters All MS patients n =147 MS patients at risk n=123 MS patients malnourished n=23 References values

Age (yr) 40.4±11.6 43.3±13.3 57.4 12.8*/** –

BMI 25.1±5.5 25.4±5.6 22.4 ±3.3 18.5–24.99

Comorbidities (%) 57.8% 51.7% 54.6% –

FFMI 17.2±2.7 17.9±2.6 14.8±1.1* >16

Body fat (%) 30.7±8.8 31.3±8.8* 25.8±7.0* 26.4±6.7

Albumin (g/l) 43.7±5.0 39.4±4.0* 26.0±4.1* 43.5±2.4

CRP (mg/l) 2.7±4.5 4.4±13.4 12.1±3.2* 1.8±1.5

*malnourished vs at risk; p<0.05; FFMI, fat free mass index; CRP, C-reactive protein
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in a different group of chronically ill patients (Yalachkov 
et al., 2021).

Many authors and ESPEN guidelines postulated that 
the analysis of body composition should be an essential 
part of the assessment of nutritional status (Burgos et al., 
2018; Hedström et al., 2012). In patients with multiple 
sclerosis, an analysis of body composition may indicate 
loss / low muscle mass regardless of excess body weight, 
suggesting an initial stage of malnutrition. Risk factors 
for sarcopenia or sarcopenic obesity are metabolic dis-
orders due to chronic diseases, treatment with glucocor-
ticosteroids, and reduced physical activity (Kvistad et al., 
2015). The research shows that people diagnosed with 
multiple sclerosis lead a sedentary lifestyle and usually do 
not engage in physical activity (Cavanaugh et al., 2011; 
Goldman et al., 2008). Other authors point to poor di-
etary habits (Bromley et al., 2019).

Additionally, many patients with MS already seek com-
plementary and alternative treatments or diets for their 
condition. Unfortunately, the Internet remains the cen-
tral source of information for most patients, frequently 
leading to choices and behaviors lacking any scientific 
support. A scientific analysis of different dietary patterns 
or other gut-oriented interventions is necessary (Synnot 
et al., 2016; Bromley et al., 2019).

Therefore, in patients with MS diagnosis, the weight 
loss process in the case of obesity should be controlled 
by an experienced dietitian in order to maintain muscle 
mass.

The limitation of our study is the relatively low num-
ber of patients. Further studies in patients with MS (e.g., 
multicenter) are needed to confirm our results.

CONCLUSIONS AND CLINICAL IMPLICATION

Overweight and obesity concerned a large proportion 
of the studied group of patients with multiple sclero-
sis, not excluding the risk of malnutrition confirmed by 
methods such as NRS 2002 and GLIM. This risk may 
increase or may develop malnutrition as the disease pro-
gresses. Therefore, regular nutritional assessment and di-
etary consultation should be part of the care. In addition 
to screening methods, an assessment of nutritional status 
should include body composition and diet estimation to 
prevent nutritional problems.
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Myelomeningocele (MMC) is a congenital disease. For 
a long time, molecular mechanism of MMC, the role 
of folate receptor and transporter proteins remain un-
clear. Folate from maternal lumen to developing em-
bryo is carried out with the help of folate transporters 
(SLC46A1, SLC19A1, FOLH1 and SLC25A32) and folate 
receptor (FOLR1, FOLR2 and FOLR3). Due to the loss of 
function of these important genes, complications can fa-
cilitate the risk of MMC. This study focused on the muta-
tional analysis of FOLR1 and FOLR2 genes in children suf-
fering from MMC. Myelomeningocele is a rare disorder 
so twenty blood samples from the children were collect-
ed. Primers of selected exons for FOLR1 and FOLR2 genes 
were designed with the help of PrimerFox software. Ex-
tracted DNA was amplified, and PCR based mutational 
analysis was done to check any type of mutation/SNPs in 
these genes. Sanger sequencing method was performed 
to confirm mutation in FOLR1 and FOLR2 genes. The re-
sults showed that certain environmental factors (smok-
ing, low socio-economic status of mother bearing MMC 
fetus) were found to be significantly (P<0.05) associated 
with MMC but no mutation in the selected exons of 
FOLR1 and FOLR2 genes was detected. Thus, genetic var-
iations in the folate transporter gene may have no role 
in the progression of MMC in the studied population.

Keywords: FOLR1, FOLR2, Congenital, Myelomeningocele, pheno-
type, mutation
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INTRODUCTION

One of the most important and congenital forms of 
spina bifida is Myelomeningocele (MMC). In this disease, 
two sides of backbone become unable to fuse with one 
another and forms a gap between them (Hassan et al., 
2022). This usually happens after about 2–4 weeks of 
gestation. Due to the failure of fusion of both backbone 
side nerves, spinal cord and meninges remain uncovered. 
This can lead to the partial or complete paralysis of the 
body. Partial paralysis happens in the lower portion of 

the body from the point of opening (Moldenhauer & 
Adzick, 2017). The evidence of this disease in first-de-
gree relatives and second-degree relatives is about 3–4% 
and 1–2%, respectively (Farmer et al., 2018). Genomic 
and environmental factors are responsible for this situ-
ation. Folic acid plays a vital role in the organ develop-
ment of fetus in placenta (O’Byrne et al., 2010). Genes 
involved in folate transport play an important contribu-
tion in the development of MMC. Other environmental 
factors such as deficiency of vitamins, certain medica-
tions, tobacco usage, drug addiction, maternal infections, 
maternal hyperthermia and exposure to some metals play 
vital role in tube defects in developing fetus (Naveed et 
al., 2023; Muhammad et al., 2023; Naveed et al., 2022; 
Tauheed et al., 2017). 

Studies on animal models illustrate involvement of 
about 200 genes in tube defects (Cavalheiro et al., 2021). 
It is proposed that certain genes and their variants make 
an interaction with each other and, being affected by en-
vironmental factors, cause MMC (Mazumdar et al., 2015). 
Certain studies highlighted certain mutations and/or 
SNPs i.e. rs223622 and rs180113 in the MTHFR gene, 
MTHFDM1 gene, rs13908 in FOLR2 and rs792687, 
rs792554 and rs792698 in FOLR3 gene (Ntimbani et al., 
2020). These mutations have been reported in different 
ethnic groups, such as Dutch, Italian, and British popu-
lation. The role of folate transporter genes has already 
been documented worldwide (Wolujewicz et al.,  2021). 
Unfortunately, little work has been done on this among 
the Pakistani population so far. The main objective of 
this study is to check the role of environmental factors 
and to perform the mutational analysis of FOLR1 and 
FOLR2 genes with reference to Myelomeningocele.

METHODOLOGY

All the patients in this study had less than 2 years of 
age. Before the procedure, informed consent of the par-
ents was taken. The skin of the patients was sterilized 
with alcohol swabs. About 2 to 3cc blood of MMC pa-
tients was collected with the help of sterilized syringes 
and stored in refrigerator at 4°C in an EDTA vacutainer. 
The sample of mothers of MMC patients was also col-
lected when it was possible. DNA extraction was done 
by using the standard method (Albertsen et al., 2015). 
Forward and reverse primers were prepared for exons 
3–4 and 5 for FOLR1 gene, and exons 3–4, 5 of FOLR2 
gene. Primers were designed by using PrimerFox Soft-
ware (Table 1). 
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The standard PCR procedure was followed for the 
amplification of FOLR1 and FOLR2 genes (Lorenz, 
2012). The denaturation temperature was 95°C for both 
FOLR1 and FOLR2 genes and it was done for 4 min-
utes. The annealing temperature for FOLR1 gene was 
58°C for 45 seconds and 51–59°C for FOLR2 gene and 
it was done for about 45 seconds. Elongation tempera-
ture was 72°C and it was done for one minute and fi-
nally for 4 minutes. To get the appropriate amount of 
PCR product, 35 cycles of PCR were run. Holding tem-
perature of the PCR vials was 4°C. Afterward, the PCR 
product was loaded on agarose gel and visualized with 
the help of UV light. To rule out mutation sequencing 
of the amplified products Sanger Sequencing method 
was done. Statistical analysis was done with the use of 
GraphPad Prism software v13.

RESULTS

Current study includes 20 MMC patients. Most of the 
patients lie within the age group of (1–2 years). Patients 
usually belong to Northern and Southern Punjab and 

most of the mothers were malnutritional due to poverty 
as shown in Fig. 1. The statistical analysis was done to 
check the association of different environmental factors 
(Smoking, weight/age of the mother, Folic acid intake, 
history of abortion and family socio-economic status) 
with MMC. Smoking and poor socio-economic status of 

Table 1. Forward and reverse primers for exons 3–4 and 5 of FOLR1 and FOLR2 genes

Primers Sequence (5’-3’) Tm (0C) Length (nt)

FOLR2 exon 5 forward TCCTGGATGGCCCTTATG 57 19

FOLR2 exon 5 reverse GCAACAGATGGGTGACAGA 59 20

FOLR2 exon 3–4 forward ACCATCACTGGGAACCTGA 58 20

FOLR2 exon 3–4 reverse CAGCTGGCACTTGTTAACTC 61 20

FOLR1 Exon 5 forward ATTTGGAGTTGTAGGGCTG 55.2
19

FOLR1 Exon 5 reverse TTCTCAAGACACATGTGCG 56.7

FOLR1 Exon 3–4 forward GCTGGGGAATCAAGGACTA 59
19

FOLR1 Exon 3–4 reverse GCCCGGAACTATCTTGAGGT 59

Table 2. Association of Environmental factors with MMC

Characteristics MMC (n=20) Controls (n=20) OR (95%Cl) P-value

Smoking

Exposed 14.0 (70) 7.0 (35) 4.33
(1.115–16.32) 0.0302

Not exposed 6.0 (30) 13.0 (65)

Supplements (Folic acid) intake

Yes 10.0 (50%) 8.0 (40%) 1.5
(0.42–5.24) 0.52

No 10.0 (50%) 12.0 (60%)

Weight of Mother

Under 16.0 (80%) 12.0 (60%) 2.66
(0.64–10.9) 0.17

Over 4.0 (20%) 8.0 (40%)

History of Abortions/Premature birth

Yes 7.0 (35%) 5.0 (25%) 1.615
(0.41–6.33) 0.491

No 13.0 (65%) 15.0 (75%)

Age of Mother (Years)

Under 30 14.0 (70%) 17.0 (85%) 0.411
(0.086–1.95) 0.263

Above 30 6.0 (30%) 3.0 (15%)

Family income

Poor 12.0 (60%) 4.0 (20%) 6
(1.45–24.6) 0.013

Middle + affluent 8.0 (40%) 16.0 (80%)

Figure 1. Age groups, geographical location and economic 
background of subjects
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the mother was found to be significantly associated with 
MMC as the P-value is less than 0.05 (Table 2).

If we look at the clinical symptoms, 70% (n=14) of 
the patients were hydrocephalus. The position of Mye-
lomeningocele varies among patients, 35% (n=7) had in 
cervical region, 60% (n=12) covered lumbar region while 
5% (n=1) showed in both cervical and lumbar regions 
(Table 3).

Primer was designed for exon 5 of FOLR1 gene. After 
performing PCR, PCR product was visualized on 1.5% 
agarose gel. There was a clear bright band on 494bp lo-
cation which indicates no mutation in it (Fig.  2). Fur-

ther, sequencing was done, and the chromatogram also 
showed no mutations (Fig. 3).

Exons 3-4 of FOLR1 gene primers were also designed 
and the band of interest was of 679bp. This clearly in-
dicates no mutation in these exons as well (Fig. 4). This 
was also confirmed by the chromatogram of these exons 
in FOLR1 gene (Fig. 5). 

Table 3. Location of MMC and hydrocephalus common in the patients (n=20)

Frequency

Location 

Valid Lumber 12 (60%)

Cervical 7 (35%)

Both 1 (5%)

Total 20 (100%)

Hydrocephalus

Valid No 14 (70%)

Yes 6 (30%)

Total 20 (100%)

Figure 2. Amplified DNA band of Exon 5 FOLR1 gene in patients

Figure 3. Chromatogram of Exon 5 FOLR1 gene in MMC patients 

Figure 4. Amplified DNA Band of exon 3–4 of FOLR1 gene in pa-
tients.

Figure 5. Chromatogram of Exon 3–4 FOLR1 in patients

Figure 6. Amplified DNA Band of exon 3–4 of FOLR2 gene in pa-
tients

Figure 7. Amplified DNA Band of exon 5 of FOLR2 gene in pa-
tients
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FOLR2 is another important gene involved in MMC. 
So, primers were designed for exons 3–4, 5 and PCR 
was performed. The PCR product for exons 3–4 showed 
a clear band of 686bp (Fig. 6) and exon 5 of 760 bp 
(Fig.  7) which indicates that there is no mutation in 
these exons as well and it was confirmed by sequencing 
(Figs 8 and 9).

DISCUSSION

Myelomeningocele is an important congenital disor-
der. It usually occurs after the 2–4 weeks of pregnancy. 
Folic acid deficiency can lead towards the exaggeration 
of MMC disease. Folate is needed for fetal organ devel-
opment (Mazumdar et al., 2015). Its demand increases 
significantly during pregnancy and is found to be sig-
nificantly associated with MMC. Due to pediatric neuro-
degeneration resulting from neural folate deficiency, the 
role of FR can significantly inhibit folate uptake in the 
CSF (Canfield et al., 2009). In the present study, various 
environmental factors like folic acid intake, body weight 
and age of mother, and history of abortion were found 
to be insignificantly associated with MMC (P>0.05). 
However smoking habit in mother in the form of huk-
kah, cigarettes, sheesha and burning of fossil fuels was 
found to be significantly associated with MMC. Similarly, 
a poor family socio-economic status was found to be 
significantly associated with MMC (P<0.05). (Nageen et 
al., 2023; Hussain et al., 2023).

Defects in folic acid receptor or transport protein can 
lead towards the MMC disorder. Many studies have been 
done for the mutational analysis of FOLR1 and FOLR2 
genes but only a few studies have reported some muta-
tions in these genes. Studies done in 2014 and 2020 in-
dicated some novel mutations in these genes. (Tenpenny 
et al., 2014; Steele et al., 2020). In 2017, a study was done 
in the United States of America and it showed the down 
regulation of FOLR1 gene in MMC patients (Findley et 
al., 2017). In 2020, a study confirmed twelve new muta-
tions in Folate receptor genes (Hillman et al., 2020). This 

proved the direct link of FOLR1 protein in the disease. 
Just like Boyles et al., the present study also showed no 
mutation in FOLR1 and FOLR2 genes (Boyles et al., 
2006). 

In 2022, another study showed the low level of 
FOLR1 protein (known as glycosyl-phosphatidylinositol-
anchored plasma membrane  protein) in MMC patients 
as compared to healthy people. FOLR2 gene is present 
on chromosome 11 and belongs to the folate recep-
tor family, producing folate receptor beta protein. FRβ, 
is a member of this family of reduced folate (Han et 
al.,  2022). In the present study, MMC patients showed 
no alteration in the cluster of Folate receptor protein 
FOLR2 (Fig. 10).

CONCLUSION

This study showed no mutation in FOLR1 gene exons 
3–4 and 5, and FOLR2 gene exons 3-4 and 5. This study 
emphasises the significance of maternal health and di-
etary consumption in determining the trajectory of these 
receptor genes, especially FOLR1 and FOLR2, given the 
critical role of folate in satisfying the developmental de-
mands of a growing fetus. The results of this study in-
dicate that genetic variations in the folate receptor genes 
may not significantly contribute to the development of 
MMC (Myelomeningocele), but environmental factors 
are more important in this situation. The limitation of 
this study includes small sample size, as it is a rare dis-
ease. Furthermore, this study lacks ultrasound report of 
the infants or toddlers, maternal folic acid levels and 
other blood profile data during and before conceiving.
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The study aimed to determine the osteointegration markers after dental

implantation and evaluate their predictive value. The study was performed

on 60 practically healthy persons who needed teeth rehabilitation using

dental implants. The conical-shaped implants (CI) and hexagonal implants

(HI) were used. The content of Osteopontin (OPN), Osteocalcin (OC),

Alkaline Phosphatase (ALP), Osteoprotegerin (OPG), and nitric oxide (NO)

was determined in patients’ gingival crevicular fluid (GCF) and peri-implant

sulcular fluid (PISF), collected 1, 3, and 6 months after implantation. During the

3–6months of observation level of OPN increased in patients with CIs

(<50 years > 50 years) and HIs (<50 years) (CI: <50 years F = 36.457, p <
0.001; >50 years F = 30.104, p < 0.001; HI < 50 years F = 2.246, p < 0.001),

ALP increased in patients with CIs (<50 years: F = 19.58, p < 0.001; >50 years: F =

12.01; p = 0.001) and HIs (<50 years) (F = 18.51, p < 0.001), OC increased in

patients <50 years (CI: F = 33.72, p < 0.001; HI: F = 55.57, p < 0.001), but in

patients >50 years - on the 3 days month (CI: F = 18.82, p < 0.001; HI: F = 26.26,

p < 0.001), but sharply decreased at the end of sixth month. OPG increased

during 1–3 months of the observation in patients <50 years (CI: F = 4.63, p =

0.037; HI: F = 2.8927, p = 0.046), but at the end of the sixth month returned to

the initial level; NO content in PISF increased in patients with CI (>50 years)

during 1–6months of the observation (F = 27.657, p < 0.001). During the post-

implantation period, age-related differences in osteointegration were

observed. Patients <50 years old had relatively high levels of OPN, ALP, OC,

and OPG in PISF, resulting in less alveolar bone destruction around dental

implants and more intensive osteointegration. These indicators may be used as

biological markers for monitoring implant healing. The process of

osseointegration was more intense in CIs due to their comparatively high

mechanical loading.
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Introduction

Aesthetic and functional rehabilitation using dental implants

offers highly predictable and esthetical results; hence it has

become one of the alternatives to be included in the

therapeutic options for the treatment of totally or partially

edentulous patients. Despite this, the risk of failure remains

high but difficult to predict (Scarano et al., 2023).

The implant’s stability significantly depends on the

osteointegration process between the bone and the implant.

Osteointegration is a continuous process of osteoclast and

osteoblast activation, necessary for bone repair, formation,

and functional recovery (Martin and Sims, 2005).

Bone remodeling is critical to maintaining long-term stable

osseointegration. The mechanisms of wound healing around

dental implants are characterized by several features. The

cellular and molecular mechanisms of the osseointegration

process have not yet been fully established and require further

research in this direction (Matsuura and Yamashita, 2018).

Early monitoring of sensitive clinical-laboratory indicators of

patients with dental implants, correlated with pathological

disorders in the osteointegration process in the early stages of

the implantation, can be used to identify predictive markers of

possible complications and their severity at its later stages. This

can be useful for providing guides to treatment strategies and

preventing complications, maintaining long-term stable

osseointegration.

Since the array of clinical indices of periodontal origin, such

as indices recording gingival inflammation, plaque accumulation,

and bleeding and probing depths (clinical index) most frequently

gives the possibility only determining the soft tissue

inflammatory response, rather than detecting its early

predictors (Greenstein, 1996), for the determination of peri-

implant clinical status, various oral fluids are used, the

molecules of which are associated with the inflammatory

response, bone metabolism, and proteinases.

The gingival crevicular fluid is the osmotically mediated

physiological exudate originating from serum and tissue fluid

that seeps through the crevicular and junctional epithelium.

Gingival crevicular fluid plays a special part in maintaining

the structure of junctional epithelium and the antimicrobial

defense of periodontium, reflects the cellular response in the

periodontium by the constituents from the gingival crevice, and

is an important determinant of the status of periodontal tissues

(Akman et al., 2018). The peri-implant sulcus is, anatomically,

functionally, and environmentally quite similar to periodontal

crevices (Berglundh et al., 1991; Piattelli et al., 1996; Buser et al.,

1997); this fluid was termed the peri-implant sulcular fluid. Peri-

implant sulcular fluid like gingival crevicular fluid is composed of

serum and locally generated materials such as tissue breakdown

products, inflammatory mediators (cytokines, prostaglandins),

tissue degradation components, mineralized tissue components,

bone turnover markers, and antibodies directed against dental

plaque bacteria (Akman et al., 2018; Subbarao et al., 2019). Peri-

implant sulcular fluid analysis can potentially reflect the actual

status of peri-implant soft and hard tissues (Lang and Berglundh,

2011). GCF and PISF could be useful markers of early

inflammation in gingival and peri-implant tissues (Shama

et al., 2016).

The study aimed to determine the osteointegration markers

in different timeframes after dental implantation and their

prognostic value.

Materials and methods

The study was performed on 60 persons (aged from 18 to

65 years) who performed teeth rehabilitation using dental

implants based on Dental Clinic and Training-Research

Center UniDent and Dental Clinic A1 during 2020–2022 years.

Patient inclusion criteria in the study

Practically healthy male persons (without comorbidities)

(60 patients) who needed rehabilitation using dental implants

in the chewing teeth in the mandible, with good hygiene of the

oral cavity (Board index <20%) (Ainamo and Bay, 1975) were

included in the study.

Patients excluding criteria in the study

Females were excluded from the study to avoid the possible

influence of pre-menopause/menopause-related hormonal

imbalances on the process of osseointegration. Patients with

various accompanying diseases (allergy, cancer, hepatitis,

diabetes, endocrine system disorders, stomach ulcer, chronic

gastritis, colitis, respiratory diseases, and pregnant women),

also were patients who, during the last 6 months before

implantation, used medications that can change the

osseointegration (including anti-inflammatory drugs) were

excluded from the study.

The research plan was approved by the Ethics Committee of

Tbilisi State Medical University. All subjects signed

informed consent.

The conical-shaped implants (CIs) (<50 years—10 patients,

>50 years—20 patients) and hexagonal implants (HIs)

(<50 years—15 patients, >50 years—15 patients) from the

AlphaBio were used.

The selected age range (18–65 years) lowered chronic

comorbidity risk. The age limit of 50 years was chosen to

equally distribute patients between groups while considering

the mean number of patients of different ages. This

distribution of the patients will give the possibility to assess

the dynamic intensity of osteointegration processes with aging.
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The GSF and PSF were collected from patients 1, 3, and

6 months after implantation, and the content of Osteopontin

(OPN), Osteocalcin (OC), bone Alkaline Phosphatase (ALP),

Osteoprotegerin (OPG), and nitric oxide (NO) was determined.

Collection of gingival crevicular fluid
(GCF) and peri-implant sulcular fluid (PISF)

PISF and GCF were obtained by the method considering

minimal mechanical irritation (Rudin et al., 1970). The area to be

sampled was treated with sterile cotton swabs to remove dental

plaque and then air-dried to prevent plaque and saliva

contamination. To obtain a sample PISF strips of standardized

paper (Periopaper, no. 593525) were placed at the entrance of the

grooves of the implant and healthy teeth and inserted to a

standardized depth of 1 mm at each site regardless of probing

depth to avoid further mechanical irritation. To obtain a sample

GCF strips of standardized paper (Periopaper, no. 593525) were

placed at the entrance of the grooves between the healthy teeth

and inserted to a standardized depth of 1 mm at each site

egardless of probing depth to avoid further mechanical

irritation. The sampling time is standardized and equal to

30 s. Samples contaminated with blood were not used.

For safe storage of PISF and GCF samples, the paper strips

will be placed in sterile Eppendorf and stored at −80°C until

laboratory analysis.

Analysis

After the paper strips in Eppendorf tubes were kept at room

temperature for at least 30 min, 100 μL assay buffer included in

the kit was added to each Eppendorf tube and put into the shaker

device for 45 min. Then the tubes were centrifuged at 11,200 rpm

for 15 min. After the GCF/PISF in the paper strips were

transferred to the assay buffer, the assay buffer in the

Eppendorf was taken using a clean polypropylene pipette, and

the levels of OPN, OC, bone ALP, and OPG were measured

according to the manufacturer’s instructions.

The bone markers in PISF and GCF samples were

determined by immuno-enzymatic method (ELISA) using

HumaReader SETPROD immune-enzymatic counter. OPG

was determined by use of EH0247 Human OPG ELISA Kit

OC—EH3468 Human OC/BGP ELISA Kit,

OPN—EH0248 Human OPN ELISA Kit, bone

ALP—BIOLABO Kit.

For the determination of NO content in PISF and GCF,

distilled water (130 µL per sample) was added to the Eppendorfs

containing PISF and GCF, and the Eppendorfs were shaken

vigorously to dissolve the nitrite in the water. To the 100 µL of the

obtained extract, 0.5 mL of freshly prepared Greiss reagent was

added; after a 10-minute incubation at room temperature, the

absorbance intensity of each sample placed on themicroplate was

measured at a wavelength of 540 nm (Grisham et al., 1996). A

standard curve was prepared using sodium nitrite to calculate the

nitrite (NOx) concentration in the GSF and PISF.

Statistical analysis

Statistical significance was tested using analysis of variance

ANOVA and a two-sample t-test. Relationships yielding p-values

less than 0.05 were considered significant. All values were

expressed as the mean ± SE.

Results

As follows from the data presented in Table 1 the content of

OPN, OC, bone ALP, OPG, and NO in the gingival crevicular

fluid did not change statistically significantly during the entire

observation period.

Figures 1–5 show alterations of OPN, OC, bone ALP, and

OPG, and NO content in the patients’ GSF and PISF after 1, 3,

and 6 months after implantation.

Figure 1 shows that after the implantation the level of OPN in

patients’ peri-implant sulcular fluid (PISF) increased in

comparison to its level in gingival crevicular fluid (GSF). In

the case of the CIs in both age groups the content of OPN in PISF

increased during the entire observation period (1–6 months) and

reached a maximum by the end of 6 months of observation

(<50 years—F = 36.457; p < 0.001; >50 years—F = 30.104; p <
0.001), but in case of HIs, an increase in the OPN content was

recorded during the observation period only in patients of the age

group <50 years (F = 22.246; p < 0.001); in age group >50 years,
an increase in the level of OPN in PISF was not statistically

significant.

Figure 2 shows that during the first month after implantation,

the content of ALP in peri-implant sulcular fluid (PISF) did not

TABLE 1 Statistical significance of OC, OPG, OPN, ALP, and NO in the
gingival crevicular fluid alterations after the 6 months after
implantation (analysis of variance (ANOVA) F, between-group
variability/within-group variability; p, level of significance of Null
Hypothesis).

VAR AGE <50 Age ≥ 50

F p F p

OC 0.059 0.942 0.366 0.698

OPG 0.022 0.977 0.027 0.972

OPN 0.154 0.858 0.036 0.964

ALP 0.010 0.989 0.130 0.878

NO 0.884 0.438 0.134 0.875
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change significantly in comparison to its level in gingival

crevicular fluid (GSF) (CI: <50 years—F = 1.15; p = 0.297;

>50 years—F = 1.35; p = 0.258; HI: <50 years—F = 2.43; p =

0.135; >50 years—F = 2.99; p = 0.099) and increased in both age

groups at 3 months after the implantation. In patients with CIs,

this tendency continued for 3–6 months and was statistically

FIGURE 1
The levels of OPN in the gingival crevicular fluid (GCF) and peri-implant sulcular fluid (PISF) of patients of different age groups during the post-
implantation period (after 1, 3, and 6 months), in cases of conical-shaped implants (CIs) and hexagonal implants (HIs).

FIGURE 2
The levels of ALP in the gingival crevicular fluid (GCF) and peri-implant sulcular fluid (PISF) of patients of different age groups during the post-
implantation period (after 1, 3, and 6 months), in cases of conical-shaped implants (CIs) and hexagonal implants (HIs).
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FIGURE 3
The levels of OC in the gingival crevicular fluid (GCF) and peri-implant sulcular fluid (PISF) of patients of different age groups during the post-
implantation period (after 1, 3, and 6 months), in cases of conical-shaped implants (CIs) and hexagonal implants (HIs).

FIGURE 4
The levels of OPG in the gingival crevicular fluid (GCF) and peri-implant sulcular fluid (PISF) of patients of different age groups during the post-
implantation period (after 1, 3, and 6 months), in cases of conical-shaped implants (CIs) and hexagonal implants (HIs).
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significant in both age groups (<50 years—F = 19.58; p < 0.001;

>50 years—F = 12.01; p = 0.001). In patients with HIs during the

3–6-month period in the age group <50 years the ALP content in

PISF increased significantly (F = 18.51; p < 0.001), but in patients

older than 50 years the statistical significance of the difference

was not high (F = 1.30; p = 0.233).

As follows from Figure 3, 1 month after implantation OC

levels in peri-implant sulcular fluid (PISF) did not differ from

the corresponding values in gingival crevicular fluid (GCF)

(conical: F = 2.065; p = 0.164; hexagonal: F = 1.107; p = 0.304);

its content began to increase only 3–6 months after the

implantation. In patients under the age of 50 years the level

of OC in PISF was high during the 3–6 months of the

observation period (CI: F = 33.72; p < 0.001; HI: F = 55.57;

p < 0.001), whereas in patients of the age group after 50 years,

the level of OC in PISF increased up to the 3 months of

observation (conical: F = 18.82; p < 0.001; hexagonal: F =

26.26; p < 0.001), and sharply decreased by the end of

6 months (CI: F = 1.10; p = 0.261; HI: F = 1.71; p = 0.204).

As follows from Figure 4, during the first 3 months of

observation (1–3 months) OPG in peri-implant sulcular fluid

(PISF) in patients of the age group <50 years increased (CI: F =

4.63; p = 0.037; HI: F = 2.8927; p = 0.046) compared to its level in

gingival crevicular fluid (GCF), but by the end of the sixth month

it was returned to the initial level (CI: F = 1.03; p = 0.29; HI: F =

1.07; p = 0.31). In patients of the age group >50, the level of OPG
in PISF did not change statistically significantly compared to its

level in GCF during the entire follow-up period (CI: F = 1.23; p =

0.246; HI: F = 1.03; p = 0.301).

As follows from Figure 5, in patients of the age

group <50 years, the mean values of the nitrite (NOx)

concentration in peri-implant sulcular fluid (PISF) did not

changed during whole observation period compared with the

corresponding values in gingival crevicular fluid (GCF) only at

the end (6-th months) after implantation (CI: F = 1.615; p =

0.2443; HI: F = 1.524; p = 0.263). In patients of the age

group >50 years with a CIs, the NOx concentration in PISF

increased statistically significantly compared to the

corresponding values in GCF during the whole period

(1–6 months) of the observation (F = 27.657; p < 0.001),

while in the case of a HIs, did not statistically significantly

change compared to the corresponding values in GCF (F =

0.596; p = 0.448).

Discussion

The success of the osteogenic process requires careful

chronological coordination of molecular signals to drive the

proliferation, migration, and differentiation of mesenchymal

precursor cells in osteoblasts (Zaidi, 2007). In the last decades,

periodontal research has focused on the analysis of potential host

markers that can be used to diagnose the healing intensity of

implants and determine prognosis (Arikan et al., 2008).

FIGURE 5
The levels of nitrite (NOx) concentration in the gingival crevicular fluid (GCF) and peri-implant sulcular fluid (PISF) of patients of different age
groups during the post-implantation period (after 1, 3, and 6 months), in cases of conical-shaped implants (CIs) and hexagonal implants (HIs).
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Bone is in a constant state of remodeling, which is important

for the maintenance of its normal structure and function. Many

types of cells and factors are involved in the process of bone

remodeling.

Osteoblasts, responsible for new bone formation, and

osteoclasts responsible for bone resorption, are the two main

cell types participating in those processes (Matsuoka et al., 2014;

Chen et al., 2018). These processes are stable and balanced under

physiological conditions; However, bone architecture or function

will be disturbed when the balance is disordered.

The process of osseointegration begins after the placement of

the dental implant in the jaw bone; the implant integrates with

the living bone by healing the bone wound. OPN and OC are

major non-collagenous proteins involved in bone matrix

organization and deposition. They are produced during bone

formation, later in the mineralization process, and involved in

organizing the extracellular matrix and coordinating cell-matrix,

mineral–matrix interactions, which play key roles in the

biological and mechanical functions of bone, regulate whole-

bone structure and morphology (Bailey et al., 2017).

At first, OPN is secreted on the hard surface of the bone. This

extracellular matrix protein is a major factor affecting osteoclast

attachment, wound healing, and angiogenesis, plays an

important role in bone mineralization, cell adhesion,

differentiation, and foreign body response, since it has several

binding sites with implant hydroxyapatite crystals, collagen, and

various integrins, through the calcium ions and Arg-Gly-Asp

motif (Makishi et al., 2022).

Secretion of OPN at the resorption site during bone

remodeling regulates migration, adhesion, differentiation, and

activation of osteoclasts to form a bone matrix, also, migration,

adhesion, and differentiation of osteoblasts. OPN positively

affects osteoblasts in direct osteogenesis after implantation

(Dodds et al., 1995; McKee and Nanci, 1995).

As follows from the results of our study level of OPN in

patients’ PISF increased in comparison to its level in GSF from

the early stages after the implantation. In the case of CIs, the

content of OPN in PISF was higher compared to the

corresponding values in GCF during the entire observation

period (1–6 months) and reached a maximum by the end of

sixth month at both age groups, but in the case of HIs, an increase

in the OPN content in PISF from the beginning to the end of the

observation (sixth month), was recorded only in patients of the

age group <50 years, in age group >50 years, an increase in the

level of OPN in PISF was not statistically significant.

During bone mineralization, osteoblasts secrete a specific

membrane-bound glycoprotein, ALP, that catalyzes the

hydrolysis of phosphate monoesters and supports a high

concentration of phosphate on the surface of osteoblasts

(Sharma et al., 2014). Elevated levels of ALP in sulcular fluid

are observed as a compensatory mechanism in response to

destructive disease processes and indicate active bone

formation (Malik et al., 2015).

According to our study results, OC and ALP content increase

in PISF began 3 months after implantation. In patients with CIs,

ALP remains this statistically significant tendency for

3–6 months in both age groups, however, in patients with HIs

in patients older than 50 years the statistical significance of this

growth was not high. Regarding OC, under the age of 50 years in

patients with conical-shaped and hexagonal implants, the level of

OC in PISF was high during 3–6 months after implantation,

whereas in patients of the age group after 50 years, the level of OC

in PISF increased on to the 3 months of observation, and sharply

decreased at the end of 6 months. In literature, age-related

decline of OC has been established (Vanderschueren et al.,

1990). A weak correlation between the bone markers ALP and

OC levels, and the dental implant stability quotient (ISQ) over

the healing period was revealed, which is in harmony with the

intensification of a gene expression of bone markers in PICF

(Tirachaimongkol et al., 2016) and indicates that these biological

markers may be used for monitoring of implant healing.

These data indicate that when using CIs, the process of

osseointegration proceeds intensively in both age groups,

while when using HIs, the intensity of this process in elderly

patients decreases. This is due to the comparatively higher

mechanical loading produced by the CIs (Bayandurov et al.,

2023), as well as age-related characteristics of osteogenesis—in

yang (<50 years) patients content of the OPG, ALP, and OC in

PISF was especially high.

Osteointegration success is determined by the

incorporation of the woven bone and the bone mass

adaptation to bearing a load (Parithimarkalaignan and

Padmanabhan, 2013). Disruption of the balance of factors

regulating host response can induce impairment

osteointegration process and bone remodeling, stimulation

of osteoclasts activity with consequent alveolar bone

resorption, and implant loss (Giannopoulou et al., 2012).

Osteoclastogenesis is coordinated by the interaction of three

members of the tumor necrosis factor (TNF) superfamily:

receptor activator of nuclear factor-kB (NF-kB) ligand

(RANKL), RANK, and OPG. The RANK, RANKL, and OPG,

known together as the RANK-RANKL-OPG system, effectively

control the balance between osteoblasts and osteoclasts activity.

RANKL is expressed by osteoblasts, stromal cells, fibroblasts,

B cells, and T cells when stimulated by cytokines and bacterial

lipopolysaccharides. The binding of RANK and RANKL on the

surface of preosteoclast/osteoblast cells, activates the formation,

maturation, and activation of osteoclasts, resulting in bone

destruction. Conversely, OPG, produced by periodontal

ligament cells, gingival fibroblasts, and epithelial cells, is a

soluble circulating decoy receptor of RANK, blocks the

activation of RANK by preferentially binding itself to RANKL,

and thus protects bone against destruction. Therefore, RANKL

and OPG regulate bone resorption by positive or negative

stimulation of RANK on osteoclast cells (Giannopoulou et al.,

2012). OPG is involved in the regulation of alveolar bone
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destruction around dental implants through the regulation of

osteoclast differentiation.

As follows from the results of our study, in patients of the age

group <50 years OPG in PISF during the first 3 months of

observation (1–3 months) increased compared to its level in

GCF, but by the end of the sixth month returned to the initial

level. In patients of the age group >50, the level of OPG in PISF

did not statistically significantly change compared to its level in

GCF during the entire follow-up period. Consequently, in the

early stages of osteointegration in young patients, OPG protects

alveolar bone destruction around dental implants and promotes

osteointegration, while in older patients the effectiveness of this

mechanism decreases.

In the regulation of inflammation in soft tissues around the

implant, immunomodulation, antimicrobial defense, as well as

anabolic reactions, and bone resorption process important role

plays NO, a small-sized, highly reactive molecule, that is a

secondary messenger in a living organism. During

implantation, it is possible an increase in NO production as a

result of the intensification of iNOS activity induced by

proinflammatory cytokines, or a decrease in NO content

related to its conversion into peroxynitrite in inflammation-

induced oxidative stress conditions (Allaker et al., 2001).

Mechanical stimulus, one of the factors involved in the bone

remodeling process around implants, mediates osteoclast activity

and also stimulates NO production (Baloul, 2016; Gokmenoglu

et al., 2018). Therefore, NO metabolism is associated with the

clinical state of peri-implant tissues, NO seems to have a biphasic

effect on osteoblastic activity. In vitro, studies have shown that a

small amount of NO constitutively produced by osteoblasts, or

slowly released by donors, can act as a stimulator of osteoblast

growth and differentiation, while high NO concentration has a

potent inhibitory effect on osteoblastic growth and

differentiation, and/or stimulates bone resorption, that may be

partly due to its pro-apoptotic effect. In inflamed peri-implant

tissues, the NO level was found to be higher than in healthy sites

(Nascimento et al., 2020).

Our study results show that in patients with CIs and HIs of

the age group <50 years, the mean values of NOx concentration

in PISF statistically insignificantly increased compared with the

corresponding values in GCF on the sixth month of the

implantation. In patients of the age group >50 years CIs

induced a statistically significant increase of NOx

concentration in PISF, while in the case of HIs, it did not

change statistically significantly compared to the

corresponding values in GCF during the entire

observation period.

It can be assumed that in patients <50 years there is a slight
increase in NOx concentration in PISF stimulates osteoblast

growth and differentiation, and therefore, the osteointegration

process, whereas the statistically significant increase of NOx

concentration in PISF in >50 years old patients in the case of

a CIs, may be related with the inflammatory reaction (which

needs correction) or other factors (oxidative stress, mechanical

stimulus, etc.) (Orjonikidze et al., 2020).

Conclusion

During the post-implantation period, the process of

osteointegration is affected by age-related factors.

Patients <50 years have higher levels of OPN, ALP, OC,

and OPG, which result in lesser alveolar bone destruction

around dental implants and a more intensive osteointegration

process. Biological markers such as OPN, OC, ALP, PNG, and

NO content in PISF can be used to monitor implant healing.

The use of CIs leads to a more intensive process of

osseointegration due to the higher mechanical loading

produced by them.

Data availability statement

The raw data supporting the conclusion of this article will be

made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Tbilisi State

medical University Ethics committee. The studies were

conducted in accordance with the local legislation and

institutional requirements. The participants provided their

written informed consent to participate in this study.

Author contributions

EB—Study design, taking responsibility in execution of the

experiments. ZO—Reviewing the article. SKr—collecting data.

RO—Taking responsibility in execution of the experiments.

GO—Data analysis. SKa—Planning methodology to reach the

conclusion. TS—Taking responsibility in the construction of the

whole or body of the manuscript. All authors contributed to the

article and approved the submitted version.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Acta Biochimica Polonica
Published by Frontiers

Polskie Towarzystwo Biochemiczne (Polish Biochemical Society)08

Bayandurov et al. 10.3389/abp.2024.12433

699

https://doi.org/10.3389/abp.2024.12433


References

Ainamo, J., and Bay, I. (1975). Problems and proposals for recording gingivitis
and plaque. Int. Dent. J. 25, 229–235.

Akman, A. C., Buyukozdemir Askin, S., Guncu, G. N., and Nohutcu, R. M. (2018).
Evaluation of gingival crevicular fluid and peri-implant sulcus fluid levels of periostin: a
preliminary report. J. Periodontology 89 (2), 195–202. doi:10.1902/jop.2017.170315

Allaker, R. P., Silva Mendez, L. S., Hardie, J. M., and Benjamin, N. (2001).
Antimicrobial effect of acidified nitrite on periodontal bacteria. Oral Microbiol.
Immunol. 16 (4), 253–256. doi:10.1034/j.1399-302x.2001.160410.x

Arikan, F., Buduneli, N., and Kütükçüler, N. (2008). Osteoprotegerin levels in
peri-implant crevicular fluid. Clin. Oral Implants Res. 19 (3), 283–288. doi:10.1111/
j.1600-0501.2007.01463.x

Bailey, S., Karsenty, G., Gundberg, C., and Vashishth, D. (2017). Osteocalcin and
osteopontin influence bone morphology and mechanical properties. Ann. N. Y.
Acad. Sci. 1409 (1), 79–84. doi:10.1111/nyas.13470

Baloul, S. S. (2016). Osteoclastogenesis and osteogenesis during tooth movement.
Front. Oral Biol. 18, 75–79. doi:10.1159/000351901

Bayandurov, E., Orjonikidze, Z., Sanikidze, T., Mantskava, M., and Tortladze, M.
(2023). Characteristics of human saliva and rheological parameters as markers of the
implantation success. Ser. Biomechanics 37 (2), 103–111. doi:10.7546/sb.11.02.2023

Berglundh, T., Lindhe, J., Ericsson, I., Marinello, C. P., Liljenberg, B., and
Thornsen, P. (1991). The soft tissue Barrier at implants and teeth. Clin. Oral
Implants Res. 2, 81–90. doi:10.1034/j.1600-0501.1991.020206.x

Buser, D., Mericske-Stern, R., Pierre Bernard, J. P., Behneke, A., Behneke, N., Hirt,
H. P., et al. (1997). Long-term evaluation of non-submerged ITI implants. Part 1: 8-
year life table analysis of a prospective multi-center study with 2359 implants. Clin.
Oral Implants Res. 8 (3), 161–172. doi:10.1034/j.1600-0501.1997.080302.x

Chen, X., Wang, Z., Duan, N., Zhu, G., Schwarz, E. M., and Xie, C. (2018).
Osteoblast-osteoclast interactions. Connect. Tissue Res. 59 (2), 99–107. doi:10.1080/
03008207.2017.1290085

Dodds, R. A., Connor, J. R., James, I. E., Lee Rykaczewski, E., Appelbaum, E., Dul,
E., et al. (1995). Human osteoclasts, not osteoblasts, deposit osteopontin onto
resorption surfaces: an in vitro and ex vivo study of remodeling bone. J. Bone
Mineral Res. 10, 1666–1680. doi:10.1002/jbmr.5650101109

Giannopoulou, C., Martinelli-Klay, C. P., and Lombardi, T. (2012).
Immunohistochemical expression of RANKL, RANK and OPG in gingival tissue
of patients with periodontitis. Acta Odontol. Scand. 70, 629–634. doi:10.3109/
00016357.2011.645064

Gokmenoglu, C., Ozmeric, N., Sungur, C., Sahin Bildik, R., Erguder, I., and Elgun,
S. (2018). Nitric oxide and arginase levels in peri-implant tissues after delayed
loading. Archives Oral Biol. 85, 207–211. doi:10.1016/j.archoralbio.2017.10.019

Greenstein, G. (1997). Contemporary interpretation of probing depth
assessments: diagnostic and therapeutic implications. A literature review.
J. Periodontology 68, 1194–1205. doi:10.1902/jop.1997.68.12.1194

Grisham, M. B., Johnson, G. G., and Lancaster, J. R. (1996). Quantitation of
nitrate and nitrite in extracellular fluids. Methods Enzymol. 268, 237–246. doi:10.
1016/s0076-6879(96)68026-4

HMNascimento, M., T Pelegrino, M., C Pieretti, J., and B. Seabra, A. (2020). How
can nitric oxide help osteogenesis? AIMS Mol. Sci. 7 (1), 29–48. doi:10.3934/molsci.
2020003

Lang, N. P., and Berglundh, T. (2011). Working group 4 of seventh euroup
workshop on periodontology. Peri-Implant diseases: where are we now? The
consensus of the seventh European workshop on periodontology. J. Clin.
Periodontology 38 (Suppl. 11), 178–181. doi:10.1111/j.1600-051x.2010.01674.x

Makishi, S., Yamazaki, T., and Ohshima, H. (2022). Osteopontin on the dental
implant surface promotes direct osteogenesis in osseointegration. Int. J. Mol. Sci. 23
(3), 1039. doi:10.3390/ijms23031039

Malik, N., Naik, D., and Uppoor, A. (2015). Levels of myeloperoxidase and
alkaline phosphatase in periimplant sulcus fluid in health and disease and after
nonsurgical therapy. Implant Dent. 24 (4), 434–440. doi:10.1097/id.
0000000000000277

Martin, T. J., and Sims, N. A. (2005). Osteoclast-derived activity in the coupling of
bone formation to resorption. Trends Mol. Med. 11, 76–81. doi:10.1016/j.molmed.
2004.12.004

Matsuoka, K., Park, K. A., Ito, M., Ikeda, K., and Takeshita, S. (2014). Osteoclast-
derived complement component 3a stimulates osteoblast differentiation. J. Bone
Mineral Res. 29, 1522–1530. doi:10.1002/jbmr.2187

Matsuura, T., and Yamashita, J. (2018).Dental implants and osseous healing in the
oral cavity. Treasure Island (FL): StatPearls Publishing, 940–956.

McKee, M. D., and Nanci, A. (1995). Osteopontin and the bone remodeling
sequence: colloidal-gold immunocytochemistry of an interfacial extracellular
matrix proteina. Ann. N. Y. Acad. Sci. 760, 177–189. doi:10.1111/j.1749-6632.
1995.tb44629.x

Orjonikidze, A., Mgebrishvili, S., Orjonikidze, M., Barbakadze, I., Kipiani, N. V.,
and Sanikidze, T. (2020). New approaches to the treatment of periimplantitis
(review). Georgian Med. News (302), 28–33. PMID: 32672685.

Parithimarkalaignan, S., and Padmanabhan, T. V. (2013). Osseointegration: an
update. J. Indian Prosthodont. Soc. 13, 2–6. doi:10.1007/s13191-013-0252-z

Piattelli, A., Scarano, A., Corigliano, M., and Piattelli, M. (1996). Effects of
alkaline phosphatase on bone healing around plasma-sprayed titanium implants: A
pilot study in rabbits. Biomaterials 17 (14), 1443–1449. doi:10.1016/0142-9612(96)
87288-7

Rudin, H. J., Overdiek, H. F., and Rateitschak, K. H. (1970). Correlation between
sulcus fluid rate and clinical and histological inflammation of the marginal gingiva.
Helv. Odontol. Acta 14, 21–26.

Scarano, A., Khater, A. G. A., Gehrke, S. A., Serra, P., Francesco, I., Di Carmine,
M., et al. (2023). Current status of peri-implant diseases: a clinical review for
evidence-based decision making. J. Funct. Biomaterials 14 (4), 210. doi:10.3390/
jfb14040210

Shama, M. M., Aboukhadr, M., Madi, M., and Abdelhady, S. (2016). Comparison
between level of interleukin 10 in the gingival crevicular fluid and peri-implant
sulcular fluid around healthy dental implants (split mouth study). Alexandria Dent.
J. 41 (26), 30.

Sharma, U., Pal, D., and Prasad, R. (2014). Alkaline phosphatase: an overview.
Indian J. Clin. Biochem. 29, 269–278. doi:10.1007/s12291-013-0408-y

Subbarao, K. C., Nattuthurai, G. S., Sundararajan, S. K., Sujith, I., Joseph, J., and
Syedshah, Y. P. (2019). Gingival crevicular fluid: an overview. J. Pharm. Bioallied
Sci. 11 (Suppl. 2), S135–S139. doi:10.4103/jpbs.jpbs_56_19

Tirachaimongkol, C., Pothacharoen, P., Reichart, P. A., and Khongkhunthian, P.
(2016). Relation between the stability of dental implants and two biological markers
during the healing period: A prospective clinical study. Int. J. Implant Dent. 2, 27.
doi:10.1186/s40729-016-0058-y

Vanderschueren, D., Gevers, G., Raymaekers, G., Devos, P., and Dequeker, J.
(1990). Sex- and age-related changes in bone and serum osteocalcin. Calcif. Tissue
Int. 46 (3), 179–182. doi:10.1007/bf02555041

Zaidi, M. (2007). Skeletal remodeling in health and disease. Nat. Med. 13,
791–801. doi:10.1038/nm1593

Acta Biochimica Polonica
Published by Frontiers

Polskie Towarzystwo Biochemiczne (Polish Biochemical Society)09

Bayandurov et al. 10.3389/abp.2024.12433

700

https://doi.org/10.1902/jop.2017.170315
https://doi.org/10.1034/j.1399-302x.2001.160410.x
https://doi.org/10.1111/j.1600-0501.2007.01463.x
https://doi.org/10.1111/j.1600-0501.2007.01463.x
https://doi.org/10.1111/nyas.13470
https://doi.org/10.1159/000351901
https://doi.org/10.7546/sb.11.02.2023
https://doi.org/10.1034/j.1600-0501.1991.020206.x
https://doi.org/10.1034/j.1600-0501.1997.080302.x
https://doi.org/10.1080/03008207.2017.1290085
https://doi.org/10.1080/03008207.2017.1290085
https://doi.org/10.1002/jbmr.5650101109
https://doi.org/10.3109/00016357.2011.645064
https://doi.org/10.3109/00016357.2011.645064
https://doi.org/10.1016/j.archoralbio.2017.10.019
https://doi.org/10.1902/jop.1997.68.12.1194
https://doi.org/10.1016/s0076-6879(96)68026-4
https://doi.org/10.1016/s0076-6879(96)68026-4
https://doi.org/10.3934/molsci.2020003
https://doi.org/10.3934/molsci.2020003
https://doi.org/10.1111/j.1600-051x.2010.01674.x
https://doi.org/10.3390/ijms23031039
https://doi.org/10.1097/id.0000000000000277
https://doi.org/10.1097/id.0000000000000277
https://doi.org/10.1016/j.molmed.2004.12.004
https://doi.org/10.1016/j.molmed.2004.12.004
https://doi.org/10.1002/jbmr.2187
https://doi.org/10.1111/j.1749-6632.1995.tb44629.x
https://doi.org/10.1111/j.1749-6632.1995.tb44629.x
https://doi.org/10.1007/s13191-013-0252-z
https://doi.org/10.1016/0142-9612(96)87288-7
https://doi.org/10.1016/0142-9612(96)87288-7
https://doi.org/10.3390/jfb14040210
https://doi.org/10.3390/jfb14040210
https://doi.org/10.1007/s12291-013-0408-y
https://doi.org/10.4103/jpbs.jpbs_56_19
https://doi.org/10.1186/s40729-016-0058-y
https://doi.org/10.1007/bf02555041
https://doi.org/10.1038/nm1593
https://doi.org/10.3389/abp.2024.12433


Regular paper

Simvastatin attenuates diabetes mellitus erectile dysfunction in 
rats by miR-9-5p-regulated PDCD4
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DMED is a common complication of diabetes, for which 
new treatment methods are urgently required. Focused 
on DMED, the pharmacological mechanism of simvas-
tatin (Sim) was probed. A model of DMED was made in 
rats with streptozotocin and orally medicated with Sim. 
Lentiviral vectors that interfere with miR-9-5p or PDCD4 
were injected, and the erectile function, histopathology 
of cavernous tissue, and α-SMA expression were evalu-
ated. Cavernous smooth muscle cells (CMSCs) obtained 
from DMED rats were treated with Sim and transfected 
with the plasmid vector that interferes with miR-9-5p 
or PDCD4 to observe cell viability and apoptosis. The 
binding relationship between miR-9-5p and PDCD4 was 
checked. After 8-week treatment with Sim, erectile func-
tion was improved and the corpus cavernosum injury 
was alleviated. Upregulating miR-9-5p or downregulat-
ing PDCD4 further improved erectile function and cav-
ernous injury in rats. miR-9-5p targeted regulation of 
PDCD4. In vitro cell experiment results showed that Sim 
induced proliferation and reduced apoptosis of CSMCs 
by enhancing miR-9-5p-targeted regulating PDCD4 in 
vitro. Sim attenuates DMED in rats via miR-9-5p/PDCD4.
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INTRODUCTION

Erectile dysfunction (ED) is defined as erection failure 
during sexual intercourse and is a common complication 
of diabetes (Che et al.,  2020). With lifestyle changes and 
population ages, the incidence rate of ED is increasing 
(He et al., 2019). The incidence rate of ED in the normal 
population is 0.1–18%, while that in diabetic patients is 
nearly 3 times higher (Seftel, 2005). ED can affect physi-
cal, emotional, social, sexual, and interpersonal relation-
ships, for which drug therapy is the main treatment, in-
cluding PDE5 inhibitors, androgen therapy, and vasoac-
tive drugs (Lau et al.,  2007). Compared with other treat-
ments, such as intracavernous injection or intraurethral 
injection of alprostadil, drug treatment is less invasive 
(Talib et al.,  2021). However, the effect of oral medica-

tion on ED is significantly lower (Martínez-Salamancaet 
al.,  2014). Therefore, there is an urgent need to develop 
new drugs for the treatment of diabetes mellitus erectile 
dysfunction (DMED).

Statins are 3-hydroxy-3-methylglutaryl CoA reductase 
inhibitors, which are widely used to reduce cholesterol 
levels in patients with lipid metabolism disorders. Sim-
vastatin (Sim) is one of the most widely used lipophilic 
statins (Aschenbrenner et al.,  2021) that has therapeutic 
value in human diseases, such as fracture healing (Haji-
alizade et al.,  2020), tumorigenesis (Kopacz et al.,  2020), 
hydrocephalus (Chen et al.,  2017), Parkinson’s disease 
(Carroll et al.,  2017). Sim can alleviate DMED by en-
hancing autophagy (Ding et al., 2020), but other potential 
mechanisms of Sim action have not been fully studied.

MicroRNA (miRNA) involves in a variety of disease-
related signaling pathways after transcription (Rupai-
moole et al.,  2017). miR-126-engineered MDSCs can 
reconstruct blood vessels and repair rat cavernous in-
jury, to reduce ED caused by rat cavernous injury (Zou 
et al.,  2021) and miR-205 is involved in the pathogen-
esis of DMED (Wen et al.,  2019). miR-9-5p has been 
widely studied in tumors, such as liver cancer (Wang et 
al., 2020), prostate cancer (Wang et al., 2021), and gastric 
cancer (Ba et al.,  2021). However, the role of miR-9-5p 
in DMED is not yet clear.

Our research aims to explore the potential mechanism 
of DMED by targeting miR-9-5p/PDCD4 and provide a 
new treatment for DMED.

MATERIALS AND METHODS

DMED rat model

The animal treatment complied with the “Experimen-
tal Animal Care and Guide” and was approved by the 
Experimental Animal Ethics Committee of Tongji Hos-
pital, Tongji University School of Medicine, ShangHai 
(NO.T20116A301). Healthy male SD rats, aged 8 weeks 
old, were standard fed in a non-pathogenic environment, 
and blood glucose was tested a week later. After 24 h of 
fasting, 64 rats were injected with streptozotocin (STZ)-
citrate buffer at 60 mg/kg, and the other 6 rats were 
with citric acid buffer. After that, rats were given normal 
feeding. At 24 h, 72 h, and 1-week post-injection, blood 
glucose was assessed and >16.67 mmol/L indicated the 
induction of diabetes. After 8 w of normal feeding, rats 
were subcutaneously injected with Apomorphine (APO) 
at 100 μg/kg in the neck and placed in the dark for 30 
min during which the number of penis erections was re-
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corded. A total of 54 DMED rats (rats without erection) 
were established, and the success rate was 84.4%.

Animal treatment

After modeling, rats were given oral medication 
with Sim (dissolved in DMSO and physiological saline, 
2  mg/kg) or saline, once a day, for 8 days. Meanwhile, 
48 DMED rats were intravenously injected with 7.6×107 
IFU lentivirus (10 mg/kg), carrying miR-9-5p agomir, 
agomir NC, miR-9-5p antagomir, antagomir NC, si-
PDCD4, si-NC, miR-9-5p agomir + oe-PDCD4, and 
miR-9-5p agomir + oe-NC, respectively. After the last 
injection, rats were fed ad libitum for 3 days, and body 
weight and blood glucose were measured. The rats were 
euthanized to harvest corpus cavernosum which was 
preserved in liquid nitrogen.

Construction and injection of lentivirus

Plasmid DNA (12.5 μg) and liposomes (9 μL) were 
diluted in 250 μL of serum-free RPMI1640 medium 
(R8758, Gibco, CA, USA), respectively, and mixed to 
form a plasmid-liposome complex which was then added 
into 293T cells (ATCC, VA, USA). After that, cells were 
incubated for 6–8 hours, and the whole culture medium 
was centrifuged at 716 g for 20 min to obtain lentivirus-
enriched supernatant. Next, the supernatant was filtered 
through a 0.45 μm filter, stored at –80°C, and injected 
into the tail vein of DMED rats.

Evaluation of erectile function in vivo

Rats were anesthetized by intraperitoneal injection of 
2% pentobarbital sodium (3 mg/kg). After the separa-
tion of the corpus cavernosum, the prostate was exposed 
and then the left common carotid artery was separated. 
Intracavernous pressure (ICP) and mean arterial pres-
sure (MAP) to 50-s electrical stimulation were monitored 
(20 Hz, 5 V, 0.2 ms). The electrode stimulation interval 
lasted 15 min.

H&E staining

Penile tissue was routinely made into paraffin slices 
(about 4 μm) for staining with hematoxylin for 5 min 
and with eosin for 2 min. Afterward, the slices were de-
hydrated with ethanol, cleared with xylene, and sealed 
with neutral glue for microscopic observation.

Immunofluorescence

Sections were dewaxed, dehydrated in gradient etha-
nol, treated overnight with sodium citrate buffer solu-
tion (pH 6.0), permeabilized with 0.5% Triton X-100 
and incubated at 5% bovine serum albumin. The slices 
were then treated with primary antibody α-SMA (1:200, 
millipore sigma) and the secondary antibody combined 
with Alexa fluor 488 or Alexa fluor 555 (1:200). Next, 
counter-staining with 4,6-diamidino-2-phenylindole was 
performed to capture the images under a fluorescence 
microscope (Olympus, ix83-fv3000, Tokyo, Japan) fol-
lowed by quantification using ImageJ (v1.8.0, NIH, MD, 
USA).

TUNEL staining

Apoptosis in the paraffin section was detected by 
Apop Tag Plus In situ apoptosis Detection kit (Oncor 
Inc, Gaithersburg) and analyzed under an optical micro-
scope (Nikon, Japan) (Hirfanoglu et al., 2019).

Cell culture

The euthanized DMED rats were sterilized in 75% al-
cohol, the penis was dissected along the inferior edge of 
the pubis, and the glans of the penis were collected. The 
albuginea vessels and urethra were stripped, and the cor-
pus cavernosum was cut into 0.5–1 mm3 pieces and cul-
tured for 5–7 days in a medium containing 20% fetal bo-
vine serum. After 2-3 passages, cavernous smooth muscle 
cells (CMSCs) were treated with Sim (2 μM) for 24 h.

Cell transfection

CMSCs were transfected with miR-9-5p mimic, 
mimic NC, miR-9-5p inhibitor, inhibitor NC, sh-NC, 
sh-PDCD4, miR-9-5p mimic + pcDNA-PDCD4 and  
miR-9-5p mimic + pcDNA-NC using Lipofectamine 
2000 (11668019, Invitrogen). The above plasmid was 
constructed by Sangon (Shanghai, China) with pEGFP-
4.1N (Invitrogen) as the vector.

Cell viability assay

CMSCs proliferation was assessed at 24, 48, and 72 
h using cell counting kit-8 (CK04, Dojindo, Kumamoto, 
Japan) by evaluating the optical density (OD) at 450 nm 
on a microplate reader.

Flow cytometry

CMSCs apoptosis was measured by annexin V-FITC 
apoptosis Kit (Abcam, Cambridge, UK) and detected 
on a flow cytometer (br168323; Luminex, Austin, TX, 
USA). Data were analyzed by Kaluza C analysis software 
(Beckman Coulter, CA, USA).

RNA extraction and analysis

Total RNA was extracted with RNeasy Mini Kit (Qia-
gen, CA, USA), and cDNA was generated with Prime-
Script RT reagent Kit (RR047A, Takara, Japan) or miR-
NA first-strand cDNA synthesis Kit (Sangon). qPCR 
was performed using SYBR Premix Ex Taq™ II (Perfect 
Real Time) kit (DRR081, Takara, Japan) and ABI7500 
Real-Time PCR system (ABI, Foster City, USA). Glycer-

Table 1. Primer sequences

Genes Sequences (5’– 3’)

miR-9-5p F: GTGCAGGGTCCGAGGT

R: GCGCTCTTTGGTTATCTAGC

PDCD4 F: ATGTGGAGGAGGTGGATGTG

R: TGGTGTTAAAGTCTTCTCAAATGC

PCNA F: GCCATATTGGAGATGCTGT

R: TGAGTGTCACCGTTGAAGA

Bax F: GATCGAGCAGGGCGAATG

R: CATCTCAGCTGCCACTCG

U6 F: CTCGCTTCGGCAGCACA

R: AACGCTTCACGAATTTGCGT

GAPDH F: CGGAGTCAACGGATTTGGTCGTAT

R: AGCCTTCTCCATGGTGGTGAAGAC

Note: miR-9-5p, microRNA-9-5p; PDCD4, Programmed cell death 4; 
PCNA, Proliferating cell nuclear antigen; Bax, Bcl-2-associated X; GAP-
DH, glyceraldehyde 3-phosphate dehydrogenase
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aldehyde-3-phosphate dehydrogenase (GAPDH) and U6 
were considered internal controls. The primer sequences 
are shown in Table 1, miRNA negative primers and U6 
upstream primers were provided by miRNA first-strand 
cDNA synthesis (Tailing Reaction) kit. Relative expres-
sion levels were calculated using the 2-ΔΔCt method.

Western Blot

Proteins were extracted using RIPA lysis buffer (P0013C, 
Beyotime, China) and analyzed BCA protein detection kit 
(20201ES76, Yeasen, Shanghai, China). Proteins were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and then transferred to polyvinylidene fluoride 
membranes. After blocking with 5% skim milk, membranes 
were incubated with primary antibodies PDCD4 (1:1000, 
9535, Cell Signaling Technology) and GAPDH (1:1000, 
ab8245, Abcam) and with goat anti-rabbit IgG (ab205718, 
Abcam) to analyze gray values using ImageJ 1.48u (NIH).

Dual-Luciferase Reporter Experiment

The 3’UTR fragment of PDCD4 and its mutation 
containing potential miR-9-5p binding site were inserted 
into the PGLO vector, namely PGLO-PDCD4 wild type 
(WT) and PGLO-PDCD4 mutant (MUT). The vectors 
were co-transfected with miR-9-5p mimic and mimic NC 
into 293T cells, respectively, thereby analyzing luciferase 
activity using a dual luciferase reporter gene detection 
system (e1910, Promega, WI, USA).

Data analysis

All data were statistically analyzed by SPSS 21.0 statis-
tical software. Reported as mean ± standard deviation, 
the measurement data were compared by independent 
sample t-test if following normal distribution, otherwise 
by one-way ANOVA and Tukey’s multiple comparison 
post hoc analysis. With P<0.05, the difference was con-
sidered to be statistically significant.

RESULTS

Sim can improve ED in DMED rats

Before intraperitoneal injection of STZ, rats showed no 
significant difference in body weight, blood glucose, or 
erectile function. Except for 8 rats that died due to STZ, 
the other 64 diabetic rats and 6 normal rats were subject-
ed to the APO test. Among them, 1-3 erections happened 
in 10 diabetic rats in 30 min, and no erection in the oth-
er 54 diabetic rats. To verify the improvement effect of 
Sim on DMED rats, DMED rats took Sim orally. Dia-
betic rats had reduced body weight and increased blood 
glucose, which could be ameliorated by Sim (Fig.  1A, B). 
The ICP/MAP values were decreased in diabetic rats and 
could be restored by Sim (Fig. 1C). Then, we observed 
the pathological condition of the cavernous by HE stain-
ing, which showed that the capillaries of the cavernous 
sinus contained erythrocytes, which were intertwined in a 
network. A large number of capillaries were seen in the 
corpus cavernosum tissue of sham-operated rats while 
less in diabetic rats; after Sim treatment, the corpus caver-
nosum injury was relieved (Fig. 1D). Immunofluorescence 
analysis in the penile cavernous demonstrated that α-SMA 
expression was decreased in DMED rats; Sim increased 
α-SMA expression (Fig. 1E, F). In addition, RNA and 
protein expression analysis revealed that miR-9-5p expres-
sion was decreased and PDCD4 expression was increased 
in DMED rats; after Sim treatment, their expression 
trends were recovered (Fig. 1G).

miR-9-5p alleviates corpus cavernosum damage in 
DMED rats

For defining the impacts of miR-9-5p in DMED rats, 
Sim-treated DMED rats were injected with the lentivi-
ral vector into the tail vein to interfere with miR-9-5p 
expression (Fig. 2A). Due to miR-9-5p overexpression, 

Figure 1. Sim can improve ED in DMED rats
(A–B) Changes in body weight and blood glucose of rats; (C) Erectile function assessment in vivo; (D) HE staining; (E–F) immunohisto-
chemical staining for α-SMA; (G) miR-9-5p and PDCD4 expression; values are expressed as mean ± standard deviation; *P<0.05 vs. Sham 
group; #P<0.05 vs. Model group.
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rats gained weight, blood glucose decreased, and ICP/
MAP values elevated (Fig. 2B-D), the corpus caverno-
sum damage was alleviated (Fig. 2E), and α-SMA expres-
sion was raised (Fig. 2F, G). While miR-9-5p inhibition 
counter-acted the ameliorating effect of Sim (Fig. 2B-G).

miR-9-5p targets PDCD4

The specific binding site between PDCD4 and miR-
9-5p was identified through the bioinformatic web-
site RNA22 (Fig. 3A). The binding of miR-9-5p to 
PDCD4 was verified by dual-luciferase reporter gene 
assay based on the experimental result that miR-9-5p 
mimic induced the impairment of PGLO-PDCD4-WT 
luciferase activity (Fig. 3B). Analysis of PDCD4 ex-
pression indicated that with the change in miR-9-5p 
expression, PDCD4 expression was altered in an op-
posite way (Fig. 3C).

Depleting PDCD4 attenuates ED in DMED rats

In Sim-treated DMED rats, a lentiviral vector carrying 
si-PDCD4 or miR-9-5p agomir + oe-PDCD4 was injected 
into the tail vein (Fig. 4A). It was verified that si-PDCD4 

had the ameliorating effects as miR-9-5p agomir, however, 
oe-PDCD4 mitigated the protective role of miR-9-5p ago-
mir in Sim-treated DMED rats (Fig. 4B-G).

Sim protects CSMCs in vitro by enhancing miR-9-5p and 
suppressing PDCD4 expression

The regulatory role of Sim through the miR-9-5p/
PDCD4 axis was tested using CSMCs. CSMCs were 
treated with Sim and then transfected. Quantitative PCR 
detection (Fig. 5A) manifested that Sim treatment el-
evated miR-9-5p and restrained PDCD4 expression in 
CSMCs; miR-9-5p mimic and miR-9-5p inhibitor trans-
fection could strengthen and impair Sim-mediated ef-
fects; sh-PDCD4 transfection promoted the inhibitory 
effect of Sim on PDCD4 expression; pcDNA-PDCD4 
enhanced the level of PDCD4 that had been suppressed 
by miR-9-5p mimic. The regulatory effect of Sim on 
the biological characteristics of CSMCs was investigated, 
showing that Sim-mediated induction of proliferation 
and reduction of apoptosis could be further bolstered by 
overexpressing miR-9-5p or suppressing PDCD4 while 
impaired by inhibiting miR-9-5p; PDCD4 expression in-

Figure 2. miR-9-5p reduces corpus cavernosum damage in DMED rats.
(A) miR-9-5p expression; (B–C) Changes in body weight and blood glucose of rats; (D) Erectile function assessment in vivo; (E) HE stain-
ing; (F–G) immunohistochemical staining for α-SMA; values are expressed as mean ± standard deviation; *P<0.05 vs. agomir NC group; 
#P<0.05 vs. antagomir NC group.

Figure 3. miR-9-5p targets PDCD4
(A) binding site of miR-9-5p and PDCD4; (B) the targeting relationship between miR-9-5p and PDCD4; (C) PDCD4 expression; values are 
expressed as mean ± standard deviation.
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Figure 4. Depleting PDCD4 ameliorates ED in DMED rats
(A) PDCD4 expression; (B–C) Changes in body weight and blood glucose of rats; (D) Erectile function assessment in vivo; (E) HE staining; 
(F–G) immunohistochemical staining for α-SMA; values are expressed as mean ± standard deviation; *P<0.05 vs. si-NC group; #P<0.05 vs. 
miR-9-5p agomir + oe-NC group.

Figure 5. Sim protects CSMCs in vitro by enhancing miR-9-5p and suppressing PDCD4 expression
(A) miR-9-5p and PDCD4 expression; (B) cell viability; (C) cell apoptosis; (D–E) PCNA and Bax mRNA expression; values are expressed as 
mean ± standard deviation; *P<0.05 vs. Control group; #P<0.05 vs. DMED group; &P<0.05 vs. mimic NC group; $P<0.05 vs. inhibitor NC 
group; ^P<0.05 vs. sh-NC group; %P<0.05 vs. miR-9-5p mimic + pcDNA-NC group.
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duction served a blocker for miR-9-5p-mediated protec-
tion against anti-proliferation and apoptosis (Fig. 5B, C). 
As expected, mRNA expression of PCNA and Bax also 
confirmed the above results (Fig. 5D, E).

DISCUSSION

The number of diabetic patients is increasing every 
year and DMED affects more than half of men with 
diabetes (Huo et al.,  2020). The pathogenesis of DMED 
involves a contraction-relaxation imbalance of CSMCs. It 
has been reported that CSMCs can change their pheno-
type from a contractile state to a diastolic state under 
hyperglycemic conditions (Wei et al.,  2012). At present, 
oral drugs are often used in the clinical treatment of ED. 
Sim, a commonly used cholesterol-lowering drug, has 
been found to improve ED in patients over the age of 
40 (Trivedi et al.,  2014). Particularly, our study suggested 
the therapeutic action of Sim in DMED by miR-9-5p/
PDCD4 axis and further provided evidence to verify the 
therapeutic potential of Sim for DMED.

Bilateral cavernous nerve injury is a cause of ED, 
leading to profound changes in the penis and damage to 
CSMCs (Hannan et al.,  2014). It has been reported that 
a sufficient amount of relaxed smooth muscle is required 
for penile erection, and the lack of smooth muscle can 
lead to venous occlusive dysfunction that exacerbates the 
symptoms of ED (Rogers et al., 2003). α-SMA, an impor-
tant marker of smooth muscle, is downregulated during 
ED (Cho et al.,  2015). It is well known that Sim treat-
ment upregulates α-SMA and enhances erectile function. 
Erectile function is generally assessed by measuring ICP/
MAP and low ICP/MAP is detectable in ED rats (Wang 
et al.,  2019). We constructed an STZ-induced DMED 
rat model and evaluated it by APO. As the results pre-
sented, STZ treatment reduced body weight, ICP/MAP 
value, and α-SMA expression, increased blood glucose 
and corpus cavernosum damage, while Sim treatment at-
tenuated the damage of STZ to DMED rats. Further-
more, we determined that Sim exerted its effects by tar-
geting the regulation of the miR-9-5p/PDCD4 axis. To 
our knowledge, this is the first report that indicates that 
Sim regulates DMED by regulating miRNA expression.

Some miRNAs are abnormally expressed in the cor-
pus cavernosum of ED rats, including miR-1, miR-200a, 
miR-203, and miR-206 (Pan et al.,  2014). In addition, 
miR-101a, miR-138, miR-338, and miR-142 are dysregu-
lated in a rat model of bilateral cavernous nerve crush 
(Liu et al.,  2018). The abnormal expression of miR-9-5p 
is obvious in diabetes and controlling miR-9-5p confers 
a protection against pyroptosis in the illness (Roshan-
ravan et al.,  2020). In addition, miR-9-5p has also been 
surveyed to affect the biological behavior of smooth 
muscle cells (Wang et al.,  2021). Our paper described 
for the first time that miR-9-5p was downregulated in 
DMED rats, and upregulating miR-9-5p could further 
enhance the ameliorating role of Sim in ED rats and 
CSMCs while downregulating miR-9-5p resulted in the 
opposite consequences.

PDCD4 was selected as a downstream target gene of 
miR-9-5p. PDCD4 is a pro-apoptotic gene that regu-
lates many important cellular processes (Shuvalova et 
al.,  2021) and involves in the progression of ED (Huo 
et al.,  2020). Our research presented that PDCD4 ex-
pression was upregulated in DMED rats, and silencing 
PDCD4 protected DMED rats and CMSCs, but over-
expressing PDCD4 mitigated the protection induced by 
miR-9-5p.

However, the study had limitations. First of all, the 
sample size of the study was small, and we hope to ver-
ify our research results with a larger sample size in the 
future. Secondly, we only explored the regulatory axis of 
Sim/miR-9-5p/PDCD4, and other possible regulatory 
mechanisms of Sim in DMED were not explored. For 
example, studies have shown that Sim can improve the 
endothelial function of retinal capillary endothelial cells 
under high glucose conditions by increasing the expres-
sion level of eNOS mRNA and NO production (Tun 
et al.,  2017). NOS is a kind of NO-generating enzyme 
with three isoforms: nNOS, iNOS, and eNOS (Suksawat 
et al.,  2018). Recently, an increasing number of studies 
have demonstrated that NO is a critical neurotransmit-
ter in the corpus cavernosum for the mediation of pe-
nile erection (Coletto et al.,  2018; Li et al., 2017). Evi-
dence from previous studies indicates that OS-induced 
NO- mediated endothelial dysfunction is a key process 
in DMED (Castela et al.,  2016). Therefore, we hope to 
further explore NOS-related pathways in future studies 
and improve the molecular mechanism of simvastatin al-
leviating DMED.

CONCLUSION

Our study demonstrated that DMED was associated 
with apoptosis and Sim attenuated DMED by enhanc-
ing miR-9-5p-targeted regulation of PDCD4 expression 
to ameliorate cavernosal injury and apoptosis in CSMCs. 
Our results provide a reference for Sim as a therapeutic 
drug for DMED.
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Effect of artemisinin combined with allicin on improving cardiac 
function, fibrosis and NF-κB signaling pathway in rats with 
diabetic cardiomyopathy
Lingjuan Kong✉, Xiaoqing Ji, Yan Liu and YingJie Du
Chengde Medical College, College of Traditional Chinese Medicine, Shuangqiao District, Chengde, Hebei, 067050 China

Myocardial fibrosis and inflammation cause cardiac 
hypertrophy, arrhythmias, and heart failure in diabet-
ics, a leading cause of mortality. Since it’s complicat-
ed, no drug treats diabetic cardiomyopathy. This re-
search examined the effects of artemisinin and allicin 
on heart function, myocardial fibrosis, and the nuclear 
factor kappa-light-chain-enhancer of activated B cells  
(NF-κB) signaling pathway in diabetic cardiomyopathy 
rats. A total of 50 rats were separated into 5 groups, 
10 of which were the control group. 40 rats received 
65  μg/g streptozotocin intraperitoneally. 37 of 40 ani-
mals fit the investigation. The artemisinin, allicin, and ar-
temisinin/allicin groups each included nine animals. The 
artemisinin group received 75 mg/kg of artemisinin, the 
allicin group received 40 mg/kg of allicin, and the com-
bination group received equal dosages of artemisinin 
and allicin gavage for four weeks. After the interven-
tion, in each group cardiac functions, myocardial fibro-
sis, and NF-κB signaling pathway protein expression 
were assessed. All of the examined groups had greater 
levels of LVEDD, LVESD, LVEF, FS, E/A, and the NF-κB 
pathway proteins: NF-κB p65 and p-NF-κB p65 than the 
normal group, except for the combination group. Arte-
misinin and allicin did not vary statistically. Compared to 
the model group, the artemisinin, allicin, and combined 
groups showed various degrees of improvement from 
the pathological pattern, with more intact muscle fibers, 
neater arrangement, more normal cell morphology, arte-
misinin and allicin alleviated cardiac dysfunction and de-
creased myocardium fibrosis in diabetic cardiomyopathy 
rats by inactivating the NF-κB signaling cascade.

Keywords: artemisinin, allicin, diabetic cardiomyopathy, cardiac 
function, myocardial fibrosis, nuclear factor-κB
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IκB-α, Inhibitory protein kappa B alpha; LVEDD, Left ventricular 
end-diastolic internal diameter; LVEF, Left ventricular ejection frac-
tion; LVESD, Left ventricular end-systolic internal diameter; MOG, 
Myelin oligodendrocyte glycoprotein; NF-κB, Nuclear factor kappa-
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INTRODUCTION

Diabetic cardiomyopathy (DC) is a primary cause of 
mortality in people with diabetes mellitus (DM) and is 
characterized by myocardial fibrosis and myocardial in-
flammation, with cardiac hypertrophy, arrhythmias, and 

heart failure as the main manifestations (Dillmann, 2019). 
DC is complex and involves several factors, so there is 
no specific drug to treat this disease. Allicin, the active 
component of garlic (Allium sativum), has been clinically 
shown to have an anti-cardiac fibrosis effect, and it has 
been reported that allicin is effective in diabetic cardio-
myopathy, but a single drug may not completely inhibit 
the progression of diabetic cardiomyopathy (Liu et al., 
2021). Artemisinin belongs to the extract of the Chi-
nese herb Artemisia annua, which was found to attenuate 
myocardial fibrosis and ventricular remodeling via inhibi-
tion of the cascade of nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB (Gu et al., 2012).

Artemisinin has recently been found to decrease in-
ducible nitric oxide synthase (iNOS) generation and NF-
κB stimulation in human astrocytoma T67 cells. SM933, 
an artemisinin derivative, has been reported to sup-
press NF-κB activity by blocking its breakdown through 
overexpression of its inhibitory protein kappa B alpha 
(IκB-α) and MOG-reactive splenocytes (Zhang et al., 
2020). Combined, these findings suggest that artemisinin 
may have a role in immunological modulation and in-
flammation reduction. The effects of the anti-inflamma-
tory properties of artemisinin on microglial activation 
are not clear (Kim et al., 2019). The current study was 
carried out to assess the maximum extent of inhibition 
of diabetic cardiomyopathy development and the reduc-
tion of fibrosis and regulation of the NF-κB cascade by 
a combination of allicin and artemisinin.

MATERIALS AND METHODS

Study area

The present study was carried out at the Chengde 
Medical College, College of Traditional Chinese Medi-
cine from January to April 2022.

Main reagents

Streptozotocin (Beijing Ita Biotechnology Co., Ltd.), 
artemisinin (Nanjing Guangrun Biological Products Co., 
Ltd.), allicin (Zhengda Tianqing Group Co., Ltd.), NF-
κB p65, p-NF-κB p65 antibody (primary) (Abcam, USA).

Animals study

In this study, 50 SPF pure standard Wistar male rats 
(6–8 weeks old, 220±20 g) were received from Hang-
zhou Qizhen Research Animal Technology Co., China. 
In this study, 7 days of acclimatization under constant 
temperature (22±2°C), humidity (55±5%), and artificial 
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12 hrs light and dark cycle. All were free to move, drink, 
and take food. Chengde Medical College, College of Tra-
ditional Chinese Medicine ethics committee gave its ap-
proval to carry out this investigation (approval number: 
FEH83456).

Modeling and intervention

In total, 50 animals (n=50, 16-week-old) were used 
in this study, of which 10 were chosen as the normal 
group. The remaining 40 animals were given a single in-
jection of 65 g/kg streptozotocin intraperitoneally, and 
their blood glucose levels were evaluated one week later. 
If the blood glucose value was ≥ 16.7 mmol/L and there 
were polyuria, polydipsia, and polyphagia, then the mod-
elling of diabetes was successful (Togashi et al., 2016). 
Streptozotocin was administered to 40 animals, and 
these animals were successfully established as a model 
of diabetes. They were fed by standard fodder until 16 
weeks, and 3 animals were detected by ultrasound as not 
having developed cardiomyopathy, and the remaining 
animals (n=37) were successfully established as diabetic 
cardiomyopathy models.

Experimental design

•	 Normal group: without treatment (n=10);
•	 Model group: saline treatment (10 µL) (n=10);
•	 Artemisinin group: 75 mg/kg of artemisinin (n=9);
•	 Allicin group: 40 mg/kg of allicin (n=9);
•	 Artemisinin and allicin groups: 75 mg/kg of arte-

misinin+ 40 mg/kg of allicin (n=9).
All of these groups were treated continuously for 4 

weeks, and the changes in experimental indexes in each 
group were observed after 20 weeks.

Measurement of cardiac function

After the last pharmacological intervention, echocar-
diographic parameters were taken by using a 7.5-MHz 
transducer (Toshiba Co., Japan) in each group to de-
termine changes in cardiac function, and left ventricular 
end-diastolic internal diameter (LVEDD), left ventricular 
end-systolic internal diameter (LVESD), left ventricular 
ejection fraction (LVEF), and short-axis shortening (FS) 
measurements were utilized to examine alteration in car-
diac function, maximum mitral valve velocity in early 
dilatation (E), and maximum atrial systolic velocity (A) 
ratio. Echocardiographic measures were collected from 
grayscale M-mode images captured in the parasternal 
short-axis perspective at the mid-papillary level, as well 
as from B-mode images recorded in the parasternal long- 
and short-axis views. End-diastolic diameter (LVEDD), 
end-systolic diameter, anterior and posterior wall thick-
nesses, FS, wall thickening, fractional area change (FAC), 
end-systolic and end-diastolic volumes, EF, and LV mass 
were all traditional LV measures.

Observation of myocardial fibrosis

After the completion of cardiac function measure-
ment, rapid sacrifice of rats, preparation of myocardial 
tissue, tissue sectioning and then Hematoxylin and Eosin 
(H&E) staining, Masson staining, and microscopic obser-
vation of myocardial fibrotic lesions were performed in 
each group. After soaking in 4% neutral formalin solu-
tion for 24 h, all tissues were promptly cut and stained 
with Masson’s trichrome kit (Sigma-Aldrich, USA). On 
each slide, three sections were examined, and each re-
gion was divided into 100 squares. Collagen points (blue 
stains) were scored as 1 (existent) or 0 (absence). The 
findings are presented as a proportion of the total region 
covered by fibrosis.

NF-κB signaling cascade protein expression 
measurement

The expression of the NF-κB signaling pathway pro-
teins NF-κB p65 and p-NF-κB p65 was determined us-
ing the Western blot technique. Myocardial tissue was 
obtained, 80 μL of lysis buffer was added, tissue pro-
tein was extracted, and 50 mg of the resulting protein 
were mixed with 2×SDS  loading buffer. Following elec-
trophoresis, 15% denaturing gels were prepared accord-
ing to the method of Summer and others (Summer et 
al., 2009). In this study, membrane transfer, and antisera 
binding, NF-κB p65 and p-NF-κB p65 primary antibod-
ies diluted at a 1:1 000 ratio in TBST buffer were used, 
and the cells were maintained at 4°C. After 1 day, the 
TBST buffer was washed, an HRP-labeled secondary an-
tibody was applied, and the membrane was rinsed. The 
diaminobenzidine technique was utilised for colour de-
velopment, and GAPDH was employed as an internal 
reference to get the protein expression of NF-κB p65 
and p-NF-κB p65.

Statistical analysis

The SPSS 22.0 statistical tool (V13.0; SPSS, Inc., USA) 
was employed to evaluate the data, and one-way ANO-
VA was utilised to examine variance between groups. 
For two-by-two comparisons among groups, the LSD-t 
test was utilized. After natural logarithm transformation 
and non-parametric test, the data did not adhere to nor-
mally distributed and were expressed as M (Qn) for data 
comparison. The threshold of significance was fixed at 
p<0.05.

RESULTS

Assessment of cardiac function in each group

The model group, artemisinin group, allicin group, 
and combined group had greater LVEDD, LVESD, 

Table 1. Comparison of cardiac function in each group ( sx ± )

Group LVEDD (mm) LVESD (mm) LVEF (%) FS (%) E/A

Normal group (n=10) 5.70±0.11 2.20±0.08 78.75±2.31 57.54±2.10 2.23±0.12

Model group (n=10) 7.00±0.23* 4.65±0.10* 63.32±2.45* 36.55±1.04* 1.30±0.09*

Artemisinin group (n=9) 6.51±0.11*# 4.00±0.14*# 66.75±2.11*# 40.62±1.33*# 1.55±0.10*#

Allicin group (n=9) 6.48±0.11*# 4.03±0.16*# 66.98±2.09*# 40.55±1.54*# 1.58±0.11*#

Combined group (n=9) 6.00±0.10*#&∆ 2.98±0.09*#&∆ 73.42±2.76*#&∆ 53.39±2.13*#&∆ 2.07±0.13*#&∆

Note: “*” indicates significant comparison with the normal group; “#” indicates significant comparison with the model group; “&” indicates signifi-
cant comparison with the artemisinin group; “∆” indicates meaningful comparison with the allicin group.
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LVEF, FS, E/A, etc. and cardiac function indexes than 
the normal control, and the variation was statistically rel-
evant (p<0.05). The cardiac function indicators LVEDD, 
LVESD, LVEF, FS, and E/A were decreased in the ar-
temisinin group, allicin group, and combined group com-
pared to the model group, and the change was statistical-
ly significant (p<0.05). The cardiac performance param-
eters LVEDD, LVESD, LVEF, FS, and E/A were lower 
in the combination group compared to artemisinin and 
allicin groups, with significant variations (p<0.05).  There 
was no discernible difference between the groups treat-
ed with artemisinin and allicin in terms of LVEDD, 
LVESD, LVEF, FS, E/A, and the cardiac function indi-
ces (p>0.05). For further details, see Table  1.

Myocardial fibrosis observation

Microscopic analysis of animal cardiac tissues revealed 
that myocardium cells in the normal group were in a 
healthy condition, but a minor quantity of collagen fi-
bres and no pathological alterations were observed. The 
collagen fibres multiplied and structured themselves into 
a network in the model group, which led to many fi-
brous scar formations, cardiomyocyte enlargement, un-
even staining, nucleus consolidation, fragmentation, and 
even disappearance. Myocardial fibrosis was dramatically 
reduced in each treatment group as compared to the 
model group, cell morphology was gradually recovered 
and staining was more uniform, and myofibers tended 
to be intact, in comparison to the artemisinin and alli-
cin groups, pathological alterations were more clearly re-
stored in the combination group (Figs 1 and 2).

Comparison of NF-κB signaling pathway protein 
expression among groups

The model group, artemisinin group, allicin group, 
and combined group had increased expression of  
NF-κB p65 and p- NF-κB p65, the NF-κB signaling 
pathway proteins, then the normal group, in which the 
variation was statistically relevant (p<0.05).  The pro-
teins of the NF-κB  signaling pathway, NF-κB  p65 and 
p-NF-κB  p65, were expressed at lower levels in the ar-
temisinin, allicin, and combination groups than in the 
model group, and the difference was statistically signifi-
cant (p<0.05). The combined group had lower levels of 

NF-κB p65 and p-NF-κB p65, the NF-κB signaling path-
way proteins, than the artemisinin and allicin groups, and 

the variation was statistically significant (p<0.05).  There 
were no substantial changes in the expression of  
NF-κB, p65 and p-NF-κB, p65, the NF-κB signaling 
pathway proteins, between the artemisinin and allicin 
groups (p>0.05). More data was shown in Table 2.

DISCUSSION

Allicin causes cell death and limits cell growth in 
mammalian cell lines, including cancer cells, by reacting 
redox with thiol groups in glutathione and proteins, in-
hibiting bacterial and fungal proliferation or killing them 
completely in a dose-dependent manner. Allicin has a 
number of health-promoting qualities, including effects 
on cholesterol and blood pressure that are beneficial to 
the cardiovascular system. According to Kuo and others 
(Kuo et al., 2013), allicin seems to prevent high-glucose-
induced cardiomyocyte apoptosis via reducing NADPH 
oxidase-related ROS and its subsequent NK/NF-κB 
signaling, and may have therapeutic potential for diabetic 
cardiomyopathy.

Artemisinin belongs to the sesquiterpene lactones with 
peroxy bridges, which were first used in the treatment 
of malaria and have anticancer, antiviral, antiparasitic in 
vitro and in vivo anti-inflammatory properties, in addition 

Figure 1. HE staining observation of myocardial tissue (×200)

Figure 2. Myocardial tissue Masson staining observation map (×200)
Note: A, Normal group; B, Model group; C, Artemisinin group; D, Allicin group; E, Combination group

Table 2. Protein expression of the NF-κB signaling pathway in 
different groups

Group NF-κB p65 p-NF-κB p65

Normal group (n=10) 0.35±0.04 0.56±0.07

Model group (n=10) 1.89±0.22* 1.93±0.24*

Artemisinin group (n=9) 1.03±0.15*# 1.12±0.15*#

Allicin group (n=9) 1.06±0.12*# 1.14±0.13*#

Combination group (n=9) 0.70±0.08*#&∆ 0.88±0.09*#&∆

Note: “*” indicates significant comparison with the normal group; “#” in-
dicates significant comparison with the model group; “&” indicates sig-
nificant comparison with the artemisinin group; “∆” indicates significant 
comparison with the allicin group.
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to their antimalarial effects (Ma et al., 2020; Talman et al., 
2019). With extensive clinical studies on artemisinin, it 
has been found that it can alter fibrosis via several path-
ways, such as TGF, MAPK, Wnt/catenin, PI3K/AKT/
mTOR, FRX and Notch, NF-κB signaling pathways, as 
well as BMP-7 and cellular autophagy, which contribute 
to the anti-fibrotic process, as does its anti-inflammatory 
effect (Li et al., 2019; Dolivo et al., 2021).

The results of this paper showed that compared with 
artemisinin and allicin alone, the cardiac function of rats 
with the combined administration of both interventions 
improved more significantly. In HE and Masson stain-
ing, it was found that the myocardium of rats with dia-
betic cardiomyopathy showed obvious fibrosis, as well as 
the severity of cardiac fibrosis was relieved after the in-
tervention of artemisinin and allicin, the myocardial fib-
ers were more intact and neatly arranged, the cell mor-
phology tended to be normal, and the staining was more 
homogeneous, but the improvement was more obvious 
with artemisinin combined with allicin, indicating that 
the myocardial damage was more serious in the occur-
rence of diabetic cardiomyopathy, and the cardiac func-
tion of rats with artemisinin and allicin administration 
improved significantly and the myocardial fibrosis was 
relieved.

The myocardial structure is altered when the animal 
cells are under prolonged hyperglycemia, and the NF-κB 
signaling cascade is initiated during this process. NF-κB 
is secreted by vascular endothelium, vascular smooth 
muscle cells, etc.; this is a nuclear transcription factor 
that degrades IB with the help of inflammatory media-
tors, turns on and activates NF-κB, and when NF-κB is 
activated it can increase the binding to nuclear DNA to 
some extent, which in turn acts on cardiomyocyte be-
havior and leads to apoptosis (Youssef et al., 2021; Yao 
et al., 2021; Tang et al., 2018).  In addition, NF-κB acti-
vates inflammatory cytokines including interleukins and 
tumor necrosis factor and further circulates to activate 
NF-κB itself, amplifying the local cascade response in 
this circulatory pattern and promoting the progression of 
myocardial injury (Yang et al., 2018; Jin et al., 2020; Ni et 
al., 2020). The effects on the NF-κB signaling pathway 
in diabetic cardiomyopathy rats were examined in this 
work. Transartemisinin combined with allicin reduced 
NF-κB p65 expression and NF-κB p65 phosphate acti-
vation level in diabetic cardiomyopathy rats, which in-
hibited over-activation of the NF-κB signaling pathway, 
enhanced cardiac function, and reduced the degree of 
myocardial fibrosis, according to the findings. In sum-
mary, the present study found a rat model of diabetic 
cardiomyopathy and confirmed that artemisinin com-
bined with allicin intervention improved cardiac func-
tion, myocardial fibrosis and NF-κB signaling pathway 
in diabetic cardiomyopathy rats, implying that artemisinin 
conjunction with allicin intervention may perform a role 
in improving cardiac functions and inhibiting myocardial 
fibrosis via the NF-κB signaling pathway, which has pos-
itive implications. However, this study also has its limita-
tion in that the development of diabetic cardiomyopathy 
is associated with multiple factors and involves several 
mechanisms and further studies are needed regarding 
whether both act via other pathways.

CONCLUSION

Myocardial fibrosis and inflammation cause cardiac 
hypertrophy, arrhythmias, and heart failure in diabetics, 
a leading cause of mortality. Since it is complicated, no 

drug treats diabetic cardiomyopathy. Therefore, there is a 
need to find a solution to this problem. This study was 
carried out to determine the effectiveness of artemisinin 
and allicin on heart function, myocardial fibrosis, and the 
nuclear factor kappa-light-chain-enhancer of activated B 
cells signaling pathway in diabetic cardiomyopathy rats. 
According to the findings of the study, artemisinin com-
bined with allicin improved cardiac dysfunction and re-
duced myocardial fibrosis in rats with diabetic cardiomy-
opathy, and both may act via promoting the inactivation 
of NF-κB signaling cascade.
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Oral cancer is one of the commonly reported malignan-
cies of the human oral cavity and pharynx. It accounts 
for a significant level of cancer-based mortality across 
the globe. Long non-coding RNAs (lncRNAs) are emerg-
ing as important study targets in cancer therapy. The 
present study aimed to characterize the role of lncRNA 
GASL1 in regulating the growth, migration, and invasion 
of human oral cancer cells. The qRT-PCR showed signifi-
cant (P<0.05) upregulation of GASL1 in oral cancer cells. 
Overexpression of GASL1 led to the loss of viability of 
HN6 oral cancer cells by inducing apoptosis which was 
associated with upregulation of Bax and downregulation 
of Bcl-2. The apoptotic cell percentage increased from 2. 
81% in control to 25.89% upon GASL1 overexpression. 
Cell cycle analysis showed that overexpression of GASL1 
increased the G1 cells from 35.19% in control to 84.52% 
upon GASL1 overexpression indicative of G0/G1 cell cycle 
arrest. Cell cycle arrest was also accompanied by inhibi-
tion of cyclin D1 and CDK4 protein expression. Wound 
healing and transwell assays showed that overexpres-
sion of GASL1 significantly (P<0.05) inhibited the migra-
tion and invasion of HN6 oral cancer cells. The invasion 
of the HN6 oral cancer cells was found to be decreased 
by more than 70%. Finally, the results of in vivo study 
revealed that GASL1 overexpression inhibits the xeno-
grafted tumor growth in vivo. Thus, the results are thus 
suggestive of the tumor-suppressive molecular role of 
GASL1 in oral cancer cells.

Keywords: oral cancer, long non-coding RNA, GASL1, apoptosis, me-
tastasis, prognosis
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INTRODUCTION

Oral cancer is ranked among the most prevalent can-
cers of the human oral cavity and pharynx (Chaturvedi et 
al., 2022). This malignancy is responsible for a significant 
level of mortality and morbidity throughout the world 
(Dhanuthai et al., 2018). Among the different histologi-
cal sub-types, oral squamous cell carcinoma (OSCC) is 

the most dominant type of oral cancer which is often 
detected at advanced stages and exhibits poor prognosis 
(Meng et al., 2021; Panarese et al., 2019). In addition, this 
neoplastic disorder is linked with lymph node metastasis 
(Panarese et al., 2019). OSCC is highly lethal owing to 
the invasion of cancer to distant body parts (Peng et al., 
2020). The currently applied chemotherapy is often re-
ported to exhibit less soothing clinical results. Moreover, 
it is linked with a number of side effects negatively af-
fecting overall human health. Pertinent to this backdrop, 
there is vast scope for the development of efficient and 
reliable prognostic and therapeutic targets against oral 
cancer.

The non-coding RNAs (ncRNAs) have attained con-
siderable research attention over the past years. Several 
studies have put forward that ncRNAs exhibit frequent 
involvement in tumorigenesis of different types of hu-
man cancers including oral cancer (Yi et al., 2019; Irimie 
et al., 2017). Long non-coding RNAs (lncRNAs), a sub-
class of single-stranded ncRNAs with an average size of 
more than 200 nucleotides, are known to regulate the 
key hallmarks of human cancer (Vafadar et al., 2019). 
There is growing support that lncRNAs play diverse 
roles in the human body by regulating the expression 
of several target genes at transcriptional, post-transcrip-
tional/translational or epigenetic levels (Statello et al., 
2021). The molecular dysregulations of lncRNAs have 
been shown to be associated with tumor development 
and progression (Sun et al., 2018). LncRNAs regulate the 
crucial aspects of cancer cells including proliferation, ap-
optosis, migration, and invasion (de Oliveira et al., 2019). 
They have been shown to be involved in the remodeling 
of the micro-environment and metastasis of human tu-
mors (Lin et al., 2018). Furthermore, the lncRNAs are in-
volved in maintaining the stemness of different types of 
human cancers (Ma et al., 2019). Considering the pivotal 
role of this group of regulatory RNAs, there is mounting 
evidence that lncRNA-based cancer therapeutics might 
soon change from a mere concept to reality, soon.

Consistently, the present study was designed to in-
vestigate the role of lncRNA GASL1 in regulating the 
growth and metastasis of human oral cancer cells.

MATERIALS AND METHODS

Cell lines

The oral cancer cell lines (SCC9, HN4, HN6 and 
Cal127) as well as the normal human epithelial ovarian 
cells (NCE) were bought from the ATCC, USA. The cell 
lines were cultured in Dulbecco’s modified Eagle’s medi-
um (DMEM, Gibco, Gaithersburg, USA) supplemented 
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with 10% FBS and streptomycin-penicillin (100 U/ml). 
The cells were maintained using humidified incubated 
CO2 incubator at 37oC with 5% CO2.

Transfection

LncRNA GASL1 was amplified using cDNA prepared 
from the HN6 cell line and cloned into the pcDNA3.1 
over-expression vector. Cell transfection was carried out 
in serum-free medium using Lipofectamine 2000 (Invit-
rogen, Carlsbad, CA, USA) following the manufacturer’s 
protocol. 6 h post-transfection, fresh complete medium 
was used to incubate cells. About 48 h later, the cells 
were collected for detection. The pcNAD3.1 vector 
alone transfected cells were used to serve as the negative 
control cells.

qRT-PCR expression analysis

Trizol reagent and Revert Aid First Strand cDNA 
synthesis kit (both from Thermo Fisher Scientific) was 
used for total RNA isolation and reverse transcription 
of RNA, respectively as per the manufacturer guidelines. 
SYBR PCR master mix (Takara, Japan) was used to per-
form the qRT-PCR on QuantStudio 3.0 PCR system 
(Applied Biosystems). The cycling conditions were 95°C 
for 5 min, followed by 40 cycles of 95°C for 15 s, and 
60°C for 60 s. GAPDH genes were used as an internal 
control in the expression study. The 2-ΔΔCt method was 
used to calculate the relative expression levels of GASL1. 
The qRT-PCR primers used were: GASL1, 5′-CTGAG-
GCCAAAGTTTCCAAC-3′ (forward) and 5′-CAGC-
CTGACTTTCCCTCTTCT-3′ (reverse); GADPH, 
5′-GTCTCCTCTGACTTCAACAGCG-3′ (forward) and 
5′-ACCACCCTGTTGCTGTAGCCAA-3′ (reverse).

CCK-8 assay

Cell viability was determined with the help of a Cell 
Counting Kit-8 (Beyotime). In brief, 1×105 HN6 cells 
transfected with pcDNA-GASL1 or control vector 
(pcDNA3.1) were added per well of a 96-well plate and 
cultured for 24 h at 37oC. At this, the CCK-8 solution 
was added to each well and 37°C incubation was extend-
ed for 1 h. Next, the absorbance at 570 nm (OD570) was 
determined for each well with the help of a microplate 
reader to analyze the cell viability.

EdU assay

The proliferation of HN6 cancer cells over-expressing 
GASL1 was studied with reference to negative control 
cells with the help of an EdU Apollo in vitro flow cytom-
etry kit (RiboBio, Guangzhou, China) in accordance with 
the manufacturer’s recommendations. Approximately, 
1.5×106 transfected cells /well were cultured in 12 well 
plates for 24 h at 37oC. Afterwards, the cells were add-
ed with EdU solution at a concentration of 50 µmol/L 
and incubated for 2 h. The cells were then PBS washed, 
fixed with 4% paraformaldehyde, and stained using 
Apollo staining solution (San Francisco, CA) for 25 min. 
The cells were also counterstained with DAPI. The cells 
were visualized under a fluorescence microscope (Olym-
pus, Japan) for nuclear fluorescence.

Annexin V/PI staining assay

To analyze the effect of GASL1 over-expression on 
HN6 cancer cell apoptosis, pcDNA-GASL1 transfected 
cells (1.5×106/well) as well as the negative control cells 
were initially cultured in DMEM for 24 h in a 12-well 

plate at 37oC. Next, the cells were harvested and washed 
three times with PBS. Annexin V-FITC/PI double stain-
ing was performed using an Annexin V-FITC Apoptosis 
Detection Kit (BD Biosciences, San Jose, CA) as per the 
manufacturer’s instructions. The cells were examined us-
ing a BD FACSCantoII flow cytometer (BD Bioscienc-
es) and analyzed by FlowJo 6.0 software to determine 
the relative percentage of apoptotic cells.

Cell cycle analysis

Approximately, 1.5×106 HN6 cells/well transfected 
with NC and pcDNA-GASL1 were harvested 48  h af-
ter culture. Subsequently, the cells were PBS washed and 
fixed in 500  µl of 75% cold ethanol at 4°C overnight. 
The cells were then washed again with PBS, and stained 
by 100  µl propidium iodide (prepared in 3.8 nM  sodi-
um citrate, pH 7.0) containing RNase A (10 mg/ml) for 
35  min in the dark at 37°C. The percentage of cells in 
different phases of the cell cycle was determined by flow 
cytometry (Beckman Coulter, Inc., Brea, CA, USA), and 
analyzed using ModiFit software.

Wound healing assay

For studying the migration of GASL1 over-expressing 
HN6 cancer cells with respect to the negative control 
cells, the wound-healing assay was performed. For the 
wound-healing assay, 5×105 transfected HN6 cells were 
placed into each well of a six-well plate. The cells were al-
lowed to grow for 24 h. At this, the growth medium was 
removed, and the cell surface was scratched with a pipette 
tip to carve a uniform linear scratch which was photo-
graphed under a light microscope (Olympus). The plate 
was incubated at 37oC for 24 h and then the wound was 
again analyzed and photographed under a microscope.

Transwell assay

The transwell assay was performed to investigate the 
invasion of the transfected HN6 cancer cells. Here, the 
transwell chamber (8 µM, Corning Incorporated, Corn-
ing, NY) plated with Matrigel was used for invasion as-
say. 2.5 x104 cells suspended in 200 µl of serum-free me-
dium were placed in the upper chamber while the lower 
chamber was added with serum-free medium alone. Af-
ter 24 h of incubation at 37oC, the cells invading the 
lower chamber were fixed with 70% ethanol, stained 
with 0.2% crystal violet solution, and analyzed under a 
light microscope.

Western blotting

The RIPA lysis and extraction buffer (Thermo Fisher 
Scientific) was used to extract total proteins from the 
transfected HN6 cancer cells. Bradford’s assay was per-
formed to examine the concentration of proteins isolated. 
Exactly, 35 µg of protein samples were isolated using the 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE). Resolved proteins were transferred onto 
the activated polyvinylidene difluoride membranes (PVDF; 
Millipore, Billerica, MA, USA). 5% skimmed milk pow-
der was used to block the membranes for 1 h. Next, the 
PVDF membranes were incubated overnight 4°C with the 
primary antibodies like anti-Bax (Abcam, cat no. ab216494, 
1:1000), anti-Bcl-2 (Abcam, cat no. A95253, 1:800), anti-
Cyclin D1 (Abcam, cat no. ab226977, 1:600) anti-CDK4 
(Bio-Rad, cat no. AHP2454, 1:1000) and β-actin (Santa 
Cruz, cat no. sc-47778, 1:1000). This was followed by the 
incubation of the membranes with peroxidase-conjugated 
anti-rabbit secondary antibody (Cell signaling technology, 
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cat no. 7074, 1:3000) for 1 h at room temperature. Finally, 
the protein bands were detected through chemilumines-
cence and analyzed with Image J software. β-actin served 
as the endogenous control.

In vivo study

Around 7-8 weeks old female SCID/NOD mice were 
maintained in well ventilated rooms under standard con-
ditions on a 12-h light–dark cycle and given access to 
sterilized food and water. The study was approved by 
the animal research ethics committee of Sichuan Uni-
versity, Chengdu, China (SU/223/2021-23). HN6 cells 
at the density of 4×106 to induce tumor development. 
As the tumors reached 0.15–0.20 cm3, the mice were 
randomly divided into 2 groups NC group and pcDNA-
GASL1 group (n=10 for each group). Thereafter the 
mice were administered with intra-tumor injections (five 
in total, each after 3 days) carrying NC (empty vector) or 
pcDNA-GASL1 constructs. At the end of 3 weeks, the 
mice were sacrificed, and tumor weight (g) and volume 
(cm3) were determined. The volume of tumors was cal-
culated following this formula: 0.5×length×width2 (mm3).

Statistical analysis

The experiments were performed in triplicates and fi-
nal values were given as the mean ± standard deviation. 
Student’s t-test was performed using GraphPad Prism 
v6.0 (GraphPad Software, Inc.) to analyze the statisti-
cal difference between the two groups. The p-values less 
than 0.05 were considered to be representative of a sta-
tistically significant difference.

RESULTS

GASL1 is downregulated in oral cancer cells

In order to examine the expression levels of lncRNA 
GASL1 in different oral cancer cell lines (SCC9, HN4, 
HN6 and Cal127) with reference to normal oral epithelial 

cells (NCE), qRT-PCR was performed. The results showed 
that GASL1 expression is significantly down-regulated 
(P<0.05) in all the oral cancer cells (Fig. 1A). HN6 can-
cer cells were shown to express the least transcript levels of 
GASL1 and were thus chosen for further experimentation.

GASL1 inhibits proliferation and colony formation of 
oral cancer cells

GASL1 was over-expressed in HN6 oral cancer cells, 
and its upregulation was confirmed by qRT-PCR (Fig. 
1B). Whether GASL1 has any bearing on the viability of 
oral cancer cells, a CCK-8 assay was performed to exam-
ine the effect of GASL1 over-expression on HN6 host 
cell proliferation. It was found that HN6 cancer cells 
over-expressing GASL1 showed a significant decline in 
their proliferation with reference to the corresponding 
negative control cells (Fig. 1C). In addition, over-expres-
sion of GASL1 was found to markedly decline the in-
corporation of EdU into HN6 cancer cells indicative of 
the loss of cell viability (Fig. 1D).

GASL1 induces apoptosis in oral cancer cells

To look for the possible mechanism mediating the anti-
proliferative effects of GASL1 against oral cancer cells, 
the study of cell apoptosis was performed using Annexin 
V-FITC/PI staining method. It was shown that GASL1 
over-expression in HN6 oral cancer cells significantly en-
hanced (P<0.05) the percentage of both early and late ap-
optotic host cells with reference to the negative control 
cancer cells (Fig. 2A). The apoptotic HN6 cell percentage 
increased from 2. 81% in control to 25.89% upon GASL1 
overexpression. The western blotting study also showed 
that HN6 cancer cells up-regulating GASL1 exhibited sig-
nificantly higher (P<0.05) expression of Bax protein while 
expression of Bcl-2 protein was markedly repressed with 
respect to the negative control cells (Fig.  2B).

GASL1 induces G0/G1 cell cycle arrest in oral cancer 
cells

To determine whether GASL1 overexpression af-
fects cell cycle progression, cell cycle distribution was 

Figure 1. GASL1 restrained the growth of oral cancer cells. 
(A) Relative expression of GASL1 in oral cancer cell lines (SCC9, 
HN4, HN6 and Cal127) with respect to NCE normal oral epithelial 
cells (B) relative expression of GASL1 in pcDNA-GASL1 transfected 
HN6 cancer cells with respect to pcDNA3.1 vector transfected HN6 
cells (C) CCK-8 assay of viability analysis of transfected HN6 cells 
(D) EdU incorporation assay of transfected HN6 cells. Three repli-
cates were used for performing the experiments (*P<0.05)

Figure 2. GASL1 induced apoptosis in oral cancer cells. 
(A) Flow cytometric analysis for percentage cell apoptosis analy-
sis of transfected HN6 cancer cells double stained with Annexin 
V-FITC/PI (B) western blot analysis of Bax and Bcl-2 proteins from 
transfected HN6 cells. (C) Densitometry analysis of western blot. 
Three replicates were used for performing the experiments.
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investigated by flow cytometry. The results showed that 
the proportions of G0/G1 cells increased significantly 
(P<0.05) in HN6 cells upon GASL1 overexpression in-
dicative of G0/G1 arrest (Fig. 3A and 3B). To further 
evaluate the effect of GASL1 overexpression on cell 
cycle progression, cycle-related protein expression was 
determined by western blot analysis. It was found that 
GASL1 inhibited the expression of cyclin D and CDK4, 
consistent with a G0/G1 cell cycle arrest (Fig. 3C).

GASL1 inhibits the migration and invasion of oral 
cancer cells

The effect of GASL1 was also studied on the migra-
tion and invasion of oral cancer cells in vitro. Wound-
healing assay showed that migration of HN6 cancer cells 
significantly decreased (P<0.05) by GASL1 overexpres-
sion (Fig. 4A). The percentage of cell migrationhas been 

shown to be decreased by more than 70% in HN6 cells 
over-expressing GASL1 with respect to negative control 
cells. Similarly, the invasion of HN6 cancer cells was sig-
nificantly reduced under GASL1 up-regulation (Fig.  4B). 
The HN6 oral cancer cells over-expressing GASL1 
showed only one-fourth of the rate of invasion of the 
negative control cells.

GASL1 inhibits tumor growth in vivo

The effects of GASL1 were also investigated on xeno-
grafted tumor growth in vivo (Fig. 5A). To confirm the 
overexpression of GASL1 in xenografted tumors, ex-
pression analysis was carried out which showed signifi-
cant upregulation of GASL1 in pcDNA-GASL1 tumors 
(Fig. 5B). Moreover, tumor volume and tumor weight of 
pcDNA-GASL1 tumors were significantly lower than the 
NC tumors (Fig. 5C). These findings indicate that over-
expression of GASL1 inhibits xenografted tumor growth 
in vivo.

DISCUSSION

There is growing support that long non-coding RNAs 
(lncRNAs) affect the key biological, cellular, and physi-
ological aspects of the human body (Statello et al., 2021; 
Li & Chang, 2014). This group of RNAs is seen to lack 
the protein-coding capability however is crucial for ho-
meostasis at molecular level (Ji et al., 2020; Zhang et al., 
2019). The dysregulation of lncRNAs reportedly surfaces 
the development and progression of different human 
pathological conditions including cancer (Forrest and 
Khalil, 2017; Tan et al., 2021). Several studies have im-
plicated that lncRNAs play a key role in regulating the 
malignant behavior of human cancer cells (Suzuki et al., 
2016; Huo et al., 2017; Acha-Sagredo et al., 2020). They 
have also been shown to be involved in shaping the tu-
mor microenvironment and affect the cellular dynamics 
related to cancer cell invasion and metastasis (Yuan et 
al., 2014; Liu et al., 2021; Wu et al., 2015). In the pre-
sent study, lncRNA GASL1 was studied for its possible 
involvement in the regulation of growth and metastasis 
of human oral cancer. As per recent studies, GASL1 

Figure 3. Cell cycle analysis: 
(A, B) Flow cytometry analysis showed that G0/G1 cells increased 
significantly (P<0.05) in HN6 cells upon GASL1 overexpression. 
(C) Western blots analysis for cyclin D1 and CDK4 expression. (D) 
Densitometry analysis of western blot. Three replicates were used 
for performing the experiments.

Figure 4. (A) Wound-healing migration assay of HN6 cells trans-
fected with pcDNA-GASL1 or pcDNA3.1 control vector (B) Tran-
swell chamber invasion assay of HN6 cells transfected with pcD-
NA-GASL1 or pcDNA3.1 control vector. 
Three replicates were used for performing the experiment 
(*P<0.05). Three replicates were used for performing the experi-
ment (*P<0.05).

Figure 5. Overexpression of GASL1 inhibits xenografted tumor 
growth in vivo. 
(A) Effects of GASL1 on xenografted tumor growth in vivo. (B, C) 
Showed significant upregulation of GASL1 in pcDNA-GASL1 tu-
mors. (D) Showed that the volume and tumor weight of pcDNA-
GASL1 tumors was significantly lower than the NC tumors.
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exhibits significant down-regulation in human cancers 
like gastric cancer and esophageal cancer and acts as a 
tumor-suppressor to regulate cancer cell growth and pro-
liferation (Liu et al., 2020; Ren et al., 2021). The results 
of the current study were reflective of GASL1 repres-
sion in oral cancer cells. The decline in cell viability by 
GASL1 overexpression signifies its anti-proliferative reg-
ulatory role in oral cancer. GASL1 inhibited oral cancer 
cell growth by inducing apoptosis and modulating the 
Bax/Bcl-2 protein ratio. Bax protein was upregulated 
while Bcl-2 was repressed in GASL1 up-regulating oral 
cancer cells. This sort of expressional modulation of Bax 
and Bcl-2 is known to favor the onset of cell apoptosis 
(Nazeri et al., 2020; Wang et al., 2016).

Metastasis is the process that promotes the develop-
ment of secondary tumorigenesis at sites distant from 
the original tumor development (Fares et al., 2020; Chang 
& Pauklin, 2021). The former is considered the major 
cause responsible for cancer-based mortality and failure 
of treatment procedures (Esposito et al., 2021; Riggio et 
al., 2021). Moreover, the process of cancer metastasis is 
poorly understood. It thus becomes interesting to study 
this important hallmark of human cancer and to identify 
the various regulators of cancer metastasis. Cancer cell 
migration and invasion to distant tissues are vital to the 
process of metastasis (Novikov et al., 2021; Winkler et 
al., 2020). The results of the current study indicated that 
oral cancer cells over-expressing GASL1 showed signifi-
cantly lower rates of migration and invasion in vitro. This 
is in confirmation with a recent study wherein GASL1 
has been shown to be involved in the regulation of es-
ophageal squamous cell carcinoma (Ren et al., 2021; Wei-
dle & Birzele, 2022). The finding thus insights into the 
therapeutic utility of GASL1 against oral cancer. In sum, 
the study established the role of GASL1 in regulating 
growth and metastasis of human oral cancer cells how-
ever the same needs to be confirmed in vivo also.

Our findings imply that lncRNA GASL1 may serve 
as a new biomarker for the detection and management 
of oral cancer. Hence, a thorough understanding of the 
lncRNA GASL1 functioning mechanism will be ben-
eficial for the detection and management of oral cancer. 
As master controllers of gene expression, lncRNAs are 
interesting candidates for targeted epigenetic pharmaco-
logical therapy. There are now tractable pharmacological 
methods that can either destroy excessive lncRNAs or 
competitively decrease their activity. For the first time, 
medicines that target particular lncRNAs may now be 
created, allowing for the epigenetic modulation of par-
ticular metabolic pathways. If this is the case, lncRNA 
medicines will significantly improve upon the relatively 
low specificity of currently available medications that 
serve as epigenetic regulators.

CONCLUSION

Taken together, oral cancer cells exhibit significant 
downregulation of lncRNA GASL1. GASL1 overexpres-
sion inhibited the cancer cell proliferation by inducing 
apoptosis. Interestingly, the oral cancer cell migration 
and invasion was significantly declined by GASL1 upreg-
ulation. The study thus confirmed the tumor-suppressive 
action of GASL1 in oral cancer however the findings 
need to be verified further.
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Vitamin D supplementation improves the therapeutic effect of 
mometasone on allergic rhinitis
Minfei Guo✉

Respiratory Department, Huichang People’s Hospital, Ganzhou, China

This study aimed to investigate the efficacy and safety of 
vitamin D supplementation in the treatment of allergic 
rhinitis (AR) using mometasone. A total of 140 patients 
with moderate and severe AR treated at our hospital be-
tween January 2017 and August 2020 were recruited as 
subjects for this study. The patients were randomly di-
vided into control and experimental groups, with 70 pa-
tients in each group. Mometasone nasal spray was used 
in both groups, and vitamin D was administered to the 
experimental group for four weeks. The total nasal symp-
tom scores (TNSS) and rhinoconjunctivitis quality of life 
questionnaire (RQLQ) were used to assess the efficacy of 
treatment. T lymphocyte subsets (CD3+, CD4+ and CD8+) 
and serum anti-inflammatory and proinflammatory cy-
tokines such as interleukin-10 (IL-10), tumor necrosis 
factor-α (TNF-α), and interferon-γ (IFN-γ) were analyzed. 
The incidence of adverse reactions was recorded. Serum 
vitamin D levels were lower in patients with AR. After 4 
weeks of treatment, total TNSS scores, T lymphocyte sub-
sets (CD3+, CD4+), CD4+/CD8+ ratio, TNF-α, and total RQLQ 
scores were significantly reduced compared to the ini-
tial testing (P<0.05) in the two groups; CD8+, IFN-γ, and 
IL-10 levels as well as serum vitamin D were significant-
ly increased compared to the initial test (P<0.05). The 
improvement in these parameters in the experimental 
group was significantly greater than that in the control 
group (P<0.05), except for sneezing and eye symptoms in 
the TNSS and RQLQ scores. It was concluded that vitamin 
D supplementation improves the therapeutic effect of 
mometasone nasal spray on AR and is thus recommend-
ed as an adjuvant therapy for moderate and severe AR.
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INTRODUCTION

Allergic rhinitis (AR), although a non-life-threatening 
disease, is a common disorder that frequently occurs in 
children and adolescents after exposure to allergens in a 
highly prevalent environment (Meng et al., 2019). It is of-
ten associated with other allergic diseases such as asthma 
and has adverse effects on sleep, school performance, 
quality of life, and important short-term and long-term 
health consequences (Foresi, 2000; Schuler & Montejo, 
2019). AR patients develop specific immunoglobulin E 
(IgE) antibody responses to allergens, resulting in repeat-

ed sneezing, rhinorrhea, nasal congestion, itching, ocu-
lar redness, tearing, and itching (Bernstein et al., 2016). 
Epidemiological studies have shown that the prevalence 
of this disease among adults and children has increased 
in recent years (Kakli & Riley, 2016; Khan, 2014). The 
etiology of AR is complex and is affected by many fac-
tors, including heredity, environment, and immune func-
tion (Eifan & Durham, 2016; Khan, 2014). Several phar-
macotherapy guidelines have been developed to treat the 
disease, and routine therapy options consist of the use 
of antihistamines, intranasal corticosteroids, and decon-
gestant drugs such as cetirizine, montelukast, mometa-
sone, and desloratadine (Bousquet et al., 2020; Okubo et 
al., 2020). Although these drugs have demonstrated effi-
cacy in AR, they require a long treatment time and have 
poor patient compliance (Khare & Martin, 1995). Fur-
thermore, despite recent epidemiologic data showing that 
the incidence of AR is increasing worldwide, less than 
12% of AR patients seek medical recommendations, re-
sulting in the disease being frequently under-recognized, 
misdiagnosed, and ineffectively treated (Berger, 2003; 
Dennis et al., 2012).

Vitamin D is an important human nutrient and func-
tions as an immunomodulatory hormone. In recent years, 
studies have shown that vitamin D has an immune regu-
latory effect and can be used as a supplement to treat 
asthma and other immune-related diseases, including AR, 
with satisfactory results (Charoenngam & Holick, 2020; 
Forno et al., 2020; Yepes-Nunez et al., 2018). Vitamin D 
plays an important role in regulating the immune system 
and has been demonstrated to have therapeutic benefits 
in the treatment of various diseases, such as melanoma, 
inflammatory bowel diseases, rheumatoid arthritis, tuber-
culosis, sepsis, and respiratory infection (Battistini et al., 
2020; Charoenngam & Holick, 2020; Sun et al., 2021). It 
may alleviate AR symptoms by reducing IgE, cytokines, 
interleukin (IL)-4, IL-5, and interferon (IFN) to suppress 
inflammation (Cho et al., 2019; Yu et al., 2017). However, 
the therapeutic effect of vitamin D on AR remains con-
troversial (Bhardwaj & Singh, 2021; Liu et al., 2020; Luo 
et al., 2022) and the effect of vitamin D on AR treated 
with corticosteroids has not been fully explored. In the 
present study, the impact of vitamin D supplementation 
was assessed in patients with moderate-to-severe season-
al pollen AR.

MATERIALS AND METHODS

Trial design and study population

We conducted a randomized, assessor/statistician-
blinded, single-center trial with two parallel groups to 
investigate the effects of vitamin D on AR. Patients 
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treated at our hospital between January 2017 and Janu-
ary 2022 were enrolled in this study. Patients were in-
cluded if they met the diagnostic criteria of the Guide-
lines for Diagnosis and Treatment of Allergic Rhinitis 
(Subspecialty Group of Rhinology et al., 2016), con-
firmed by allergen tests, had moderate-to-severe AR 
(symptoms (nasal congestion, runny nose, itchy nose, 
or sneezing) occurring ≥4 days per week for consecu-
tive 4 weeks and were severe enough to affect quality of 
life) according to the disease severity classification based 
on the above guidelines, did not receive any AR-related 
treatment within two weeks of diagnosis, were aged be-
tween 16 and 60 years, and had good drug compliance. 
Patients were excluded if they had non-allergic rhinitis, 
severe organ dysfunction, malignant tumor, other res-
piratory diseases, and nasal cavity abnormalities such as 
sinusitis and nasal polyps. Pregnant and lactating wom-
en were excluded from the study. The sample size was 
determined using the formula N (each group) = (r+1)
(Zα/2 +Z1-β)2 σ2/ rd2 (Suresh & Chandrashekara, 2012). 
In a pilot study, the minimal detectable difference means 
(d) of the two group as 0.62 scores on the total nasal 
symptom scale (TNSS) and 1.21 the standard deviation 
(σ), respectively. Therefore, the minimum sample size for 
each group required to detect the mean difference be-
tween the two means was 37 persons/group. Consider-
ing a dropout rate of 10%, 45 patients were required for 
each treatment group. This study was approved by the 
Ethics Committee of the Huichang People’s Hospital, 
Ganzhou, China. Informed consent was obtained from 
all the patients.

Randomization and blinding

After baseline evaluations and routine laboratory tests, 
the patients were randomly allocated 1:1 to the control 
and experimental groups. The assignment was made ac-
cording to a computer-generated randomization table 
created by a biostatistician. The treatments were labelled 
A and B to ensure blinding of the biostatistician. A phy-
sician from another department was tasked with using a 
randomization list to allocate patients. All assessors were 
blinded to group allocation, treatment details, and patient 
information.

Treatment

Patients in both groups were administered 200 µg mo-
metasone nasal spray (Xianju Pharmaceutical, Zhejiang, 
China) 2 puffs BD for four weeks. In addition, two oral 
vitamin D capsules (400 IU vitamin D per capsule, Sh-
uangjing Pharmaceuticals, Qingdao, China) were given 
BD in the experimental group for 4 weeks.

Biochemical assessments

Peripheral venous blood samples were collected before 
and one month after treatment. Lymphocytes and T lym-
phocyte subsets (CD3+, CD4+, and CD8+) were meas-
ured on a flow cytometer (Accuri C6 plus cell analyzer, 
BD, US) using monoclonal four-color antibody CD3/
CD4/CD8/CD45 (cat. no. 561707), monoclonal anti-
bodies to CD3 (cat. no. 30062), CD4 (cat. no. 100538), 
and CD8 (cat. no. 561644) (produced by BD, USA). The 
contents of interleukin-10 (IL-10, IL-10 Human Pro-
cartaPlex™ Simplex Kit, cat. no. EPX01A-10215-90), 
tumor necrosis factor (TNF-α, TNF alpha Human 
ProQuantum Immunoassay Kit, cat. no. A35601), and 
interferon-γ (IFN-γ, IFN gamma Human ProQuantum 
Immunoassay Kit, cat. no. A35576) were assessed by 
enzyme-linked immunosorbent assay (ELISA) using kits 
purchased from Thermo Fisher Scientific, USA, accord-
ing to the manufacturer’s instructions. Vitamin D levels 
were assessed using ELISA kit (cat. no. EY-01H1295) 
was obtained from Yiyan Biotech (Shanghai, China). All 
assays were performed in triplicate.

Clinical efficacy evaluation

The TNSS and rhinoconjunctivitis quality of life ques-
tionnaire (RQLQ) were used to assess the efficacy. The 
TNSS is a subjective evaluation tool used to measure 
the severity of the main symptoms of patients with AR 
(Downie et al., 2004). Four symptoms, runny nose, itchy 
nose, nasal congestion, and sneezing, were assessed in all 
patients using a score of 4 (0 = no symptoms and 3 = 
severe symptoms), with lower scores indicating less se-
vere symptoms.

Patients were also assessed for improvement in their 
quality of life after treatment using the RQLQ. The 

Figure 1. Diagram of patient selection, treatment and analysis
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RQLQ has 28 questions in 7 sections (activity limita-
tion, sleep disturbances, nose symptoms, eye symptoms, 
non-nose/eye symptoms, practical problems, and emo-
tional function). Patients responded to the questions on 
a 7-point scale (0 = not impaired at all, 6 = severely im-
paired), with higher scores indicating worse quality-of-life 
(Juniper & Guyatt, 1991).

Safety evaluation

Adverse reactions, including nausea, diarrhea, na-
sal  dryness and bleeding, and throat irritation in the two 
groups were recorded to assess the safety of the treat-
ment.

Statistical analysis

All statistical analyses were performed using the 
SPSS19.0 statistical software. Quantitative data were de-
scribed as mean ± standard deviation (S.D.), and the in-
dependent t-test or Mann Whitney U test was used to 
compare the mean values between the two groups. Qual-
itative data are described as [n (%)], and compared using 
the χ 2 test or Fisher’s exact test. A P-value of <0.05 
was considered to indicate statistical significance.

RESULTS

Baseline characteristics

A total of 140 patients were enrolled and randomized 
to two groups, and 128 patients completed the study 

after 5 and 7 patients were lost during the treatments. 
There were 46 males and 19 females with an average age 
of 31.4±12.7 years in the control group and 43 males 
and 20 females with an average age of 30.9±10.7 years 
in the experimental group (Fig. 1). The numbers of pa-
tients with moderate and severe AR were 45 and 20 in 
the control group and 42 and 21 in the experimental 
group, respectively. The mean courses of disease were 
4.2 and 4.0 years, respectively, in the two group. Statisti-
cal analysis showed that there was no difference in sex, 
age, disease severity, or course of disease between the 
two groups (Table 1; P>0.05).

Vitamin D improves AR symptoms and quality-of-life

After 4-week treatment, the TNSS scores in both 
groups were assessed and compared (Table 2). The re-
sults showed that the total TNSS scores were signifi-
cantly reduced compared with those before treatment in 
both groups for all four main symptoms assessed: itch-
ing, runny nose, nasal congestion, and sneezing (P<0.05). 
The improvements with vitamin D supplementation 
were significantly greater than those of the control group 
in the symptoms assessed, except for sneezing (Table 2, 
P<0.05).

At the end of the 4-week treatment, we assessed 
the quality-of-life of the participating AR patients us-
ing the RQLQ. The results showed that the scores in 
both groups were significantly lower after the therapy 
than before the therapy in all aspects (P<0.05), and the 
improvements with vitamin D supplementation were sig-
nificantly greater than those in the control group, except 
for eye symptoms, which were improved, but the differ-

Table 1. Baseline characteristics of patients

Variable Control group (n=65) Experimental group (n=63) P-value*

Female, n (%) 19 (29.2) 20 (31.7) 0.725c

Age; yrs., mean (S.D.) 32.1 (11.1) 32.8 (10.2) 0.159a

Severity of disease

Moderate, n (%) 45 (69.2) 42 (66.7) 0.237c

Severe, n (%) 20 (30.8) 21 (33.3) 0.531c

Mean course of disease; yrs., mean (S.D.) 4.3 (1.6) 4.1 (1.2) 0.164a

Statistical analysis: a. independent two-sample Student’s t-test, b. Mann Whitney U Test and c. chi-square test

Table 2. The scores of total nasal symptoms scores in the two groups

Items assessed Assessment date 
(weeks) Treatment t-value P-value

Control Experimental

Total TNSS score 0 14.60±2.25 14.63±2.26 0.224 0.327

4 4.40±0.29* 1.62±0.27* 4.201 <0.01

Runny nose 0 3.11±0.76 3.42±0.87 0.529 0.782

4 1.14±0.27* 0.31±0.11* 2.115 <0.01

Itchy nose 0 4.73±1.02 4.21±0.89 0.162 0.744

4 1.53±0.16* 0.30±0.17* 8.665 <0.01

Nasal congestion 0 4.21±0.11 4.42±0.11 0.313 0.541

4 0.92±0.11* 0.25±0.07* 3.771 <0.01

Sneezing 0 2.55±0.67 2.58±0.62 0.326 0.667

4 0.81±0.11* 0.76±0.12* 0.310 0.451

Statistical analysis: repeated measured ANOVA, *denotes significant difference from before treatment within group (P<0.05), t value of independent 
two-sample Student’s t-test.
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ence was not statistically significant as compared to the 
control (P<0.05, Table 3).

Vitamin D alters T lymphocyte subsets

We also compared the levels of T lymphocyte sub-
sets before and after the therapy. The results showed 
that while the percentage of CD3+ in the lymphocytes 
remained unchanged, the percentages of CD4+ and 
CD4+/CD8+ ratios were reduced, and the percentages of 
CD8+ were increased in the two groups after the therapy 
compared to before the therapy (P<0.05). Furthermore, 
compared to the control group, vitamin D supplementa-
tion resulted in greater changes in the subsets (Table 4).

Vitamin D changes serum levels of pro-inflammatory 
anti-inflammatory cytokines

 To further assess the impact of vitamin D on AR-
associated inflammation, we profiled the serum levels of 
pro-inflammatory and anti-inflammatory cytokines before 
and after therapy. The data showed that TNF-α levels 

were significantly decreased, and IFN-γ and IL-10 lev-
els were significantly increased in the two groups after 
the therapy compared to before the therapy (P<0.05, 
Table  5). These changes were significantly greater in the 
experimental group than in the control group (P<0.01, 
Table 5).

Vitamin D is reduced in patients with AR and increased 
after treatment

To elucidate the role of vitamin D in AR, we ana-
lyzed serum vitamin D levels in patients with AR before 
and after treatment. The results showed that compared 
to healthy participants, patients with AR had significantly 
lower serum vitamin D levels, which were significantly 
increased after vitamin D supplementation (Table 6).

Adverse reactions

No serious adverse reactions were observed in either 
of the groups. In the experimental group, one patient 

Table 3. The scores of quality of life of AR patients the two groups

Items assessed Assessment date 
(weeks) Treatment t-value P-value

Control Experimental

Total RQLQ score 0 17.4±2.01 16.98±2.14 0.112 0.327

4 7.29 ±1.11* 3.68±0.86* 5.661 <0.01

Activity limitation 0 3.25±0.56 3.29±0.77 0.439 0.862

4 1.11±0.67* 0.52±0.10* 2.825 0.002

Sleep problems 0 3.44±0.84 3.47±0.91 0.223 0.708

4 1.44±0.11* 0.55±0.10* 5.675 <0.01

Non-nose/eye symptoms 0 2.71±0.14 2.77±0.10 0.323 0.241

4 0.92±0.12* 0.41±0.06* 2.751 0.014

Practical problems 0 2.55±0.62 2.64±0.60 0.316 0.510

4 0.88±0.10* 0.42±0.13* 1.380 0.034

Nose symptoms 0 3.58±0.45 3.49±0.52 0.376 0.310

4 1.07±0.12* 0.42±0.13* 2.931 0.023

Eye symptoms 0 2.44±0.24 2.47±0.36 0.336 0.455

4 0.88±0.11* 0.79±0.10* 1.251 0.087

Emotion 0 2.18±0.34 2.22±0.23 0.397 0.450

4 0.99±0.15* 0.53±0.12* 3.651 0.018

Statistical analysis: T-test for paired samples. *denotes significant difference from before treatment within group (P<0.05), t value of independent 
two-sample Student’s t-test.

Table 4. Compositions of T lymphocyte subsets between the two groups

Assessment 
date (weeks) CD3+ (%) CD4+ (%) CD8+ (%) CD4+/ CD8+ ratio

0 4 0 4 0 4 0 4

Control 64.72±5.14 63.72±4.16 41.2±3.14 35.11 
±3.27* 22.40±2.58 29.15±3.46* 1.82±0.12 1.20±0.11*

Experimental 63.74±5.21 62.65±4.08 42.52±3.37 30.81 
±2.44* 22.34±2.67 36.17±4.19* 1.90±0.12 0.92±0.08*

T value  0.029 1.199 0.165 3.718 0.342 7.229 0.260 6.855

P-value  0.435 0.315 0.826 <0.01 0.562 <0.01 0.775 <0.01

Statistical analysis: T-test for paired samples. *denotes significant difference from before treatment within group (P<0.05), t value of independent 
two-sample Student’s t-test.
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reported a mild dry nasal  membrane that was relieved 
without medical treatment.

DISCUSSION

In this study, we investigated the effect of vitamin 
D as a supplementary therapeutic to mometasone in 
moderate-to-severe AR. Our results showed that vitamin 
D effectively improved the therapeutic efficacy of mo-
metasone. It moderates T lymphocyte subsets and pro-
inflammatory and anti-inflammatory cytokine levels, lead-
ing to significantly better quality-of-life with AR.

As a common disease that seriously affects the physi-
cal and mental health and quality of life of patients. Cur-
rently, there is no cure for RA, but active treatment can 
effectively control the pathological symptoms of patients 
to reduce pain and stop or slow further damage (Bullock 
et al., 2018). Therefore, it is important to develop bet-
ter treatment plans with fewer complications, better pa-
tient compliance, and lower costs. Nasal glucocorticoids 
and antihistamines are the first-line clinical drugs for AR 
with excellent efficacy for persistent moderate-to-severe 
AR, and the combination of intranasal antihistamines 
and corticosteroids is conducive to the rapid control 
of symptoms and reduction of TNSS (Wheatley & To-
gias, 2015), there are various adverse effects, including 
osteoporosis, dyslipidemia, body fat redistribution, insu-
lin resistance, glucose intolerance, and even diabetes as-
sociated with glucocorticoid drugs (Sundahl et al., 2015). 
Recent studies have shown that vitamin D deficiency is 
common in AR patients whose serum contains less vi-
tamin D than in healthy individuals (Chen et al., 2016). 
Vitamin D, as an important human nutrient, does not 
cause any adverse reactions if taken at the dose recom-
mended by the physician. Vitamin D has been demon-

strated to have various immunomodulatory effects and 
to protect against a number of autoimmune diseases, 
including multiple sclerosis and inflammatory bowel dis-
ease (Christakos et al., 2016; Holick, 2007). However, the 
benefits of vitamin D in AR treatment with corticoster-
oids have not yet been fully explored.

The corticosteroid drug mometasone has been demon-
strated to be effective and safe for treating inflammatory 
diseases of the nose and paranasal sinuses including AR 
(Yarom et al., 1982). As expected, treatment with nasal 
spray for one month, resulted in significant control of 
all AR-related symptoms as well as better quality of life 
in our cohort with moderate-to-severe AR, as assessed 
using the TNSS and RQLQ, both of which are well-rec-
ognized tools that assess the primary outcome in clinical 
trials on AR. Furthermore, the assessments showed that 
Vitamin D supplementation further improved the con-
trol of AR and quality-of-life of AR patients in all as-
sessed items except sneezing and eye symptoms. These 
data demonstrate that vitamin D supplementation im-
proves the overall therapeutic effect of corticosteroid 
drugs, to a certain extent.

In the present study, the vitamin D dose prescribed 
were 1600 IU per day based on the manufacture’s rec-
ommendation to minimize potential adverse effect. Pre-
viously, various doses have been used from 100 IU per 
day for patients with refractory allergic rhinitis (Chen et 
al., 2016), 2000 IU over 2 months in children (Tiazhka 
& Selska, 2020) to 42000 IU per day via nasal dropping 
(Liu et al., 2018) and 50 000 IU/week of vitamin D for 8 
weeks along with antihistamines (Bakhshaee et al., 2019). 
It is likely that the optimal dose is depending on the for-
mulations (chew pill, soft gel and capsule) and patient 
populations and need to be defined further.

To better understand the mechanisms underlying the 
improved therapeutic effect of vitamin D supplementa-
tion, we compared the changes in T lymphocyte subsets 
following the therapies. The results showed that the lev-
els of CD4+, CD8+, and CD4+/CD8+ in the experimental 
groups were changed compared to those in the control 
group, suggesting that vitamin D might modulate cellu-
lar immune function by lowering the levels of CD4+ and 
increasing the level of CD8+. Vitamin D receptor (VDR) 
is produced in respiratory epithelial cells, where Vitamin 
D binds to vitamin D receptor (VDR) to enhance both 
innate and acquired immunity via various immune cells, 
including dendritic cells, monocytes, megaphagocytes, T 
lymphocytes, and B lymphocytes (Bakdash et al., 2014; 
Mailhot & White, 2020). It inhibits the proliferation of T 
lymphocytes and promotes the differentiation of Foxp3+ 

regulatory T cells (Barragan et al., 2015; Hewison, 2011). 
Therefore, at least part of the enhanced therapeutic ef-
fect of vitamin D is likely due to the modulation of im-
mune function in patients with AP.

Table 5. Comparison of serum pro-inflammatory anti-inflammatory cytokine levels between the two groups

Group IL-10 (pg/mL) TNF-α (pg/mL) IFN-γ (pg/mL)

Before After Before After  Before After

Control
(n=45) 5.93±0.82 7.79±1.21* 6.24±0.71 5.06±0.42* 4.68±0.57 6.62±1.02*

Experimental
(n=45) 5.96±0.71 9.52±1.69* 6.19±0.72 4.56±0.44* 4.79±0.48 7.64±1.19*

t 0.439 4.622 0.435 4.331 0.114 3.603

P 0.673 <0.01 0.541 <0.01 0.763 0.01

Statistical analysis: T-test for paired samples. *denotes significant difference from before treatment within group (P<0.05), t value of independent 
two-sample Student’s t-test.

Table 6. Serum vitamin D contents in healthy and AR patients 
before and after treatment.

Group n Vitamin D (nmol/L)

Healthy participants 25 42.12±4.07

Patients not supplemented with 
vitamin D 45

Before treatment 36.40±3.01a

After treatment 36.11±3.01a

Patients not supplemented with 
vitamin D 51

Before treatment 36.61±3.58 a

After treatment 39.41±3.21b

aP<0.05 compared with healthy participants; bP<0.05 compared with 
patients not supplemented with vitamin D
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Vitamin D also exerts regulatory effects on many cy-
tokines involved in inflammation. For example, it down-
regulates the production of IL-12, TNF-α, and IL-2 and 
upregulates the synthesis of IL-4 and IL-10 (Barragan et 
al., 2015; Hewison, 2011), which are secreted by immune 
cells to regulate their proliferation and differentiation of 
immune cells. Our data showed that pro-inflammatory 
cytokine TNF-α levels were significantly reduced and 
anti-inflammatory cytokine IFN-γ and IL-10 levels were 
significantly increased after vitamin D supplementation, 
suggesting that vitamin D may improve the therapeutic 
effect by modulating cytokine production to inhibit in-
flammation. IL-10 and IFN-γ can not only inhibit the T 
cell response but also inhibit the production of immuno-
globulin E, which plays a negative role in regulating AR 
pathological symptoms. TNF-α mediates various inflam-
matory reactions, and a reduction in TNF-α levels may 
lead to the inhibition of AR-related inflammation.

In addition, vitamin D supplementation may attenu-
ate vitamin D deficiency in patients with AR and modu-
late immune function to strengthen its anti-inflammatory 
effect. In this study, the serum level of vitamin D was 
found to be lower in AR patients, and this vitamin D 
deficiency was partially alleviated after vitamin D sup-
plementation. These results are consistent with those of 
previous studies on children and women (Aryan et al., 
2017; Srimani et al., 2017).

This study had several limitations. Although this trial 
was blinded to the assessors, the patients were aware of 
their treatment because of the absence of placebo indis-
tinguishable from patients, resulting in potential bias in 
treatment outcomes. In addition, physiologic measures, 
including peak nasal inspiratory flow and nasal airflow, 
were not used to measure the outcomes, yielding poten-
tial bias in the results. A single dose of vitamin D was 
applied in the therapy; patients were not classified based 
on the AR etiologies, such as seasonal allergic rhinitis or 
perennial allergic rhinitis, for better treatment and expla-
nation of the therapeutic outcome. For example, patients 
with seasonal allergic rhinitis pass the onset season and 
recover spontaneously. Since this was a single-center, 
short-term, and small-scale study, more extensive multi-
center work is needed to address the limitations and to 
validate our conclusion.

CONCLUSIONS

Vitamin D supplementation of mometasone nasal 
spray is effective and safe for improving AR symptoms 
and quality of life. These improvements were partially 
due to the modulation of cellular immunity and inhibi-
tion of inflammation. Therefore, vitamin D adjuvant 
therapy is highly recommended for patients with moder-
ate or severe seasonal AR.
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The study was conducted to figure out the function and 
mechanism of circular RNA circCAMSAP1 in repressing 
malignant behavior of endometrial carcinoma (EC) by 
targeting microRNA (miR)-370-3p /MAPK1. Tumor tis-
sues and normal adjacent tissues of EC patients were 
harvested, and circCAMSAP1 and MAPK1 were elevated 
but miR-370-3p was reduced in tissues and cells of EC 
patients. Functional test results clarified transfection of 
si-circCAMSAP1 or miR-370-3p-mimic refrained cancer 
cell proliferation, migration and invasion, but motivated 
cancer cell apoptosis. Meanwhile, the amount of E-cad-
herin elevated and the amount of N-cadherin elevated 
or reduced. After co-transfection with si-circCAMSAP1 
and miR-370-3p-inhibitor, miR-370-3p-inhibitor blocked 
si-circCAMSAP1’s therapeutic impact. Furthermore, after 
co-transfection of pcDNA-circCAMSAP1 and si-MAPK1, 
si-MAPK1 turned around the malignant effect of pcD-
NA-circCAMSAP1. It was testified that miR-370-3p was 
circCAMSAP1’s target, and inversely controlled via circ-
CAMSAP1. Meanwhile, enhancing miR-370-3p led to re-
pressive MAPK1, which was recognized as miR-370-3p’s 
downstream target. All in all, the results of this study 
convey silencing circCAMSAP1 refrains the malignant be-
havior of EC by controlling miR-370-3p /MAPK1 axis.
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INTRODUCTION

Endometrial cancer (EC) is an extremely familiar can-
cer in women, with over 380 000 new pathologies diag-
nosed globally every year. Recently, EC’s presence has 
been increasing, especially in developed countries. EC 
ranks second among female genital cancers in China, 
with a mortality rate of 2.7 per 100 000 (Wilczynski et 
al., 2020). ECs’ recently new molecular classification is 
on grounds of the research of the Cancer Genome Atlas 
Research Network and assignation of them into 4 mo-
lecular subgroups is conducted. Among them, endome-
trioid ECs are present in all subgroups (Cancer Genome 
Atlas Research et al., 2013), and their molecular diversity 
may cause more aggressive tumors in many women with 
type I EC. The treatment options for EC largely relie 
on the stage of the disease, and surgery is still the major 
method of early treatment, covering but not limited to 
pelvic lymph node cesarean section, bilateral salpingo-

oophorectomy, etc. (Sonoda, 2012). Several molecular 
targeted therapies for EC are currently under study, like 
epidermal growth factor inhibitors, phosphatidylinositol 
3-kinase (PI3K)/AKT inhibitors, etc. (Leslie et al., 2012; 
Oza et al., 2015). Targeted molecular identification has 
facilitated the diagnosis and cure of EC.

Circular RNA (circRNA) is a kind of covalent body, 
which is dorsally linked to the precursor mRNA and is in 
the form of a closed single strand (Ebbesen et al., 2017). 
CircRNAs are not easily degraded by RNase R due to their 
absence of 5’-3’ ends and polyadenylated tails, so they are 
more stable vs. linear RNAs (Suzuki et al., 2014). Circ-
CAMSAP1, a circular RNA, also known as circ_0004338, 
is linked with the regulation of the occurrence and devel-
opment of diversified cancers (Chen et al., 2021). For in-
stance, circCAMSAP1 can motivate the biological function 
of hepatocellular carcinoma in vitroand in vivo via the miR-
1294/GRAMD1A molecular axis (Luo et al., 2021); Circ-
CAMSAP1 can be employed as a latent therapeutic target 
and a biomarker for diagnosis and prognosis of colon can-
cer (Zhou et al., 2020). However, circCAMSAP1’s role and 
regulatory mechanism in EC remains uncertain.

By targeting and combining with mRNA in the 3’ un-
translated region, microRNA (miRNA) can control gene 
expression, cause messenger RNA (mRNA) cleavage, or 
lead to translational repression of target genes. Therefore, 
miRNA takes a momentous function in cell growth, apop-
tosis, migration, etc. (Bueno et al., 2008). Numerous stud-
ies have clarified miRNAs can control the specificity of 
diversified cancers, for example, miR-411-5p can restrain 
the growth and metastasis of bladder cancer, and target the 
transport of ZnT1 protein (Finnson et al., 2012); MiR-153-
3p can target CFL2 to control the carcinogenesis process 
of breast cancer cells (Zhang et al., 2021) and so on. Some 
researchers find miR-370-3p can down-regulate EDN1 in 
endometrial stromal cells, thereby depressing endometrio-
sis’ development (Zhou et al., 2021); MiR-370-3p represses 
the cell proliferation of endometrium by regulating steroid 
synthesis factors (Hu et al., 2019). However, the regulatory 
mechanism of miR-370-3p on EC is unknown.

In this paper, circCAMSAP1 was chosen as the re-
search object to deeply figure out and study the regula-
tory mechanism and impacts of the circCAMSAP1/miR-
370-3p/MAPK1 molecular axis on EC, offering new 
therapeutic targets and ideas for EC.

MATERIAL AND METHODS

Experimental subjects

Fifty EC tissue specimens and adjacent normal tissues 
(≥ 4 cm) were harvested from patients with primary EC 
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confirmed by surgery and pathology in Affiliated Hos-
pital of Weifang Medical College from July 2014 to July 
2018. The mean age of the patients was 45.1±7.2 years. 
In the light of the surgical and pathological staging of 
endometrial cancer, 8 cases of stage I, 12 cases of stage 
II, 15 cases of stage III, and 15 cases of stage IV were 
presented. Tissues were Stored in liquid nitrogen and 
transferring to -80°C until total RNA or protein extrac-
tion. All patients signed signature of the informed letter, 
and this study was reviewed and approved by the Eth-
ics Committee of Affiliated Hospital of Weifang Medical 
College (No: 201302WF353L).

Cell culture and transfection

EC cell lines (HEC-1A, HEC-1B, KLE) and endome-
trial endothelial cells (hEEC) (Thermo Scientific, USA) 
were cultured in high glucose [Dulbecco’s phosphate 
buffer modified Eagle culture medium (Hyclone, USA) 
and replenishment of 10% FBS (Gibco, USA), 110 U/
mL penicillin and 110 mg/mL streptomycin (Hyclone, 
USA)] at 37°C with 5% CO2, selection for were con-
ducted. Cells were sub-cultured before transfection and 
cells in logarithmic growth phase was selected for cell 
transfection. Si-circCAMSAP1, si-NC, pcDNA-circ-
CAMSAP1, pcDNA3.1, si-MAPK1, miR-370-3p-inhib-
itoribitor, miR-370-3p-mimic, and mimic/inhibitor-NC 
were produced and validated by GeneStar (Shanghai, 
China). The above plasmids or oligonucleotides were 
transfected into HEC-1A cells using Lipofectamine 2000 
(Thermofisher, USA) according to the manufacturer’s 
instructions. The transfection efficiency was verified by 
RT-QPCR, and the cells were obtained for subsequent 
experiments.

Cell counting kit (CCK)-8 and EdU assay

The proliferation ability of EC cells was detected via 
CCK-8 kit and EdU kit (Enzyme-Linked Bio, Shanghai, 
China) in the light of the manufacturer’s instructions. In 
the CCK-8 experiment, transfected HEC-1A cells (2×104 
cells/well) was seeded in 96-well plates. Adding 10 μL 
CCK-8 solution at 24, 48, 72 and 96 h while incubation 
was conducted. The absorbance at 450 nm was measured 
with a microplate reader and the curve was drawn. In 
the EdU experiment, transfected HEC-1A cells (2×104 
cells/well) was added to EdU medium, and fluorescence 
staining solution was added after incubation. The DNA 
replication activity of the fluorescently labeled mixture at 
350 nm was tested applying a fluorescence microscope 
(Troth & Kyle, 2021).

Transwell assay

Transfected HEC-1A cells (2×104 cells/well) were 
seeded on transwell plates. The upper chamber covered 
serum-free DMEM (Gibco, USA), and the lower cham-
ber covered 600 μL DMEM and 10%. FBS The upper 
cavity was incubated, fixed with 95% ethanol and stained. 
The number of cells in 5 fields was calculated randomly 
to analyze the migration ability of cells.. Matrigel was 
flattened on each transwell plate and placed. After the 
basement membrane gel was solidified, hydration of the 
basement membrane was with serum-free DMEM to an-
alyze the cell invasion ability (Huang & Li, 2021).

Flow cytometry detection

Cells were stained with fluorescein isothiocyanate 
(FITC) kit (ThermoFisher, USA) according to the manu-
facturer’s instructions. The adherent cells were harvested 

by trypsin; The supernatant was taken by centrifugation 
for the second time and mixed with the binding solu-
tion, V-FITC and propidium iodide in the kit for incu-
bation. Part of the sample solution was added into the 
buffer to take effect, and then flow cytometry was per-
formed (Zong et al., 2020).

Reverse transcription quantitative polymerase chain 
reaction (RT-qPCR)

Total RNA from BMSC cells was extracted via Trizol 
reagent (Invitrogen, Carlsbad, CA, USA). Assessment of 
the quantity and quality of RNA was via adopting a Na-
noDrop spectrophotometer (Thermo, USA). Then, re-
verse transcription of the RNA was into cDNA employ-
ing PrimeScript RT Master Mix (Takara, Dalian, China). 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
and U6 were applied as the loading controls for mRNA 
and miRNA separately. Primer sequences were mani-
fested in Table 1. PCR detection was performed in the 
light of the instructions of Hieff® qPCR SYBR® Green 
Master Mix (Yisheng Bio, Shanghai, China), and the 
2-ΔΔCt method was put into effect to calculate circCAM-
SAP1, miR-370-3p and MAPK1 in EC cells (Huang et 
al., 2020).

Western blot detection

Cells were lysed by Radio-Immunoprecipitation assay-
covering lysis buffer (Beyotime, Shanghai, China), and 
the supernatant was harvested after high-speed centrif-
ugation (12 000 rpm/min, 15 min) at 4°C. The protein 
concentration’s detection was by bicinchoninic acid kit 
(Enzyme-Linked Biology, China). Isolation of proteins 
was by Sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (120 V, 1.5 h) and electrically transferring 
to polyvinylidene fluoride membrane was conducted 
(300 mA, 1.5 h). Incubation of membranes was with 
primary antibody MAPK1, anti-E-Cadherin antibody, 
anti-N-Cadherin antibody and anti-GAPDH antibody (all 
1:1000) overnight at 4°C, add horseradish peroxidase-
labeled goat anti-rabbit secondary antibody (1:5000) for 
1 h. Antibodies were bought from Abbott (Shanghai, 
China). After incubation, electrogenerated chemilumines-
cence luminescent solution (Yisheng Bio, Shanghai, Chi-
na) was used to obtain bands and calculation of protein 
expression were conducted (Yang et al., 2021).
Table 1. Primer sequence

Genes Primer sequence

MiR-370-3p F GCCGAGGCCTGCTGGGGTGG

R GCAGGGTCCGAGGTATTC

U6 F GCTTCGGCAGCACATATACTAAAAT

R CGCTTCACGAATTTGCGTGTCAT

CircCAMSAP1 F GTGTCAAGCGCTTCTCAACG

R GCTGGACAGGAGAAGCTTGA

MAPK1 F TGGATTCCCTGGTTCTCTCTAAAG

R GGGTCTGTTTTCCGAGGATGA

GAPDH F CGCTCTCTGCTCCTCCTGTTC

R ATCCGTTGACTCCGACCTTCAC
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The luciferase activity assay

HEC-1A cells were seeded in 24-well plates to reach 
65% confluence. circCAMSAP1 or MAPK1 3’UTR WT 
and MUT (Zima Pharmaceuticals, Shanghai, China) were 
cloned into empty plasmids (Miaoling Bio, Wuhan, Chi-
na). Lipofectamine 2000 (Thermofisher, USA) was em-
ployed for co-transfecting luciferase reporter plasmids 
into cells with miR-370-3p-mimic and miR-370-3p-NC. 
Then measurement of the luciferase activity of the sam-
ples was conducted applying a dual luciferase reporter 
gene analysis system (Promega, Shanghai, China).

RNA immunoprecipitation (RIP) assay

EZ-Magna RIP kit (Millipore, USA) was applied for 
RIP determination. Cells were lysed in RIP lysis buffers 
and then incubated in RIP buffers covered with magnet-
ic beads coupled with negative controls (normal mouse 
IgG) or human anti-Argonaute 2 (Ago2, Millipore). 
Then, conducting Isolation, purification, and final detec-
tion by RT-qPCR of the co-precipitated RNA (Wang & 
Yang, 2021).

Statistical analysis

Data were analyzed employing PSS 24.0 software and 
presented as mean ± standard deviation (S.D.). A t-test 
was used for the comparison between the two groups 
with normal distributions, a nonparametric test was used 
for the comparison between the two groups with abnor-
mal distributions. Repeating all functional tests in the re-
search was for three times. GraphPad Prism 7.0 software 
was applied to draw the result pictures, and evaluation 
of the correlation between the expression levels and cells 
was by the linear correlation coefficient r. P<0.05 clari-
fied statistical significance.

RESULTS

CircCAMSAP1 is elevated in EC cell lines and tissues

In contrast with adjacent normal tissues, circCAM-
SAP1 was clearly enhanced in EC tissues (P<0.05) 
(Fig.  1A). Compared with hEEC, circCAMSAP1 was 
also elevated in HEC-1A, HEC-1B and KLE cells 
(P<0.05). Among them, HEC-1A cells had the highest 
expression (P<0.01), followed by the lowest expression 
of KLE, and HEC-1B (Fig. 1B). Since circCAMSAP1 
had the highest expression in HEC-1A cells, HEC-1A 
cells were chosen for subsequent experiments. These 
data suggested circCAMSAP1 might participate in the 
EC disease process.

The effect of knockdown circCAMSAP1 on the 
biological function of EC cells

After transfection of si-circCAMSAP1, circCAMSAP1 
in cells was clearly reduced (P<0.05) (Fig. 2A). Cell pro-
gression results showed knocking down circCAMSAP1 
reduced cell proliferation (P<0.05) (Fig. 2B), and EdU 
positive cells declined (P<0.05) (Fig. 2C). Meanwhile, the 
amount of N-cadherin declined in HEC-1A cells (both 
P<0.05) (Fig. 2D–E); Cell migration and invasion abil-
ity were descended (both P<0.05) (Fig. 2F–G). Moreo-
ver, the apoptosis rate was enhanced after knockdown 
circCAMSAP1 (P<0.05) (Fig. 2H). These data conveyed 
silencing circCAMSAP1 could refrain EC cells’ advance-
ment.

CircCAMSAP1 targets miR-370-3p

Plentiful studies have clarified circRNA takes on a 
role in controlling diseases via competitive adsorption 
of downstream miRNAs (Tu et al., 2021). The target 
genes of circCAMSAP1 were forecast employing the 
bioinformatics database, and miR-370-3p was found to 
be a candidate target gene of circCAMSAP1 (Fig. 3A). 
The results of luciferase activity assay illustrated the lu-
ciferase activity of HEC-1A cells were declined after co-
transfection of miR-370-3p-mimic and circCAMSAP1 
WT, while the co-transfection of miR-370-3p-mimic 
and circCAMSAP1 MUT had no clear impact on lu-
ciferase activity (P<0.05) (Fig. 3B). After transfection 
of si-circCAMSAP1, miR-370-3p in HEC-1A cells was 
clearly enhanced (P<0.05) (Fig. 3C). Meanwhile, it was 
also confirmed that circCAMSAP1 and miR-370-3p were 
abundant in the anti-Ago group (both P<0.05) (Fig. 3D). 
Moreover, miR-370-3p in EC tissues and cell lines was 
clearly reduced vs. adjacent normal tissues and hEEC 
cells (both P<0.05) (Fig. 3E-F); MiR-370-3p was oppo-
site to that of circCAMSAP1 (r = –0.7929, P<0.0001) 
(Fig. 3G). The above results proved miR-370-3p was 
circCAMSAP1’s target gene, and the expression patterns 
of the two were inversely associated.

Elevation of miR-370-3p can depress EC cell evil 
behavior

MiR-370-3p’s biological role in EC was examined 
by functional acquisition experiments. After introduc-
tion of miR-370-3p-inhibitorbitor, miR-370-3p-mimic 
and mimic/inhibitor-NC into HEC-1A cells, miR-370-
3p was measured. It turned out transfection of miR-
370-3p-mimic/inhibitor elevated but reduced miR-370-
3p respectively (P<0.05) (Fig. 4A). The results of func-
tional experiments clarified miR-370-3p-mimic refrained 
the proliferation ability of HEC-1A cells, and fewer 
EdU positive cells exhibited (both P<0.05) (Fig. 4B–C). 
Meanwhile, the amount of E-cadherin was elevated but 
the amount of N-cadherin was declined (both P<0.05) 
(Fig. 4D-E), cell migration and invasion abilities were 
descended, but apoptosis rate was enhanced (both P 
<0.05) (Fig. 4F–H). The opposite results were gained 
after transfection of miR-370-3p-inhibitoribitor. These 
experimental results exhibited elevation of miR-370-3p 
could refrain EC cell biological function.

Depressive miR-370-3p blocks the therapeutic effect of 
silencing circCAMSAP1

Transfection or co-transfection of si-circCAMSAP1 
and miR-370-3p-inhibitor was to study their effects and 
regulation on the malignant behavior of EC cells. After 
transfection with si-circCAMSAP1, miR-370-3p in HEC-
1A cells were elevated, while after co-transfection with 

Figure 1. CircCAMSAP1 is elevated in EC cell lines and tissues
(A, B) CircCAMSAP1 in EC tissues and cell lines; Measurement data 
were clarified as mean ± S.D.; *P<0.05, **P<0.01.
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Figure 2. The effect of knockdown circCAMSAP1 on the biological function of EC cells
(A) RT-qPCR to test circCAMSAP1; (B–C) CCK-8 and EdU experiments to evaluate the effect of circCAMSAP1 down-regulation on EC cell 
proliferation; (D–E) Western blot to examine the amount of E-cadherin and N-cadherin after repressing circCAMSAP1; (F–G) Transwell 
assay to evaluate the effect of circCAMSAP1 down-regulation on EC cell migration and invasion; (H) EC cell apoptosis rate after circCAM-
SAP1 down-regulation was detected by flow cytometry; *P<0.05.

Figure 3. CircCAMSAP1 targets miR-370-3p
(A) Binding region of miR-370-3p and circCAMSAP1; (B) The luciferase activity assay to detect circCAMSAP1 and miR-370-3p’s targeting; 
(C) MiR-370-3p after silencing circCAMSAP1; (D) CircCAMSAP1 and miR-370-3p were enriched in anti-Ago2 group; (E–F) MiR-370-3p in EC 
tissues and cells; (G) Correlation between circCAMSAP1 and miR-370-3p expression pattern; *P<0.05.

729



Vol. 70 						      103CircCAMSAP1 and endometrioma

si-circCAMSAP1 and miR-370-3P-inhibitor, miR-370-3p 
in HEC-1A cells were declined (both P<0.05) (Fig. 5A). 
After circCAMSAP1 was silenced, the proliferation abil-
ity of HEC-1A cells (both P <0.05) (Fig. 5B), and the 
number of EDU-positive cells were declined (Fig. 5C), 
the amount of E-cadherin was elevated but the amount 
of N-cadherin was declined (both P<0.05) (Fig. 5D–E); 
The migration and invasion abilities were repressed 
(both P<0.05) (Fig. 5F–G), but the apoptosis rate was 
enhanced (P<0.05) (Fig. 5H). These effects were blocked 
by transfection of miR-370-3p-inhibitor. These data sug-
gested silencing circCAMSAP1 downregulated EC and 
blocked the malignant behavior of miR-370-3p-inhibitor 
in EC cells.

MiR-370-3p targeted MAPK1

MiRNAs frequently combines with the 3 untranslated 
regions of mRNA and are transcribed to control miRNA 
expression (Jiang et al., 2021). Therefore, it was predicted 
the target mRNA of miR-370-3p by StarBase and discov-
ered a latent binding site between MAPK1 and miR-370-
3p (Fig. 6A). It came out MAPK1 was elevated in EC 
tissues and cells (both P < 0.05) (Fig. 6B–C). In the light 
of the validation results of the bidirectional luciferase 
activity assay, transfection of miR-370-3p-mimic clearly 

restrained the reporter activity of MAPK1-WT, while 
miR-370-3p-inhibitorbitor elevated the reporter activity 
of MAPK1-WT. The reporter activity of MAPK1-MUT 
was almost unchanged (P<0.05) (Fig. 6D). Meanwhile, it 
came out miR-370-3p and MAPK1 were also abundant 
in the anti-Ago2 group (both P < 0.05) (Fig.  6E). Fur-
thermore, miR-370-3p-mimic downregulated MAPK1, 
whereas miR-370-3p-inhibitororibitor did the oppo-
site (both P<0.05) (Fig. 6 F–G). These results clarified 
miR-370-3p inversely controlled MAPK1 in EC cells. 
Linear analysis exhibited MAPK1 was negatively linked 
with miR-370-3p (r = –0.7086, P<0.0001) (Fig.  6H). 
The above experimental results conveyed circCAMSAP1 
could target MAPK1 through miR-370-3p.

Si-MAPK1 turns around the malignant effect of pcDNA-
circCAMSAP1

Functional rescue experiments were conducted to fig-
ure out the mechanism by which circCAMSAP1 controls 
EC development through the miR-370-3p/MAPK1 mo-
lecular axis. The experimental results manifested after 
transfection of pcDNA-circCAMSAP1, miR-370-3p in 
HEC-1A cells was reduced but MAPK1 was elevated. 
After co-transfection of pcDNA-circCAMSAP1 and si-
MAPK1, miR-370-3p was enhanced but MAPK1 was 

Figure 4. Elevation of miR-370-3p can depress EC cells’ biological behaviors
MiR-370-3p in EC cells was regulated by transfection of miR-370-3P-mimic /inhibitior. (A) RT-qPCR to test miR-370-3p; (B–C) CCK-8 and 
EdU experiments to examine cell proliferation; (D–E) Western blot to examine the amount of E-cadherin and N-cadherin; (F–G) Transwell 
assay to check cell migration and invasion; (H) EC cell apoptosis was detected by flow cytometry; *P<0.05.
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decreased in HEC-1A cells (both P<0.05) (Fig. 7A). 
Results of functional experiments confirmed the prolif-
eration ability of HEC-1A cells was enhanced after el-
evation of circCAMSAP1 (P<0.05) (Fig. 7B), and the 
number of EDU-positive cells was elevated (P<0.05) 
(Fig. 7C). Meanwhile, the amount of E-cadherin was 
reduced but the amount of N-cadherin was elevated 
(Fig.  7D–E), cell migration and invasion ability were 
strengthened (both P<0.05) (Fig. 7F–G), but apoptosis 
rate was declined (P<0.05) (Fig. 7H). These effects were 
blocked by transfection of si-MAPK1. The experimental 
results showed elevation of circCAMSAP1 up-regulated 
MAPK1 by depressing miR-370-3p.

DISCUSSION

Targeted therapy can impact tumor cell growth, apop-
tosis, signaling, receptor activation, etc., and is consid-
ered as a breakthrough in human cancer therapy (Padma 
et al., 2015). Noncoding RNAs are increasingly momen-
tous in this field as they are implicated in clinical and 
functional cancer development (Wang et al., 2019). Al-
though patients with early-stage EC have a relevant high 
survival rate, patients with advanced or recurrent disease 
still have poor prognosis and limited treatment options 

(Mitamura et al., 2019). This study contrasted circCAM-
SAP1 in EC tissue samples and cells with normal para-
cancerous tissues and cells for the fist time, and found 
that circCAMSAP1 was elevated in EC tissues and cells, 
suggesting that circCAMSAP1 might have adverse ef-
fects on EC development.

CircRNAs, highly conserved and stable non-coding 
RNAs, have received extensive attention owing to their 
great potential in cancer therapy (Barrett & Salzman, 
2016). They have diversified miRNAs binding sites, 
which can mediate the activity of targeted miRNAs and 
competitively combine them, thereby depressing the 
transcription of downstream target genes (Mitra et al., 
2018). For instance, circ_0001073 targeting miR-626 can 
depress the occurrence and development of lung cancer 
(Liu et al., 2021a); Circ_0004507 targeting miR-873 can 
upregulate drug resistance proteins, thereby motivating 
the development of laryngeal cancer (Yi et al., 2021). In 
former studies, it is found that CAMSAP1 is a gene en-
coding mammalian astroglial cytoskeleton and neuron-
associated cytoskeleton-linked proteins (Yamamoto et al., 
2009). Meanwhile, CAMSAP1 is expressed on mature 
astrocytes in the adult brain and is also considered a 
novel marker of cells of the astrocyte lineage (Yoshioka 
et al., 2012). Circ_0001900 derived from exons 2 to 3 
of the CAMSAP1 gene, also known as circCAMSAP1, 

Figure 5. Depressive miR-370-3p blocks the therapeutic effect of silencing circCAMSAP1
Si-circCAMSAP1 was blocked by transfection with miR-370-3p-inhibitor. (A) RT-qPCR to test miR-372-3p; (B–C) CCK-8 and EdU experi-
ments to examine cell proliferation; (D–E) Western blot to examine the amount of E-cadherin and N-cadherin; (F–G) Transwell assay to 
check cell migration and invasion; (H) EC cell apoptosis was detected by flow cytometry; *P<0.05.
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which has been clarified to have a momentous role in 
colorectal cancer. Circ_0004338 (circCAMSAP1 in the 
research) is derived from exons 1 to 7 of the CAMSAP1 
gene and is spliced to form a single-stranded continu-
ous loop structure network by connecting the 3′ and 5′ 
ends. These features convey circCAMSAP1 is formed by 
“direct splicing” and is stably expressed in different cell 
lines and tissues (Jeck et al., 2014). Although circCAM-
SAP1 has been well studied in plentiful cancers, it has 
been less studied in EC. This study is the first to pro-
pose and demonstrate that circCAMSAP1 was elevated 
in EC, and its expression is significant. In the light of 
the experimental results, knockout of circCAMSAP1 can 
reduce the proliferation, migration, and invasion of EC 
cells, but motivate cancer cell apoptosis.

Recently, studies have found circRNAs can combine 
with miRNAs, thereby exerting tumor-promoting or tu-
mor-suppressing effects (Han et al., 2017). Using Starbase 
database, circCAMSAP1 and miR-370-3p were found 
to have binding sites. Subsequent analysis showedcirc-
CAMSAP1 refrained miR-370-3p in EC cells. The role 
of miR-370 as a tumor-promoting or tumor-suppressor 
gene in different human tumors is controversial. For in-
stance, miR-370 is a latent oncogene in melanoma (Wei 
et al., 2017); up-regulation of miR-370 suppresses the tu-
mor suppressor FOXO1 in prostate and gastric cancers 
and motivates cancer cell proliferation (Fan et al., 2013). 
In contrast, miR-370 has been testified to perform as a 
tumor suppressor in colon and liver cancer by depressing 
cell proliferation and accelerating apoptosis (Shen et al., 
2018; Sun et al., 2016). In this study, the correlation of 
miR-370-3p with EC was figured out for the first time, 
and it was found to be reduced in EC cells. Meanwhile, 
the results of luciferase activity assay confirmed miR-

370-3p had a binding site with circCAMSAP1, and circ-
CAMSAP1 could target miR-370-3p. The experimental 
results clarified elevation of miR-370-3p could depress 
the proliferation, migration and invasion of EC cells but 
accelerate apoptosis, and restraining miR-370-3p blocked 
the therapeutic effect of silencing circCAMSAP1. These 
data demonstrated miR-370-3p could downregulate EC 
and accelerate cancer cell apoptosis.

The MAPK signaling cascade is an intracellular se-
ries of serine/threonine protein kinases that take on key 
roles in diversified cellular functions (Xiong et al., 2021). 
Studies have shown the p38-MAPK signaling pathway 
participates in signal transduction, and is initiated by ex-
tracellular signals to initiate cascade transduction. Phos-
pho-p38-MAPK forms double phosphorylation through 
threonine and tyrosine binding sites, and is transferred 
to the nucleus. Depending on the corresponding target, 
this can motivate hepatic stellate cell activation (Yang et 
al., 2021). Meanwhile, MAPK can also control various 
cellular activities, such as proliferation, differentiation, 
apoptosis, etc. (Yi et al., 2021). Some studies have sug-
gested MAPK signaling is a promising target for cancer 
therapeutic intervention (Zhang et al., 2021). As a mem-
ber of the MAPK family, MAPK1 is a extensively used 
oncogene that can be activated or expressed, and is el-
evated in various types of human cancers (Zhao et al., 
2021). At present, MAPK1 has been confirmed to com-
bine with diversified miRNAs to regulate downstream 
signals to achieve cell biological functions (Liu et al., 
2021b). This study originally demonstrated miR-370-3p 
could bind MAPK1 to regulate EC. In the light of the 
target gene prediction and the results of the bidirectional 
luciferase activity assay, this study confirmed MAPK1 
was miR-370-3p’s target gene, and miR-370-3p could 

Figure 6. MiR-370-3p targeted MAPK1
(A) Binding region of miR-370-3p and MAPK1; (B, C) MAPK1 in EC tissues and cells; (D) The luciferase activity assay to detect miR-370-3p 
and MAPK1’s targeting; (E) MiR-370-3p and MAPK1 were abundant in anti-Ago2 group; (F–G) RT-qPCR and western blot examination of 
miR-370-3p and MAPK1’s targeting; (H) Correlation between MAPK1 and miR-370-3p; *P<0.05.
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negatively regulate MAPK1. MAPK1 was elevated. The 
present study also found silencing MAPK1 could reverse 
the malignant effects of overexpressing circCAMSAP1 
on cells. These experimental results suggested MAPK1 
could regulate EC and upregulate disease.

CONCLUSION

In summary, silencing circCAMSAP1 can restrain EC 
cells’ biological functions by targeting the miR-370-3p/
MAPK1 molecular axis. The circCAMSAP1/miR-370-
3p/MAPK1 axis can become a new marker for EC di-
agnosis and treatment, and offer a theoretical basis for 
more research later. However, the research still takes on 
several limitations. In the research, it was only figured 
out the circCAMSAP1/miR-370-3p/MAPK1 signaling 
pathway, more mechanistic signaling pathways, and the 
possibility of targeting miR-370-3p or MAPK1 to treat 
EC require to be explored, and further investigation and 
research are needed.
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To investigate the function and possible mechanism of 
miR-92a in malignant behaviors such as paclitaxel resist-
ance in ovarian cancer (OC) cells. The miR-92a and PTEN 
expression were detected by real-time PCR (RT-PCR). 
The cell viability and apoptosis were detected by MTT, 
colony formation and flow cytometry assay, respectively. 
Dual-luciferase reporter assay was adopted to verify the 
targeting relationship between miR-92a and PTEN. Be-
sides, we measured the relative protein levels of PTEN 
and p-AKT/AKT by Western blot. MiR-92a was significant-
ly highly expressed in OC cells, and its high expression 
could notably enhance paclitaxel resistance, cell prolif-
eration and colony formation, as well as inhibit apopto-
sis in SKOV3-Tax cells. Further luciferase reporter assay 
and expression detection showed that miR-92a could 
target and regulate PTEN and that there was a targeted 
relationship between them. In addition, further explora-
tion of the mechanism revealed that miR-92a regulated 
PTEN/Akt signaling pathway. MiR-92a not only promotes 
the proliferation, colony formation and paclitaxel resist-
ance of SKOV3-Tax cells in OC, but also inhibits apopto-
sis, and it may be related to the regulation of the PTEN/
Akt signaling pathway. MiR-92a serves as a potential bio-
marker for the malignant biological behavior of OC cells.
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INTRODUCTION

Ovarian cancer (OC), a common gynecological malig-
nancy in the world, is the fifth leading cause of cancer 
death (Kossai et al., 2018; Funston et al., 2020). Due to 
inconspicuous early symptoms, most patients with OC 
are diagnosed at an advanced stage, and thus their 5-year 
survival rate is approximately 30% (Sehouli Grabowski, 
2019; Rooth, 2013). Chemotherapy and immunotherapy 
are currently the first-line clinical treatments for OC pa-
tients. However, most patients develop resistance after 
a period of treatment (Narod, 2016; Kurnit et al., 2021; 
Shang et al., 2019). The main treatment for OC is surgi-

cal resection of the visible tumor followed by chemo-
therapy adjuvant with drugs such as paclitaxel (Mueller 
et al., 2016). Most patients with OC develop resistance 
to paclitaxel leading to recurrence. Nevertheless, the mo-
lecular mechanisms of paclitaxel resistance are not yet 
fully understood. Therefore, exploring effective clinical 
therapeutic targets and clarifying their mechanism will be 
conducive to the treatment of OC.

MicroRNAs (miRNAs) are small non-coding RNAs 
of approximately 18–25 nucleotides in length. As impor-
tant epigenetic regulators, miRNAs are widespread in the 
biological community and considered highly conserva-
tive (Filipowicz et al., 2008). Much research has dem-
onstrated that miRNAs are involved in the evolution of 
tumors and play a vital role. For example, miRNAs not 
only participate in the development of tumors by acting 
as tumor suppressor genes (Gai et al., 2018) or proto-
oncogenes (Huang et al., 2019) but also regulate the 
proliferation, migration and invasion of tumor cells via 
serving as significant biological molecules. In addition, 
increasing evidence manifested that aberrantly expressed 
miRNAs exerted an essential effect on drug resistance 
or drug sensitivity in chemotherapy (Du Pertsemlidis, 
2012; De Cecco et al., 2017). As a known carcinogenic 
miRNA, miR-92a in most cases enhances the develop-
ment of tumors such as lung cancer (Zhou et al., 2015), 
cervical cancer (Lin et al., 2013), and pancreatic cancer 
(Ohyagi-Hara et al., 2013) by regulating the expression of 
tumor-related genes. In recent years, the biological char-
acteristics and function of miR-92a have been prelimi-
narily understood, but its effect and mechanism in the 
proliferation, apoptosis and paclitaxel resistance of OC 
are still unclear. Therefore, we probed into the role of 
miR-92a in OC by knocking down and overexpressing 
miR-92a in SKOV3-Tax cells, and its possible molecular 
regulatory mechanism by bioinformatics prediction and 
molecular biology experiments. And we believed that 
with the continuous deepening of the study of miR-92a-
related downstream target genes, there would be a scien-
tific basis and clues provided for the diagnosis, treatment 
and prognosis analysis of OC.

MATERIALS AND METHODS

Cell culture and transfection

Human normal ovarian epithelial cells IOSE80 and 
OC cell line SKOV3 were purchased from the National 
Collection of Authenticated Cell Cultures. All cells were 
cultured in RPMI-1640 medium (Gibco, USA) contain-
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ing 10% FBS (Gibco, USA) and 1% penicillin-strepto-
mycin (Gibco, USA) in an incubator at 37°C with 5% 
CO2 and 95% humidity. Paclitaxel (Tax)-resistant model 
cells of SKOV3 (SKOV3-Tax) were constructed using 
induction of concentration gradient.

NC mimics and miR-92a mimics, NC inhibitor and 
miR-92a inhibitor were purchased from GenePharma 
Co., Ltd. (China). SKOV3-Tax cells in the logarithmic 
growth phase were collected and seeded in a 6-well 
plate. Transfection was performed when the cells were 
cultured to about 80% confluence. Subsequently, the 
above plasmids were transferred into SKOV3-Tax cells 
according to the instructions of Lipofectamine 2000, and 
were named NC mimics group, miR-92a mimics group, 
NC inhibitor group and miR-92a inhibitor group, re-
spectively. The plate was placed in the cell incubator for 
48-h culture and then the cells were collected.

Real-time PCR (qRT-PCR)

Total cellular RNA was extracted with Trizol reagent 
(Invitrogen), and the quality and concentration of ex-
tracted RNA were determined by Nanodrop. The cDNA 
was synthesized by reverse transcription according to the 
instructions of the reverse transcription-PCR kit (Takara, 
Japan). The PTEN expression level and miR-92a were 
tested based on the instructions of the SYBR Green 
PCR Master Mix kit, with GAPDH and U6 as their in-
ternal control genes, respectively. The primer sequences 
were seen in Table 1. And the data analysis was per-
formed by the 2−ΔΔCt method (Zhu et al., 2019).

MTT

The transfected SKOV3-Tax cells were collected and 
seeded in a 96-well plate at 5×103 cells/well, and then 
cultured in a cell incubator until the cell adhesion was 
presented. Next, the cell proliferation was determined at 
0 h- and 24 h- adherence as referring to the instructions 
of MTT kit (Beyotime, China). And then 20 μl MTT so-
lution (5 mg/ml) was added to each well for 4-h culture. 
After removal of the supernatant, 150 μl DMSO was 
added to each well, and they were mixed well at ambient 
temperature for 5 min to dissolve the formazan crystals. 
The absorbance value at 490 nm was determined by a 

microplate reader. Finally, different concentrations (0, 1, 
2, 3, 4, and 5 logs [Tax] nM) of paclitaxel (Tax) were 
added for 24-h co-culture after cell adhesion presented 
in the paclitaxel resistance assay, and then cell survival 
rate was tested by MTT.

Cell colony formation assay

The transfected SKOV3-Tax cells were collected 
and seeded in a 6-well plate at 800 cells/well, and then 
cultured in a cell incubator for 10–14 days. After they 
formed macroscopic clones, the culture medium was 
discarded. Afterwards, the cultured cells were fixed with 
4% paraformaldehyde (Beyotime, China) for 15 min, and 
later stained with a crystal violet staining solution (Beyo-
time, China). The excess staining solution was washed 
off with PBS and eventually   the cells were dried and 
photographed.

Flow cytometry

Annexin V-FITC/propidium iodide (PI) apoptosis de-
tection kit (BD Pharmingen, USA) was applied to detect 
SKOV3-Tax in apoptosis. The cells were collected and 
washed twice with cold PBS buffer, and 500 µl of 1× 
Binding Buffer was adopted to prepare 1×106 cells/ml 
cell suspension. With the addition of 5 µl of Annexin 
V-FITC solution, the treated cells were incubated in the 
dark for 15 min, followed by 10 µl of PI solution at am-
bient temperature (20–25°C) for another incubation in 
the dark for 5 min. Lastly, the early and late apoptosis 
rates of the cells were measured by a flow cytometry sys-
tem (Becton Coulter, USA) within 1 h.

Dual-luciferase reporter assay

When reaching 80~90% confluence, 293T cells were 
co-transfected with constructed wild-type (PTEN WT) 
or mutant-type (PTEN MUT) dual-luciferase reporter 
vectors of PTEN and miR-92a mimics or NC mimics. 
Subsequently, the transfected cells were incubated for 
48 h and then collected to be lysed at ambient tempera-
ture for 20 min. After that, the cell centrifugation was 
performed, and then the supernatant was collected and 
stored at −20°C. Subsequently, luciferase substrate was 
directly added to the supernatant and the luciferase ac-
tivity was measured by luminescence. The relative firefly 
luciferase activity was calculated with Renilla luciferase 
activity as an internal control (Zou et al., 2019).

Western blot

RIPA lysate was added to the cells in each group and 
cells were lysed on ice for 20 min and centrifugated at 
10 000 rpm, 4°C for 20 min to obtain the protein su-
pernatant. Afterwards, the protein concentration was 
detected by the BCA kit (Solarbio, China). There was 
20 µl of total protein separated using SDS PAGE (so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis). 
Next, the protein was transferred to PVDF membranes, 
blocked with 3% BSA blocking solution for 1 h at ambi-
ent temperature, and then incubated overnight at 4°C in 
diluted primary antibodies (anti-PTEN, ab32199, Abcam; 
anti-p-Akt, #9271, CST; anti-Akt, #9272, CST; anti-
GAPDH, ab8245, Abcam; USA). Later, the membranes 
were washed twice with TBST, and then a diluted sec-
ondary antibody (ZSGB-Bio Co., Ltd., China) was added 
for 1-h incubation at ambient temperature. After that, 
the membranes were washed three times with TBST, 
and then ECL luminescence solution was added to the 
membranes. And then, the membranes were exposed to 

Table 1. Primer Sequences

Genes Primer Sequences (5’ to 3’)

PTEN
F  ATCAACAGCCAACAAATACC

R  TTCTTATCACCGTCACCCT

miR-92a

F  GCTGAGTATTGCACTTGTCCCG

R  GTGTCGTGGAGTCGGCAA

U6

F  CTCGCTTCGGCAGCACA

R  AACGCTTCACGAATTGCGT

GAPDH

F  GGAGCGAGATCCCTCCAAAAT

R  GGCTGTTGTCATTCTCATTCTCATGGGG 
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the gel imaging system for photography. Finally, the gray 
values of the protein bands were analyzed by Image pro 
plus software, and then the relative expression level of 
the proteins was analyzed with GAPDH as an internal 
control.

Statistical analysis

All results were expressed as mean ± standard devia-
tion (S.D.) and GraphPad Prism 9.0 was utilized to plot. 
Statistical analysis was performed with GraphPad Prism 
9.0 and SPSS 24.0 software. T-test was adopted to com-
pare the two groups, and a one-way analysis of variance 
was employed for comparison among multiple groups. 

P<0.05 was considered a statistically significant differ-
ence.

RESULTS

MiR-92a promotes SKOV3-Tax cell proliferation, colony 
formation and improves paclitaxel resistance of cells

Examination of miR-92a expression in normal ovarian 
epithelial cells IOSE80 and OC cells SKOV3 revealed 
that miR-92a expression was notably higher in SKOV3 
than in IOSE80 (P<0.01, Fig. 1A). To clarify the role 

Figure 1. MiR-92a promotes SKOV3 cell proliferation, colony formation and improves paclitaxel resistance of the cells.
(A) qRT-PCR to detect the miR-92a expression level in normal ovarian epithelial cells IOSE80 and ovarian cancer (OC) cells SKOV3, 
**P<0.01 vs., IOSE80; (B) MTT to test the effect of paclitaxel (Tax) on the activity of SKOV3 and SKOV3-Tax; (C) qRT-PCR to determine the 
miR-92a expression level in SKOV3-Tax cells of each group; (D/E) MTT and colony formation assay to assess the activity (D) and colony 
formation ability (E) of SKOV3-Tax cells in each group, respectively; (F) MTT to detect the effect of different concentrations of Tax on the 
cell activity of SKOV3-Tax cells in each group, *P<0.05 and **P<0.01 vs., NC mimics, #P<0.05 and ##P<0.01 vs., NC inhibitor.

Figure 2. MiR-92a inhibits apoptosis of SKOV3-Tax cells.
(A/B) qRT-PCR to detect the expression level of pro-apoptotic gene Bax and anti-apoptotic gene Bcl-2 in SKOV3-Tax cells of each group; 
(C/D) flow cytometry to test the apoptosis rate of SKOV3-Tax cells in each transfection group. **P<0.01 vs., NC mimics, ##P<0.01 vs., NC 
inhibitor.
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of miR-92a in OC, we induced SKOV3-Tax, a cell line 
with apparent resistance to paclitaxel, by concentration 
gradient (Fig. 1B). Then miR-92a was knocked down 
and overexpressed respectively in SKOV3-Tax cells by 
transfection, and the efficiencies of knockdown and 
overexpression were shown in Fig. 1C. Compared with 
NC mimics, miR-92a mimics remarkably increased miR-
92a expression in SKOV3-Tax cells; compared with NC 
inhibitor, miR-92a inhibitor markedly inhibited miR-92a 
expression in SKOV3-Tax cells (P<0.01). Meanwhile, the 
results of MTT and colony formation assays revealed a 
noticeable climb in proliferation, colony formation and 
cell activity under different concentrations of Tax treat-
ment of SKOV3-Tax cells in the miR-92a mimics group, 
compared with the NC mimics group; while in the miR-
92a inhibitor group, the above items exhibited an evi-
dent reduction compared with the NC inhibitor group 
(Fig. 1D/E). These results suggested that miR-92a pro-
moted SKOV3-Tax cell proliferation, colony formation 
as well as resistance to Tax.

MiR-92a inhibits apoptosis of SKOV3-Tax cells

Subsequently, the effect of miR-92a on the apopto-
sis of SKOV3-Tax cells was further explored. As results 
shown, compared with the NC mimics group, the ap-
optosis rate of SKOV3-Tax cells in the miR-92a mim-
ics group was greatly reduced, and the expression level 
of pro-apoptotic gene Bax in the cells was considerably 
lowered, while the level of anti-apoptotic gene Bcl-2 was 
evidently increased (P<0.01). By contrast, the opposite 
results were shown after inhibiting miR-92a in SKOV3-
Tax cells by miR-92a inhibitor: The apoptosis level of 
the cells and the Bax expression level were significantly 
increased, whereas the Bcl-2 expression was markedly 
decreased (P<0.01) (Fig. 2A–D), indicating that overex-
pression of miR-92a inhibited apoptosis of SKOV3-Tax 
cells, while knockdown of miR-92a enhanced apoptosis 
of SKOV3-Tax cells.

MiR-92a targets PTEN

MicroRNAs mediate the expression of target genes 
mainly by directly targeting the 3 -untranslated region 
(3-UTR) of mRNAs, thereby regulating the behavior of 
a variety of malignancies (Shi et al., 2021). And we pre-
dicted the downstream target gene of miR-92a on the 
online website TargetScan (https://www.targetscan.org/
vert_72/). The outcomes reported that miR-92a was 

able to target and regulate PTEN and their targeting se-
quences were displayed in Fig. 3A. The results of subse-
quent dual-luciferase reporter assay also manifested that 
co-transfection of miR-92a mimics notably suppressed 
the luciferase activity of cells in the PTEN-WT group, 
but the luciferase activity of the PTEN-MUT group was 
not obviously changed (Fig. 3B). And the above con-
firmed that there was a targeting relationship between 
PTEN and miR-92a. The mRNA and protein expres-
sion level of PTEN in SKOV3 cells was significantly 
lower than those in IOSE80 cells (P<0.01, Fig. 3C–E). 
In addition, the PTEN expression in the cells was re-
markably declined after the overexpression of miR-92a 
in SKOV3-Tax cells, while the opposite was true after 
the knockdown of miR-92a (Fig. 3F). From the above, 
it was suggested that miR-92a could target and regulate 
PTEN expression.

MiR-92a regulates PTEN/Akt signaling pathway in 
SKOV3-Tax cells

Several studies have demonstrated that through the 
PTEN/Akt signaling pathway, miR-92a promotes the 
malignant behavior of tumors such as prostate cancer, 
nasopharyngeal carcinoma as well as osteosarcoma (Yan-
shen et al., 2021; Zhang et al., 2016; Xiao et al., 2017). To 
clarify miR-92a function in OC to promote proliferation, 
inhibit apoptosis and improve chemoresistance to Tax 
whether, through the PTEN/Akt signaling pathway, we 
analyzed the expression of PTEN/Akt signaling pathway 
by Western blot. And a noticeable decrease was revealed 
by the results in the PTEN expression level (P<0.01), 
while a marked climb in both the phosphorylation level 
of Akt and the ratio of p-Akt/Akt (P<0.01) in SKOV3-
Tax cells in the miR-92a mimics group when compared 
with the NC mimics group. Besides, in SKOV3-Tax cells 
in the miR-92a inhibitor group, the PTEN expression 
level remarkably rose (P<0.01), while the phosphoryla-
tion level of Akt and the ratio of p-Akt/Akt notably re-
duced (P<0.01) compared with the NC inhibitor group 
(P<0.01) (Fig. 4A/B). All these indicated that miR-92a 
was able to regulate the PTEN/Akt signaling pathway in 
SKOV3-Tax cells.

DISCUSSION

Despite the progress at the social medical level, the in-
cidence of malignant tumors is still growing year by year, 

Figure 3. MiR-92a targets PTEN.
(A) TargetScan to predict the targeting sequences between miR-92a and PTEN; (B) dual-luciferase reporter assay to validate the targeting 
relationship between miR-92a and PTEN; C, qRT-PCR to detect the PTEN expression level in IOSE80 and SKOV3 cells, **P<0.01 vs., IOSE80; 
(D/E) Western blot to detect PTEN protein expression level in IOSE80 and SKOV3 cells, **P<0.01 vs., IOSE80; F, qRT-PCR to detect PTEN 
expression level in SKOV3-inhibitor cells after knockdown or overexpression of miR-92a, **P<0.01 vs., NC mimics, ##P<0.01 vs., NC inhibi-
tor.
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and the age of onset of malignant tumors is increasingly 
younger. Therefore, how to improve the overall health 
of mankind is a concern and attention in the world to-
day (Vasan et al., 2019). As an important component of 
cell signaling pathways, miRNAs have been suggested by 
increasing evidence that are major regulators of many 
life activities, such as cell proliferation, differentiation, 
apoptosis, stress response, and angiogenesis. These ac-
tivities function by binding the 3′UTR region of multi-
ple target genes (Ji et al., 2017). It has been revealed that 
miRNAs can act as suppressor genes and oncogenes to 
regulate the development of tumors (Schwarzenbach et 
al., 2014). In addition, several researchers have reported 
that miRNAs also play a crucial role in the migration, 
differentiation, apoptosis, and other processes of OC (Li 
et al., 2019; Ye et al., 2019). MiR-92a, a novel miRNA 
discovered in recent years, is highly expressed and exerts 
a cancer-promoting effect in a variety of tumors (Zhou 
et al., 2015; Lin et al., 2013; Ohyagi-Hara et al., 2013). In 
this study, miR-92a was remarkably highly expressed in 
OC cells via a series of in vitro cell experiments. Fur-
thermore, high miR-92a expression promoted OC cell 
proliferation, colony formation, and paclitaxel resistance, 
while inhibiting apoptosis.

Peptidyl-prolyl cis/trans isomerase (NIMA-interact-
ing  1, PTEN) is a tumor suppressor gene with bispecific 
phosphohydrolase function and a high mutation rate in 
various human cancers (Li et al., 1997). The PTEN gene 
is located on the short arm of chromosome 10 (10q23.3), 
with a complex encoded protein structure and a variety 
of physiological functions. PTEN gene can act not only 
on the nucleus to regulate the cell cycle, but also on 
the cell membrane to participate in cell-cell interaction 
and adhesion functions (Leslie den Hertog, 2014). Stud-
ies have manifested that PTEN presents low expression 
in some human tumors (Yeh Means, 2007). For exam-
ple, PTEN was down-regulated in various tumors such 
as lung cancer (Malaney et al., 2018), liver cancer (Liu et 
al., 2018) and breast cancer (Ngeow et al., 2017). Loss 
of PTEN function has been demonstrated to stimulate 
cell growth and survival by excessively activating the 
PI3K/AKT signaling pathway (Salmena et al., 2008; Hol-
lander et al., 2011; Xie et al., 2021). In this study, PTEN 
was found to be a downstream target gene of miR-92a 
through a miRNA-mRNA interaction database. Addi-
tionally, luciferase reporter assay and expression analy-
sis revealed that miR-92a could target and regulate the 
PTEN expression, and down-regulation of miR-92a ex-
pression greatly promoted the PTEN expression. More 
importantly, we discovered that overexpression of miR-

92a notably increased the p-Akt level and the ratio of 
p-Akt/Akt in OC cells; however, inhibition of miR-92a 
expression considerably lowered the p-Akt level and the 
ratio of p-Akt/Akt in OC cells. The above is consistent 
with the results of previous studies that miR-92a pro-
motes the malignant behavior of tumors such as pros-
tate cancer, nasopharyngeal carcinoma and osteosarcoma 
through the PTEN/Akt signaling pathway (Zhang et al., 
2016; Xiao et al., 2017; Yanshen et al., 2021).

The present study experimentally demonstrated that 
miR-93a promoted the proliferation, colony formation 
and paclitaxel resistance of OC cells, and inhibited ap-
optosis. However, only one OC cell line was tested in 
this study without mutual confirmation of multiple cell 
lines. Moreover, this study was an experimental explora-
tion only in cells and did not validate whether miR-92a 
exerts the same function in vivo. Besides, only PTEN/
Akt signaling pathway has been investigated in mecha-
nism exploration, and it is not certain whether miR-92a 
also acts through other pathways. The above issues need 
to be further experimentally validated and explored.

CONCLUSIONS

In summary, miR-92a was up-regulated in OC cell 
line SKOV3, and high miR-92a expression not only pro-
moted the proliferation, colony formation and resistance 
to paclitaxel chemotherapy of SKOV3-Tax cells, but 
also inhibited apoptosis. Additionally, miR-92a may play 
a cancer-promoting role by regulating the PTEN/Akt 
signaling pathway. And miR-92a/PTEN/Akt signaling is 
possibly a potential therapeutic target for OC patients in 
the future.

Declarations

Disclosure. No author has any potential conflict of 
interest.

Data availability statement. The data that support 
the findings of this study are available from the authors 
upon reasonable request.

REFERENCES

De Cecco L, Giannoccaro M, Marchesi E, Bossi P, Favales F, Locati 
LD, Licitra L, Pilotti S, Canevari S (2017) Integrative miRNA-gene 
expression analysis enables refinement of associated biology and 
prediction of response to cetuximab in head and neck squamous cell 
cancer. Genes (Basel) 8: 35. https://doi.org/10.3390/genes8010035

Figure 4. MiR-92a regulates PTEN/Akt signaling pathway in SKOV3-Tax cells.
(A/B) Western blot to detect the protein level of PTEN, p-Akt and Akt in SKOV3-Tax cells of each group and grayscale analysis was per-
formed for the relative expression level of PTEN and p-Akt/Akt, **P<0.01 vs., NC mimics, ##P<0.01 vs., NC inhibitor.

739

https://doi.org/10.3390/genes8010035


174											           2023X. Deng and others

Du L, Pertsemlidis A (2012) microRNA regulation of cell viability and 
drug sensitivity in lung cancer. Expert Opin Biol Ther 12: 1221–1239. 
https://doi.org/10.1517/14712598.2012.697149

Filipowicz W, Bhattacharyya SN, Sonenberg N (2008) Mechanisms of 
post-transcriptional regulation by microRNAs: are the answers in 
sight? Nat Rev Genet 9: 102–114. https://doi.org/10.1038/nrg2290

Funston G, Hardy V, Abel G, Crosbie EJ, Emery J, Hamilton W, Wal-
ter FM (2020) Identifying ovarian cancer in symptomatic women: a 
systematic review of clinical tools. Cancers (Basel) 12: 3686. https://
doi.org/10.3390/cancers12123686

Gai C, Camussi F, Broccoletti R, Gambino A, Cabras M, Molinaro 
L, Carossa S, Camussi G, Arduino PG (2018) Salivary extracellu-
lar vesicle-associated miRNAs as potential biomarkers in oral squa-
mous cell carcinoma. BMC Cancer 18: 439. https://doi.org/10.1186/
s12885-018-4364-z

Hollander MC, Blumenthal GM, Dennis PA (2011) PTEN loss in the 
continuum of common cancers, rare syndromes and mouse models. 
Nat Rev Cancer 11: 289–301. https://doi.org/10.1038/nrc3037

Huang J, Wang X, Wen G, Ren Y (2019) miRNA2055p functions as a 
tumor suppressor by negatively regulating VEGFA and PI3K/Akt/
mTOR signaling in renal carcinoma cells. Oncol Rep 42: 1677–1688. 
https://doi.org/10.3892/or.2019.7307

Ji W, Sun B, Su C (2017) Targeting MicroRNAs in cancer gene thera-
py. Genes (Basel) 8: 21. https://doi.org/10.3390/genes8010021

Kossai M, Leary A, Scoazec JY, Genestie C (2018) Ovarian can-
cer: a heterogeneous disease. Pathobiology 85: 41–49. https://doi.
org/10.1159/000479006

Kurnit KC, Fleming GF, Lengyel E (2021) Updates and new options 
in advanced epithelial ovarian cancer treatment. Obstet Gynecol 137: 
108–121. https://doi.org/10.1097/AOG.0000000000004173

Leslie NR, den Hertog J (2014) Mutant PTEN in cancer: worse 
than nothing. Cell 157: 527–529. https://doi.org/10.1016/j.
cell.2014.04.008

Li J, Yen C, Liaw D, Podsypanina K, Bose S, Wang SI, Puc J, Miliare-
sis C, Rodgers L, McCombie R, Bigner SH, Giovanella BC, Ittmann 
M, Tycko B, Hibshoosh H, Wigler MH, Parsons R (1997) PTEN, a 
putative protein tyrosine phosphatase gene mutated in human brain, 
breast, and prostate cancer. Science 275: 1943–1947. https://doi.
org/10.1126/science.275.5308.1943

Li X, Chen W, Jin Y, Xue R, Su J, Mu Z, Li J, Jiang S (2019) miR-
142-5p enhances cisplatin-induced apoptosis in ovarian cancer cells 
by targeting multiple anti-apoptotic genes. Biochem Pharmacol 161: 
98–112. https://doi.org/10.1016/j.bcp.2019.01.009

Lin HY, Chiang CH, Hung WC (2013) STAT3 upregulates miR-92a 
to inhibit RECK expression and to promote invasiveness of lung 
cancer cells. Br J Cancer 109: 731–738. https://doi.org/10.1038/
bjc.2013.349

Liu H, Cheng L, Cao D, Zhang H (2018) Suppression of miR-21 ex-
pression inhibits cell proliferation and migration of liver cancer cells 
by targeting phosphatase and tensin homolog (PTEN) Med Sci Monit 
24: 3571–3577. https://doi.org/10.12659/MSM.907038

Malaney P, Palumbo E, Semidey-Hurtado J, Hardee J, Stanford K, 
Kathiriya JJ, Patel D, Tian Z, Allen-Gipson D, Dave V (2018) 
PTEN Physically interacts with and regulates E2F1-mediated tran-
scription in lung cancer. Cell Cycle 17: 947–962. https://doi.org/10.1
080/15384101.2017.1388970

Mueller JJ, Zhou QC, Iasonos A, O’Cearbhaill RE, Alvi FA, El Haraki 
A, Eriksson AG, Gardner GJ, Sonoda Y, Levine DA, Aghajanian C, 
Chi DS, Abu-Rustum NR, Zivanovic O (2016) Neoadjuvant chem-
otherapy and primary debulking surgery utilization for advanced-
stage ovarian cancer at a comprehensive cancer center. Gynecol Oncol 
140: 436–442. https://doi.org/10.1016/j.ygyno.2016.01.008

Narod S (2016) Can advanced-stage ovarian cancer be cured? Nat Rev 
Clin Oncol 13: 255–261. https://doi.org/10.1038/nrclinonc.2015.224

Ngeow J, Sesock K, Eng C (2017) Breast cancer risk and clinical impli-
cations for germline PTEN mutation carriers. Breast Cancer Res Treat 
165: 1–8. https://doi.org/10.1007/s10549-015-3665-z

Ohyagi-Hara C, Sawada K, Kamiura S, Tomita Y, Isobe A, Hashimoto 
K, Kinose Y, Mabuchi S, Hisamatsu T, Takahashi T, Kumasawa K, 
Nagata S, Morishige K, Lengyel E, Kurachi H, Kimura T (2013) 
miR-92a inhibits peritoneal dissemination of ovarian cancer cells by 
inhibiting integrin alpha5 expression. Am J Pathol 182: 1876–1889. 
https://doi.org/10.1016/j.ajpath.2013.01.039

Rooth C (2013) Ovarian cancer: risk factors, treatment and man-
agement. Br J Nurs 22: S23–S30. https://doi.org/10.12968/
bjon.2013.22.Sup17.S23

Salmena L, Carracedo A, Pandolfi PP (2008) Tenets of PTEN tu-
mor suppression. Cell 133: 403–414. https://doi.org/10.1016/j.
cell.2008.04.013

Schwarzenbach H, Nishida N, Calin GA, Pantel K (2014) Clinical rel-
evance of circulating cell-free microRNAs in cancer. Nat Rev Clin 
Oncol 11: 145–156. https://doi.org/10.1038/nrclinonc.2014.5

Sehouli J, Grabowski JP (2019) Surgery in recurrent ovarian can-
cer. Cancer 125 (Suppl 24): 4598–4601. https://doi.org/10.1002/
cncr.32511

Shang A, Wang W, Gu C, Chen C, Zeng B, Yang Y, Ji P, Sun J, Wu 
J, Lu W, Sun Z, Li D (2019) Long non-coding RNA HOTTIP 
enhances IL-6 expression to potentiate immune escape of ovarian 
cancer cells by upregulating the expression of PD-L1 in neutrophils. 
J Exp Clin Cancer Res 38: 411. https://doi.org/10.1186/s13046-019-
1394-6

Shi Y, Liu Z, Lin Q, Luo Q, Cen Y, Li J, Fang X, Gong C (2021) 
MiRNAs and Cancer: Key Link in Diagnosis and Therapy. Genes 
(Basel) 12: 1289. https://doi.org/10.3390/genes12081289

Vasan K, Satgunaseelan L, Anand S, Asher R, Selinger C, Low TH, 
Palme CE, Clark JR, Gupta R (2019) Tumour mismatch repair pro-
tein loss is associated with advanced stage in oral cavity squamous 
cell carcinoma. Pathology 51: 688–695. https://doi.org/10.1016/j.
pathol.2019.08.005

Xiao J, Yu W, Hu K, Li M, Chen J, Li Z (2017) miR-92a promotes 
tumor growth of osteosarcoma by targeting PTEN/AKT signal-
ing pathway. Oncol Rep 37: 2513–2521. https://doi.org/10.3892/
or.2017.5484

Xie P, Peng Z, Chen Y, Li H, Du M, Tan Y, Zhang X, Lu Z, Cui 
CP, Liu CH, He F, Zhang L (2021) Neddylation of PTEN regulates 
its nuclear import and promotes tumor development. Cell Res 31: 
291–311. https://doi.org/10.1038/s41422-020-00443-z

Yanshen Z, Lifen Y, Xilian W, Zhong D, Huihong M (2021) miR-
92a promotes proliferation and inhibits apoptosis of prostate cancer 
cells through the PTEN/Akt signaling pathway. Libyan J Med 16: 
1971837. https://doi.org/10.1080/19932820.2021.1971837

Ye W, Zhou Y, Xu B, Zhu D, Rui X, Xu M, Shi L, Zhang D, Jiang J 
(2019) CD247 expression is associated with differentiation and clas-
sification in ovarian cancer. Medicine (Baltimore) 98: e18407. https://
doi.org/10.1097/MD.0000000000018407

Yeh ES, Means AR (2007) PIN1, the cell cycle and cancer. Nat Rev 
Cancer 7: 381–388. https://doi.org/10.1038/nrc2107

Zhang H, Cao H, Xu D, Zhu K (2016) MicroRNA-92a promotes me-
tastasis of nasopharyngeal carcinoma by targeting the PTEN/AKT 
pathway. Onco Targets Ther 9: 3579–3588. https://doi.org/10.2147/
OTT.S105470

Zhou C, Shen L, Mao L, Wang B, Li Y, Yu H (2015) miR-92a is up-
regulated in cervical cancer and promotes cell proliferation and in-
vasion by targeting FBXW7. Biochem Biophys Res Commun 458: 63–69. 
https://doi.org/10.1016/j.bbrc.2015.01.066

Zhu J, Liu B, Wang Z, Wang D, Ni H, Zhang L, Wang Y (2019) 
Exosomes from nicotine-stimulated macrophages accelerate athero-
sclerosis through miR-21-3p/PTEN-mediated VSMC migration and 
proliferation. Theranostics 9: 6901–6919. https://doi.org/10.7150/
thno.37357

Zou P, Zhu M, Lian C, Wang J, Chen Z, Zhang X, Yang Y, Chen 
X, Cui X, Liu J, Wang H, Wen Q, Yi J (2019) miR-192-5p sup-
presses the progression of lung cancer bone metastasis by targeting 
TRIM44. Sci Rep 9: 19619. https://doi.org/10.1038/s41598-019-
56018-5

740

https://doi.org/10.1517/14712598.2012.697149
https://doi.org/10.1038/nrg2290
https://doi.org/10.3390/cancers12123686
https://doi.org/10.3390/cancers12123686
https://doi.org/10.1186/s12885-018-4364-z
https://doi.org/10.1186/s12885-018-4364-z
https://doi.org/10.1038/nrc3037
https://doi.org/10.3892/or.2019.7307
https://doi.org/10.3390/genes8010021
https://doi.org/10.1159/000479006
https://doi.org/10.1159/000479006
https://doi.org/10.1097/AOG.0000000000004173
https://doi.org/10.1016/j.cell.2014.04.008
https://doi.org/10.1016/j.cell.2014.04.008
https://doi.org/10.1126/science.275.5308.1943
https://doi.org/10.1126/science.275.5308.1943
https://doi.org/10.1016/j.bcp.2019.01.009
https://doi.org/10.1038/bjc.2013.349
https://doi.org/10.1038/bjc.2013.349
https://doi.org/10.12659/MSM.907038
https://doi.org/10.1080/15384101.2017.1388970
https://doi.org/10.1080/15384101.2017.1388970
https://doi.org/10.1016/j.ygyno.2016.01.008
https://doi.org/10.1038/nrclinonc.2015.224
https://doi.org/10.1007/s10549-015-3665-z
https://doi.org/10.1016/j.ajpath.2013.01.039
https://doi.org/10.12968/bjon.2013.22.Sup17.S23
https://doi.org/10.12968/bjon.2013.22.Sup17.S23
https://doi.org/10.1016/j.cell.2008.04.013
https://doi.org/10.1016/j.cell.2008.04.013
https://doi.org/10.1038/nrclinonc.2014.5
https://doi.org/10.1002/cncr.32511
https://doi.org/10.1002/cncr.32511
https://doi.org/10.1186/s13046-019-1394-6
https://doi.org/10.1186/s13046-019-1394-6
https://doi.org/10.3390/genes12081289
https://doi.org/10.1016/j.pathol.2019.08.005
https://doi.org/10.1016/j.pathol.2019.08.005
https://doi.org/10.3892/or.2017.5484
https://doi.org/10.3892/or.2017.5484
https://doi.org/10.1038/s41422-020-00443-z
https://doi.org/10.1080/19932820.2021.1971837
https://doi.org/10.1097/MD.0000000000018407
https://doi.org/10.1097/MD.0000000000018407
https://doi.org/10.1038/nrc2107
https://doi.org/10.2147/OTT.S105470
https://doi.org/10.2147/OTT.S105470
https://doi.org/10.1016/j.bbrc.2015.01.066
https://doi.org/10.7150/thno.37357
https://doi.org/10.7150/thno.37357
https://doi.org/10.1038/s41598-019-56018-5
https://doi.org/10.1038/s41598-019-56018-5


Regular paper

Promoting action of long non-coding RNA small nucleolar RNA 
host gene 4 in ovarian cancer
Chao Liu1, Shu Zhao2, Zhi Xiang Lv3 and Xiao Juan Zhao2✉

1Department of Obstetrics and Gynecology, Maternal and Child Health Hospital of Ningyang County, Tai’an City, Shandong Province, 271499, 
China; 2Department of Obstetrics, Qingdao Central Hospital, Qingdao City, Shandong Province, 266042, China; 3Department of Vascular Surgery, 
Qingdao Central Hospital, Qingdao City, Shandong Province, 266042, China

Objective: Long non-coding RNA (LncRNA) small nucleo-
lar RNA host gene 4 (SNHG4) has been shown to be ab-
errantly expressed in a variety of cancers and involved in 
cancer development, but its role in ovarian cancer (OC) 
is unclear. The purpose of this study was to explore the 
biological function of SNHG4 in OC and reveal its poten-
tial downstream molecular targets. Methods: OC tumor 
tissue and normal tissue were collected; normal human 
ovarian epithelial cell line (IOSE80) and human ovarian 
cancer cell line (A2780, SKOV-3, OV-90 and CAOV3) were 
selected. RT-qPCR was used to detect SNHG4, miR-98-5p, 
and TMED5, while western blot was used to detect the 
protein expression levels of TMED5, Ki67, MMP-9, Bcl-2, 
Bax, Gsk3β, Wnt3a, and β-catenin. The subcellular lo-
calization of SNHG4 was assessed by nucleocytoplasmic 
separation assay. CCK-8, colony formation assay, flow 
cytometry, and Transwell were used to assess the bio-
logical behavior of OC cells. The targeting relationship 
between SNHG4, miR-98-5p and TMED5 was verified by 
dual luciferase reporter assay and RIP assay. Results: In 
OC, SNHG4 and TMED5 were highly expressed, and miR-
98-5p was underexpressed. Knockdown of SNHG4 inhib-
ited OC cell proliferation, migration and invasion, pro-
moted apoptosis, and prevented Wnt/β-catenin pathway 
activation. The effect of knockdown of SNHG4 was re-
versed by knockdown of miR-98-5p or overexpression of 
TMED5. Mechanistically, SNHG4 competitively adsorbed 
miR-98-5p to mediate TMED5 expression, thereby acti-
vating the Wnt/β-catenin pathway. Conclusion: SNHG4 
accelerates OC development via mediating the miR-98-
5p/TMED5 axis and activating the Wnt/β-Catenin path-
way. SNHG4 gene silencing might be a novel option for 
OC treatment.
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INTRODUCTION

Ovarian cancer (OC) is an extremely lethal gyneco-
logical tumor in women, taking up about 14,000 deaths 
per annum, which severely threatens women’s health and 
safety around the world (Elsayed et al., 2021). OC’s cause 
remains elusive, and presently, genetic and endocrine 
factors are regarded as the crucial reason (Gao et al., 

2021). Presently, surgery, chemotherapy and radiotherapy 
are the crucial cure strategies for treating OC (Redondo 
et al., 2021). These methods have achieved a tremendous 
breakthroughs, the 5-year survival rate of OC patients is 
still inferior owing to the lack of elevated specificity of 
long-term imperative treatment and easy recurrence after 
recovery (Zhu et al., 2021; Opławski et al., 2021). Conse-
quently, to improve OC patients’ quality of life has been 
a hot topic to explore the molecular mechanism of OC 
occurrence and development and hunt for brand-new 
therapeutic targets.

Long non-coding RNA (LncRNAs), a group of ncR-
NA composed of more than 200 nucleotides transcribed 
via RNA polymerase II, have been testified in multiple 
cancer occurrence and development (Zhang et al., 2021). 
Accumulated evidence has illuminated that lncRNAs 
exert the regulatory role in OC biological functions via 
modulating genes, genomic stability, a competitive en-
dogenous RNA (ceRNA) mechanism and epigenetics af-
ter transcription (Xu et al., 2021; Xie et al., 2021). For 
instance, it has been reported that LINC02323 boosts 
OC cell growth via targeting miR-1343-3p to stimulate 
TGF-β receptor 1 (Li et al., 2021). Yu and others (Yu et 
al., 2018) also maintain that lncRNA LUCAT1 acceler-
ates OC malignant tumors via modulating the miR-612/
HOXA13 pathway. LncRNA small nucleolar RNA host 
gene 4 (SNHG4) has been identified as a novel target 
for multiple cancers covering osteosarcoma (OS) (Xu et 
al, 2018), non-small cell lung cancer (NSCLC) (Li et al., 
2021), liver cancer (LC) (Jiao et al., 2020), and cervical 
cancer (CC) (Ji et al., 2019) and a novel target in hu-
man diseases (Chu et al., 2021). Nevertheless, the role of 
SNHG4 in ovarian cancer is unclear.

In terms of mechanism, LncRNA-mediated ceRNA 
network is frequently explored (Xu et al., 2021). LncR-
NA prevents mRNA degradation via interacting with 
microRNA (miRNA) (Braga et al., 2020). Consequently, 
SNHG4-associated miRNA (miR-98-5p) and miRNA 
(TMED5) were studied. Studies have manifested that 
miR-98-5p is implicated in OC (Dong et al., 2020). Ad-
ditionally, reports have clarified that miR-G-1 boosts CC 
cell nuclear autophagy and malignant behaviors by tar-
geting LMNB1 and TMED5 in CC (Yang et al., 2019).

This research hypothesized that SNHG4 might be 
involved in the occurrence and development of OC. 
Through loss-of-function and gain-of-function experi-
ments, the role of SNHG4 was identified as a tumor-
promoting factor in OC. Through functional rescue 
experiments, it was confirmed that SNHG4 affects the 
biological behavior of OC by regulating the miR-98-5p/
TMED5 axis.
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MATERIALS AND METHODS

Clinical specimens

A total of 40 pairs of ovarian tumor tissues and ad-
jacent normal tissues were collected from patients un-
dergoing oophorectomy at Maternal and Child Health 
Hospital of Ningyang County from January 2017 to De-
cember 2018. Tissue specimens were histopathologically 
and clinically diagnosed by a pathologist and stored at 
−80°C. This study was approved by the Ethics Commit-
tee of Maternal and Child Health Hospital of Ningyang 
County (approval number: 20160811ER), and written 
informed consent was obtained from all participants. 
Clinical studies were conducted following the guidelines 
of the Declaration of Helsinki, and subjects were an-
onymized during data analysis.

Cell culture and transfection

Normal human ovarian epithelial cell line (IOSE80) 
and human OC cell line (A2780, SKOV-3, OV-90 and 
CAOV3) were purchased from the Cell Bank of the Chi-
nese Academy of Sciences (Shanghai, China) and identi-
fied by STR. Cell culture was done using Roswell Park 
Memorial Institute-1640 medium (Gibco) covering 10% 
fetal bovine serum, 2% sodium pyruvate and 1% strep-
tomyces penicillin (Gibco) (Qiao et al., 2021).

Cells were harvested when SKOV-3 cells were sub-
cultured for 3-4 passages and were 70–80% confluent. 
SKOV-3 cells were divided into 6 groups: si-negative 
control (NC), si-SNHG4, si-SNHG4 + in-NC, si-SN-
HG4 + in-miR-98-5p, si-SNHG4 + pcDNA3.1, si-SN-
HG4 + pcDNA-TMED5. Human TMED5 (Accession: 
NM_001167830.2) coding sequence (lack of 3’untranslat-
ed region (UTR)) was combined with BamH I and EcoR 
V sites. The recombined control sequences were synthe-
sized by BGI (Shenzhen, China) and inserted into the 
pcDNA3.1 vector (Invitrogen). TMED5 overexpression 
plasmid (pcDNA-TMED5) and negative control (pcD-
NA) were generated with the BamH I and EcoR V sites 
opened (Zou, Chen, Liu, & Gan, 2021). SNHG4 small 
interfering RNA (siRNA) and control siRNA were gen-
erated (Invitrogen). miR-98-5p mimic (miR-98-5p), miR-
98-5p inhibitor (in-miR-98-5p), NC mimic (miR-NC), 
and NC inhibitor (in-NC) were obtained (RIBOBIO, 
Guangzhou, China). Then transfection or co-transfection 
was implemented using Lipofectamine 2000 transfection 
reagent (Invitrogen). Wnt/β-catenin signal inhibitorX-
AV939 was purchased (Selleck Chemicals, Shanghai, Chi-
na) (L. N. Gao et al., 2021). The transfection efficiency 
was verified by reverse transcription quantitative poly-
merase chain reaction (RT-qPCR) after 48 h.

Subcellular localization analysis

Cytoplasmic RNA and nuclear RNA of SKOV-3 cells 
were isolated using PARIS Kit (Ambion, Austin, TX, 
United States). SNHG4 expression was tested by RT-
qPCR, taking U6 and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) as nuclear and cytoplasmic control, 
respectively.

RT-qPCR

Extraction of total RNA was done using Trizol rea-
gent (Invitrogen). Reverse transcription for lncRNA/
mRNA and miRNA was implemented via lnRcute 
lncRNA cDNA kit and Rcute Plus miRNA cDNA kit 
(TIANGEN, China), respectively. RT-qPCR was done 

using SYBR Green kit (Thermo Fisher Scientific) and 
Mx3005P QPCR system (Agilent Technologies, Santa 
Clara, CA, USA). U6 and GAPDH were loading con-
trols for miRNA and mRNA/lncRNA, respectively. The 
primer sequence was manifested in Table 1. All primers 
were designed and validated through the primer-BLAST 
website.

Western blot

Total protein extraction was done with 500 μL Ra-
dio-Immunoprecipitation assay lysis buffer (Beyotime, 
China). Protein (20 μg) was loaded onto 8% sulfate 
polyacrylamide gel electro-pheresis gel (Solarbio), elec-
troblotted onto a polyvinylidene fluoride membrane (In-
vitrogen), and blocked with 5% skim milk. Then incuba-
tion with primary antibodies and horseradish peroxidase 
conjugating with goat anti-rabbit secondary antibody 
Immunoglobulin G (IgG) (1:1000, ab181236, Abcam) 
was conducted. The signals were visualized using an en-
hanced chemiluminescence kit (34080, Thermo Fisher 
Scientific, Waltham, Massachusetts, USA). Density analy-
sis was done with ImageJ software. Primary antibodies 
were TMED5, Ki67, MMP-9, Bcl-2, Bax, Gsk3β, Wnt3a, 
and β-catenin (TMED5 and Gsk3β were from Millipore-
Sigma; Others were from Cell Signaling Technology, 
Beverly, MA, USA, and the dilution was 1:1000) (T. Liu 
et al., 2021).

Cell Counting Kit-8 (CCK-8) detection

SKOV-3 cells (1×103 cells/well) were seeded on 96-
well plates and added with 10 μL CCK-8 reagent (Do-
jindo, Kumamoto, Japan) at the designated time points 
(0, 24, 48 and 72 h). Ultimately, the absorbance was de-
termined with a SPECTROstar nano spectrophotometer 
(Germany) at a wavelength of 450 nm.

Colony formation assay

SKOV-3 cells (1×103 cells/well) were seeded in a 
6-well plate for 1 week. After, the cells were fixed with 
4% formaldehyde and GIMSA staining was performed. 
Ultimately, colonies (≥100 μm) were counted with a mi-
croscope (Olympus, Tokyo, Japan).

Flow Cytometry

After transfection, SKOV-3 cells were detached with 
0.25% trypsin, and mixed with 100 μL binding buffer to 

Table 1. Primer sequences

Genes Primer sequences (5’–3’)

SNHG4
F: 5’-GGCTAGAGTACAGTGGCTCG-3’

R: 5’-GCAAATCGCAAGGTCAGG-3’

MiR-98-5p
F: 5’-GCGCGTGAGGTAGTAAGTTGT-3’

R: 5’-GCAGGGTCCGAGGTATTC-3’

TMED5
F: 5’-CCCTCGATAGCGACTTCACC-3’

R: 5’-TGTTGATGGATTCCAGGATGTCT-3’

U6
F: 5’-CTCGCTTCGGCAGCACA-3’

R: 5’-AACGCTTCACGAATTTGCGT-3’

GAPDH
F: 5’-CACCCACTCCTCCACCTTTG-3’

R: 5’-CCACCACCCTGTTGCTGTAG-3’

Note: F, forward; R, reverse.
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prepare 1×106 cells/mL suspension. Then 5 μL Annexin 
V-fluorescein isothiocyanate and propidium iodide were 
added in sequence, and cells were loaded on a CytoFLE 
S flow cytometer for data analysis (Xu et al., 2021).

Transwell analysis

SKOV-3 cell invasion and migration were assessed 
by Transwell chamber (8 μm well, Corning Inc. Corn-
ing, NY, USA). The upper chamber was covered with 
6×103 cells in 0.1 mL serum-free medium, and the lower 
chamber with a medium covering 20% fetal calf serum. 
Matrigel (356234, Millipore, Burlington, MA, USA) was 
coated only for invasion. After 12 h, 1% crystal violet 
staining (Sigma-Aldrich, St. Louis, MO, USA) was per-
formed on the cells in the lower chamber, followed by 
cell counting under a light microscope (Yu et al., 2021).

The luciferase activity assay

SNHG4 and TMED5 wild-type sequences (SNHG4/
TMED5-WT) and corresponding mutant sequences 
(SNHG4/TMED5-MUT) containing the miR-98-5p bind-
ing site were synthesized by RiboBio. These sequences 
were inserted into the psiCHECK2 reporter vector (Pro-
mega, WI, USA). The SNHG4-WT/MUT reporter vec-
tor was co-transfected with in-miR-98-5p or in-NC into 

Figure 1. SNHG4 is elevated in OC and is linked with unpleasing 
clinical features
(A) RT-qPCR detection of SNHG4 in normal and tumor tissues; (B) 
Kaplan-Meier analysis of OC patients’ survival prognosis; (C) RT-
qPCR test of SNHG4 in OC cells; (D) SNHG4 localization in SKOV-3 
cells; Measurement data were in the form of mean ± S.D.; #vs. the 
Normal Tissue, n=40, P<0.05; ##vs. the IOSE80, N=3, P<0.05.

Table 2. Association of SNHG4 with clinicopathological characteristics in OC patients

Characteristic Cases SNHG4
P

n = 40 Reduction
(n = 20)

Elevation
(n = 20)

Age (year)

0.91560 or less 19 10 9

More than 60 21 10 11

Tumor size

0.005*Less than 3 cm 21 16 5

3 cm or more 19 4 15

FIGOa stage

0.003*I/II 15 11 4

II/IV 25 9 16

Pathologic type

0.268Serous 31 18 13

Mucous and othersb 9 2 7

Lymph node metastasis

0.001*Positive 29 11 18

Negative 11 9 2

Distant metastasis

0.158Positive 14 9 5

Negative 26 11 15

FIGOa: Federation Internationale of Gynecologie and Obstetrigue. Othersb: Endometrioid carcinoma, clear cell carcinoma and undifferentiated OC.
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Figure 2. Silenced SNHG4 gene is available to constrain OC’s deterioration
(A) RT-qPCR test of transfection efficiency in SKOV-3 cells; (B–C) CCK-8 method and plate cloning experiment examination of cell pro-
liferation ability; (D) Flow cytometry detection of cell apoptosis rate; (E) Transwell test of cell migration and invasion; (F) Western blot 
examination of Ki67 (proliferation marker), MMP-9 (invasion marker), Bcl-2 (anti-apoptotic molecule) and Bax (pro-apoptotic molecule). 
Measurement data were in the form of mean ± S.D.*vs. the si-NC, N=3, P<0.05.

Figure 3. SNHG4 performs like a sponge for miR-98-5p
(A) The bioinformatics website prediction of the binding site of SNHG4 with miR-98-5p; (B–C) The luciferase activity assay and RIP experi-
ment evaluation of the interaction of SNHG4 with miR-98-5p; (D) RT-qPCR detection of miR-98-5p in each tissue; (E) Pearson association 
analysis assessment of the relevance of miR-98-5p with SNHG4; (F) RT-qPCR test of miR-98-5p in SKOV-3 cells. Measurement data were in 
the form of mean ± S.D.; #vs. the Normal Tissue, n=40, P<0.05; &vs. the miR-NC, &&vs. the Anti-lgG, *vs. the si-NC, N=3, P<0.05.
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SKOV-3 cells. After transfection of 48 h, an assessment 
of the luciferase activity was done using the luciferase re-
porter test kit (Promega) (Xing, An, & Chen, 2021).

RNA immunoprecipitation (RIP) detection

RIP was implemented using Magna RIP kit (Milli-
pore). The cells were lysed with complete RIP lysis buff-
er and combined with magnetic beads. Subsequently, the 
magnetic beads were combined with human anti-ago2 
or normal mouse immunoglobulin G (Millipore). After 
digestion with proteinase K, immunoprecipitated RNA 
was analyzed by RT-qPCR (Liu et al., 2021).

Statistical analysis

The data were analyzed by SPSS 21.0 (SPSS, Inc, Chi-
cago, IL, USA) statistical software. After Kolmogorov-
Smirnov test, the data were normally distributed, and the 
results were manifested in the form of mean ± standard 
deviation (S.D.). Two-group comparison was done using 
t-test and multiple-group comparison was performed with 
one-way analysis of variance (ANOVA) and Fisher’s least 
significant difference t-test. P was a two-sided test, and 
P<0.05 was accepted as indicative of distinct differences.

RESULTS

SNHG4 is elevated in OC and associated with adverse 
clinical characteristics

SNHG4 has been shown to be highly expressed in 
various cancers. The expression of SNHG4 was assessed 

in OC. As presented in Fig. 1A, SNHG4 expression in 
OC tissues was higher than that in normal tissues. Clini-
cal analysis indicated that SNHG4 expression was linked 
with tumor size, lymph node metastasis and tumor node 
metastasis  (TNM) staging, but had no link with age, dis-
tant metastasis and pathological type (Table 2). Addi-
tionally, survival analysis (Kaplan-Meier) elaborated that 
OC patients with high expression of SNHG4 had poor 
overall survival (OS) rates (Fig. 1B). SNHG4 expression 
in all human OC cell lines (A2780, SKOV-3, OV-90 
and CAOV3) was higher in the normal human ovarian 
epithelial cell line (IOSE80) (Fig. 1C). Nucleocytoplas-
mic separation experiments also confirmed that SNHG4 
was mainly expressed in the cytoplasm of SKOV-3 cells 
(Fig.  1D).

To sum up, SNHG4 was elevated in OC and might 
be implicated in OC progression.

Silenced SNHG4 gene is available to restrain OC’s 
deterioration

Since SNHG4 has the highest expression level in 
SKOV-3 cells, the SKOV-3 cell line was selected for 
subsequent functional experiments. To explore the 
function of SNHG4 in ovarian cancer, an SNHG4 
knockdown cell model was constructed. The transfec-
tion efficiency was affirmed by RT-qPCR, as manifest-
ed in Fig.  2A, si-SNHG4 restrained SNHG4 expres-
sion in SKOV-3 cells. Silenced SNHG4 constrained the 
SKOV-3 cell proliferation (Fig. 2B–C). After restrain-
ing SNHG4, SKOV-3 cell apoptosis was promoted and 
migration and invasion were suppressed (Fig. 2D, E). 
Meanwhile, knockdown of SNHG4 suppressed the ex-
pression of Ki67, MMP-9, Bcl-2 proteins and increased 

Figure 4. SNHG4 impacts OC cell progression via targeting miR-98-5p
(A) RT-qPCR examination of different transfections’ efficiency in SKOV-3 cells; (B–C) CCK-8 and plate cloning experiments tested cell pro-
liferation ability; (D) Flow cytometry detection of cell apoptosis rate; (E) Transwell examination of cell migration and invasion; (F) Western 
blot test of Ki67 (proliferation marker), MMP-9 (invasion marker), Bcl-2 (anti-apoptotic molecule) and Bax (pro-apoptotic molecule). The 
measurement data were in the form of mean ± S.D. &&&vs. the in-NC, **vs. the si-SNHG4 + in-NC, N=3, P<0.05.
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the expression of Bax protein (Fig. 2F). These data 
suggest that knockdown of SNHG4 suppresses the bio-
logical behaviors of OC.

SNHG4 performs like a sponge for miR-98-5p

To investigate the novel mechanism by which 
SNHG4 regulates OC progression, the bioinformat-
ics website https://starbase.sysu.edu.cn was utilized to 
predict potential miRNAs of SNHG4. miR-98-5p was 
found to have a potential binding site for SNHG4 (Fig. 
3A). The interaction between miR-98-5p and SNHG4 
was verified by dual-luciferase reporter gene assay. As 
shown in Fig. 3B, overexpression of miR-98-5p signifi-
cantly inhibited the luciferase activity of SNHG4-WT, 
but not SNHG4-MUT. RIP assay also further con-
firmed that both SNHG4 and miR-98-5p were enriched 
in Ago2 magnetic beads (Fig. 3C). Additionally, miR-
98-5p expression was downregulated in OC tumor tis-
sues (Fig. 3D) and was negatively linked with SNHG4 
expression (Fig.3E). RT-qPCR data showed that inhibi-
tion of SNHG4 promoted the expression of miR-98-5p 
in SKOV-3 cells (JIP 3F). In short, SNHG4 targeted 
miR-98-5p.

SNHG4 impacts OC cell progression via targeting miR-
98-5p

To explore whether miR-98-5p is involved in the 
regulation of SNHG4 in OC, a functional rescue ex-
periment was performed. si-SNHG4 and miR-98-5p 

inhibitor were co-transfected into SKOV-3 cells. RT-
qPCR showed that knockdown of SNHG4 promoted 
the expression of miR-98-5p, which was reversed by 
miR-98-5p inhibitor (Fig. 4A). Functional experiments 
showed that knockdown of SNHG4 inhibited cell 
proliferation, invasion and migration, and promoted 
apoptosis, but these effects were reversed by knock-
down of miR-98-5p (Fig. 4B–F). In brief, SNHG4 im-
pacts OC cell progression via targeting miR-98-5p.

MiR-98-5p immediately targets TMED5

Subsequently, potential downstream mRNAs of 
miR-98-5p were explored. First, miR-98-5p was found 
to have potential binding sites with TMED5 by star-
Base prediction (Fig. 5A). Meanwhile, dual-luciferase 
reporter assays revealed that miR-98-5p overexpres-
sion could attenuate the luciferase activity of TMED5-
WT, while the luciferase activity of TMED5-MUT 
was not significantly changed (Fig. 5B). Additionally, 
SNHG4, miR-98-5p and TMED5 are all enriched in 
RNA-induced silencing complexes immunoprecipitated 
by Ago2 antibody (Fig.  5C). TMED5 expression in 
OC tumor tissues was higher than in normal tissues 
(Fig. 5D–E) and positively associated with SNHG4 
while negatively linked with miR-98-5p (Fig. 5F–G). 
Additionally, in SKOV-3 cells depleted of SNHG4 or 
restored of miR-98-5p, TMED5 expression was sup-
pressed (Fig. 5H–I). In general, TMED5 was a down-
stream gene of miR-98-5p.

Figure 5. MiR-98-5p immediately targets TMED5
(A) The bioinformatics website predicted the binding site of TMED5 with miR-98-5p; (B–C) The luciferase activity assay and RIP experi-
ment evaluation of the interaction of TMED5 with miR-98-5p; (D–E) RT-qPCR and Western blot test of TMED5 in OC tumor tissues; (F–G) 
Pearson association analysis of TMED5 with miR-98-5p and SNHG4; (H–I) RT-qPCR and Western blot detection of TMED5 in SKOV-3. Meas-
urement data were in the form of mean ± S.D.; #vs. the Normal Tissue, n=40, P<0.05; &vs. the miR-NC, &&vs. the Anti-lgG, *vs. the si-NC, 
N=3, P<0.05.
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SNHG4 modulates OC progression via targeting the 
miR-98-5p/TMED5 axis

To assess whether SNHG4 is involved in ovarian can-
cer progression through miR-98-5p-regulated TMED5, 
a functional rescue assay was performed. In SKOV-3 
cells, transfection of pcDNA-TMED5 elevated TMED5 
expression, while TMED5 expression was partially up-
regulated after pcDNA-TMED5 blocked si-SNHG4 
(Fig.  6A–B). As manifested in Fig. 6C–E, upregula-
tion of TMED5 reversed the proliferation-inhibiting 
and apoptosis-promoting effects of SNHG4 silencing 
on SKOV-3 cells. At the same time, transfection with 
overexpressing TMED5 plasmid also reversed the inhibi-
tory effect of si-SNHG4-induced migration and invasion 
of SKOV-3 cells (Fig. 6F). Additionally, Ki67, MMP-
9 and Bcl-2 protein expression were augmented, while 
Bax protein expression was inhibited after pcDNA-
TMED5 blocked si-SNHG4 (Fig. 6G). In brief, SNHG4 
modulates OC progression via targeting the miR-98-5p/
TMED5 axis.

Wnt/β-Catenin pathway participates in SNHG4/miR-98-
5p/TMED5 axis-mediated OC cell growth

Wnt/β-Catenin pathway may lead to uncontrolled 
cell growth. Therefore, we further investigated whether 
SNHG4 regulates the downstream target of miR-98-5p, 
TMED5, to alter the Wnt/β-catenin signaling pathway in 
OC cells. Western blot results showed that the expres-
sion of Gsk3β was decreased, while the expressions of 

Wnt3a and β-catenin were upregulated in SKOV-3 cells 
transfected with pcDNA-TMED5 (Fig. 7A).

To determine whether the Wnt/β-catenin signal-
ing pathway is involved in SNHG4-induced OC pro-
gression, the Wnt/β-catenin-specific inhibitor XAV939 
(10  μM) was added to pcDNA-TMED5-treated SKOV-
3 cells. XAV939 treatment increased Gsk3β expression 
in pcDNA-TMED5-treated SKOV-3 cells, while Wnt3a 
and β-catenin protein expression decreased (Fig.  7B). In 
addition, XAV939 also inhibited the effect of pcDNA-
TMED5 on the promotion of proliferation and inhibi-
tion of apoptosis in SKOV-3 cells (Fig. 7C/D/E). Simi-
larly, XAV939 inhibited the promoting effect of pcD-
NA-TMED5 on SKOV-3 cell migration and invasion 
(Fig. 7F). More importantly, Western blot results showed 
that the expression of Ki67, MMP-9, and Bcl-2 proteins 
decreased, while the expression of Bax protein increased 
(Fig. 7G). In short, SNHG4 activated the Wnt/β-Catenin 
pathway by targeting the miR-98-5p/TMED5 axis.

DISCUSSION

Some factors like late diagnosis, chemotherapy resist-
ance rate and easy recurrence lead to unpleasing prog-
nosis and high mortality rate in OC patients (Wu et al., 
2021). Novel evidence has illuminated that targeting 
aberrantly-expressed lncRNAs in OC may be latent bio-
markers and curative targets for OC (Guo et al., 2021). 
Additionally, the lncRNA-microRNA-mRNA regulatory 

Figure 6. SNHG4 modulates OC’s advancement via targeting miR-98-5p/TMED5 axis
(A–B) RT-qPCR and western blot test of transfection efficiency in SKOV-3 cells; (C–D) CCK-8 and plate cloning experiments detection 
of cell proliferation ability; (E) Flow cytometry examination of cell apoptosis; (F) Transwell detection of cell migration and invasion; (G) 
Western blot examination of Ki67 (proliferation marker), MMP-9 (invasion marker), Bcl-2 (anti-apoptotic molecule) and Bax (pro-apoptotic 
molecule). Measurement data were in the form of mean ± S.D.; &&&&vs. the pcDNA3.1, ***vs. the si-SNHG4 + pcDNA-3.1, N=3, P<0.05.
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network offers novel perspective for brand-new therapy 
strategies for OC (Lin et al., 2021).

As reported, SNHG4 is elevated in OS (Xu et al., 
2018), NSCLC (Li et al., 2021), LC (Jiao et al., 2020), 
CC (Ji et al., 2019). SNHG4 has been considered a bio-
marker for cancer prognosis or diagnosis. Likewise, our 
work found the upregulated SNHG4 in OC tissues was 
associated with patients’ pathological characteristics and 
prognosis. Accumulated evidence has elaborated that 
SNHG4 exerts a regulatory role in cancer cells with 
multiple biological functions like chemotherapy resist-
ance (Chu et al., 2021). For instance, in colorectal can-
cer (CRC), suppression of SNHG4 constrains CRC cell 
growth with immune escape (Zhou et al., 2021). In CC, 
silenced SNHG4 distinctly restrains CC cell progression 
(Li et al., 2019). As expected, in this study, suppressing 
SNHG4 was available to constrain OC cell development 
(HeLa), clarifying that SNHG4 performed as an onco-
gene in OC.

In terms of mechanism, lncRNAs, as ceRNAs, elevate 
mRNA expression via interacting with miRNAs (Xu et al., 
2021; Xie et al., 2021). It is speculated that SNHG4 may 
act as a ceRNA to regulate genes, thereby promoting the 
malignant phenotype of OC cells. In this research, miR-
98-5p was confirmed as SNHG4’s downstream miRNA 
in OC. As reported, miR-98-5p is negatively mediated by 
SNHG4 in LC (Tang et al., 2019). Additionally, a report 
has illuminated that miR-98-5p expression is reduced 
in OC, and its silencing is available to alleviate OC cell 
development with cisplatin resistance (Guo et al., 2021). 

Likewise, in this research, miR-98-5p was downregulated 
in OC tissues, and SNHG4 combined with miR-98-5p 
in OC cells. Besides, silencing miR-98-5p rescued the ef-
fects of silenced SNHG4 on OC cells.

In this research, miR-98-5p immediately targeted 
TMED5’s 3’UTR in OC, leading to degradation of 
TMED5 and repression of its transcription. TMED5, ap-
pertaining to the TMED protein family, is implicated in 
vesicular transport of proteins. As reported, TMED5 ex-
pression is elevated in CC and boosts CC cell malignant 
behaviors (Zou et al., 2021). In this research, TMED5 
was augmented in OC tissues, while SNHG4 was avail-
able to positively modulate TMED5 via miR-98-5p. Ad-
ditionally, elevated TMED5 rescued silenced SNHG4-
mediated repression on OC cell development.

Wnt/β-Catenin, the crucial oncogenic pathway, ex-
erts in multiple cancer progression covering OC and OS 
(Gao et al., 2021; Guo et al., 2021). Numerous studies 
have clarified that the Wnt/β-Catenin pathway is linked 
with OC development with chemotherapy resistance 
(Vallée et al., 2021). For instance, it has been reported 
that miR-217 constrains the Wnt/β-Catenin pathway ac-
tivation, thereby suppressing OC cell progression with 
drug resistance (Liu & Zhao, 2021). LncRNA HCP5 
stimulates OC cell development with epithelial-mesen-
chymal transition (EMT) via the miR-525-5p/PRC1/
Wnt/β-Catenin axis (Wang et al., 2020). TMED5 is avail-
able to activate the Wnt/β-Catenin pathway in CC (Yang 
et al., 2019). As expected, in this study, TMED5 declined 
Gsk3β expression, while enhanced Wnt3a and β-catenin 

Figure 7. Wnt/β-Catenin pathway implicates in the SNHG4/miR-98-5p/TMED5 axis-mediated OC cells’ deterioration
(A–B) Western blot test of Gsk3β, Wnt3a and β-catenin; (C–D) CCK-8 and plate cloning experiments examination of cell proliferation abil-
ity; (E) Flow cytometry test of cell apoptosis; (F) Transwell examination of cell migration and invasion; (G) Western blot test of Ki67 (pro-
liferation marker), MMP-9 (invasion marker), Bcl-2 (anti-apoptotic molecule) and Bax (pro-apoptotic molecule). Measurement data were in 
the form of mean ± S.D.; &&&&vs. the pcDNA3.1, ****vs. the PBS, *****vs. the pcDNA-TMED5 + PBS, N=3, P<0.05.
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expression, illuminating that TMED5 activated the 
Wnt/β-Catenin pathway in OC. Additionally, SNHG4 
activated the Wnt/β-Catenin pathway via targeting the 
miR-98-5p/TMED5 axis, thereby boosting OC cell de-
velopment. We speculate that SNHG4/miR-98-5p/
TMED5 may also be involved in the chemoresistance 
of OC, which may affect the drug resistance of OC by 
regulating the Wnt/β-catenin pathway. Notably, although 
we demonstrated in vitro that SNHG4 can regulate the 
biological behavior of the SKOV-3 cell line, more cell 
lines are needed to validate the role of SNHG4 in OC. 
In addition, it is unclear whether SNHG4 has similar ef-
fects in animal models of OC, which needs to be ex-
plored in follow-up studies. SNHG4 may target a variety 
of molecules in OC, including miRNA and mRNA, and 
it is necessary to further refine the regulatory network of 
SNHG4 in the future.

In conclusion, this work demonstrates for the first 
time that SNHG4 is highly expressed in OC and re-
veals the role of SNHG4 as a tumor-promoting factor 
in OC by regulating the miR-98-5p/TMED5 axis. The 
SNHG4/miR-98-5p/TMED5 axis may serve as a poten-
tial therapeutic target for OC in the future.
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Marine natural products:
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Depression is a common psychiatric disorder. Due to the disadvantages of

current clinical drugs, including poor efficacy and unnecessary side effects,

research has shifted to novel natural products with minimal or no adverse

effects as therapeutic alternatives. The ocean is a vast ecological home, with a

wide variety of organisms that can produce a large number of natural products

with unique structures, some of which have neuroprotective effects and are a

valuable source for the development of new drugs for depression. In this review,

we analyzed preclinical and clinical studies of natural products derived from

marine organisms with antidepressant potential, including the effects on the

pathophysiology of depression, and the underlying mechanisms of these

effects. It is expected to provide a reference for the development of new

antidepressant drugs.

KEYWORDS

depression, marine natural products, neurotransmitter systems, synaptic plasticity,
anti-inflammatory

Introduction

As one of the most common mental illnesses, there are currently at least 50 million

patients with depression in China (Huang et al., 2019). The incidence of depression is

increasing year by year, and it is expected to become one of the major causes of disease

burden in China by 2030 (Huang et al., 2019). Depression imposes a heavy burden on

individuals, families and society due to its high incidence, high disability rate and high

suicide rate (Cipriani et al., 2018). Selective serotonin reuptake inhibitors (SSRIs),

norepinephrine reuptake inhibitors (NRIs), and dopamine reuptake inhibitors (DRIs)

are the main first-line antidepressants used in clinical practice today (Harmer et al., 2017;

Moragrega and Ríos, 2021). These medications either work on the neurotransmitter

systems of serotonin (5-HT), Norepinephrine (NE), and dopamine (DA) or they suppress

the action of the enzyme monoamine oxidase (MAO) to produce antidepressant effects

(Harmer et al., 2017). However, even after adequate and sufficient antidepressant

treatment, about one-third of patients still do not have a significant therapeutic effect.

Patients often experience side effects such as gastrointestinal discomfort and loss of libido,

in addition to poor treatment compliance. Therefore, it is of great significance to find

more effective and safer antidepressant compounds from a wide range of natural
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products, and it can also provide new ideas for the development

of antidepressant products.

The living environment of marine organisms is complex,

resulting in a large number of marine natural products

(MNPs). Studies have shown that MNPs have significant

pharmacological activities, and the toxicity and side effects are

significantly lower than those of synthetic compounds (Corona,

2018). These marine-derived active substances have played an

important role in the prevention and treatment of many diseases,

and their pharmacodynamic mechanisms are constantly being

elucidated. In recent years, with the relentless exploration of

researchers, the bioactive substances derived from MNPs have

increased. The metabolites isolated from marine organisms have

diverse chemical structures, including polyketides, terpenoids,

alkaloids, macrolides, cyclic peptides, quinones, polyethers,

sterols, polysaccharides, unsaturated fatty acids, and a wide

range of pharmacological activities, including antibacterial,

antiparasitic, enzyme inhibitor, antioxidant, cytotoxic activity,

etc. The majority of marine drug research and development is

focused on anti-tumor, anti-cardiovascular disease, and

antibacterial agents (Russo et al., 2015; Lima and Medeiros,

2022). Many marine compounds have received clinical approval

for use, including the analgesic ziconotide and the anti-cancer drug

cytarabine (Jimenez et al., 2020; Yang et al., 2021). MNPs and

compounds generated from MNPs are becoming more and more

valuable due to their biological activities. Numerous studies have

recently revealed that MNPs have antidepressant properties and

may slow the course of depression (Subermaniam et al., 2021a).

MNPs may be a useful resource for the development of brand-new

antidepressant alternatives. This article examines preclinical and

clinical studies on the antidepressant effects of MNPs and research

on the neuroscience of depression.

Subsections relevant to the subject

Pathogenesis of depression

The pathogenesis of depression is complex and the biological

mechanism is not fully understood (Jesulola et al., 2018).

Currently, the widely accepted pathogenic hypotheses include

the Monoamine hypothesis, the Neural plasticity hypothesis, the

Neuroinflammatory hypothesis, and the Hypothalamic-

pituitary-adrenal (HPA) axis (Figure 1) (Subermaniam et al.,

2021a; Borbély et al., 2022). It should be mentioned that

depression has a complex etiology and may be brought on by

a confluence of various pathogenic variables. The search for

drugs with multiple targets is thus a crucial area of research for

the development of antidepressants.

Monoamine hypothesis

One of the primary causes of depression has been determined to

be decreased levels and functional deficiencies of 5-HT, DA, and NE,

which are typically present in the brains of depressed patients

(Matraszek-Gawron et al., 2019; Wang et al., 2022). The

monoamine hypothesis is strongly supported by the fact that 5-HT

or NERI can alleviate depression (Locher et al., 2017; Rana et al.,

2021). By improving neurotransmission in the central nervous system

and increasing the amount of related monoamine neurotransmitters

in the synaptic cleft, this class ofmedications reduces the symptoms of

depression (Locher et al., 2017; Yohn et al., 2017).

Neural plasticity hypothesis

The pathogenesis of depression is significantly influenced by

neuroplasticity and remodeling failure (Wang et al., 2021a). The

neurotrophic family includes brain-derived neurotrophic factor

(BDNF), which regulates neuronal plasticity (Castrén and

Monteggia, 2021). On the one hand, it might have an impact on

the development of synaptic structures, such as axons and dendrites,

and their growth and remodeling. On the other hand, it might

enhance the long-term synaptic transmission function of the

hippocampus through pre- and post-synaptic pathways (Wardle

and Poo, 2003). Decreased levels of BDNF have been found in brain

samples from depressed patients (Chen et al., 2001; Dwivedi, 2009;

Dwivedi et al., 2009; Carlino et al., 2013). In contrast, antidepressant

treatment increases the expression of BDNF in the brains of

depressed patients (Chen et al., 2001). Therefore, it shows great

potential in the treatment of depression as it increases BDNF levels.

FIGURE 1
The pathogenesis of depression.
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Neuroinflammatory hypothesis

Glial cells and cytokines play a role in the immune response

known as neuroinflammation that occurs in the central nervous

system (Zhou et al., 2022). Depression is an inflammation-related

disease that worsens as inflammation increases and progresses

(Yirmiya et al., 2015; Wang et al., 2021b). According to research,

aberrant glial cell activation in the brains of depressed patients

results in the release of pro-inflammatory cytokines such as

interleukin-6 (IL-6), interleukin 1 beta (IL-1β), and tumor

necrosis factor-alpha (TNF-α), which can lead to

neuroinflammation and neuronal death (Matraszek-Gawron

et al., 2019). In addition, glial cells produce nitric oxide

synthase (NOS), and cyclooxygenase-2 (COX-2) could also

induce neuroinflammation by promoting oxidative stress

levels. Neuroinflammation has emerged as a novel target for

the treatment of depression (Wang et al., 2021b; Zhou

et al., 2022).

Hypothalamic-pituitary-adrenal (HPA) axis

The hypothalamus, pituitary, and adrenal glands work

together as part of the HPA axis to govern the body’s reaction

to physiological or psychological stimuli (Herman et al., 2016;

Lew et al., 2020). Patients with depression have been discovered

to have HPA dysfunction, resulting in high glucocorticoid (GC)

levels, which in turn cause neuronal dysfunction and structural

changes in the hippocampus (Dean and Keshavan, 2017).

Clinical trials have established the antidepressant properties of

glucocorticoid receptor (GR) antagonists and the viability of

targeting HPA regulation in the treatment of depression (Dean

and Keshavan, 2017).

MNPs have anti-depressant potential

A significant number of MNPs are produced by the complex

living environment of marine animals, and a novel entity

structure and enormous diversity are provided by the

chemical structure with strong biological activity (Zhao et al.,

2022a). Some MNPs have participated in antidepressant

preclinical or clinical trials and have proven to be great

sources for novel and effective antidepressants (Tables 1, 2).

The marine environment is a rich source of novel

pharmaceuticals, many of the substances found there can

regulate brain activity, reduce anxiety, and have potential

therapeutic applications for disorders associated with anxiety

and depression (Zhao et al., 2022a). At present, with the

interaction between academia and the pharmaceutical sector, a

large number of MNPs have been discovered and tested using

current analytical methods.

Antidepressant natural products of marine
animal origin

Tilapia skin peptides (TSP)
Tilapia skin peptides (TSP), derived from tilapia

(Oreochromis mossambicus) scraps (Zhao et al., 2022a), have

TABLE 1 Antidepressant Natural Products of Marine animal Origin.

Natural
products

Model
establishment

Behavioral
outcome

Mechanism Ref.

Tilapia skin peptides CP FST, TST, OFT Decreased Iba-1, TNF-α, and IL-1β levels Zhao et al. (2022a)

Increased Keap1, SOD, and GSH-Px levels via the Nrf2/HO-
1 pathway

Increased Bcl-2, Bax, and caspase-3 levels via the BDNF/
TrkB/CREB pathway

Bryostatin-1 CUMS Open water swimming N.A. Alkon et al. (2017)

EPA and DHA CUMS SPT, TST, OFT Decreased IL-1β, IL-6, TNF-α, and CD11b levels Peng et al. (2020)

Increased BDNF, GDNF and NGF levels

Resolvin D1 myocardial infarction FST Anti-inflammation Gilbert et al. (2014)

Krill oil CLET FST Increased BDNF levels Wibrand et al. (2013)

5,6-Br-DMT FST FST, TST N.A. Zhang et al. (2023)

Astaxanthin LPS FST, TST Decreased TNF-α, IL-1β, IL-6, iNOS, nNOS and COX-2 levels
via the NF-κB pathway

Jiang et al. (2016), Jiang
et al. (2017)

EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; 5,6-Br-DMT, 5,6-dibromo-N, N-dimethyltryptamine; CP, cyclophosphamide; CUMS, chronic unpredictable mild stress; CLET,

conditioned light extinction test; LPS, lipopolysaccharides; FST, forced swim test; TST, tail suspension test; OFT, open field test; N.A., not applicable.
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biological actions that are antioxidant, anti-inflammatory, anti-

apoptotic and hypotensive (Ling et al., 2018; Zhao et al., 2022b;

Song et al., 2022). Hippocampal neurons in mice that received an

intraperitoneal infusion of cyclophosphamide (CP) experienced

oxidative stress, neuroinflammation, and neuronal death (Iqubal

et al., 2019). TSP [1,000 mg/kg/d, intragastrically (i.g.)] could

improve CP-induced depressive-like behaviors such as Sucrose

Preference Test (SPT), Forced Swim Test (FST), Tail Suspension

Test (TST) and Open Field Test (OFT) in mice (Zhao et al.,

2022a). Mechanistically, TSP may reduce CP-induced

neuroinflammation by decreasing the expression of ionized

calcium-binding adaptor molecule 1 (Iba-1), TNF-α, and IL-

1β in the hippocampus of mice. TSP also attenuated CP-induced

oxidative stress by increasing the Nrf2/HO-1 signaling pathway

and increasing the levels of kelch-like ECH-associated protein 1

(Keap1), superoxide dismutase (SOD), glutathione peroxidase

(GSH-Px) and malondialdehyde (MDA). In addition, TSP could

also reduce neuronal apoptosis by increasing Bcl-2/Bax/Caspase-

3 through the BDNF/TrkB/CREB signaling pathway. In

conclusion, the antidepressant effect of the TSP may be

involved in the regulation of synaptic plasticity and anti-

inflammatory activity (Zhao et al., 2022a).

Bryostatin-1
Bugula neritina-derived bryostatin-1 can increase the

expression of protein kinase C (PKC), induce PKC membrane

translocation, and enhance synaptic plasticity (Nelson et al.,

2017). PKC activity was reduced in the brains of depressed

individuals (Pandey et al., 2021). In the rat model of

depression generated by chronic unpredictable mild stress

(CUMS), PKC expression was markedly reduced (Han et al.,

2015). According to these investigations, PKC levels and the

development of depression may be related. Furthermore, PKC

has the ability to significantly alter synaptic transmission

(Wierda et al., 2007; Shen et al., 2021). Bryostatin-1

[100 nmol/kg, intravenous (i.v.)] shortened the immobility

time in the FST in rats. This antidepressant effect of

Bryostatin-1 is largely abolished by 1-(5-

isoquinolinylsulfonyl)-2-methylpiperazine (H-7), a PKC

inhibitor, which suggests that Bryostatin-1 may have an

TABLE 2 Antidepressant compounds derived from marine plants.

Natural products Model
establishment

Behavioral
outcome

Mechanism Ref.

Spirulina FST FST Increased serum BUN and LDH levels Kim et al. (2008)

Neoechinulin A LPS FST N.A. Sasaki-Hamada et al. (2016)

Zeaxanthin diabetic rats OFT, FST Decreased IL-6, IL-1β and TNF-α levels Peng et al. (2020)

Fucoxanthin LPS FST, TST Decreased TNF-α, IL-1β, IL-6, iNOS, and COX-2 level via
the AMPK/NF-κB pathway

Gilbert et al. (2014)

Lutein corticosterone TST, OFT Decreased corticosterone levels Wibrand et al. (2013)

β-Carotene FST FST Decreased TNF-α and IL-6 levels Kim et al. (2016)

Increased DNF and p-ERK levels

Total Sterols and β-
sitosterol

FST and TST FST, TST Increased NE, 5-HT, and the metabolite 5-HIAA Zhao et al. (2016)

Fucoidan LPS and CRS FST, TST Inhibited caspase-1 levels Li et al. (2020)

Increased BDNF levels

Fucosterol FST and TST FST, TST Increased NE and 5-HT levels Zhen et al. (2015)

Alternanthera
philoxeroides

ovariectomized FST, TST Inhibited MAO-A and MAO-B with IC50 values of
252.9 and 90.69 μg/mL, respectively

Khamphukdee et al. (2018)

Botryococcus braunii FST FST Increased BDNF, TH, and PC levels Sasaki et al. (2017)

Padina australis corticosterone N.A. Decreased corticosterone levels Subermaniam et al. (2020)

Ulva species FST FST N.A. Violle et al. (2018)

Chlorella vulgaris patients N.A. N.A. Jiang et al. (2016), Jiang
et al. (2017)

Panahi et al. (2015)

LPS, lipopolysaccharides; CRS, chronic restraint stress; FST, forced swim test; OFT, open field test; TST, tail suspension test; N.A., not applicable.
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antidepressant effect by enhancing synaptic plasticity through

activation of PKC action (Alkon et al., 2017).

Eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA)

Eicosapentaenoic acid (EPA) and docosahexaenoic acid

(DHA) are mainly derived from the Omega-3 long-chain

polyunsaturated fatty acids (n-3 PUFA) of deep-sea fish and

shrimp, which play a key role in brain development (Andraka

et al., 2020). Continuous oral administration (p.o.) of EPA or

DHA for 45 days reduced the weight loss and depressive-like

behavior caused by CUMS in SPT/OFT/FST. Mechanistically,

EPA and DHA effectively reduced CUMS-induced expression of

IL-1β, IL-6, TNF-α, microglial marker α M Integrin alpha M

(CD11b), and increased expression of astrocyte marker glial

fibrillary acidic protein (GFAP) by regulating the NF-κB/
p38 signaling pathway (Peng et al., 2020). Additionally, EPA

and DHA modulated the BDNF/TrkB signaling pathway to

upregulate the production of BDNF, glial cell-derived

neurotrophic factor (GDNF), nerve growth factor (NGF), and

Bcl-2 and reduce the expression of Bax, reversing the effects of

CUMS-induced neurotrophic factor deficiency and apoptosis

(Peng et al., 2020). Moreover, EPA and DHA can also reduce

the serum total cholesterol (STC) contents of serum total

cholesterol and corticosterone (a glucocorticoid), and induce

5-HT and NE deficiency in the hippocampus, suggesting that

EPA and DHA exert antidepressant activity by regulating HPA

(Peng et al., 2020). Notably, EPA was more effective than DHA in

reducing depressive-like behavior, which was also confirmed in

clinical studies. Lipopolysaccharide (LPS) activates

BV2 microglia, and docosapentaenoic acid (DPA, a PUFA)

balances microglial M1 and M2 polarization, inhibiting NF-κB
and p38 while activating neuronal BDNF/TrkB-PI3K/AKT

pathways to protect neurons from neuroinflammatory damage

(Liu et al., 2021). By increasing the expression of DA, decreasing

the expression of NE and gamma-aminobutyric acid (GABA),

and reducing the turnover rate of 5-HT in the mouse

hippocampus, PUFAs may also enhance CUMS-induced

depressive-like behaviors in the SPT, OFT, and FST (Yang

et al., 2019). More importantly, a previous clinical trial has

been carried out as a result of the positive safety and

antidepressant characteristics of EPA and DHA (Su et al.,

2014). Nobody left the study during the 2 weeks due to

adverse events and, as determined by the investigators, the

incidence of Interferon-alpha (IFN-α)-induced depression in

patients with hepatitis C virus infection was significantly

lower in those treated with EPA but not in those treated with

DHA (Su et al., 2014). In a population-based study to prevent the

risk of postpartum depression in Brazilian pregnant women, a

daily intake of 1.8 g of PUFAs (1.08 g of EPA and 0.72 g of DHA)

for 16 weeks starting at 22–24 weeks of gestation had no

significant effect on early depressive symptoms during

pregnancy or postpartum (Vaz et al., 2017). However, the

Edinburgh Postnatal Depression Scale (EPDS) scores of

women in the EPA/DHA group with a history of depression

showed a greater decrease from the second trimester to the

postpartum period. Additionally, there were no changes

between the EPA/DHA groups and control groups in terms of

gestational duration or birth weight (Vaz et al., 2017). According

to a recent meta-analysis, both EPA and DHA have

antidepressant effects, although EPA’s are more potent

(Sublette et al., 2011).

Resolvin D1
Resolvin D1, a PUFA metabolite mostly found in deep-sea

fish and shrimp, is effective in reducing inflammation by

activating Akt and binding to 2 G-protein-coupled receptors

(ALX and GPR32) (Serhan and Chiang, 2008; Nelson et al.,

2014). Resolvin D1 reduces the depressive-like behavior seen in

experimental models of myocardial infarction when

administered before ischemia or 5 minutes after reperfusion

(Gilbert et al., 2014). In the FST, there was a statistically

significant relationship between infarct size, and immobility

time (Gilbert et al., 2014). After myocardial infarction,

inflammation is indeed well-documented, especially in the first

hours of reperfusion (Sharma and Das, 1997; Nah and Rhee,

2009). Therefore, the anti-inflammatory effect may be the reason

for its antidepressant-like function.

Krill oil
Antarctic krill (Euphausia superba), a zooplankton that

resembles shrimp and is rich in EPA, DHA, and astaxanthin,

is used to produce krill oil (Wibrand et al., 2013). The

conditioned Light Extinction Test (CLET) - induced

depressive-like behavior in the FST was reduced in rats after

7 weeks of krill oil administration. Additionally, krill oil reduced

depressive-like behaviors by modifying the expression levels of

synaptic plasticity-related genes in the prefrontal cortex and

hippocampus (Wibrand et al., 2013). Moreover, krill oil

supplementation in mice ameliorated chronic unpredictable

mild stress (CUMS)-induced depressive-like behaviors by

prompting the metabolism of glycerophospholipids and

sphingolipids through regulation of differentially expressed

genes mainly enriched in the membrane structures and

neuroactive ligand-receptor interaction pathway (Zhang et al.,

2023). Additionally, Krill oil facilitated fear extinction and

reduced depressive-like behaviors by increasing hippocampal

calcineurin A levels in mice (Alvarez-Ricartes et al., 2018).

5,6-dibromo-N, N-dimethyltryptamine (5,6-
Br-DMT)

5,6-dibromo-N, N-dimethyltryptamine (5,6-Br-DMT) was

isolated as a pale light yellow crystal. The precise mechanism

underlying how 5,6-Br-DMT [20 mg/kg, intraperitoneally, (i.p.)]

ameliorated depressive-like behaviors in the FST and TST in

mice has not been determined. Indole alkaloids related to 5,6-Br-
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DMT have been found to have a strong affinity for 5-HT2

receptors, indicating that their antidepressant effects may be

caused by inhibition of 5-HT reuptake (Hu et al., 2002).

Astaxanthin
The red carotenoid pigment astaxanthin is abundant in

microalgae, salmon, trout, and marine invertebrates (Ávila-

Román et al., 2021). It has numerous pharmacological

properties, such as anti-inflammatory and antioxidant

activities (Wu et al., 2015; Balietti et al., 2016). Trans-

astaxanthin (20–80 mg/kg, p.o.) for 7 days prevented mice

from displaying depressive-like symptoms after being exposed

to LPS (Jiang et al., 2016). Neurochemical analysis showed that

trans-astaxanthin could also reverse LPS-induced overexpression

of IL-1β, IL-6, and TNF-α, and reduce the expression of inducible
nitric oxide synthase (iNOS), neuronal nitric oxide synthase

(nNOS), and COX-2 by modulating the NF-κB pathway

(Jiang et al., 2016). In conclusion, trans-astaxanthin may

produce antidepressant effects through its potent anti-

inflammatory properties (Jiang et al., 2016). Similarly,

administration of astaxanthin (20–80 mg/kg, i.g.) to mice

improved their depressive-like behavior and reduced

immobility time during the FST and TST (Jiang et al., 2017).

Pretreatment with para-chlorophenylalanine (PCPA) (a 5-HT

synthesis inhibitor) abolished the anti-immobility effect of

Astaxanthin in FST and TST, suggesting that the mechanism

of the antidepressant-like effects of Astaxanthin may involve the

5-HT system (Jiang et al., 2017). More importantly, a clinical

trial investigated the effects of Astaxanthin on 28 adults

diagnosed with depression and fatigue. The study also

recruited healthy, active, and non-depressed adults. Subjects

who received 12 mg of Astaxanthin daily for 8 weeks

significantly reduced depression and fatigue, compared to

the group who received a matching placebo (Talbott

et al., 2019).

Natural antidepressants derived from
marine plants

Spirulina
Spirulina is a kind of true filamentous spiral cyanobacteria

protoplasm that has the biological activities of enhancing

immunity, antioxidation, reducing cholesterol levels, and

relieving hyperlipidemia (Kim et al., 2008; Subermaniam et al.,

2021b). Hydrolyzed Spirulina by malted barley reduces

immobility time on FST in mice and increases serum blood

urea nitrogen (BUN) and LDH levels (Kim et al., 2008).

Moreover, Spirulina improved adolescent stress-induced

anxiety and depressive-like symptoms via oxidative stress and

alterations in prefrontal cortex BDNF and 5HT-3 receptors in

female rats (Moradi-Kor et al., 2020). The specific mechanism

needs to be further explored.

Neoechinulin A
Aspergillus amstelodami yielded Neoechinulin A, an

isoprenyl indole alkaloid with antioxidant, anti-tumor, and

anti-apoptotic properties from Aspergillus fumigatus

MR2012 from the Red Sea. Neoechinulin A [300 ng/kg,

Intracerebroventricularly, (i.c.v.)] significantly ameliorated

memory decline caused by LPS and restored immobility time

in the FST in mice. This effect may be due to modulation of the 5-

HT system by direct or indirect action on the 5-HT1A receptor

(Sasaki-Hamada et al., 2016).

Zeaxanthin
Zeaxanthin, a yellow-orange xanthophyll, has been extracted

from the cyanobacteria Synechocystis sp. and Microcystis

aeruginosa and the microalgae Nannochloropsis oculate (Lee

et al., 2006; Wojtasiewicz and Stoń-Egiert, 2016). Daily oral

zeaxanthin administration from weeks 6–19 could reduce

depressive-like behaviors in the OFT and FST of diabetic rats.

Zeaxanthin administration could also reduce IL-6, IL-1, and

TNF-α overproduction, indicating that it has anti-

inflammatory characteristics that help minimize depressive-

like behaviors in diabetic rats (Zhou et al., 2018a).

Fucoxanthin
Fucoxanthin, a natural carotenoid, is abundant in edible

brown seaweed and has been shown to have excellent

antioxidant, anti-inflammatory, and anti-diabetic effects

(Méresse et al., 2020; Bustamam et al., 2021). In the FST and

TST of mice, fucoxanthin (200 mg/kg, i.g.) significantly reversed

LPS-induced depressive-like behaviors (Jiang et al., 2019).

Biochemical analysis showed that Fucoxanthin could inhibit

LPS-induced overexpression of IL-1β, IL-6, TNF-α, iNOS, and
COX-2 in the hippocampus, frontal cortex, and hypothalamus by

regulating the AMPK-NF-κB signaling pathway (Jiang

et al., 2019).

Lutein
Lutein, orange-yellow, is mainly found in microalgae and

Chlorella vulgaris (Jalali Jivan and Abbasi, 2019; Wang et al.,

2020), and has neuroprotective effects (Stringham et al., 2019). In

the TST, OFT, and Splash test (ST), lutein (10 mg/kg, p.o.)

administered once daily for 7 or 21 days significantly reversed

corticosterone-induced depressive-like behaviors. This suggests

that Lutein may regulate the HPA to exert neuroprotective effects

by reducing the level of glucocorticoids (Zeni et al., 2019).

β-Carotene
β-Carotene has been extracted mainly from the microalga

Dunaliella salina (Han et al., 2019). β-Carotene has also been

shown to be a potent inhibitor of oxidative stress and

inflammation (Zhou et al., 2018b). Oral administration of β-
carotene once daily for 28 days significantly reduced immobility

time during the FST in mice (Kim et al., 2016). When compared
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to the control group, β-Carotene significantly reduced the levels

of TNF-α and IL-6, and increased the levels of BDNF and pERK

(Kim et al., 2016).

Total sterols and β-sitosterol
Total Sterols and β-sitosterol have been extracted from

Sargassum horneri, a brown seaweed found in the

Northwestern Pacific Ocean and adjacent seas of Korea,

Japan, and China (Zhao et al., 2016). Total steroids and β-
sitosterol have been used to treat scrofula, gall, goiter, and

edema (Shao et al., 2014; Shao et al., 2015). In both the FST

and TST, mice who received total sterols (100–200 mg/kg, p.o.)

and β-sitosterol (10–30 mg/kg, i.p.) had significantly shorter

immobility times. Additionally, NE, 5-HT, and the metabolite

of 5-Hydroxyindoleacetic acid (5-HIAA) were all considerably

elevated by total sterols and β-sitosterol in the mouse brain,

suggesting that these neurotransmitters may be involved in

mediating the antidepressant-like function (Zhao et al., 2016).

Fucoidan
Fucoidan is a bioactive sulfated polysaccharide abundant in

brown seaweed with anti-inflammatory activity (Li et al., 2017).

Fucoidan (50–100 mg/kg, p.o.) significantly attenuated LPS and

chronic restraint stress (CRS) induced depressive-like behaviors

in the TST and FST in mice (Li et al., 2020). Fucoidan also

reduced the downregulation of BDNF-dependent synaptic

plasticity in the mouse hippocampus and decreased caspase-1-

mediated inflammation (Li et al., 2020). Furthermore, blocking

BDNF abolished the antidepressant-like effects of fucoidan in

mice, indicating that fucoidan ameliorates depression by

inhibiting inflammation and modulating synaptic plasticity (Li

et al., 2020).

Fucosterol
Fucosterol is a bioactive compound belonging to the sterol

group that can be isolated from algae, seaweed and diatoms

(Meinita et al., 2021). Fucosterol exhibits various biological

activities including anticancer, anti-inflammatory, anti-

neurological, and antioxidant characteristics (Lee et al., 2003;

Jung et al., 2013; Gan et al., 2019). Fucosterol (10–40 mg/kg, i.p.)

significantly shortened the immobility time in the FST and TST

of mice. The expression of NE and 5-HT was strongly

upregulated by fucosterol in the mouse brain, suggesting that

fucosterol may act via these neurotransmitters (Zhen et al., 2015).

Alternanthera philoxeroides
Alternanthera philoxeroides is a true puree of filamentous,

spiral-shaped, blue-green freshwater microalgae (Kim et al.,

2008). The crude ethanolic extract of A. philoxeroides

(250–500 mg/kg, p.o. once daily for 8 weeks) significantly

ameliorated antidepressant-like behaviors in the FST and TST

of ovariectomized mice (Khamphukdee et al., 2018).

Additionally, it was discovered that the crude extract

controlled the levels of BDNF in the frontal cortex and

hippocampus. In addition, the crude ethanol extract of A.

philoxeroides was found to inhibit both MAO-A and MAO-B

with IC50 values of 252.9 and 90.69 μg/mL, respectively. These

findings suggest that the antidepressant effect of the A.

philoxeroides extract may be involved in regulating synaptic

plasticity and inhibiting MAO activity (Khamphukdee

et al., 2018).

Botryococcus braunii
Botryococcus braunii is a pyramid-shaped green colonial

microalga that contains triterpenes (Cheng et al., 2019). Daily

administration of B. braunii ethanol extract (100 mg/kg, for

14 days, p.o.) ameliorated depressive-like behaviors with

decreased immobility in the FST (Sasaki et al., 2017). The

administration of B. braunii ethanol extract induced

upregulation of gene expression associated with energy

metabolism (polyribonucleotide nucleotidyltransferase 1/

PNPT1), dopamine production (arginine/serine-rich coiled-

coil 1/SRC1), and neurogenesis (short stature homeobox 2/

SHOX2, paired-like homeodomain transcription factor 2/

PITX2, teashirt zinc finger family member 1/TSHZ1, LIM

homeobox 9/LHX9). In addition, the expression of BDNF,

tyrosine 3-monooxygenase (TH), and pyruvate carboxylase

(PC) was also upregulated (Sasaki et al., 2017). The

antidepressant effect of B. braunii in animal models of

depression is mediated by enhancing energy promotion,

neurogenesis, and dopamine synthesis in the brain.

Padina australis
Padina australis is a species of brown macroalgae belonging

to the class Phaeophyceae (Subermaniam et al., 2021a). P.

australis has been reported to possess numerous biological

activities including antioxidant, anti-neuroinflammatory, and

anti-acetylcholinesterase properties (Gany et al., 2014).

pretreatment with P. australis (0.25 mg/mL) attenuated high-

dose corticosterone-mediated oxidative damage in a PC12 cell

model mimicking depression (Subermaniam et al., 2020). P.

australis reversed the effects of corticosterone, which

decreased cell viability, glutathione levels, aconitase activity,

and mitochondrial membrane potential while increasing the

release of lactate dehydrogenase. This finding indicates that P.

australis could be developed as a mitochondria-targeted

antioxidant to mitigate antidepressant-like effects

(Subermaniam et al., 2020).

Ulva species
Ulva species are green macroalgae found in marine, fresh, and

brackish waters. U. species are widely distributed throughout the

world with 18 species identified in Japan (Shimada et al., 2008).

Acute and subchronic oral toxicity studies showed that

10–40 mg/kg body weight/day of hydrophilic extract of U.

species for 14 days significantly reduced the immobility time
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in the FST in rats (Violle et al., 2018).U. species have the potential

to be a useful supplement or replacement for currently prescribed

antidepressants. Further studies are necessary to confirm the

mechanism of action of MSP and its modulation of brain

function (Violle et al., 2018).

Chlorella vulgaris
Chlorella vulgaris is a unicellular green microalgae with many

pharmacological properties that include antioxidant, anti-

inflammatory, antihypertensive, detoxifying, and anti-

atherosclerotic effects (Panahi et al., 2012a; Panahi et al.,

2012b). A clinical trial investigated the effects of C. vulgaris

Beijerinck on 92 patients with major depression. 42 patients were

assigned to adjuvant therapy with C. vulgaris, while 50 patients

received standard antidepressant therapy. Participants in the C.

vulgaris intervention group received six 300 mg tablets per day

for 6 weeks, and the intervention group showed improvements in

somatic and cognitive symptoms of depression and anxiety

(Panahi et al., 2015).

Current regulatory situation and
commercialization of MNPs

MNPs are the source of modern marine pharmaceuticals.

The study of MNPs, which originated in the 1930 s, can be

regarded as the starting point of modern marine drug research.

So far, about 33,200 new MNPs have been reported. Based on

these new MNPs, the FDA has approved eight marine drugs,

i.e., Cefalotin, Alexan, Zikonotide, Omega-3 fatty acid ethyl ester,

Ericline mesylate, Brentuximab vedotin, and Trabectedin.

Research on MNPs in China began in the 1970 s. In China,

the first Marine Pharmaceutical Symposium was held in 1979. In

1982, the journal “Chinese Marine Drugs” was founded. In 1985,

the first marine polysaccharide new drug, alginate diester sodium

(for cardiovascular disease), was successfully developed and

approved for marketing in China in 1990. In view of the

unique structure and significant activity of MNPs, the

Ministry of Science and Technology launched the Marine

“863” Science and Technology Project (“863” Marine

Biotechnology Research Program) in 1996. The National

Natural Science Foundation of China also separated marine

drugs from medicinal chemistry and funded them separately

in 2008. These initiatives have greatly promoted the development

of marine natural products in China and trained a group of

excellent marine drug researchers. So far, about 6,700 newMNPs

have been found in China, accounting for approximately 20% of

the world’s new MNPs.

Discussion

With the continuous development of modern society, the

incidence of depression is increasing, but the existing

antidepressant drugs are not effective enough to meet the

clinical needs. Therefore, the need for novel, effective

antidepressant treatments is critical. In total, 95% of

biodiversity and 71% of the Earth’s surface are in the oceans

(Haefner, 2003; Sagar et al., 2010). The physical and chemical

conditions of the ocean provide marine organisms with unique

active compounds that offer new possibilities for the

development of new drugs. The data presented in this review

shows the great value of MNPs and their derivatives in the

prevention and treatment of depression, demonstrating the

potential of MNPs as a promising source of antidepressant

drugs. Through a variety of processes, such as the modulation

of neurotransmitter systems, synaptic plasticity, anti-inflammatory

qualities, and the modulation of HPA function, these MNPs

exhibit antidepressant properties. However, most of the current

efficacy of MNPs and derivatives in the treatment of depression is

based on data from in vitro and in vivo studies, and a large number

of clinical studies are still needed to prove their safety and efficacy,

which will help to develop promising new medicines. With the in-

depth exploration of marine organisms by mankind, an increasing

number of new compounds will be continuously extracted and

isolated from marine organisms, which will bring new impetus to

the treatment of depression, a disease that plagues the world.
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Mutation in the VEGF gene disturbs the production of 
chondrocytes and angiogenesis which are essential for 
cartilage health. Cytokines and chemokines produced by 
auto-activation of B-cells degrade cartilage. Bruton’s Ty-
rosine Kinase (BTK) plays a crucial role in the activation 
of these B-cells. VEGF has a central part in angiogenesis, 
in the recruitment of endothelial cells, and is involved in 
mechanisms that result in tumour formation. The objec-
tive of this research is to investigate the potential role 
of VEGF polymorphism in the development of Rheuma-
toid Arthritis (RA) and the screening of potential natural, 
synthetic BTK inhibitor compounds as possible in-silico 
chemotherapeutic agents to control auto-activation of 
B-cells and cartilage degrading cytokines. In this study, 
it had been shown that allele A frequency was signifi-
cantly higher than that of allele C in RA-positive patients 
as compared to controls. Hence it depicts that allele A of 
VEGF (rs699947) can increase the risk of RA while allele C 
has a protective role. The phytochemicals which showed 
maximum binding affinity at the inhibitory site of BTK 
include beta boswellic acid, tanshinone, and baicalin. 
These phytochemicals as BTK inhibitor give insights to 
use them as anti-arthritic compounds by nanoparticle 
drug delivery mechanism.
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INTRODUCTION

Rheumatoid Arthritis is an inflammatory auto-immune 
disorder of joints (van Delft & Huizinga, 2020). The 
inflammatory process enhances as new blood vessels 
originate and supply different growth factors, oxygen,and 
cytokines to the cells which leads to the development 
of irregular fibrous tissues and ultimately causesthe de-
struction of joints (Nakkala et al., 2021). A ratio of 1:3 
between male and female susceptibility can be seen in 
previous studies. The worldwide prevalence of RA is 
0.5–1% depending on geographical changes. The stud-

ies conducted in Pakistan and India represent the RA 
prevalence as 0.5% and 0.2–1% respectively (Bahari 
et al., 2021). Population diversity is responsible for the 
higher prevalence of RA in India (Otón & Carmona, 
2019). There are some influential factors of RA that play 
a significant role in the susceptibility of RA like genetic 
factors and environmental factors. Almost 60% of the 
susceptibility is caused due to genetic factors. Although 
further studies are required to explain the role of envi-
ronmental factors in the onset of RA, however, it is re-
ported that smoking, dietary contents, micro-organisms, 
and silica exposure have a detrimental effect and they 
can also exacerbate the condition of RA patients (Gane-
san et al., 2020). Dietary contents may also have a role 
in the severity of the disease. The majority of patients 
claimed that eating foods like dairy, red meat, green leafy 
vegetables, etc. made their medical state worse. Red meat 
contains high amounts of protein and fats whichenhance 
the pro-inflammatory process resulting in increasedse-
verity of the disease in patients with RA (Karami et al., 
2019).

There are evidence and studies which support that 
many autoimmune ailments like rheumatoid arthritis 
along with systemic lupus erythematosus (SLE) and mul-
tiple sclerosis are linked with the VEGF gene (Martins 
& Fonseca, 2019). VEGF gene has eight exons with 
alternate splicing, and it is present on chromosome 6p 
12. During embryonic developmental stages, the multi-
plication and migration of endothelial cells are induced 
by VEGF, and have crucial involvement in tumour de-
velopment, angiogenesis, and wound healing (Jutley et al., 
2017). In the synovial fluid of obstructed joints of RA 
patient, enhanced expression of VEGF is observed. The 
enhanced expression also results in inflammation, chang-
es in joints, and different pathological conditions in pa-
tients along with angiogenesis. The severity of the disor-
der or disease can be determined by the VEGF level in 
the serum of patients. An elevated level of VEGF has 
been recorded in patients suffering from RA as com-
pared to controls (healthy individuals) and osteoarthritis 
patients (Philippou et al., 2021). SNPs that are known 
and also illustrate a significant role in the expression of 
VEGF proteins are VEGF-2578 A/C (rs 699947), +405 
G/C, –460 C/T +936 C/T (Aterido et al., 2017). Ac-
cording to a study in Korea, an association is seen be-
tween VEGF SNPs and RA (Qindeel et al., 2020). 
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Although VEGF is very significant to proliferate car-
tilage and bone cells but in RA auto-activation of B-cells 
produces chemicals that damage these cells so, this auto-
activity of the B-cells must be controlled (Goswami et 
al., 2022). Their activation is mediated by a regulatory 
protein Burton’s Tyrosine Kinase. This protein stimu-
lates B-cells to produce cytokines and chemokines. In a 
healthy individual, synoviocytes produce lubrication and 
nutrition for the surrounding cartilage tissue, and the 
synovium has a minimal number of cellular infiltrates. In 
RA, B-cells infiltrate the synovium and release cytokines, 
chemokines, and enzymes that promote joint deteriora-
tion and inflammation (Wang et al., 2021). It causes the 
synovium to enlarge, causing synoviocyte production 
and inflammatory cell penetration to form a pannus that 
eventually invades the nearby bone and cartilage. B-cell 
receptor-dependent cell proliferation is inhibited by BTK 
inhibition, which ultimately results in a decrease in in-
flammatory cytokines. Targeting the BTK’s activity may 
therefore result in the loss of B cell signaling, which in 
turn may open up a treatment option for RA. The cy-
toplasmic, non-receptor tyrosine kinase BTK transmits 
signals via numerous cell surface molecules. All hemat-
opoietic cell types, except for T, NK, and plasma cells, 
express it (Miao et al., 2020). BTK communicates with 
chemokine receptors, Fc receptors, Toll-like receptors, B 
cells receptors, CD40, and B cells receptors. These acti-
vated proteins damage tissues, especially joints. A high 
level of BTK causes autoimmunity while a low level of 
BTK helps in improving autoimmune diseases like RA 
(De Vries et al., 2019). The abnormal activity of BTK 
might be ceased via various inhibitor synthetic as well as 
natural bioactive compounds. The core aim of this study 
was to find out VEGF SNP in the Pakistani population 
and possible chemotherapeutic drugs. 

METHODOLOGY

Sampling

Samples of blood from 100 healthy individuals (con-
trols) and 100 RA patients who were positive for Rheu-
matoid Factor were collected from two major cities of 
Pakistan. These blood samples were collected from 
D.H.Q Hospital Toba Tek Singh, Sheikh Zaid Hospi-
tal, Lahore, and Fatima Memorial Hospital Lahore. The 
participant’s approval was taken on an informed consent 
form and their disease history was recorded on a Per-
forma (covered all aspects related to disease and the risk 
factors associated with RA). Afterwards the experimen-
tal work was carried out at the Institute of Microbiology 
and Molecular Genetics of the University of the Punjab, 
Lahore-Pakistan. 

IRB approval

The ethical approval for this research study was grant-
ed by Departmental Research Ethics and Biosafety Com-
mittee under the issuance certificate D/2302/MMG, 
dated 6-12-2019.

DNA Isolation and Amplification

The fast DNA extraction method makes it simpler 
to extract DNA from blood and produces a significant 
volume of non-degraded DNA. The application of tri-
ton X-100 prevents DNA degradation (Shahraki et al., 
2022). MgCl2 acts as a buffering agent in the red blood 
cell lysis buffer, whereas EDTA acts as a chelating agent, 

stops DNA deterioration, and concentrates DNA. Nu-
clear lysis buffer and red cell lysis buffer both lysed red 
blood cells, break the nuclear wall and release the nu-
clear material inside. SDS was added to the lysis buffer 
to solubilize proteins and lipids, and chloroform was 
used to breakdown proteins and purify DNA. Chloro-
form was used to separate the organic phase from the 
aqueous phase while maintaining DNA protection in 
the latter. The precipitation of DNA was accomplished 
using ethanol. The first procedure involved transferring 
500 µl of blood into an Eppendorf tube and then adding 
1000  µl of RBC lysis buffer. The Eppendorf was centri-
fuged for 2 minutes at 7000 rpm(revolutions per minute) 
after being lightly inverted or gently shaken. After that, 
the supernatant was removed, and the Eppendorf tube 
containing the pellet received another 1000 µl addition 
of RBCs lysis buffer. Once more, the particle was cen-
trifuged at 7000 rpm for 2 minutes, three to four times, 
until the haemoglobin was eliminated. After RBC lysis 
buffer was added, the tube was vortexed to break up the 
pellet and remove the haemoglobin, revealing that the 
particle exclusively contained WBCs. The tube was then 
positioned downward on the tissue paper for a brief pe-
riod of time. The Eppendorf tube was then filled with 
600  µl of chloroform (kept at 4°C), 400 µl of nucleic 
lysis buffer, 100 µl of NaCl, and 400 µl of lysis buffer 
(kept at 4°C). After that, centrifugation took place for 
two minutes at 7000 rpm. The result was two phases, 
an organic phase and an aqueous phase, separated by 
a layer. Then, 800 µl of 100% ethanol (pre-chilled and 
maintained at –20oC) was added to the Eppendorf tube 
containing the supernatant after 400 µl of the superna-
tant had been emptied into another Eppendorf tube. Af-
ter the vortex, the DNA manifested itself in the aqueous 
phase as a white thread-like structure. The tube was cen-
trifuged at 12000 rpm for one minute, the supernatant 
was removed, and the tube was dried at room tempera-
ture (on tissue paper). After adding 100 µl of T.E. buff-
er, the tube was vortexed. The DNA-filled Eppendorf 
tube was then kept at –20°C. The stock solution for the 
primers was created using a 1:10 ratio.

	– Forward inner primer (A allele) “GCCAGCTGTAGGC-
CAGACCCTGGT”

	– Reverse inner primer (C allele) “TCAGTCTGATTATC-
CACCCAGACCG”

	– Forward outer primer “GTGCACGAATGATGGAAAGG-
GAGG”

	– Reverse outer primer “CCCCATCCCATTCTTGCAT-
ATAGG”

50  µl were used to conduct the PCR reaction. For-
ward and reverse primers, genomic DNA, 10 µl of nu-
clease-free water, and 25 µl of the master mix were all 
added. The DNA strand was first denaturized at 95°C 
for 5 minutes, and then it was finally denaturized at 95°C 
for 30 seconds. For rs699947, the DNA strand was an-
nealed at 67.3°C for 30 seconds, extended at 72°C for 
1 minute, and finally extended for 5 minutes at 72°C. 
The PCR was run for 30 cycles. The PCR products had 
lengths of 183 bp and 299 bp for rs 699947 and were 
kept at a temperature of 4oC. On electrophoresis on 
1.3% agarose gel, the amplified products were seen. The 
size of the PCR products was measured using Thermo 
Scientific’s quick ruler low-range DNA ladder (SM1103).

In-Silico Screening of BTK Inhibitor Chemicals

Plants have a variety of bioactive compounds that can 
block the activity of BTK to control the auto-activation 
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of the B-cell, chemokines, and cytokines. Screening 
of these phytochemicals has been done by using com-
putational tools and online databases. To avoid a huge 
number of resources, funding, and wastage of time to 
sort out a particular chemical as a BTK inhibitor, in-sil-
ico screening is the best approach to screen out target 
bioactive chemicals. The target protein BTK was found 
in PDB to have a 3D structure (ID-6J6M). Using Py-
Mol (version 2.5.2), water molecules and already-bound 
ligands were removed (Hari, 2017). Target ligand in-
formation was gathered from a variety of sources, and 
3D ligand structures were acquired in SDF format from 
online chemical databases like Zinc 15, PubChem, and 
CHEMBL database. Then, using Swiss ADME and Li-
pinski’s Rule of Five, the ligands’ drug resemblance was 
evaluated. Online SMILES Translator (nih.gov) was used 
to convert the SDF format of the ligands to the PDB 
format, and Auto Dock Vina (version 1.5.7) was used to 
convert the PDB to the PDBQT format and then dock-
ing by using the command prompt (Samdani & Vetrivel, 
2018).

RESULTS

Patients were diagnosed according to the criteria de-
fined  AmericanCollege of Rheumatology (ACR) in 
2010. Among those 100 patients, males were only 33% 
while females constitute a major proportion (67%) of 

the study. The common symptoms in RA patients, 
whose blood samples were used, found morning stiffness 
(82%), tenderness in the joints (78%), fatigue (25%), se-
vere pain in joints (85%), fever (20%), and joint Swelling 
(63%) (Fig. 1) (Ganesan et al., 2020). The risk factors as-
sociated with RA were genetic disorder (9%), smoking 
(7%), diet (33%), hormonal changes (17%), other infec-
tious diseases (6%), and no response (28%) (Fig. 2). 

Single Nucleotide Polymorphism in DNA due to ex-
trinsic or intrinsic factors has both deleterious and ben-
eficial effects depending on its nature. In this study, a 
base change in the VEGF gene in different populations 
showed significant results in the progression of rheu-
matoid arthritis. In Table 1, a possible linkage between 
VEGF polymorphism with RA disease activity was ana-
lyzed based on the demographic and clinical condition 
of the patients. The alleles of the VEGF gene were cor-
related with disease duration, rheumatoid factor, age of 
patients and C-reactive protein level.

The appearance of 183bp DNA bands on agarose 
gel electrophoresis indicated A allele (Fig. 3) and 299bp 
DNA bands represented C allele (Fig. 4), and the DNA 
ladder used was Fermantas SM1103. In VEGF, C allele 
functions as a major allele and A allele as a minor allele. 
The frequencies of genotype and allele were consider-
ably different in patients and controls. The percentage of 
AA genotype in RA patients and in controls was 71% 
and 39% respectively. However, the percentage of CC 

Table 1. The laboratory parameters and disease activity in association with VEGF

Parameters
AA CA + CC

P
N Median (IQR) N Median (IQR)

Age (Years) 71  47 (20–60) 29 45 (20–60) 0.014*

Duration of Disease (Years) 63 7 (6 months – 15 Years) 24 7 (6 months – 15 Years) 0

CRP (mg/L) 47 12 (6–30) 25 14 (6–34) 0.049*

Number of Tender Joints 56 5 (2–9) 22 7 (2–11) 0.105

Number of Swollen Joints 51 3 (0–5) 18 2 (0 –8) 0.126

ESR (mm/h) 23 34 (18–50) 28 23 (16–48) 0.121

 
AA CA + CC

P
N n (%) N n (%)

Anti – Cyclic Citrullinated Peptide Antibody (CCP) 54 30 (55%) 25 14 (56%) 0.222

RF Presence 71 71 (100%) 29 27 (93%) 0.269

*P<0.05, Significant; P>0.05, non-Significant

Figure 1. Symptoms reported by Rheumatoid Arthritis
Figure 2. Risk factors involved in progression in RA patients
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genotype in RA patients and control was 23% and 52% 
respectively. 

Moreover, in heterogeneous conditions where both 
alleles (A and C) were present, the percentage of AC 
genetic constitution in patients and controls was 06% 
and 09% respectively. Hence, the above data endorsed 
that VEGF A/C polymorphism hasa role in association 
with the risk of rheumatoid arthritis. Table 2 and Table 
3 revealed different frequencies of genotypes and fre-
quencies of alleles in controls and patients. Our find-
ings suggested that the AA genotype of VEGF was 
observed considerably higher in RA patients but lower 

in healthy individuals that depicted the role of SNPs in 
the severity of RA.

The chi-square test was done by keeping a degree of 
freedom (df) value 2, the p-value was 0.034 which is less 
than 0.05, and the regression value was 0.461. All these 
values showed that the VEGF gene SNP has a signifi-
cant influence on rheumatoid arthritis progression.

Bioactive Compounds to Inhibit BTK Activity

Plants have a variety of bioactive compounds capable 
of curing rheumatoid arthritis. These compounds can be 
screened out in-silico by using different computational 
tools. The results of docked compounds have been giv-
en in Tables 4 and 5 showing binding affinities to block 
BTK. Protein-ligands docking was done by targeting 
THR 474, GLU 475, MET 477, and CYS 481 residues 
of BTK. The results were observed in PyMol (Version: 
2.5.2) and noted binding affinities in KJ/mol shown in 
Fig. 5. The Pleckstrin homology (PH) domain, the Tec 
homology (TH) domain, the Src homology (SH3) do-
main, the SH2 domain, and the C-terminal region con-
taining kinase activity are the five sections that make up 
BTK, according to its structures. BTK inhibitors can 
be divided into two categories based on how they bind 
to BTK and how their chemical scaffold structures and 
mechanisms of action. The amino acid residue CYS 481 
in the ATP-binding region of BTK is a covalently bond-
ed target for irreversible BTK inhibitors (Wang et al., 
2021). The other class of BTK inhibitors are reversible 
inhibitors, which bind to an inactive form of the kinase 
by accessing the particular SH3 pocket of BTK. In order 
to treat RA, phytochemicals are delivered as drugs via 
nanoparticles, acting as a BTK inhibitor (Fig. 6). 

DISCUSSION

The VEGF gene has a prominent role in the onset 
of many other autoimmune diseases. There are almost 
thirteen studies that depict the evidence that VEGF was 
higher in RA patients in contrast to healthy individu-
als, and hence are in favour of an association between 
RA and the VEGF gene. But contrary to that there are 
also many studies that deny this and report no associa-
tion among VEGF and the risk of RA like + 936 T/C, 
VEGF-634 C/G, -1154 A/G and –2578 A/C polymor-
phisms have no relation with RA. In another study, a 
significant association was observed between VEGF (rs 
699947) SNPs and RA (Paradowska-Gorycka et al., 2016).  
The studies show a relationship between the VEGF 
gene and RA in terms of severity along with overlap-

Figure 3. Amplified DNA band of our interest (183bp) shown un-
der the UV Illuminator

Figure 4. Amplified DNA band of our interest (299bp) shown un-
der the UV Illuminator

Table 2. Genotypes and Allele frequencies of VEGF C/A polymorphism

Gene mutation Genotypes Genotype frequency  
cases (n=100)

Genotype frequency 
controls (n=100) Alleles Allele frequency  

cases (n=100)
Allele frequency  
controls (n=100)

VEGF
rs699947

CC 23 52 C 52 113

AA 71 39 A 148 87

CA 06 09

Table 3. Analysis of the VEGF gene SNP rs699947 by Chi-square test

Subjects Homozygous
CC

Heterozygous
CA

Homozygous
AA Total χ2

df = 2 p-value Regression

Cases 23 06 71 100
23.32 0.034 0.461a

Controls 52 09 39 100
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ping of various other disease parameters i.e., activity of 
disease, functional disability, and joint damage. The main 
objective behind this work was to access the risk of sin-
gle nucleotide polymorphism of the VEGF gene in RA 
patients. Two alleles A and C were studied, and their 
frequency was determined. It had been shown that allele 
A frequency was significantly higher than that of allele 
C in RA-positive patients. On the other hand, controls 
have more frequency of allele C as compared to allele A. 
Hence it depicts that allele C plays a minor role in the 

risk or severity of the RA disease. Recent studies also 
indicated that allele A of VEGF (rs699947) can increase 
the risk of RA; however, only a protective role is seen 
in the case of allele C (Saravani et al., 2019). A low level 
of VEGF is due to allele A and its genotype AA can 
be its risk factor. While in the case of atherosclerosis, 
allele C has a protective effect. A relationship has been 
observed between low serum level and the AA genotype 
of VEGF in RA patients, as illustrated by a cohort study 
of 419 patients (Laurindo et al., 2022). Similarly, another 

Table 4. Potential Phytochemicals Inhibitors of Burton’s Kinase (BTK)

Sr. No Compound name Binding affinity (KJ/mol) Configuration

BETA-BOSWELLIC-ACID –8.4 ASN 479 (CN-OH,3.1)

TANSHINONE –8.3 MET 477 (CO-OH,3.0)
ALA 478 (CO-OH,3.4)

BAICALIN –8.2
CYS 481 (CN-OH,2.9)
ASN 479 (CN-OH,2.3)
ASN 484 (CN-OH,3.1)

BERBERASTINE –8.1 MET 477 (CN-OH,3.2)

APIGENIN –7.8
MET 477 (CN-OH,3.3)
ASN 484 (CN-OH,2.9)
THR 410 (CN-OH,3.1)

6-DEOXYJACAREUBIN –7.8
LYS   430 (CN-OH,3.3)
MET 477 (CN-OH,3.2)
MET 477 (CO-OH,2.4)

(-)-ALPHA-BISABOLOL -6.3 LYS 430 (CN-OH,3.0)

QUERCETIN –7.6

MET 477 (CN-OH,3.0)
MET 477 (CN-OH,3.2)
MET 477 (CN-OH,2.4)
THR 474 (CO-OH,2.9)
THR 410 (CN-OH,3.1)

 SPEBRUTINIB –7.5 ASN 484 (CN-CO,3.0)
MET 477 (CO-NH,2.5)

CEPHARANOLINE –7.4 CYS 481 (CN-OH,3.1)
THR 410 (CO-OH,2.1)

Table 5. Synthetic BTK Inhibitors

Sr. No.         Phytochemical Binding Energy (kJ/mol) Configurations
(PyMol)

       1. RN-486 –7.9
CYS 481 (CN-CO,3.0)
LYS 430 (CN-OH,3.1)
ASN 479 (CO-OH,3.2)

2. BARICITINIB –7.6
MET 477 (CO-NH,3.5)
MET 477 (CO-NH,2.5)
THR 410 (CO-SO,3.1)

3.  SPEBRUTINIB –7.5 ASN 484 (CN-CO,3.0)
MET 477 (CO-NH,2.5)

4. FENEBRUTINIB –7.0 MET 477 (CN-OH,3.1)
MET 477 (CO-OH,2.7)

5. IBRUTINIB -7.3 MET 477 (CO-NH,3.2)
LEU 408 (CO-NH,3.5)

6.  SPEBRUTINIB –7.5 ASN 484 (CN-CO,3.0)
MET 477 (CO-NH,2.5)

7.  TIRABRUTINIB –6.9 ASN 484 (CN-OH,3.4)

8. UPADACITINIB –5.8 ASN 484 (CN-CO,3.3)

9. ZANUBRUTINIB –6.5 CYS 481 (CN-CO,3.5)
LYS 430 (CN-OH,3.1)

10. ACALABRUTINIB –5.0 GLU 488 (CO-CO,2.8)
ALA 478 (CO-NH,3.5)
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research study elucidates that functional polymorphism 
of VEGF (A/C) may increase the risk of RA in older 
and Anti-Citrullinated Peptide Antibody negative patients 
(Arleevskaya et al., 2021). There are some other factors 
that may be involved in the progression of RA like auto-
activation of BTK protein, age, and CRP (Alam et al., 
2017).

Rheumatoid arthritis is a multifactorial joint disorder, 
and VEGF SNP is one of those factors at a genetic level 
and abnormally activated BTK protein is another one. 
Only we found that mutation in this gene causes distur-
bance in angiogenesis proliferation and cartilage repair 
which is the major possible effect of a mutated VEGF 
gene. On the other hand, targeting the BTK protein is 
a phenotypic therapeutic approach which is involved in 
the destruction of joint lining. So, it is better to cease 
the damaging effects of this abnormally activated BTK 
protein to protect the remaining joints’ assets. The effect 
of SNP on the VEGF product protein is the formation 
of abnormal heparin-binding protein which does not in-
volve in repairing the cartilage and in the proliferation of 
new blood vessels (Huang and Wang, 2020).

Tanshinone showed binding affinity -8.3 (kJ/mol) at 
MET 477 (CO-OH,3.0), and ALA 478 (CO-OH,3.4). 
This chemical is extracted from red sage or commonly 
known as behmansurkh which is a root of Salvia miltior-
rhiza and belongs to the Labiatae family of plant king-
dom native to China and Japan (Li et al., 2021). For 
2000 years ago in China, it is also being used to treat 
cardiovascular and cerebrovascular disorders, functions 
of blood flowing into the heart and liver by removing 
blood stasis according to Traditional Chinese Medicine 
(TCM) (Deng et al., 2019). 

Baicalin showed binding energy of -8.2 (kJ/mol) at 
CYS 481 (CN-OH,2.9), ASN 479 (CN-OH,2.3), ASN 
484 (CN-OH,3.1) residues. It is a flavonoid phytochemi-
cal obtained from the root of Scutellaria baicalensis belong-
ing to the mint family of flowering plants. This plant is 
commonly known as Chinese Skullcap or Huangqin. It 
has powerful antioxidant properties greater than ascor-

bic acid which can scavenge toxic free radicals like su-
peroxide ion, hydroxyl ion, hydroquinone, and polycyclic 
aromatic compounds (Shakya et al., 2023). It has anti-
inflammatory, anti-allergic, anti-bacterial, anti-hyperten-
sive, and food condiment (Ma et al., 2021). Berberastine 
showed binding energy of –8.1 (KJ/mol) at MET 477 
(CN-OH,3.2). It is a phytochemical obtained from the 
rhizome of Hydrastis canadensis belonging to the Ranuncu-
laceae family of angiosperm plants. It is utilized as a yel-
low dye, astringent, and insect repellent. Goldenseal con-
tains various alkaloids like hydrastine, berberine, cana-
dine, tetrahydroberberastine and berberastine which have 
great pharmaceutical importance (Brullo et al., 2021).

RN-486 is a synthetic chemical under development 
which showed binding energy of –7.9 (kJ/mol) at CYS 
481 (CN-CO,3.0), LYS 430 (CN-OH,3.1), and ASN 
479 (CO-OH,3.2). It binds directly to CYS 481 amino 
acid to inhibit the enzyme, Bruton’s Tyrosine Kinase. 
RN-486 inhibits inflammation of joints and other sys-
temic inflammation alone or along with methotrexate. 
It potentially inhibits BTK as small molecule disease-
modifying drugs to treat rheumatoid arthritis and other 
auto-immune disorders (Sakthivel and  Habeeb, 2018). It 
is a potent reversible BTK inhibitor. It also blocks the 
signals of BCR to inhibit phosphorylation of both BTK 
and PLC-2 in B-cells. RN-486 shows similar activities in 
both human and rodent models to prevent type I and 
type III hypersensitivity responses effectively (Arneson et 
al., 2021). Ibrutinib is a commercially available synthetic 
drug, but it has some side effects like  diarrhea, upper 
respiratory tract infection, bleeding, fatigue and cardiac 
side effects. But RN-486 is a synthetic and under devel-
opment chemical which has only in-silico trials as com-
pared to phytochemicals which showed more binding af-
finity than RN-486 to inhibit BTK. Moreover, synthetic 
drugs take more time and expense, but phytochemicals 
are ready-made with less or no side effects at the very 
cheapest cost and can be extracted from plants (Aziz 
et al., 2023a; Naveed et al., 2023a; Naveed et al., 2023b; 
Naveed et al., 2023c; Naveed et al., 2022a; Naveed et al., 
2022b).

CONCLUSIONS

From this study, it is concluded that AA and CC were 
the most common genotypes. The allele A of VEGF 
(rs699947) can increase the risk of RA; however, only a 
protective role is seen in the case of allele C. There are 
some possible chemotherapeutic drugs in plants like beta 
boswellic acid, tanshinone, baicalin etc. that can be used 
via nanoparticle drug delivery to cure RA by inhibiting 
BTK, auto-activation of B-cells and cytokines that dam-
age cartilage. There are some limitations of this study in 
that the genetic variability cannot be accessed entirely by 

Figure 5. BTK inhibition interactions with different chemicals; 
(A) BETA-BOSWELLIC ACID, (B) TANSHINONE, (C) BAICALIN, (D) 
BERBERASTINE, (E) RN-486, (F) QUERCETIN

Figure 6. Phytochemicals used via nanoparticle drug delivery as 
BTK inhibitor to cure RA
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the polymorphism on a functional basis because RA is 
an autoimmune and multifactorial disease, and the ge-
nome of the Pakistani population is relatively homog-
enous because of the cousin marriages.
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Circ-POLA2-mediated miR-138-5p/SEMA4C axis affects colon 
cancer cell activities
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This study aimed to investigate the mechanism of circ-
POLA2 in colon cancer (CC). Circ-POLA2, miR-138-5p, 
and SEMA4C levels in CC tissues and cells were recorded. 
The influences mediated by circ-POLA2, miR-138-5p or 
SEMA4C on cell proliferation, migration, invasion, and 
apoptosis were determined. The feedback loop of circ-
POLA2/miR-138-5p/SEMA4C was surveyed. As measured, 
circ-POLA2 and SEMA4C were highly expressed, while 
miR-138-5p was poorly expressed. Meanwhile, circ-PO-
LA2 could mediate SEMA4C through miR-138-5p target-
ing. Circ-POLA2 knockdown caused the blockade for cell 
activities, but this effect was alleviated by miR-138-5p in-
hibition or SEMA4C overexpression. Overall, circ-POLA2 
is tumorigenic for CC through miR-138-5p/SEMA4C axis, 
which may provide a promising molecular target for CC 
therapy.
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INTRODUCTION

More than 1,090,000 new cases of colon cancer (CC) 
are diagnosed annually, of which approximately 50% die 
due to the high rate of metastasis (Siegel et al., 2017; 
Bray et al., 2018). With changes in people’s lifestyle and 
diet, new cases of CC and young patients are increas-
ing year by year (Zheng et al., 2017). Today, the mainstay 
of treatment for CC is segmental or total colectomy fol-
lowed by anastomosis, possibly with the introduction of 
adjuvant chemotherapy if necessary (Benson et al., 2017; 
Sun et al., 2020). However, high recurrence/metasta-
sis rates after surgery have not been effectively solved, 
which is a future direction for CC management.

Circular RNAs (circRNAs) take part in the occur-
rence, development, metastasis and invasion of CC, 
and confer diagnostic and prognostic values (Zhao et 
al., 2019; Han et al., 2021). Indeed, circRNAs are newly 
discovered in a variety of cells (Wang et al., 2022). Cur-
rently, the interaction between circRNAs and miRNAs 
has been a study focus (Lux & Bullinger, 2018). miR-
NAs primarily act on target mRNA 3’UTR and are key 
regulatory roles in CC (Wang et al., 2022; Siciliano et al., 
2013; Hollis et al., 2015). Circ-POLA2, a cancer-associat-
ed circRNA, has been clarified to express abnormally in 

endometrial cancer (Fang et al., 2021), acute myeloid leu-
kemia (Li et al., 2021), cervical squamous cell carcinoma 
(Cao et al., 2020) and lung cancer (Fan et al., 2020). But 
its relationship with CC has not been reported. Through 
multiple bioinformatics tools, miRNA (miR-138-5p) and 
mRNA (SEMA4C) of circ-POLA2 were predicted. miR-
138-5p has been confirmed to have decreased expression 
in colorectal cancer (CRC) and have anti-tumor effects 
(Wei et al., 2021) and SEMA4C has been illustrated to 
promote CC progression (Hung et al., 2022). Based on 
this, circ-POLA2 is likely to competitively upregulate 
SEMA4C by sponging miR-138-5p, thereby participating 
CC. Here, circ-POLA2/miR-138-5p/SEMA4C axis-relat-
ed function and mechanisms were explored, finding new 
insights into CC treatment.

METHODS

Clinical samples

Following Declaration of Helsinki, the study proce-
dures proceeded with approval of the Ethics Committee 
of The First Affiliated Hospital of Baotou Medical Col-
lege, Inner Mongolia University of Science and Technol-
ogy. All patients has informed of the study and signed 
written informed consent. CC tumor tissues and adjacent 
tissues were operationally collected from 40 patients (19 
males and 21 females) and immediately frozen in liquid 
nitrogen. None of patients received preoperative chemo-
therapy or radiotherapy. Patients with other intestinal 
diseases, primary cancers, or organ failure were excluded.

Cell lines and culture

SW480, SW620, HT29, and HCT116 were human CC 
cell lines purchased from ATCC, and NCM460 was nor-
mal human colonic mucosal epithelial cell line provided 
by INCELL Corporation LLC. In a Dulbecco’s modi-
fied Eagle’s medium made of 10% fetal bovine serum 
(Thermo Fisher Scientific, USA), 100 IU/mL penicillin 
(SigmaAldrich, USA), and 100 μg/mL streptomycin (Sig-
ma-Aldrich), the cell lines were maintained.

Cell transfection

Short hairpin RNA (shRNA) stably against circ-
POLA2 (sh-POLA2), circ-POLA2 overexpression (oe-
POLA2), miR-138-5p mimic, miR-138-5p inhibitor, 
pcDNA-SEMA4C, and corresponding controls were 
obtained from RiboBio (Guangzhou, China). After Lipo-
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fectamine 2000 (Invitrogen)-guided transient transfec-
tion, cells were amasses after 24 h.

CCK-8

On the 96-well plates, each well was covered with 
5×103 SW480 cells and added with 10 μL of CCK-8 
solution (Beyotime) after 72 h. The absorbance at 450 
nm was recorded on a microplate reader (Tecan Sunrise, 
Mannedorf, Switzerland) after 4 h.

Clone formation

On the 6-well plates, each well was filled with 1×103 
SW480 cells for 14 d until staining with 1% crystal vio-
let (Corning). The stained colonies were counted using a 
microplate reader (Tecan Sunrise).

Transwell

SW480 cells (2×105) were seeded into upper chambers 
(Corning) containing serum-free medium. Matrigel (BD 
Biosciences, USA) was only coated for testing invasion. 
Fresh medium containing 10% FBS (Thermo Fisher Sci-
entific) in the lower chamber aimed to attract cell move-
ment. The transmembrane cells during 24 h were condi-
tioned to crystal violet dyeing (0.1%) and microscopical 
counting.

Flow cytometry

On 1×106 SW480 cells, apoptosis was detected by the 
AnnexinV-fluorescein isothiocyanate/propidium iodide 
kit (BD Pharmingen, USA) and the apoptosis rate was 
measured by a BD FACS Aria (BD Biosciences).

RT-qPCR

All tissues and cells were processed for extracting to-
tal RNA using Trizol® reagent (Thermo Fisher Scientif-
ic). After determination of RNA quality and concentra-
tion by NanoDrop 2000 (Thermo Fisher Scientific), re-
verse transcription was done with SuperScript IV VILO 
kit (Invitrogen) and All-in-One First-Strand cDNA Syn-
thesis kit (GeneCopoeia, Guangzhou, China). With ABI 
SYBR Green Master Mix (Invitrogen), PCR was carried 
out to measure gene expression according to the calcula-
tion method 2-ΔΔCT. The primer sequences are shown 
in Table 1.

Immunoblotting
Sample lysates collected by RIPA lysis buffer 

(Pierce, USA) were measured by BCA assay kit (Beyo-
time, China). Proteins were separated by 10-12% so-
dium dodecyl sulfate polyacrylamide gel electrophore-
sis (Beyotime), loaded onto a polyvinylidene fluoride 
membrane (Millipore), after which 5% nonfat dry milk 
was added, and primary antibodies SEMA4C (1:10000; 
sc-136445; Santa Cruz Biotechnology) and GAPDH 
(1:1000; ab8245; Abcam), and horseradish peroxidase-
conjugated secondary antibody (1:5000; sc-2054; Santa 
Cruz Biotechnology) were supplemented. Protein lev-
els were detected by Bio-Rad Gel Imaging System us-
ing enhanced chemiluminescence (Thermo Fisher Sci-
entific).

Dual-luciferase reporter gene assay

pmiR-GLO (Promega) was inserted with the amplified 
wild-type or mutant sequences (POLA2-WT, SEMA4C-
WT, POLA2-MUT, SEMA4C-MUT) and co-transfected 
with miR-138-5p or miR-NC into SW480 cells with 
Lipofectamine 2000 (Thermo Fisher Scientific), and the 

luciferase activity was detected using a dual-luciferase re-
porter gene detection system (Genomeditech, Shanghai, 
China).

RNA pull-down

Pierce Magnetic RNA-Protein Pull-Down Kit (Ther-
mo Fisher Scientific) was used. SW480 cells (1×107) 
were lysed in RIP lysis buffer (Thermo Fisher Scientific), 
followed by interaction with circ-POLA2 probe-coated 
C-1 magnetic beads. The final results were obtained by 
RT-qPCR.

Statistical analysis

SPSS 21.0 software and GraphPad Primer 6.0 were 
employed to perform statistical analysis. All data present-
ed as mean ± standard deviation were analyzed by Stu-
dent’s t-test and one-way ANOVA. The Kaplan-Meier 
method was utilized to assess survival and analyzed by 
the Log rank test while Pearson analysis was to analyze 
the gene correlation. P<0.05 was considered statistically 
significant.

RESULTS

circ-POLA2 is associated with CC progression

High circ-POLA2 was expressed in CC patients’ tu-
mor tissues (Fig. 1A), and circ-POLA2 expression was 
further increased in CC patients’ tumor tissues in TNM 
stage III and with lymph node metastasis (Fig. 1B, C). 
CC patients were divided into high or low circ-POLA2 
expression groups defined by circ-POLA2 median value, 
and Kaplan-Meier analysis evaluated that patients with 
high circ-POLA2 expression had lower overall survival 
(Fig. 1D). These findings suggest that circ-POLA2 is up-
regulated in tumor tissues of patients with CC and is as-
sociated with poor prognosis.

Circ-POLA2 knockdown inhibits activities of CC cells

Circ-POLA2 in CC cells and normal colon epitheli-
al cells was detected by RT-qPCR. The results showed 
that circ-POLA2 expression was increased in CC cell 
lines (SW480, SW620, HT29 and HCT116), and circ-

Table 1. Sequences used for PCR

Genes Sequences (5’–3’)

circ-POLA2 Forward; TGAGCTTGTGAGTGAGTGGT

Reverse; GCAAGGAGAATGGCGAGATG

miR-138-5p Forward; CGAGCTGGTGTTGTGAATC

Reverse; GCAGGGTCCGAGGTATTC

SEMA4C Forward; ACCTTGTGCCGCGTAAGACAG

Reverse; CGTCAGCGTCAGTGTCAGGAA

U6 Forward; CTCGCTTCGGCAGCACA

Reverse; AACGCTTCACGAATTTGCGT

GAPDH Forward; CACCCACTCCTCCACCTTTG

Reverse; CCACCACCCTGTTGCTGTAG

Note: circ-POLA2, circular RNA POLA2; miR-138-5p, microRNA-138-5p; 
SEMA4C, Semaphorin 4C; GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase
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POLA2 expression was most significantly increased in 
SW480 cells (Fig. 2A). Therefore, SW480 cells were 
analyzed for subsequent experiments. After transfec-
tion of sh-POLA2 or oe-POLA2, circ-POLA2 in 
SW480 cells decreased or increased accordingly (Fig. 

2B), indicating that the cells were successfully trans-
fected. CCK-8 assay, colony formation assay, Tran-
swell assay, and flow cytometry were then performed 
to explore the role of circ-POLA2 in CC cells. CCK-
8 results showed that circ-POLA2 knockdown inhib-
ited SW480 cell activity (Fig. 2C). Meanwhile, colony 
formation experiments determined that circ-POLA2 
knockdown inhibited the proliferation of SW480 cells 
(Fig. 2D, E). Transwell analysis presented that circ-
POLA2 knockdown inhibited SW480 cell migration 
and invasion (Fig. 2F, G). In addition, flow cytom-
etry suggested that circ-POLA2 knockdown promot-
ed apoptosis of SW480 cells (Fig. 2H, I). However, 
the effect of circ-POLA2 overexpression on CC cells 
was opposite to that of circ-POLA2 knockdown (Fig. 
2C–I). In conclusion, circ-POLA2 plays a carcinogenic 
role by promoting proliferation, migration, and inva-
sion of CC cells and inhibiting cell apoptosis.

Circ-POLA2 confers mediation of miR-138-5p

miR-138-5p was cross-screened on bioinformatics 
websites (CircBank, starBase, miRanda, and RNAhy-
brid) to be the potential miRNA of circ-POLA2 (Fig. 
3A). Measurements of luciferase activity demonstrated 
that miR-138-5p inhibited the luciferase activity of 
POLA2-WT (Fig. 3B) and RNA pull-down test dis-
covered that circ-POLA2 significantly increased miR-
138-5p enrichment (Fig. 3C). Actually, miR-138-5p 
expression kept lowly in CCpatients’ tumor tissues 
(Fig. 3D), which was in an inverse correlation with 
circ-POLA2 expression (Fig. 3E). Likewise, miR-138-

Figure 1. Upregulation of circ-POLA2 is associated with CC pro-
gression
(A) circ-POLA2 in tumor tissues of CC patients was detected by 
RT-qPCR. (B) circ-POLA2 in tumor tissues of CC patients with TNM 
stage III was detected by RT-qPCR. (C) circ-POLA2 in tumor tissues 
of CC patients with lymph node metastasis was detected by RT-
qPCR. (D) Kaplan-Meier analysis of overall survival of CC patients; 
values are expressed as mean ± standard deviation.

Figure 2. Circ-POLA2 knockdown inhibits activities of CC cells
(A) circ-POLA2 in CC cell lines was detected by RT-qPCR. (B) The transfection efficacy of sh-POLA2, sh-NC, oe-POLA2 or oe-NC was veri-
fied by RT-qPCR. (C) Cell viability was detected by CCK-8 after circ-POLA2 expression intervention. (D–E) Cell proliferation was detected 
by colony formation assay after circ-POLA2 expression intervention. (F–G) Cell migration and invasion were analyzed by Transwell after 
circ-POLA2 expression intervention. (H–I) Apoptosis was analyzed by flow cytometry after circ-POLA2 expression intervention; values are 
expressed as mean ± standard deviation. *P<0.05 vs. sh-NC; #P<0.05 vs. oe-NC.
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5p expression was downregulated in CC cells lines 
(SW480, SW620, HT29, and HCT116) (Fig. 3F). While 
miR-138-5p was up-regulated in SW480 cells inter-
vened with sh-POLA2 and down-regulated in those 
transfected with oe-POLA2 (Fig. 3G). In conclusion, 
circ-POLA2 acts as a molecular sponge for miR-138-
5p to inhibit miR-138-5p expression.

miR-138-5p prevents the aggressive activities of CC 
cells

After transfection with miR-138-5p mimic or inhibi-
tor, miR-138-5p in SW480 cells increased or decreased 
accordingly (Fig. 4A). CCK-8 detection results showed 
that upregulating miR-138-5p inhibited the activity of 
SW480 cells (Fig. 4B). Colony formation assay found 
that upregulating miR-138-5p inhibited the proliferation 

Figure 3. circ-POLA2 confers mediation of miR-138-5p
(A) Bioinformation sites predicted the binding sites of circ-POLA2 and miR-138-5p. (B–C) The binding relationship between circ-POLA2 
and miR-138-5p was verified by dual luciferase reporter assay and RNA Pull-Down assay. (D) miR-138-5p in tumor tissues of CC patients 
was detected by RT-qPCR. (E) The correlation between circ-POLA2 and miR-138-5p expression in CC tissues was evaluated by Pearson 
correlation coefficient. (F) miR-138-5p in CC cell lines was detected by RT-qPCR. G: miR-138-5p was detected by RT-qPCR after circ-POLA2 
expression intervention; values are expressed as mean ± standard deviation. *P<0.05 vs. sh-NC group; #P<0.05 vs. oe-NC.

Figure 4. miR-138-5p prevents the malignant activities of CC cells
(A) The transfection efficacy of miR-138-5p, miR-NC, anti-miR-138-5p, or anti-NC was verified by RT-qPCR. (B) Cell viability was detected 
by CCK-8 after miR-138-5p expression intervention. (C–D) Cell proliferation was detected by colony formation assay after miR-138-5p ex-
pression intervention. (E–F) Cell migration and invasion were analyzed by Transwell after miR-138-5p expression intervention. (G–H) Ap-
optosis was analyzed by flow cytometry after miR-138-5p expression intervention; values are expressed as mean ± standard deviation. 
*P<0.05 vs. miR-NC; #P<0.05 vs. anti-NC.
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of SW480 cells (Fig. 4C, D). Transwell analysis showed 
that overexpressing miR-138-5p inhibited the migration 
and invasion of SW480 cells (Fig. 4E, F). Flow cytom-
etry showed that upregulating miR-138-5p promoted ap-
optosis of SW480 cells (Fig. 4G, H). Down-regulation of 
miR-138-5p had opposite effects on CC cells compared 
with upregulation of miR-138-5p (Fig. 4B–H). These 
data indicate that miR-138-5p plays an antitumor func-
tion by inhibiting cell proliferation, migration, and inva-
sion and promoting cell apoptosis.

miR-138-5p has a modificatory action on SEMA4C 
expression

On the bioinformatics website starBase, miR-138-5p 
had a targeted binding site with SEMA4C (Fig. 5A). Fur-
ther detection results revealed that the luciferase activity 
of the SEMA4C-WT was inhibited by miR-138-5p trans-
fection (Fig. 5B). High SEMA4C expression was meas-
ured in CC patients’ tumor tissues (Fig. 5C) in a nega-
tive correlation with miR-138-5p expression (Fig. 5D). 
The upregulation of SEMA4C was also seen in CC cells 
lines (SW480, SW620, HT29, and HCT116) (Fig. 5E) 
and cellular SEMA4C levels could be negatively modi-
fied by miR-138-5p (Fig. 5F). These results suggest that 
SEMA4C expression is negatively regulated by miR-138-
5p.

miR-138-5p/SEMA4C axis can intervene the influences 
of circ-POLA2 on CC

miR-138-5p or SEMA4C expression was intervened 
in sh-POLA2-modified SW480 cells and the successful 
transfection was verified, as evidenced by miR-138-5p 
inhibitor-induced decline of miR-138-5p and SEMA4C-
induced elevation of SEMA4C expression (Fig. 6A). 
CCK-8 assay showed that the sh-POLA2-mediated de-
crease in SW480 cell viability was reversed by anti-miR-
138-5p or SEMA4C (Fig. 6B). Meanwhile, colony for-

mation assay showed that anti-miR-138-5p or SEMA4C 
could attenuate sh-POLA2-induced proliferation inhi-
bition in SW480 cells (Fig. 6C, D). Furthermore, anti-
miR-138-5p or SEMA4C mitigated Sh-PolA2-mediated 
decrease in SW480 cell migration and invasion (Fig. 6E, 
F). In addition, anti-miR-138-5p or SEMA4C mitigated 
an increase in sh-POLA2-mediated apoptosis in SW480 
cells (Fig.  6G, H). In conclusion, circ-POLA2 can pro-
mote proliferation, migration, and invasion of CC cells 
and inhibit cell apoptosis by regulating miR-138-5p/
SEMA4C axis.

DISCUSSION

Accumulating evidence suggests that circRNAs can act 
as tumor biomarkers and regulate CC progression (Chen 
and Shen 2020). Ju and others (Ju et al., 2019) analyzed 
667 cases of stage II/III CC with R0 resection and 
found that circRNA could predict postoperative recur-
rence of stage II/III CC. Abnormal expression of cir-
cRNAs is indicative of patients’ prognosis in CC (Hsiao 
et al., 2017; Zhou et al., 2020; Zheng et al., 2019). In CC 
patients’ tumor, circ-POLA2 was upregulated, having an 
association with TNM stage III, lymph node metastasis, 
as well as low overall survival rate. Furthermore, our 
findings suggest that circ-POLA2 exerts oncogenic ef-
fects via miR-138-5p/SEMA4C axis.

The up-regulated expression and stability of circ-PO-
LA2 make it a potential biomarker and diagnostic and 
therapeutic target for human cancer (Fang et al., 2021; 
Li et al., 2021; Cao et al., 2020; Fan et al., 2020). Fur-
thermore, circ-POLA2 can sponge different miRNAs, 
including miR-31, miR-34a, miR-326 and miR-34a, to in-
tercede tumor progression. Similarly, this study clarified 
a competitive binding of circ-POLA2 to miR-138-5p.

miR-138-5p is a cancer-related miRNA in gastric can-
cer (Zhang et al., 2020), prostate cancer (Huang et al., 

Figure 5. miR-138-5p has a modificatory action on SEMA4C expression
(A) Bioinformation sites predicted the binding sites of miR-138-5p and SEMA4C. (B) The binding relationship between miR-138-5p and 
SEMA4C was verified by dual luciferase reporter assay. (C) SEMA4C in tumor tissues of CC patients was detected by RT-qPCR. (D) The 
correlation between miR-138-5p and SEMA4C expression in CC tissues was evaluated by Pearson correlation coefficient. (E) SEMA4C in 
CC cell lines was detected by RT-qPCR. (F) SEMA4C was detected by RT-qPCR and Western blot after miR-138-5p expression intervention; 
values are expressed as mean ± standard deviation. *P<0.05 vs. sh-NC group; #P<0.05 vs. oe-NC.
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2020), and cervical cancer. Notably, it is known that 
miR-138-5p is decreased in CRC and that miR-138-5p 
serves to disrupt the aggressive activities of CRC cells 
(Wei et al., 2021). Here, miR-138-5p expression was re-
duced in CC and was anti-tumorigenic achieved by im-
peding cell malignancy.

SEMA4C, a member of the semaphorin family origi-
nally named M-SemaF, can mediate directional growth 
of axons and the development of myotubes (Yang et al., 
2020). As miRNAs target, SEMA4C is associated with 
various tumors. For example, SEMA4C mediates chem-
oresistance in cervical cancer (Jing et al., 2019), induces 
tumor progression in pancreatic cancer (Fei et al., 2020), 
and is considered an epigenetic regulator involved in 
CC progression (Hung et al., 2022). Here, SEMA4C was 
upregulated in CC, and involved in circ-POLA2/miR-
138-5p axis-regulated progression of CC. In detail, miR-
138-5p downregulation or SEMA4C upregulation could 
attenuate the reduction of cell activities mediated by circ-
POLA2 knockdown.

Although this study found that circ-POLA2/miR-138-
5p/SEMA4C axis promotes CC progression in vitro, 
it has not been further validated in vivo. Circ-POLA2 
expression in serum of CC patients should also be de-
tected in the future to verify whether circ-POLA2 is of 
feasibility for blood biopsy of CC patients. Furthermore, 
circRNAs may encode proteins or peptides to partici-
pate in tumor progression (Qian et al., 2018; Peng et al., 
2021; Wang et al., 2021; Wu et al., 2021). However, this 
research did not investigate the coding ability of circ-
POLA2.

CONCLUSION

Circ-POLA2 has potent oncogenic activity in CC and 
an association with patients’ poor prognosis. Further-
more, circ-POLA2 upregulates SEMA4C expression by 

miR-138-5p, thereby promoting cancer development. 
This study extends the understanding of circRNA func-
tion in CC pathogenesis and proposes a novel circRNA 
as a therapeutic target for CC.

Declarations

Acknowledgments: Not applicable.
Funding Statements: Not applicable.
Conflicts of Interest: The authors declare no con-

flicts of interest.
Data available: Data is available from the corre-

sponding author on request.

REFERENCES

Benson AB, 3rd, Venook AP, Cederquist L, Chan E, Chen YJ, Coop-
er HS, Deming D, Engstrom PF, Enzinger PC, Fichera A, Grem 
JL, Grothey A, Hochster HS, Hoffe S, Hunt S, Kamel A, Kirilcuk 
N, Krishnamurthi S, Messersmith WA, Mulcahy MF, Murphy JD, 
Nurkin S, Saltz L, Sharma S, Shibata D, Skibber JM, Sofocleous 
CT, Stoffel EM, Stotsky-Himelfarb E, Willett CG, Wu CS, Greg-
ory KM, Freedman-Cass D (2017) Colon Cancer, Version 1.2017, 
NCCN Clinical Practice Guidelines in Oncology. J Natl Compr Canc 
Netw 15: 370–398. https://doi.org/10.6004/jnccn.2017.0036

Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A (2018) 
Global cancer statistics 2018: GLOBOCAN estimates of incidence 
and mortality worldwide for 36 cancers in 185 countries. CA Cancer 
J Clin 68: 394–424. https://doi.org/10.3322/caac.21492

Cao Y, Li J, Jia Y, Zhang R, Shi H (2020) CircRNA circ_POLA2 
promotes cervical squamous cell carcinoma progression via regulat-
ing miR-326/GNB1. Front Oncol 10: 959. https://doi.org/10.3389/
fonc.2020.00959

Chen S, Shen X (2020) Long noncoding RNAs: functions and mecha-
nisms in colon cancer. Mol Cancer 19: 167. https://doi.org/10.1186/
s12943-020-01287-2

Fan Z, Bai Y, Zhang Q, Qian P (2020) CircRNA circ_POLA2 pro-
motes lung cancer cell stemness via regulating the miR-326/GNB1 
axis. Environ Toxicol 35: 1146–1156. https://doi.org/10.1002/
tox.22980

Fang X, Wang J, Chen L, Zhang X (2021) circRNA circ_POLA2 in-
creases microRNA-31 methylation to promote endometrial can-
cer cell proliferation. Oncol Lett 22: 762. https://doi.org/10.3892/
ol.2021.13023

Figure 6. miR-138-5p/SEMA4C axis can intervene the influences of circ-POLA2 on CC
(A) The transfection efficacy of sh-POLA2 + anti-miR-138-5p, sh-POLA2 + anti-NC, sh-POLA2 + SEMA4C, or sh-POLA2 + Vector was verified 
by RT-qPCR and Western blot. (B) Cell viability was detected by CCK-8. (C–D) Cell proliferation was detected by colony formation assay. 
(E–F) Cell migration and invasion were analyzed by Transwell. (G–H) Apoptosis was analyzed by flow cytometry; values are expressed as 
mean ± standard deviation. *P<0.05 vs. sh-POLA2+ anti-NC; #P<0.05 vs. sh-POLA2 + Vector.

775

https://doi.org/10.6004/jnccn.2017.0036
https://doi.org/10.3322/caac.21492
https://doi.org/10.3389/fonc.2020.00959
https://doi.org/10.3389/fonc.2020.00959
https://doi.org/10.1186/s12943-020-01287-2
https://doi.org/10.1186/s12943-020-01287-2
https://doi.org/10.1002/tox.22980
https://doi.org/10.1002/tox.22980
https://doi.org/10.3892/ol.2021.13023
https://doi.org/10.3892/ol.2021.13023


Vol. 70 						      523Circ-POLA2-mediated miR-138-5p/SEMA4C axis affects colon cancer

Fei X, Jin HY, Gao Y, Kong LM, Tan XD (2020) Hsa-miR-10a-5p 
promotes pancreatic cancer growth by BDNF/SEMA4C pathway. J 
Biol Regul Homeost Agents 34: 927–934. https://doi.org/10.23812/20-
61-a-47

Han Z, Chen H, Guo Z, Zhu J, Xie X, Li Y, He J (2021) Bioinfor-
matics analysis: the regulatory network of hsa_circ_0007843 and 
hsa_circ_0007331 in colon cancer. Biomed Res Int 2021: 6662897. 
https://doi.org/10.1155/2021/6662897

Hollis M, Nair K, Vyas A, Chaturvedi LS, Gambhir S, Vyas D (2015) 
MicroRNAs potential utility in colon cancer: Early detection, prog-
nosis, and chemosensitivity. World J Gastroenterol 21: 8284–8292. htt-
ps://doi.org/10.3748/wjg.v21.i27.8284

Hsiao KY, Lin YC, Gupta SK, Chang N, Yen L, Sun HS, Tsai SJ 
(2017) Noncoding effects of circular RNA CCDC66 promote colon 
cancer growth and metastasis. Cancer Res 77: 2339–2350. https://
doi.org/10.1158/0008-5472.Can-16-1883

Huang H, Xiong Y, Wu Z, He Y, Gao X, Zhou Z, Wang T (2020) 
MIR-138-5P inhibits the progression of prostate cancer by targeting 
FOXC1. Mol Genet Genomic Med 8: e1193. https://doi.org/10.1002/
mgg3.1193

Hung YH, Lai MD, Hung WC, Chen LT (2022) Semaphorin 4C pro-
motes motility and immunosuppressive activity of cancer cells via 
CRMP3 and PD-L1. Am J Cancer Res 12: 713–728

Jing L, Bo W, Yourong F, Tian W, Shixuan W, Mingfu W (2019) 
Sema4C mediates EMT inducing chemotherapeutic resistance of 
miR-31-3p in cervical cancer cells. Sci Rep 9: 17727. https://doi.
org/10.1038/s41598-019-54177-z

Ju HQ, Zhao Q, Wang F, Lan P, Wang Z, Zuo ZX, Wu QN, Fan 
XJ, Mo HY, Chen L, Li T, Ren C, Wan XB, Chen G, Li YH, Jia 
WH, Xu RH (2019) A circRNA signature predicts postoperative re-
currence in stage II/III colon cancer. EMBO Mol Med 11: e10168. 
https://doi.org/10.15252/emmm.201810168

Li H, Bi K, Feng S, Wang Y, Zhu C (2021) CircRNA circ_POLA2 
is Upregulated in acute myeloid leukemia (AML) and promotes cell 
proliferation by suppressing the production of mature miR-34a. 
Cancer Manag Res 13: 3629–3637. https://doi.org/10.2147/cmar.
S281690

Lux S, Bullinger L (2018) Circular RNAs in cancer. Adv Exp Med Biol 
1087: 215–230. https://doi.org/10.1007/978-981-13-1426-1_17

Peng Y, Xu Y, Zhang X, Deng S, Yuan Y, Luo X, Hossain MT, Zhu 
X, Du K, Hu F, Chen Y, Chang S, Feng X, Fan X, Ashktorab H, 
Smoot D, Meltzer SJ, Hou G, Wei Y, Li S, Qin Y, Jin Z (2021) 
A novel protein AXIN1-295aa encoded by circAXIN1 activates the 
Wnt/β-catenin signaling pathway to promote gastric cancer pro-
gression. Mol Cancer 20: 158. https://doi.org/10.1186/s12943-021-
01457-w

Qian L, Yu S, Chen Z, Meng Z, Huang S, Wang P (2018) The emerg-
ing role of circRNAs and their clinical significance in human can-
cers. Biochim Biophys Acta Rev Cancer 1870: 247–260. https://doi.
org/10.1016/j.bbcan.2018.06.002

Siciliano V, Garzilli I, Fracassi C, Criscuolo S, Ventre S, di Bernardo 
D (2013) MiRNAs confer phenotypic robustness to gene networks 

by suppressing biological noise. Nat Commun 4: 2364. https://doi.
org/10.1038/ncomms3364

Siegel RL, Miller KD, Fedewa SA, Ahnen DJ, Meester RGS, Barzi A, 
Jemal A (2017) Colorectal cancer statistics, 2017. CA Cancer J Clin 
67: 177–193. https://doi.org/10.3322/caac.21395

Sun Y, Cao B, Zhou J (2020) Roles of DANCR/microRNA-518a-3p/
MDMA ceRNA network in the growth and malignant behaviors of 
colon cancer cells. BMC Cancer 20: 434. https://doi.org/10.1186/
s12885-020-06856-8

Wang J, Zhou L, Chen B, Yu Z, Zhang J, Zhang Z, Hu C, Bai Y, 
Ruan X, Wang S, Ouyang J, Wu A, Zhao X (2022) Circular RNA 
circCSPP1 promotes the occurrence and development of colon 
cancer by sponging miR-431 and regulating ROCK1 and ZEB1. J 
Transl Med 20: 58. https://doi.org/10.1186/s12967-022-03240-x

Wang L, Zhou J, Zhang C, Chen R, Sun Q, Yang P, Peng C, Tan Y, 
Jin C, Wang T, Ji J, Sun Y (2021) A novel tumour suppressor pro-
tein encoded by circMAPK14 inhibits progression and metastasis 
of colorectal cancer by competitively binding to MKK6. Clin Transl 
Med 11: e613. https://doi.org/10.1002/ctm2.613

Wei J, Lin Y, Wang Z, Liu Y, Guo W (2021) Circ_0006174 acceler-
ates colorectal cancer progression through regulating miR-138-
5p/MACC1 axis. Cancer Manag Res 13: 1673–1686. https://doi.
org/10.2147/cmar.S295833

Wu P, Fang X, Liu Y, Tang Y, Wang W, Li X, Fan Y (2021) N6-
methyladenosine modification of circCUX1 confers radioresistance 
of hypopharyngeal squamous cell carcinoma through caspase1 path-
way. Cell Death Dis 12: 298. https://doi.org/10.1038/s41419-021-
03558-2

Yang L, Yu Y, Xiong Z, Chen H, Tan B, Hu H (2020) Downregula-
tion of SEMA4C inhibit epithelial-mesenchymal transition (EMT) 
and the invasion and metastasis of cervical cancer cells via inhibiting 
transforming growth factor-beta 1 (TGF-β1)-induced hela cells p38 
mitogen-activated protein kinase (MAPK) activation. Med Sci Monit 
26: e918123. https://doi.org/10.12659/msm.918123

Zhang W, Liao K, Liu D (2020) MiR-138-5p inhibits the prolifera-
tion of gastric cancer cells by targeting DEK. Cancer Manag Res 12: 
8137–8147. https://doi.org/10.2147/cmar.S253777

Zhao X, Cai Y, Xu J (2019) Circular RNAs: biogenesis, mechanism, 
and function in human cancers. Int J Mol Sci 20. https://doi.
org/10.3390/ijms20163926

Zheng R, Zeng H, Zhang S, Chen W (2017) Estimates of cancer inci-
dence and mortality in China, 2013. Chin J Cancer 36: 66. https://
doi.org/10.1186/s40880-017-0234-3

Zheng X, Chen L, Zhou Y, Wang Q, Zheng Z, Xu B, Wu C, Zhou Q, 
Hu W, Wu C, Jiang J (2019) A novel protein encoded by a circular 
RNA circPPP1R12A promotes tumor pathogenesis and metastasis 
of colon cancer via Hippo-YAP signaling. Mol Cancer 18: 47. htt-
ps://doi.org/10.1186/s12943-019-1010-6

Zhou P, Xie W, Huang HL, Huang RQ, Tian C, Zhu HB, Dai YH, 
Li ZY (2020) circRNA_100859 functions as an oncogene in colon 
cancer by sponging the miR-217-HIF-1α pathway. Aging (Albany 
NY) 12: 13338–13353. https://doi.org/10.18632/aging.103438

776

https://doi.org/10.23812/20-61-a-47
https://doi.org/10.23812/20-61-a-47
https://doi.org/10.1155/2021/6662897
https://doi.org/10.3748/wjg.v21.i27.8284
https://doi.org/10.3748/wjg.v21.i27.8284
https://doi.org/10.1158/0008-5472.Can-16-1883
https://doi.org/10.1158/0008-5472.Can-16-1883
https://doi.org/10.1002/mgg3.1193
https://doi.org/10.1002/mgg3.1193
https://doi.org/10.1038/s41598-019-54177-z
https://doi.org/10.1038/s41598-019-54177-z
https://doi.org/10.15252/emmm.201810168
https://doi.org/10.2147/cmar.S281690
https://doi.org/10.2147/cmar.S281690
https://doi.org/10.1007/978-981-13-1426-1_17
https://doi.org/10.1186/s12943-021-01457-w
https://doi.org/10.1186/s12943-021-01457-w
https://doi.org/10.1016/j.bbcan.2018.06.002
https://doi.org/10.1016/j.bbcan.2018.06.002
https://doi.org/10.1038/ncomms3364
https://doi.org/10.1038/ncomms3364
https://doi.org/10.3322/caac.21395
https://doi.org/10.1186/s12885-020-06856-8
https://doi.org/10.1186/s12885-020-06856-8
https://doi.org/10.1186/s12967-022-03240-x
https://doi.org/10.1002/ctm2.613
https://doi.org/10.2147/cmar.S295833
https://doi.org/10.2147/cmar.S295833
https://doi.org/10.1038/s41419-021-03558-2
https://doi.org/10.1038/s41419-021-03558-2
https://doi.org/10.12659/msm.918123
https://doi.org/10.2147/cmar.S253777
https://doi.org/10.3390/ijms20163926
https://doi.org/10.3390/ijms20163926
https://doi.org/10.1186/s40880-017-0234-3
https://doi.org/10.1186/s40880-017-0234-3
https://doi.org/10.1186/s12943-019-1010-6
https://doi.org/10.1186/s12943-019-1010-6
https://doi.org/10.18632/aging.103438


Regular paper

Hsa_circ_0023826 protects against glaucoma by regulating  
miR-188-3p/MDM4 axis
Bin Qu1, Jing Wang1, Yan Li1, XiaoWei Wu1 and MingYing Zhang2✉

1Department of Ophthalmology, Muping District Hospital of Traditional Chinese Medicine, Yantai City, Shandong Province, 253400, China; 2De-
partment of Ophthalmology, Ningjin County People’s Hospital, Dezhou City, Shandong Province, 253400, China

Objective: Circular RNAs (circRNAs) are characterized as 
a class of covalently closed circRNA transcripts and are 
associated with various cellular processes and neurologi-
cal diseases by sponging microRNAs. The most common 
feature of glaucoma, a form of retinal neuropathy, is the 
loss of retinal ganglion cells. Although the pathogenesis 
of glaucoma is not fully understood, elevated intraocu-
lar pressure is undoubtedly the only proven modifiable 
factor in the classic glaucoma model. This study inves-
tigated the role of circ_0023826 in glaucoma-induced 
retinal neurodegeneration by modifying the miR-188-3p/
mouse double minute 4 (MDM4) axis. Methods: The ex-
pression pattern of circ_0023826 was analyzed during 
retinal neurodegeneration. The effect of circ_0023826, 
miR-188-3p, and MDM4 on retinal neurodegeneration in 
vivo was assessed by visual behavioral testing and H&E 
staining in glaucoma rats, while that on in vitro reti-
nal ganglion cells (RGCs) was evaluated by MTT assay, 
flow cytometry, Western blot, and ELISA. Bioinformat-
ics analysis, RNA pull-down assay, luciferase reporter 
assay were performed to reveal the regulatory mecha-
nism of circ_0023826-mediated retinal neurodegenera-
tion. Results: Circ_0023826 expression was downregu-
lated during retinal neurodegeneration. Upregulating 
circ_0023826 attenuated the visual impairment in rats 
and promoted the survival of RGCs in vitro. Circ_0023826 
acted as a sponge of miR-188-3p sponge, resulting 
in increased expression of MDM4. MDM4 silencing or 
miR-188-3p upregulation reversed the protective ef-
fect of upregulated circ_0023826 on glaucoma-induced 
neuroretinal degeneration in vitro and in vivo. Conclu-
sion: Overall, circ_0023826 protects against glaucoma 
by regulating the miR-188-3p/MDM4 axis, and targeted 
intervention of circ_0023826 expression is a promising 
therapeutic strategy for the treatment of retinal neuro-
degeneration.
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INTRODUCTION

Glaucoma, a retinal neurodegenerative disease char-
acterized by progressive and irreversible degeneration 
of retinal ganglion cells (RGCs) and optic nerve, is the 
second leading cause of blindness (Quigley et al.,  2006). 
Elevated intraocular pressure (IOP) is a risk factor and 
RGC apoptosis is the core cause of glaucoma (Geva et 

al.,  2021). At present, the treatment methods of glau-
coma mainly include surgery and drugs (Hooshmand et 
al.,  2022). Despite effective medical and surgical treat-
ment to lower IOP, many patients will continue to lose 
vision due to the death of RGCs and degeneration of 
the optic nerve. Therefore, further elucidation of the 
pathogenesis of glaucoma is still required.

CircRNAs are a new class of non-coding RNAs char-
acterized by closed-loop structures (Ebbesen et al., 2017). 
With bioinformatics analysis and high-throughput se-
quencing, circRNA may participate in the pathogenesis 
and progression of various eye diseases, including glau-
coma, diabetic retinopathy, and retinoblastoma (Guo et 
al.,  2019). Therefore, an in-depth understanding of cir-
cRNAs involved in glaucoma will help to open up new 
avenues for early diagnosis and clinical treatment.

CircRNAs serve as gene modulators of microRNAs 
(miRNAs) (Yang et al., 2021), thereby participating in the 
progression of glaucoma. have found that circ_0023826 
is upregulated in glaucoma-related retinal neurodegenera-
tion, and is capable of regulating neurodegeneration by 
acting as a miR-615 sponge (Wang et al.,  2018). In an-
other report, circZRANB1 directly regulates Müller cell 
function and RGC function through miR-217 (Wang et 
al., 2018). TENM4-encoded circ_0023826 has been iden-
tified as a diagnostic biomarker for glaucoma (Chen et 
al.,  2020), but rare studies have reported its action in 
glaucoma.

The present paper hypothesized that circ_0023826 
protects against retinal neurodegeneration by regulat-
ing the miR-188-3p/MDM4 axis. First, we constructed 
a glaucoma model by chamber injection of microbeads 
and isolated RGCs to study the expression patterns of 
circ_0023826 in glaucoma-induced retinal neurodegen-
eration. Then, we confirmed the downstream miRNA 
(miR-188-3p) and target gene (MDM4) to elucidate the 
regulation of circ_0023826/miR-188-3p/MDM4 in glau-
coma, targeting to develop a new theoretical basis for 
glaucoma therapy.

MATERIALS AND METHODS

Collection of patient tissues

From January 2017 to March 2018, 12 pairs of hu-
man fascia tissue and normal human fascia tissue (3 
mm from the conjunctival edge) from glaucoma patients 
were collected at Muping District Hospital of Traditional 
Chinese Medicine. Tissue samples were frozen in liquid 
nitrogen and then stored at -80°C. All procedures were 
performed under the review of the Ethics Committee of 

Vol. 70, No 2/2023
253–260

https://doi.org/10.18388/abp.2020_6322

777

mailto:njzmy668@hotmail.com
https://doi.org/10.18388/abp.2017_


254											           2023B. Qu and others

Muping District Hospital of Traditional Chinese Medi-
cine. All patients provided written consent.

Establishment of a glaucoma model

All animal experiments were performed with the ap-
proval of the Animal Ethics Committee of Muping Dis-
trict Hospital of Traditional Chinese Medicine. Forty-eight 
Sprague Dawley (SD) rats (male, 200–250 g) were pur-
chased from Hunan SJA Laboratory Animal Co., Ltd. After 
one week of adaptive feeding, 42 rats were randomly select-
ed to construct a glaucoma model by intra-chamber injec-
tion of microbeads. In short, anesthetized by intraperitoneal 
injection of a mixture of xylazine (10 mg/kg) and ketamine 
(75 mg/kg), the rats were injected with sterile microbeads 
into one eye and dropped with 0.5% moxifloxacin hydro-
chloride in each eye. IOP was measured after 24 h. At 4 
weeks post-injection, the second injection of microbeads 
was performed. IOP was measured every 4 days using a 
digital tonometer. An equal volume of phosphate-buffered 
saline (PBS) served as a sham operation procedure.

Lentiviral intervention

The glaucoma rats were randomly divided into 7 
groups: Glaucoma group, sh-NC group, sh-circ_0023826 
group, Lenti-NC group, Lenti-circ_0023826 group, 
Lenti-circ_0023826 + Lenti-miR-188-3p group, Lenti-
circ_0023826 + sh-MDM4 group. Except for the Glau-
coma group, the other rats were additionally injected 
with a single injection of shRNA lentiviral vector or 
lentiviral overexpression vector targeting circ_0023826/
miR-188-3p/MDM4. After 3 weeks, the rats were sub-
jected to visual behavioral testing and subsequently euth-
anized by inhalation of excess CO2 and the eyeball tissue 
was collected. The above lentiviral vectors were prepared 
by GenePharma.

Visual behavior test

An infrared light-illuminated black room (0.3 
m×0.5  m×0.5 m) and a larger infrared light-illuminated 
white room (0.5 m×0.5 m×0.5 m) were used for visual 
behavior testing. There is a 10 cm×12 cm hole between 
the two rooms, allowing rats to freely shuttle from one 
room to another. The activity of the rats was recorded 
by a camera and the time spent by the rats in the dark 
room was calculated using Nordx ethovision XT 8.0 
software (Li et al., 2018).

Hematoxylin-eosin (H&E) staining

Rats’ eyeballs were fixed with 4% paraformaldehyde 
(Solarbio). The cornea was incised along the sclera, the 
iris and lens were obtained, and the retinas were frozen 
in 30% sucrose and sectioned into 5 μm. Frozen tissues 
were stained with H&E solution (Solarbio) routinely and 
observed under an optical microscope (BX-51, Olympus, 
Tokyo, Japan) in 5 fields. The thickness of the gangli-
on cell layer (GCL) and the inner plexiform layer (IPL) 
was measured with SE IPS image analyzer Each group 
selected 3 slices from 5 rats for measurement (Nie et 
al., 2018).

Isolation and culture of RGCs

The retinas were isolated from 10 normal rats under a 
dissecting microscope, digested with 0.125% trypsin, and 
centrifuged at 179×g. The retinal pellet was centrifuged with 
0.25% trypsin inhibitor (Sigma Aldrich), rinsed with Kreb 
solution containing magnesium and 1% bovine serum albu-

min (BSA), and made into a single-cell suspension. The cell 
suspension (1×106 cells) was treated with 0.1 mg/ml po-
ly-L-ornithine (Sigma Aldrich) and 1 g/ml laminin (Sigma 
Aldrich), cultured in basal medium Eagle (BME) medium 
(Nanjing SenBeiJia Biological Technology) containing 10% 
FBS, 25 mol/l glutamine and 0.1 mg/ml gentamicin.

Retinal single-cell suspension was incubated with goat 
anti-mouse IgG antibody (ab-6785; 1:1,000; Abcam) and 
rat anti-mouse Thy-1.1 antibody (ab-44898; 1:1,000; Ab-
cam). The adherent cells were digested with 0.125% 
trypsin, centrifuged at 1000 rpm, and cultured with polyly-
sine. Every three days, half of the medium was renewed 
(Xu et al.,  2021). The isolated RGCs were immunocyto-
chemically stained for Thy-1 (Kong et al.,  2014). Briefly, 
antigen retrieval treatments were performed in citrate 
buffer in the microwave on medium heat for 5  min and 
then cooled to room temperature. After washing 3 times 
with PBS buffer, the slides were sealed with goat serum 
(ZSGB Bio, Beijing, China) for 30 min and incubated 
with anti-Thy-1 (Abcam, ab92574) overnight at 4°C. After 
30 min incubation with HRP-conjugated secondary anti-
body solution (PV-6001, ZSGB Bio) at room temperature, 
staining was performed using DAB (ZSGB Bio). RGCs 
specific markers Brn3a (Abcam, ab245230, 1/1000), Thy-1 
(Abcam, ab92574, 1/1500) and NF-L (Abcam, ab223343, 
1/1000) were all analyzed by Western blot.

To establish an in vitro glaucoma model, RGCs were 
treated with N-methyl-D-aspartic acid (NMDA, 100 
μmol/L) and glycine (10 μmol/L) for one hour. PBS-
treated RGCs served as a negative control.

Lentiviral transfection

NMDA- and glycine-treated RGCs were collected. 
Transfection was performed when cells reached 70-80% 
confluence. shRNA targeting circ_0023826/MDM4 len-
tiviral vector (sh-circ_0023826/sh-MDM4), lentiviral 
vector overexpressing circ_0023826/miR-188-3p (Lenti-
circ_0023826/Lenti-miR-188-3p), sh-NC and Lenti-NC 
were from GenePharma. RGCs were transfected using 
Lipofectamine 2000 reagent (Invitrogen). The medium 
was changed 24 h after transfection (Shen et al., 2020).

Subcellular localization analysis

Cytoplasmic and nuclear RNAs of cells were isolated 
using the PARIS Kit (Invitrogen) and allowed to quanti-
tatively analyze circ_0023826 expression.

Table 1. Primer sequences

Genes Primer sequences (5’–3’)

Hsa_circ_0023826 Forward: 5’-CTCTGACGGGAGCCTCTATG-3’

Reverse: 5’-CCTGTCAGGGGTCTCTAAGC-3’

miR-188-3p Forward: 5’-CCATGCACCTGTTTGGCCTA-3’

Reverse: 5’-ACTCCCAGTACTCCCAGTAGC-3’

MDM4 Forward: 5’-TCCGATATAATACAACCT-3’

Reverse: 5’-GTGCAGGGTCCGAGGT-3’

U6 Forward: 5’-CTCGCTTCGGCAGCACA-3’

Reverse: 5’-AACGCTTCACGAATTTGCGT-3’

GAPDH Forward: 5’-TCCCATCACCATCTTCCA-3’

Reverse: 5’-CATCACGCCACAGTTTTCC-3’

Note: miR-188-3p, microRNA-188-3p; MDM4, Mouse Double Minute 4; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase
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RT-qPCR

Based on the Trizol reagent (Invitrogen), total RNA 
was extracted for reverse transcription of circRNA/
mRNA and miRNA using PrimeScript RT reagent kit 
(Takara, Tokyo, Japan) and miRNA First Strand Synthe-
sis kit (Takara), respectively. SYBR Green kit (Thermo 
Fisher Scientific, Waltham, MA, USA) in combination 
with the Mx3005P QPCR system (Agilent Technologies, 
CA, USA) was employed for PCR. U6 and GAPDH 
were used as internal controls. The primer sequences are 
shown in Table 1.

Western blot

Total protein was extracted with RIPA lysis buffer 
(Beyotime, China), loaded on 8% SDS-PAGE gels (So-
larbio), transferred to PVDF membranes (Invitrogen), 
and blocked with 5% skim milk. It was incubated with 
primary antibodies MDM4 (ab39470, Abcam), Bax 
(ab32503, Abcam), Bcl-2 (ab196495, Abcam), cleaved 
caspase-3 (ab2302, Abcam), GAPDH (ab8245, Abcam) 
and with the HRP-conjugated goat anti-rabbit IgG sec-
ondary antibody (Beyotime, China). Developed by ECL 
kit (34080, Thermo Fisher Scientific), signals were ana-
lyzed using ImageJ software (Li et al., 2022).

Cell viability assay

After 24 h of different treatments, transfected or un-
transfected RGCs (1×105 cells/well) were added with 1 
mL of MTT solution (Beyotime) for 2 h, and with 1 mL 
DMSO for 10 min. Finally, optical density570 nm values 
were recorded with a microplate reader (PerkinElmer) 
(Zhang et al., 2021).

Flow cytometry

RGCs were centrifuged at 1000×g, resuspended in 
195  μL Annexin V-FITC binding buffer, and added 
with 5 μL Annexin V-FITC and 10 μL propidium io-

dide. The apoptosis of RGCs was detected by a FACS-
Calibur flow cytometer (BD Biosciences).

ELISA

ELISA kits TNF-α (Abcam, ab181421), IL-6 (Abcam, 
ab178013) and IL-1β (Sigma-Aldrich, RAB0273) were 
employed to measure inflammation in the culture super-
natants (Gao et al., 2020).

Dual-luciferase reporter assay

Potential binding sites for hsa_circ_0023826 and miR-
188-3p were predicted by https://circinteractome.nia.
nih.gov, while those for miR-188-3p and MDM4 were 
predicted by https://cm.jefferson.edu/rna22/. Based on 
the above wild-type sequence of hsa_circ_0023826 con-
taining the miR-188-3p binding site, a mutant sequence 
was designed. RGCs were transfected with PGL4 con-
taining hsa_circ_0023826/MDM4 wild-type sequence 
(hsa_circ_0023826/MDM4-WT) or hsa_circ_0023826/
MDM4 mutant sequence (hsa_circ_0023826/MDM4-
mut) together with miR-188-3p mimic or miR-NC. A 
dual-luciferase reporter assay system (Promega, Madison, 
WI, USA) was implicated to measure luciferase activity 
(Sui et al., 2020).

RNA pull-down experiment

A biotin-labeled RNA (Roche, Shanghai, China) was 
used. After RGCs were lysed using RIPA lysis buffer 
(Beyotime, China), biotin miR-188-3p-labeled streptavi-
din magnetic beads were added for 1-h incubation. After 
elution, the RNA levels were analyzed (Wei et al., 2021).

Statistical analysis

SPSS 21.0 statistical software was used to analyze the 
data, and the Kolmogorov-Smirnov test showed that the 
data were normally distributed, and the results were ex-
pressed as mean ± standard deviation (S.D.). One/Two-

Figure 1. hsa_circ_0023826 is downregulated during glaucoma.
(A) RT-qPCR detected the expression of circ_0023826 in the fascia of normal human and glaucoma patients. (B) IOP levels of glaucoma 
rats. (C) Time of the rats in the dark room. (D) circ_0023826 expression in rat retina. (E) Immunocytochemical analysis of Thy-1 in isolated 
RGCs. (F) Immunoblotting for RGCs markers (Brn3a, Thy-1 and NF-L) in RGCs and rat eyeball tissue. (G) circ_0023826 expression in the 
isolated RGCs. (H) Nucleocytoplasmic separation experiments to analyze the subcellular localization of circ_0023826 in RGCs. Data are 
presented as mean ± S.D. (n=3 or 6). *p<0.05, **p<0.01, ***p<0.001.
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way ANOVA analysis of variance and the least signifi-
cant difference t test were suitable for comparing data. P 
was a two-sided test, and P<0.05 was considered statisti-
cally significant.

RESULTS

Hsa_circ_0023826 is downregulated during glaucoma

A previous study showed that circ_0023826 was down-
regulated in chronic glaucoma rats. It was speculated that 
circ_0023826 may have an important relationship with 
the development of glaucoma. Circ_0023826 expression 
was assessed in glaucoma patients. As shown in Fig. 1A, 
circ_0023826 expression in the eye fascia of glaucoma 
patients was lower than that of normal human eye fas-
cia. Then, a rat model of glaucoma was constructed and 
the IOP was tested before and after modeling. The re-
sults showed that the IOP of the glaucoma rats began to 
increase after the microbead injection, and the IOP was 
higher than that of the rats in the Sham group until the 
end of the modeling (Fig. 1B). The visual behavior test 
manifested that the rats treated with microbead surgery 
stayed longer in the dark room than the rats in the sham-
operated group (Fig. 1C), indicating that the increase of 
IOP caused by the injection of microbeads impairs the 
visual function of rats. These results indicated that a rat 
model of glaucoma was successfully constructed.

Circ_0023826 expression pattern in retinal tissue was 
checked by RT-qPCR, manifesting a decline in glaucoma 
rats (Fig. 1D). Subsequently, RGCs were isolated from 
rat eyeball tissues. The isolated cells were confirmed 
to be positive for Thy-1 expression by IHC staining 
(Fig.  1E). In addition, the expression of RGCs mark-
ers (Brn3a, Thy-1, and NF-L) in the isolated cells was 
higher than that in the rat eyeball tissue (Fig. 1F). This 
indicates that the collected cells were high-purity RGCs. 
Subsequently, an in vitro model of glaucoma was estab-
lished by NMDA induction. As shown in Fig. 1G, the 
expression of circ_0023826 in the NMDA-treated RGCs 
was significantly higher than that in the PBS-treated 
RGCs. Subcellular isolation test further confirmed that 
circ_0023826 was a cytoplasmic RNA (Fig. 1H). All the 
above data suggest that circ_0023826 may be involved in 
the development of glaucoma at the cellular post-tran-
scriptional translational level.

Hsa_circ_0023826 improves glaucoma symptoms and 
survival of RGCs

To explore the role of circ_0023826 in glaucoma, 
circ_0023826 was upregulated and downregulated in 
glaucoma rats (Fig. 2A). Visual behavioral test showed 
that knockdown of circ_0023826 increased the dark 
room dwell time of rats, while overexpression of 
circ_0023826 decreased the dark room dwell time of 
rats (Fig. 2B). H&E staining observed the morphologi-
cal changes of the retinas, showing that IPL and GCL 

Figure 2. hsa_circ_0023826 improves glaucoma symptoms and survival of RGCs.
(A) RT-qPCR detection of the expression of circ_0023826 in rats; (B) Time of the rats in the dark room. (C) H&E staining (200 ×) of retina 
tissue of rats. (D) Counting of RGCs in retinal tissue of rats. (E) Proliferation of RGCs. (F) Apoptotic ability of RGCs. (G) Immunoblotting for 
Bcl-2, Bax and Caspase-3 in RGCs. Data are presented as mean ± S.D. (n=3 or 6). *p<0.05, **p<0.01, ***p<0.001.

780



Vol. 70 						      257Hsa_circ_0023826 protects against glaucoma

were reduced in the Glaucoma group, while knockdown 
of circ_0023826 resulted in further reduction of IPL and 
GCL, but overexpression of circ_0023826 restored the 
levels of IPL and GCL (Fig. 2C). In addition, the num-
ber of RGCs in glaucoma rats was significantly reduced, 
knockdown of circ_0023826 further reduced the number 
of RGCs, while overexpression of circ_0023826 was able 
to restore the number of RGCs (Fig. 2D). Subsequently, 
the effect of circ_0023826 on the biological behavior 
of RGCs was examined. As shown in Fig. 2E, MNDA 
reduced the viability of RGCs, while knockdown of 
circ_0023826 resulted in a further decrease in the cell 
viability of RGCs, but overexpression of circ_0023826 
restored the cell viability of RGCs. In addition, MNDA 
promoted the apoptosis rate of RGCs and increased the 
expression of apoptosis-related proteins Bax and cleaved 
caspase-3, which was further enhanced by knockdown 

of circ_0023826, but attenuated by overexpression of 
circ_0023826 (Fig. 2F, G). These data suggest that over-
expression of circ_0023826 improves glaucoma by pro-
moting the cell viability of RGCs.

Circ_0023826 is a sponge for miR-188-3p

To reveal the underlying mechanism by which 
circ_0023826 works, a bioinformatics website was used 
to predict the downstream miRNAs of circ_0023826. 
miR-188-3p was found to have a targeted binding site 
of circ_0023826 (Fig. 3A). Next, their interaction was 
verified by dual-luciferase reporter assay and the results 
revealed that the luciferase activity decreased after co-
transfection of miR-188-3p-mimic and circ_0023826-
WT, but did not change after co-transfection with 
circ_0023826-MUT (Fig. 3B). Meanwhile, RNA pull-
down assay showed that Bio-miR-188-3p was able to 

Figur 3. circ_0023826 is a sponge for miR-188-3p. 
(A) The binding site (https://circinteractome.nia.nih.gov/) between circ_0023826 and miR-188-3p. (B–C) Dual-luciferase reporter assay and 
RNA pull-down assay to evaluate the interaction between circ_0023826 and miR-188-3p. (D) Changes of miR-188-3p in RGCs after MNDA 
induction (E) miR-188-3p expression after downregulating circ_0023826 in isolated RGCs. Data are presented as mean ± S.D. (n=3). 
**p<0.01, ***p<0.001.

Figur 4. miR-188-3p directly targets MDM4. 
(A) The bioinformatics website (https://cm.jefferson.edu/rna22/) predicts the binding site between MDM4 and miR-188-3p. (B–C) Dual-
luciferase reporter assay and RNA pull-down assay to assess the interaction between MDM4 and miR-188-3p. (D–E) Effects of MNDA 
treatment on MDM4 expression in RGCs detected by RT-qPCR or western blot. (F–G) Effects of down-regulation of circ_0023826 or up-
regulation of miR-188-3p on MDM4 expression detected by RT-qPCR or western blot. Data are presented as mean ± S.D. (n=3). *p<0.05, 
**p<0.01, ***p<0.001.
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pull down circ_0023826 (Fig. 3C). Furthermore, MNDA 
promoted the expression of miR-188-3p in RGCs (Fig. 
3D); knockdown of circ_0023826 increased the expres-
sion of miR-188-3p (Fig. 3E). The above data indicated 
that miR-188-3p was the target gene of circ_0023826.

MiR-188-3p directly targets MDM4

There are multiple complementary binding sites in 
miR-188-3p and MDM4 based on bioinformatics analy-
sis (Fig. 4A). The results of dual-luciferase reporter gene 
assay confirmed that co-transfection of miR-188-3p-
mimic with MDM4-WT reduced luciferase activity, while 
co-transfection with MDM4-MUT had no effect on lu-
ciferase activity (Fig. 4B). Meanwhile, the results of RNA 
pull-down experiment detected that Bio-miR-188-3p en-
riched MDM4 (Fig. 4C). Furthermore, MNDA treatment 
decreased MDM4 expression in RGCs (Fig.  4D,  E). 
Knockdown of circ_0023826 or overexpression of miR-
188-3p also inhibited the expression of MDM4 (Fig.  4F, 
G). The above data indicate that MDM4 is a down-
stream target gene of miR-188-3p.

Circ_0023826 alleviates glaucoma and the survival of 
RGCs by miR-188-3p targeting MDM4

To investigate the effect of circ_0023826 on glauco-
ma via the miR-188-3p/MDM4 axis, Lenti-NC, Lenti-
circ_0023826, Lenti-circ_0023826 + Lenti-miR-188-3p, 
Lenti-circ_0023826 + sh-MDM4 were injected into the 
eyes of rats, respectively. As shown in Fig. 5A, over-
expression of circ_0023826 promoted the expression 
of MDM4, but this effect was reversed by overexpres-
sion of miR-188-3p or knockdown of MDM4 (Fig. 

5A). The results of visual behavioral test showed that 
up-regulation of circ_0023826 could improve visual 
function in rats, while up-regulation of miR-188-3p or 
down-regulation of MDM4 could reverse the improve-
ment of visual function in rats by circ_0023826 addition 
(Fig.  5B). H&E staining found that Lenti-circ_0023826 
significantly protected the reduction of GCL and IPL, 
and significantly increased the number of RGCs. How-
ever, Lenti-miR-188-3p or sh-MDM4 could reverse the 
effects of Lenti-circ_0023826 (Fig. 5C, D). As shown in 
Fig.  5E–G, Lenti-circ_0023826 can increase the cell vi-
ability and inhibit apoptosis of RGCs. However, Lenti-
miR-188-3p or sh-MDM4 could reverse the effects of 
Lenti-circ_0023826. Taken together, circ_0023826 ame-
liorates glaucoma symptoms and promotes the survival 
of RGCs by regulating the miR-188-3p/MDM4 axis.

DISCUSSION

Glaucoma is a major cause of irreversible vision loss 
and is characterized by retinal neurodegeneration (Van et 
al., 2022). Directly or indirectly promoting the survival of 
RGCs can delay or prevent the progression of glaucoma. 
Here, we reported that circ_0023826 was downregulated 
during glaucoma and demonstrated that circ_0023826 al-
leviated visual impairment in glaucoma rats and promot-
ed the survival of RGCs. Mechanistically, circ_0023826 
worked through sponge-absorbing miR-188-3p, which 
affected its downstream gene MDM4. Regarding study 
novelty, we reported for the first time that circ_0023826 
was involved in the pathogenesis of glaucoma through 
the downstream miR-188-3p/MDM4 axis.

Figure 5. circ_0023826 alleviates glaucoma and the survival of RGCs by miR-188-3p targeting MDM4. 
(A) RT-qPCR detection of MDM4 expression in rats. (B) Time of the rats in the dark room. (C) H&E staining (200 ×) of retina tissue of rats. 
(D) Counting of RGCs in retinal tissue of rats. E. Proliferation of RGCs. (F) Apoptotic ability of RGCs. (G) Immunoblotting for Bcl-2, Bax and 
Caspase-3 in RGCs. Data are presented as mean ± S.D. (n=3). *p<0.05, **p<0.01, ***p<0.001.
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CircRNAs are abundant in the eukaryotic transcrip-
tome (Jeck et al.,  2013) and significantly enriched in hu-
man brain and retinal tissues (Akhter et al.,  2018). It has 
been reported that circRNAs may drive changes that lead 
to glaucoma progression through one or more of these 
pathophysiological processes and lead to RGC death 
(Rong et al.,  2021). Studies have revealed the signifi-
cance of circRNAs in glaucoma, including circZNF609 
and circZRANB1. circ_0023826 suggests a diagnostic 
value in glaucoma. We first studied circ_0023826’s bio-
logical function in glaucoma. Apoptosis and inflamma-
tion of RGCs are important pathological features of eye 
diseases such as glaucoma (Ou et al.,  2021). We found 
that circ_0023826 in glaucoma-induced rats could allevi-
ate the visual impairment, increase the number of RGCs, 
and inhibit the apoptosis of RGCs.

It has been demonstrated that circRNAs can act as 
miRNA sponges to regulate targeted downstream gene 
expression. Therefore, we predicted the targeted miR-
NA (miR-188-3p) of circ_0023826. miRNAs are impor-
tant regulators of the complex biological progression of 
various neurodegenerative diseases (Mead et al.,  2022). 
Recently, miRNAs have been widely reported to be in-
volved in the regulation of cell growth, differentiation, 
metabolism and apoptosis in the biological progression 
of glaucoma (Greene et al.,  2022). MiR-126 promotes 
retinal ganglion cell apoptosis in glaucoma rats (Wang et 
al.,  2020) and miR-223 induces retinal ganglion cell ap-
optosis. miR-188-3p has been reported to be associated 
with various diseases, such as cancer (Luo et al.,  2021), 
cardiovascular disease (Mi et al.,  2020), and diabetic ne-
phropathy (Jin et al.,  2021) miR-188-3p has been report-
ed to disrupt gemmarone-mediated podocyte protection 
in a mouse model of type 1 diabetic nephropathy by 
triggering mitochondrial damage (Wang et al.,  2021). De-
spite accumulating evidence that miR-188-3p exerts anti-
apoptotic roles in several cell types, its function in retinal 
ganglion cell apoptosis and glaucoma progression is un-
clear. We first found that miR-188-3p was upregulated in 
RGCs isolated from retinal tissue of glaucoma rats and 
confirmed that circ_0023826’s effect on the survival of 
RGCs could be reversed by overexpressing miR-188-3p.

Subsequently, we further predicted downstream fac-
tors of miR-188-3p and found that MDM4 was down-
regulated during glaucoma. MDM4 protein, also known 
as MDMX, was first discovered in 1996 by screening for 
p53-binding proteins (Shvarts et al.,  1996). It has been 
reported that MDMX is often amplified and highly ex-
pressed in human cancers, promoting cancer cell growth, 
and inhibiting apoptosis (Yu et al.,  2020). However, the 
function of MDMX in retinal ganglion cell apoptosis 
and glaucoma progression is currently unclear. To fur-
ther verify the regulatory effect of circ_0023826/miR-
188-3p/MDM4 axis on NSCLC, we performed rescue 
assays and confirmed that downregulating MDM4 or up-
regulating miR-188-3p could reverse the therapeutic ef-
fect of circ_0023826 on glaucoma progression.

Taken together, our study confirmed our hypothesis 
that circ_0023826 protected against glaucoma by target-
ing the miR-188-3p/MDM4 axis. Nonetheless, we fo-
cused on retinal ganglion cells, other retinal cell types 
may also be affected by circ_0023826; because our find-
ings are based on cell culture investigations and experi-
mental animal studies, they cannot be directly general-
ized to patients. In the future, we will conduct more 
experiments to further verify the molecular mechanism 
of circ_0023826 protecting glaucoma in vitro and in vivo.

CONCLUSION

Our study reports the protective effect of circ_0023826 
in glaucoma-induced neuroretinal degeneration. It was 
confirmed that upregulating circ_0023826 expression in 
glaucoma-induced rats can alleviate the damage to vis-
ual function in rats, increase the number of RGCs, and 
inhibit the apoptosis of RGCs. Mechanistically, our re-
sults suggest that circ_0023826 acts in glaucoma-induced 
neuroretinal degeneration by regulating the miR-188-3p/
MDM4 axis and defines circ_0023826 as a new target 
for neuroprotective therapy of glaucoma.
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Objective: To investigate the prognostic value of serum 
albumin (SA) levels before chemotherapy in patients 
with diffuse large B-cell lymphoma (DLBCL) after re-
ceiving chemotherapy. Methods: This is a retrospective 
study, and 127 patients with DLBCL including 71 males 
(55.9%) and 56 females (44.1%) were included. Patients’ 
gender, age, Ann Arbor staging, eastern cooperative 
oncology group (ECOG) score, treatment options, inter-
national prognostic index, response rate, overall sur-
vival (OS), and progression-free survival (PFS) were ob-
tained for statistical analysis. Results: Univariate analysis 
showed that SA≤34 g/L, Ann Arbor III-IV, B symptoms, 
ECOG≥2, and bone marrow involvement suggest a poor 
prognosis in patients with DLBCL. Patients with persis-
tent SA>34 g/L had significantly longer OS than patients 
with persistent SA≤34 g/L (P=0.020). Multivariate analy-
sis showed that SA≤34 g/L (HR=0.48, 95% CI=0.26-0.90, 
P=0.022) and R-CHOP-like treatment regimen (HR=0.43, 
95% CI=0.24-0.76, P=0.004) are independent factors that 
could affect the prognosis of patients with DLBCL. Con-
clusion: SA can be used as an indicator of prognosis 
in patients with DLBCL before the first chemotherapy. 
DLBCL patients with SA≤34 g/L are associated with short 
OS and poor prognosis, which may potentially provide 
guidance for the clinician to pay more attention to this 
population before the first chemotherapy.
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therapy, prognosis, IPI
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INTRODUCTION

Diffuse large B-cell lymphoma (DLBCL) is the most 
common pathological subtype of non-Hodgkin’s lym-
phoma (NHL), and its incidence rate is 6.3% with an 
estimated more than 25 thousand new cases in the Unit-
ed States in 2016 (Li et al., 2018). The heterogeneities of 

DLBCL in clinical manifestations and histomorphology 
lead to differences in treatment response and prognosis.

The international prognostic index (IPI) is currently 
the common risk stratification criteria for lymphoma, 
which includes age, Ann Arbor disease stage, serum lac-
tate dehydrogenase (LDH) level, extranodal involvement 
and eastern cooperative oncology group (ECOG) score 
(Ziepert et al., 2010). Afterwards, the age-adjusted in-
ternational prognostic (aaIPI) can be used to assess the 
long-term prognosis of patients aged ≤60 years (Sehn et 
al., 2007).

The National Comprehensive Cancer Network Inter-
national Prognostic Index (NCCN-IPI) followed the five 
clinical features of IPI, and the LDH and age factors 
were more subdivided, and their evaluation was better 
than IPI (1993). The R-CHOP regimen is effective in 
the treatment of patients with DLBCL, and its overall 
survival (OS) and event-free survival (EFS) are superior 
to the CHOP-like regimen (Coiffier et al., 2002; Coiffier 
et al., 2010; Pfreundschuh et al., 2006)

BCL-2, MYC, and BCL-6 molecular biological indica-
tors have made significant progress in assessing progno-
sis (Miyaoka et al., 2018), though the examination is ex-
pensive. Serum albumin (SA) results show that patients 
with low SA have lower OS (Dalia et al., 2014), and 
SA can predict the prognosis of patients with DLBCL 
(Eatrides et al., 2015), but it is excluded from the IPI 
prognosis approach due to insufficient data (1993). In 
this study, we aimed to investigate the prognostic val-
ue of SA levels before chemotherapy in patients with 
DLBCL after receiving chemotherapy. After determining 
the optimal threshold of SA level in DLBCL patients, 
the patients were divided into high and low cut-off SA 
groups. The OS and progression-free survival (PFS) 
were analyzed to assess the effectiveness of NCCN-IPI 
in DLBCL patients, especially those under 60 years of 
age. This retrospective analysis of DLBCL patients with 
different SA levels might provide more clinically relevant 
guidance for clinicians to assess the prognostic outcomes 
of patients before the first chemotherapy.

OBJECTIVES AND METHODS

Object selection

This retrospective study was approved by the Ethics 
Committee of Fujian Medical University Union Hospital 
(the approval number: 2019KY029) in Fuzhou City, Fu-
jian Province, China in 2019. A total of 127 patients with 
DLBCL admitted to the Union Hospital of Fujian Medi-
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cal University from January 1, 2010 to December 31, 
2014 were consecutively enrolled. Inclusion criteria were 
as follows: 1) initial treatment and age ≥18 years; 2) ini-
tial diagnosis of DLBCL; 3) pathological tissues were di-
agnosed according to WHO lymphoma typing (Fmedsci 
& Frs, 2015); 4) no severe heart, lung, liver, and kidney 
dysfunction; 5) patients were treated with rituximab and 
CHOP (R-CHOP) like regimen or CHOP-like regimen. 
Exclusion criteria were as follows: 1) initial treatment 
and age <18 years; 2) no chemotherapy in our hospi-
tal or incomplete data; 3) patients with history of heart, 
lung, liver, or kidney dysfunction; 4) patients were diag-
nosed with primary central nervous system diffuse large 

B-cell lymphoma, primary diffuse large B-cell lympho-
ma, primary mediastinal diffuse large B-cell lymphoma, 
original bone marrow diffuse large B-cell lymphoma, or 
Epstein-Barr virus (EBV)-positive elderly diffuse large B-
cell lymphoma. The clinical data, including gender, age, 
germinal center B cell-like (GCB) subtypes (by the Hans 
algorithm (Hans et al., 2004)), Ann Arbor staging (Sehn 
et al., 2005), B symptoms, ECOG, extranodal involve-
ment, LDH, SA, treatment regimen, and NCCN-IPI, 
were analyzed in this study. All patient details were de-
identified and the identity of patients could not be ascer-
tained from this study. Meanwhile, the reporting of this 
study conforms to the STROBE statement (von Elm et 
al., 2007).

Treatment

The patients’ consent to treatment was obtained in 
this study. All patients received an R-CHOP-like regi-
men (rituximab (R) 375 mg/m2 once, cyclophosphamide 
(CTX) 750 mg/m2 once, vincristine (VCR) 1.4 mg/
m2 or vindesine (VDS) once, doxorubicin (Adriamycin, 
ADM) 50 mg/m2 once and epirubicin (EPI) or pred-
nisone (Pred) 40 mg/m2 for 5 continuous days) repeated 
at 14-day intervals for 1-6 cycles, or CHOP-like regimen 
(CTX, VCR or VDS, ADM, EPI or Pred) for 1-6 cycles 
(Lamy et al., 2018).

Table 1A. The International Prognostic Index (IPI)

Index 0 Point 1 Point

Age (Year) ≤60 >60

ECOG 0 or 1 ≥2

LDH ≤Normal Value >Normal Value

Extranodal involvement 0 or 1 >1

Ann Arbor staging I or II III or IV

Low-risk group, 0–1 point; low-intermediate risk group, 2 points; high-
intermediate risk group, 3 points; high-risk group, 4–5 points. ECOG, 
Eastern Cooperative Oncology Group; LDH, Lactate Dehydrogenase.

Table 1B. The age-adjusted international Prognostic Index (aaIPI)

Index 0 Point 1 Point

ECOG < 2 ≥2

LDH ≤Normal Value >Normal Value

Ann Arbor staging I or II III or IV

Low-risk group, 0 points; low-intermediate risk group, 1 point; high-
intermediate-risk group, 2 points; high-risk group, 3 points. ECOG, East-
ern Cooperative Oncology Group; LDH, Lactate Dehydrogenase.

Table 1C. The National Comprehensive Cancer Network International Prognostic Index (NCCN-IP)

Index Grouping Point

Age

<41 Year 0

41–60 Year 1

61–75 Year 2

>75 Year 3

ECOG
0 or 1 0

≥2 1

LDH <1 of Normal Value 0

1–3 of Normal Value 1

>3 of Normal Value 2

Extranodal involvement No 0

Yes 1

Ann Arbor staging I or II 0

III or IV 1

Low-risk group, 0-1 point; low-intermediate risk group, 2–3 points; high-intermediate risk group, 4–5 points; high-risk group, ≥6 points. ECOG, East-
ern Cooperative Oncology Group; LDH, Lactate Dehydrogenase.

Figure 1. Receiver operating characteristic (ROC) curve of serum 
albumin.
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Table 2. Information of the Patients with DLBCL

Index Patients No. Ratio (%)
 SA

P
≤34 g/L (%) >34 g/L (%)

Sex 0.512

Male 71 55.9 42 (59.2) 29 (40.8)

Female 56 44.1 29 (51.8) 27 (48.2)

Age (Year) 0.257

≤60 82 64.6 46 (56.1) 36 (43.9)

>60 45 35.4 25 (55.6) 20 (44.4)

Ann Arbor staging 0.003

I-II 41 32.3 18 (43.9) 23 (56.1)

III-IV 86 67.7 53 (61.6) 32 (37.2)

B symptoms 0.007

Yes 45 35.4 35 (77.8) 10 (22.2)

No 82 64.6 37 (45.1) 45 (54.9)

ECOG score 0.004

<2 105 82.7 52 (49.5) 54 (51.4)

≥2 22 17.3 19 (85.4) 3 (13.6)

Extranodal involvement 0.301

Yes 69 54.3 45 (65.2) 24 (34.8)

No 58 45.7 27 (46.6) 31 (53.4)

Bone marrow involvement 0.038

Yes 32 25.2 23 (71.9) 9 (28.1)

No 95 74.8 47 (49.5) 48 (50.5)

LDH (U/L) 0.019

>250 67 52.8 48 (71.6) 19 (28.4)

≤250 60 47.2 23 (38.3) 37 (61.7)

Pathological type 0.389

GCB 45 35.4 26 (57.8) 19 (42.2)

Non-GCB 81 63.8 44 (54.3) 37 (45.7)

Treatment 0.002

CHOP-like 54 42.5 35 (64.8) 19 (35.2)

R-CHOP like 69 54.3 35 (50.7) 34 (49.3)

IPI/aaIPI 0.003

Low-risk 34 26.8 14 (41.2) 20 (58.8)

Low-intermediate risk 34 26.8 17 (50) 17 (50)

High-intermediate risk 30 23.6 20 (66.7) 10 (33.3)

High-risk 29 22.8 21 (72.4) 8 (27.6)

NCCN-IPI 0.000

Low-risk 23 18.1 10 (43.5) 13 (56.5)

Low-intermediate risk 64 50.4 31 (48.4) 33 (51.6)

High-intermediate risk 32 25.2 24 (75) 8 (25)

High-risk 8 6.3 8 (100) 0 (0)

DLBCL, diffuse large B-cell lymphoma; ECOG, eastern cooperative oncology group; LDH, lactate dehydrogenase; GCB, germinal center B cell-like; IPI, 
international prognostic index; aaIPI, age-adjusted international prognostic index; NCCN-IPI, the national comprehensive cancer network interna-
tional prognostic index.

787



770											           2023L. Chen and others

Prognostic assessment method

Patients were assessed by IPI, aaIPI and NCCN-IPI 
(Table 1A, B and C). NCCN-IPI assessment includes 
patients’ age, ECOG score, serum lactate dehydroge-
nase level (LDH), extranodal involvement (involved 
distinct sites, such as bone marrow, CNS, gastrointes-
tinal tract, liver or lung), and Ann Arbor stage. By us-
ing this assessment method, patients were divided into 
low-risk group (NCCN-IPI=0–1), low-intermediate risk 
group (NCCN-IPI=2–3), high-intermediate risk group 
(NCCN-IPI=4–5) and high-risk group (NCCN-IPI ≥6) 
(Table  1C).

SA grouping

The cut-off value of SA was obtained by analyzing the 
SA level- receiver operating characteristic (ROC) curve. 
Following this approach, the cut-off value of SA was 
34 g/L. Therefore, in this study, the DLBCL patients 
were divided into low SA≤34 g/L and high SA>34 g/L 
groups (Fig. 1).

Efficacy criteria

The short-term efficacy evaluation was based on the 
Response Criteria for Malignant Lymphoma (Cheson et 
al., 2007) by using CT or PET-CT imaging techniques af-
ter the first chemotherapy. Generally, the short-term ef-
ficacy was divided into four groups: complete remission 
(CR, defined as disappearance of all evidence of disease), 
partial remission (PR, defined as regression of measura-
ble disease and no new sites), stable disease (SD, defined 
as failure to attain the CR/PR), Progressive disease (PD, 
defined as any new lesion or increase by 50% of previ-
ously involved sites from nadir). OS and PFS are fol-
lowed up by inpatient medical records or by telephone. 
The deadline is the study endpoint December 31, 2017, 
to obtain 3-year and 3-year of OS and PFS data. OS: 
The primary endpoint was OS with 3 years (3-year OS), 
defined as the time from diagnosis to death from any 
cause, following the IPI criteria. PFS was defined as the 
time from DLBCL diagnosis until the disease recurrence, 
death-from-any-cause, or censoring (Cheson et al., 2007).

Data processing method

All data were analyzed using SPSS 20.0. ROC curve 
analysis was performed to obtain the cut-off SA value. 
OS and PFS were assessed by using the Kaplan-Meier 
estimator. Univariate and multivariate analyses were per-
formed using the Cox regression model, and short-term 
efficacy analysis was performed by using the chi-square 
test. P<0.05 was statistically significant.

RESULT

General clinical characteristics of patients with DLBCL

A total of 156 cases of DLBCL were diagnosed by 
pathology in our hospital from January 1, 2010 to De-
cember 31, 2014, while 26 cases were not treated with 
chemotherapy and 3 cases were combined with other 
tumors. Therefore, 127 patients were finally collected, 
including 71 males (55.9%) and 56 females (44.1%). 
Generally, the median age of patients was 56 (18–86) 
years, while 45 patients (35.4%) were aged >60 years. 
The ECOG<2 points were reported in 105 cases 
(82.7%), while ECOG≥2 points were reported in 22 
cases (17.3%). There were 82 cases (64.6%) who had no 

B symptoms, and 45 cases (35.4%) were with B symp-
toms. The patients with normal LDH levels were found 
in 60 cases (47.2%), while 67 cases (52.8%) were shown 
with high LDH. The low SA (≤34 g/L) was observed 
in 70 cases (55.1%) and high SA (>34 g/L) was in 54 
cases (42.5%). The other clinical characteristics of these 
patients are shown in Table 2.

Pathologically diagnosed with germinal center B cell-
like (GCB) was found in 45 cases (35.4%) and non-GCB 
was in 81 cases (63.8%). Meanwhile, 41 cases (32.3%) 
were diagnosed with Ann Arbor staging I-II, while 86 
cases (67.7%) were Ann Arbor staging III-IV. In addi-
tion, 58 cases (45.7%) were not found with extranodal 
involvement, while 69 cases (54.3%) were shown with 
extranodal involvement. According to the NCCN-IPI 
assessment, there were 23 cases (18.1%) in the low-risk 
group, 64 cases (50.4%) in the low-intermediate risk 
group, 32 cases (25.2%) in the high-intermediate risk 
group, and 8 cases (6.3%) in the high-risk group, with 
3-year OS of 76.5%, 73.8%, 32.5%, 37.5 %, respectively. 
Meanwhile, 54 patients (42.5%) received CHOP-like reg-
imens, 69 patients (54.3%) received R-CHOP-like regi-
mens, and the other 4 patients received other chemo-
therapy (Table 2).

Survival and prognosis analysis

Up to the last follow-up date, the rate of loss to fol-
low-up was 15.7%, while the mortality rate was 35.4%. 
The median follow-up time was 25 (0–66) months. The 
OS of 1 year, 3 years and 5 years were 70.3%, 61.0% 
and 50.5%, respectively. The PFS rates of 1 year, 3 years 
and 5 years were 56.7%, 41.2% and 32.0%, respectively 
(Fig. 2A and B).

Cox regression analysis of factors in association with 
OS of patients with DLBCL

By using univariate Cox analysis, it showed that Ann 
Arbor staging (P=0.008), B symptoms (P=0.008), ECOG 
score (P=0.004), bone marrow involvement (P=0.017), 
LDH levels (P=0.063), SA levels (P=0.002), and treat-
ment regimens (P=0.003) were significantly associated 
with 3-year OS in patients with DLBCL (Table 3). How-
ever, when using the multivariate Cox regression model, 
it showed that Ann Arbor staging, B symptoms, ECOG 
score, bone marrow involvement, and LDH levels had 
no significant correlation with the prognostic values of 
DLBCL patients. On the contrary, SA levels (P=0.022) 
and treatment regimens (P=0.004) were an independent 
prognostic factor for patients with DLBCL (Table 4).

Figure 2. The 3-year overall survival of the low-risk group, the 
low-intermediate-risk group, the high-intermediate-risk group 
and the high-risk group of the IPI/aaIPI (A) and the NCCN-IPI (B).
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The association of SA concentration with short-term 
efficacy

In the SA of ≤34 g/L population (n=70), the overall 
response rate (ORR) was 58.6%, with 28 complete re-
mission (CR) patients and 13 partial remission (PR) pa-
tients, while the non-remission rate (NRR) was 41.4%. In 
the SA>34 g/L population (n=54), the ORR was 90.7% 
(n=49), while the NRR was 9.3% (n=5). The short-term 
efficacy of patients with DLBCL between these two 
groups was statistically significant (P=0.033), indicating 
the low SH patient has a low CR rate after receiving 
chemotherapy (Table 5). In addition, the 3-year OS and 
PFS in the high SA group were 57.4% and 32.8%, which 
was significantly better than that in the low SA group 
(P=0.002 and P=0.022) (Fig. 3 and Table 6).

Prognostic value of SA level in association with other 
factors of patients with DLBCL

The 3-year OS in patients with a sustained SA of >34 
g/L was significantly longer than those with a continu-
ous SA of ≤34 g/L (P=0.02), whereas there was no 
significant difference in terms of PFS, suggesting that 
patients with SA>34 g/L before the initial chemother-
apy have longer OS than that of patients with SA≤34 
g/L, while the level of SA did not affect on PFS of 
patients with DLBCL (Fig. 4). The 3-year OS of high 
SA patients with NCCN-IPI stratified low-intermediate 
risk group was significantly higher than the 3-year OS 
of low SA (P=0.029), while there was no significant dif-
ference in 3-year OS between high and low SA levels 
in low-risk/high-intermediate group (P>0.05) (Fig. 5). 
The 3-year OS of patients with high SA with ECOG 
score of 0-1 was significantly higher than that of pa-

Table 3. Results of univariate Cox regression model

Index
 3-year OS

HR 95% CI P

Sex (Male vs Female) 1.045 0.788-1.385 0.762

Age (≤60 years vs >60 years) 0.945 0.528-1.691 0.849

Ann Arbor staging (I-II vs III-IV) 2.689 1.302-5.553 0.008

B symptoms (Yes vs No) 0.469 0.267-0.823 0.008

ECOG Score (<2 vs ≥2) 2.55* 1.348-4.824 0.004

Extranodal involvement (Yes vs No) 0.972 0.732-1.290 0.842

Bone marrow involvement (Yes vs No) 0.701 0.524-0.938 0.017

LDH (Normal vs > Normal) 0.761 0.571-1.015 0.063

Low SA vs High SA 1.629 1.193-2.224 0.002

GCB vs non-GCB 1.151 0.647-2.045 0.633

CHOP- like vs R-CHOP-like 1.571 1.208-2.044 0.003

IPI 1.571 1.208-2.044 0.001

NCCN-IPI 2.131 1.522-2.984 0.000

*Example in this analysis: HR is obtained from the exponential regression coefficient, and gives the effect size of the predictors. In our example, the 
ECOG variable had an HR =2.55, meaning that the hazard (year OS) in patients with ECOG ≥2 is about 2.55 times higher than in the patients with 
ECOG <2. ECOG, Eastern Cooperative Oncology Group; LDH, Lactate Dehydrogenase; GCB, germinal center B cell-like; IPI, International Prognostic 
Index; SA, serum albumin; NCCN-IPI, the National Comprehensive Cancer Network International Prognostic Index; OS, overall survival; HR, hazard 
ratio; CI, confidence interval.

Table 4. Results of multivariate Cox regression model

Index
 3-year OS

HR 95.0% CI  P

Ann Arbor staging (I-II vs III-IV) 1.67 0.74-3.79  0.219

B symptoms (Yes vs No) 0.73 0.37-1.42  0.350

ECOG score (2 vs ≥2) 1.58* 0.77-3.25  0.212

Bone marrow involvement (Yes vs No) 0.78 0.4-1.48  0.451

LDH (Normal vs > Normal) 1.14 0.60-2.18  0.685

Low SA vs High SA 0.48 0.26-0.90  0.022

CHOP-like vs R-CHOP -like 0.43 0.24-0.76  0.004

*Example in this analysis: HR is obtained from the exponential of regression coefficient, and gives the effect size of the predictors. In our example, 
the ECOG variable had an HR=1.58, meaning that the hazard (3-year OS) in patients with ECOG ≥2 is about 1.58 times higher than in the patients 
with ECOG <2. ECOG, Eastern Cooperative Oncology Group; LDH, Lactate Dehydrogenase; OS, overall survival; HR, hazard ratio; CI, confidence in-
terval.
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tients with low SA with ECOG score of 0-1 (HR=0.439, 
95% CI=0.232–0.831, P=0.011) (Table 7). In the non-
GCB group, the low SA patients survived for 47.9% in 
3 years, and the 3-year survival rate of high SA patients 
was 78.3 %, which was statistically significant (P=0.004, 
Table 8). The 3-year OS of low SA patients in group 
III-IV was 33.2 %, which was significantly lower than 
72 % in high SA patients (P=0.018) (Fig. 6 and Table 9).

Analysis of 3-year OS of treatment regime grouped SA 
group by univariate Cox regression model

The Kaplan–Meier test showed that in the CHOP-like 
treatment group, the 3-year OS ratio of patients in the 
high SA group was higher than that in the low SA group 
(62% vs 38%) (P=0.087, Fig. 7A). In the R-CHOP like 
treatment group, the 3-year OS ratio of patients in the 
high SA group was higher than that in the low SA group 
(87% vs 61% (P=0.101, Fig. 7B). Univariate Cox regres-
sion analysis showed that there were significantly differ-
ent in the 3-year OS between low and high SA among 
the CHOP like (P=0.035) and R-CHOP like groups 
(P=0.04) (Table 10).

DISCUSSION

In this study, we retrospectively analyzed the 127 pa-
tients with DLBCL and found that the cut-off SA value 
of 34 g/L could be used as a prognostic predictor for 
DLBCL patients in the clinic. Similarly, Wei and others 
(Wei et al., 2021) reported that the best cutoff value of 
SA for survival analysis of patients with DLBCL was 
39.2 g/L, and also concluded that hypoalbuminemia can 
act as a simple and effective adverse prognostic factor in 

these patients. In addition, Eatrides and others (Eatrides 
et al., 2015) showed that SA <37g/L in patients treated 
with R-CHOP like had a lower OS and PFS. However, 
in this study, we divided the DLBCL patients into >34 
g/L and SA≤34 g/L groups, and compared the prog-
nostic outcomes of these patients in different subgroups, 
including NCCN-IPI risk grouping, before and after 

Table 5. Comparison of serum albumin levels and short-term efficacy

Serum albumin (g/L) CR (%) NRR (%) ORR (%)

≤34 g/L (n=70) 28 (40) 29 (41.4) 41 (58.6)*

>34 g/L (n=54) 32 (59.3) 5 (9.3) 49 (90.7)*

*P=0.033; CR: complete remission; NRR, non-remission rate; ORR, overall response rate.

Figure 3. Analysis of 3-year OS (A) and PFS (B) in the low and 
high SA patients.

Table 6. Analysis of Serum albumin levels and 3-year OS/PFS by univariate Cox regression model

% HR 95% CI P

3-year OS ratio: low SA (43.6%) vs high SA (57.4%) 1.629 1.193-2.224 0.002

3-year PFS ratio: low SA (20%) vs high SA (32.8%) 0.607 0.392-0.938 0.022

OS, overall survival; PFS, progression-free survival; SA, serum albumin; HR, hazard ratio; CI, confidence interval.

Figure 4. Analysis of 3-year OS and 3-year PFS in low and high 
SA patients before and after the chemotherapy. 
3-years OS (A) and 3-year PFS (B) in patients with two SAs>34 g/L 
and two SAs ≤ 34 g/L before the first two chemotherapy. 3 years 
OS (C) and 3-year PFS (D) in patients with two SAs≤34 g/L and ini-
tial SA 34 g/L, second SA>34 g/L before the first two chemother-
apy. 3-year OS (E) and 3-year PFS (F) in patients with two SAs>34 
g/L and initial SA>34 g/L, second SA≤34 g/L before the first two 
chemotherapy.
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chemotherapy, Ann Arbor staging, ECOG score, treat-
ment options, respectively. By evaluating SA concentra-
tion predictive efficacy in these subgroups, it showed 
that SA may serve as the prognostic predictor in DLBCL 
patients with specific clinical characteristics.

IPI/aaIPI/NCCN – IPI assessment

IPI/aaIPI has been used as a prognostic indicator for 
DLBCL. In this study, univariate Cox regression mod-
el analysis IPI/aaIPI showed significant differences in 
OS of different risk stratification, indicating that IPI/
aaIPI may effectively assess the prognosis of patients. 
Ziepert et al reported that rituximab increases OS in 
patients with DLBCL, and IPI can effectively assess 
patient prognosis in both CHOP-like and R-CHOP like 
regimens (Ziepert et al., 2010). In this study, patients 
with DLBCL who received an R-CHOP regimen had 

longer OS than patients with DLBCL who received 
a CHOP-like regimen, which is consistent with other 
studies. IPI was able to assess the prognosis of patients 
with DLBCL treated with the R-CHOP-like regimen 
but was unable to completely distinguish the four risk 
stratifications and the effectiveness of IPI in assessing 
the prognosis of such patients was limited (Salles et al., 
2011). Multivariate analysis showed that age ≥60 years, 
elevated LDH levels, low SA and Ann Arbor staging 
were independent prognostic risk factors (Ngo et al., 
2008). Zhou and others (Zhou et al., 2014) studied pa-
tient data from seven clinical centers and proposed an 
NCCN-IPI prognostic assessment model to assess the 
prognosis of patients with DLBCL treated with the R-
CHOP-like regimen.

NCCN-IPI is effective in assessing OS in patients 
treated with CHOP-like and R-CHOP-like regimens, and 

Table 8. Analysis of 3-year OS of pathological grade-stratified serum albumin group by univariate Cox regression model

Pathological diagnosis SA group 3-year OS ratio (%)
 3-year OS

HR 95% CI P

GCB Low SA 35.6
0.441 0.176-1.109 0.082

High SA 74.9

non-GCB Low SA 47.9
0.315 0.143-0.693 0.004

High SA 78.3

OS, overall survival; GCB, germinal center B cell like; SA, serum albumin; HR, hazard ratio; CI, confidence interval.

Table 7. Analysis of 3-year OS of ECOG score stratified serum albumin levels by univariate Cox regression model

ECOG score SA group Patients No. (%)
3-year OS

HR 95% CI P

0-1 point Low SA 51/102 (50)
0.439 0.232-0.831 0.011

High SA 51/102 (50)

 2-4 points Low SA 19/22 (86.4)
0.034 0.000-12.697 0.263

High SA 3/22 (13.6)

OS, overall survival; ECOG, Eastern Cooperative Oncology Group; SA, serum albumin; HR, hazard ratio; CI, confidence interval.

Table 9. Analysis of 3-year OS of Ann Arbor staging-stratified serum albumin group by univariate Cox regression model

Ann Arbor staging SA group 3-year OS ratio (%)
3-year OS

HR 95% CI P

I-II Low SA 72.8
0.658 0.196-2.206 0.498

High SA 85.2

III-IV Low SA 33.2
0.454 0.236-0.875 0.018

High SA 72

OS, overall survival; SA, serum albumin; HR, hazard ratio; CI, confidence interval.

Table 10. Analysis of 3-year OS of treatment regime grouped serum albumin group by univariate Cox regression model

Treatment regime SA group 3-year OS ratio (%)
 3-year OS ratio

HR 95% CI P

CHOP -like Low SA 29.7
0.427 0.194-0.940 0.035

High SA 63

R-CHOP -like Low SA 83.7
0.375 0.147-0.957 0.04

High SA 60.6

OS, overall survival; SA, serum albumin; HR, hazard ratio; CI, confidence interval.
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is more effective than IPI/aaIPI, in patients treated by 
R-CHOP-like (Salles et al., 2011; Ngo et al., 2008; Zhou 
et al., 2014). However, Melchardt and others (Melchardt 
et al., 2015) believe that the effectiveness of NCCN-IPI 
in evaluating the prognosis of patients treated with an 
R-CHOP-like regimen is still insufficient. Our study was 
stratified by age and the results showed that NCCN-IPI 
was able to effectively assess risk stratification in patients 
>60 years old and ≤60 years old.

SA levels

As an independent prognostic risk factor, SA has 
been confirmed in other hematological malignancies, 
including Hodgkin’s lymphoma, myelodysplastic syn-
drome, acute myeloid leukemia, primary cutaneous T-
cell lymphoma, spleen marginal lymphoma, and Prima-
ry mediastinal DLBCL (Huang et al., 2015; Chihara et 
al., 2009; Watanabe et al., 2010; Zhu et al., 2011; Arcaini 
et al., 2006; Kharfan-Dabaja et al., 2011; Komrokji et al., 
2012). The SA detection cycle is short, and the cost is 

low, which can cover the population in remote areas. 
At the same time, SA is also a stable biomarker. A pre-
vious study showed that the 3-year OS in patients with 
SA levels >34g/L before chemotherapy was significant-
ly higher than low SA (Eatrides et al., 2015), which was 
consistent with our current finding. SA levels before 
chemotherapy are an independent prognostic risk factor 
for DLBCL. After chemotherapy, patients with low SA 
had shorter OS. CHOP like and R-CHOP-like treated 
patients with low SA had shorter OS than patients with 
high SA.

Evaluation of SA concentration predictive efficacy

The chi-square test showed a difference in CR be-
tween the two groups of SA that the short-term ef-
ficacy of low SA was poor. The long-term efficacy 
evaluation of COX regression showed that patients 
with low SA had significantly shorter PFS/OS than 
high SA patients. Patients with SA sustained >34 
g/L before the second chemotherapy had longer OS 
than patients with SA sustained ≤ 34 g/L. Before the 
initial chemotherapy, patients with SA >34 g/L had 
higher OS than patients with SA≤34 g/L and were 
not affected by SA changes before the second chemo-
therapy.

Limitations

There were some limitations in this study. First-
ly, this is a retrospective clinical analysis and should 
eliminate mutual interference between effective factors 
by using multivariate analysis. Secondly, as a limited 
case number was involved in this study, a comparsion 
of chemotherapy courses was not performed among 
these patients. Thirdly, the patients with the CHOP 
regimen had a very high population in this study, 
while the current chemotherapy is commonly ap-
plied with the R-CHOP regimen. Therefore, further 
investigations among DLBCL patients who received 
R-CHOP should be required to provide the guidance 
for the current clinical settings. Last but not least, as 
this is a single-center retrospective study, further stud-
ies with multi-center with larger sample size can help 
reinforce our current findings.

CONCLUSION

Before the initial chemotherapy, high SA patients 
had a longer 3-year OS than the low SA group. Pre-
chemotherapy SA is an independent prognostic risk 

Figure 5. 3-year overall survival of patients with SA≤34 g/L and 
with SA>34 g/L in NCCN-IPI risk stratification grouping. 
(A) low-risk group; (B) low-intermediate risk group, (C) high-inter-
mediate risk group; (D) high-risk group.

Figure 6. Comparison of OS between SA>34 g/L and SA≤34 g/L 
patients. 
(A) Ann Arbor staging I-II group; (B) Ann Arbor staging III-IV 
group.

Figure 7. Comparison of 3-year OS between SA>34 g/L and 
SA≤34 g/L patients.
(A) CHOP-like treatment group; (B) R-CHOP like treatment group.
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factor for patients with DLBCL. This study indicates 
that the CR and NRR of SA≤34 g/L patients will be 
significantly lower than that of SA>34 g/L patients. 
In addition, the R-CHOP-like regimen may help im-
prove low and high SA patients 3-year OS.
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Imiquimod-induced psoriasis model: induction protocols, model 
characterization and factors adversely affecting the model
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Imiquimod-induced psoriasis is widely-employed to 
study disease pathogenesis and to screen drugs. While 
the original protocol was published more than a decade 
ago and has been rigorously used in research since then, 
a modified protocol was described recently with several 
advantages including milder systemic manifestations al-
though the disease morphology is highly conserved. Be-
ing a toll-like receptor 7 and 8 agonist, IL-23/IL-17 axis 
predominates in imiquimod-induced psoriasis. In addi-
tion, different immunocytes were described to aggravate 
or supress the disease. This article aims to review the 
currently available protocols of imiquimod-induced pso-
riasis in vivo, to characterize the model as described in 
literature and to define the five important independent 
factors adversely influencing the model which research-
ers should pay attention to.
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INTRODUCTION

Animal models of psoriasis are categorized into four 
categories: the first category represents models resulting 
from spontaneous mutations, such as homozygous asebia 
(Scd1ab/Scd1ab) and flaky skin (Ttcfsn/Ttcfsn) mice where 
the latter model shares with human psoriasis acanthosis, 
parakeratosis, and corneal neutrophils infiltration. The 
second category represents genetically-engineered models 
where epidermal proteins like keratins and/or cytokines 
are modified to produce features resembling psoriasis. 
The third category includes humanized models or mod-
els generated by xenotransplantation where lesional skin 
biopsy or skin equivalent is transplanted to mice. A re-
cently-described but frequently used model is the directly 
induced model, where imiquimod is used to produce an 
immunological reaction resembling the one seen in pso-
riasis, largely mediated by IL-23/IL-17 axis and TNF-α 
(Guerrero-Aspizua et al., 2020; Jean & Pouliot, 2010; 
Jeong & Lee, 2018).

This article aims to review the model of imiquimod-
induced psoriasis, highlighting the currently published 
two induction protocols and characterizing the model 
in terms of dominant cytokines and cellular infiltrate. It 
also tackles the five factors that may influence disease 
modelization.

THE ORIGINAL AND MODIFIED PROTOCOLS OF 
IMIQUIMOD-INDUCED PSORIASIS

Imiquimod was first described in the mid-1990s as an 
immunomodulatory agent that augments the innate and 
adaptive immune systems. It is a toll-like receptor-7 and 
8 agonist. It obtained the US Food and Drug Adminis-
tration approval to treat anogenital warts, facial actinic 
keratoses and superficial basal cell carcinoma (Hanna et 
al., 2016). Topical application of imiquimod may induce 
psoriasis (Wu & Strutton, 2004).

Van der Fits and others (van der Fits et al., 2009) 
were the first to employ imiquimod to modelize psoriasis 
in vivo. They applied 62.5 mg of imiquimod 5% cream 
(Aldara) daily, equivalent to 3.125 mg of active ingredi-
ent, on the shaved back and right ear of BALB/c and 
C57BL/6 mice for five or six consecutive days and they 
assessed the severity of psoriasis using modified Psoriasis 
Area and Severity Index (PASI). Signs of psoriasis start 
to appear within the first three days and severity steadily 
increases till the end of the experiment. Authors report-
ed lack of difference between the two strains of mice. 
Imiquimod-treated skin shows the cardinal histopatho-
logical features of psoriasis such as acanthosis (Singh et 
al., 2019), parakeratosis and hypogranulosis. Immuno-
histochemical staining shows infiltration of dendrocytes, 
neutrophils and CD4+ cells. Imiquimod also induces IL-
23 and augments IL-17A, IL-17F and IL-22 production 
(van der Fits et al., 2009). 

Horvath and others (Horvath et al., 2019) further 
modified the original protocol. They applied 25 mg of 
imiquimod 5% cream in Finn chambers on the back of 
C57BL/6 mice daily. This protocol results in erythema 
after the second application and scaling and skin thick-
ening after the third application. The modified protocol 
was reported to be comparable to the original one. On 
histological examination, features of psoriasis such as 
parakeratosis, acanthosis, Munro microabscesses and di-
lated blood vessels in the dermal papillae were observed 
among both groups. Consistently, immunohistochemical 
examination reveals overexpression of Ki-67 in both. 
However, the modified protocol minimizes systemic 
manifestations and allows for prolonged imiquimod 
treatments. 

Imiquimod-induced psoriasis model is largely used 
to study disease pathogenesis and to screen drugs. The 
model was employed for drug screening in more than 
100 publications. In the majority of studies, the experi-
mental drug of interest was administered concurrently on 
the same day of psoriasis induction. In a limited number 
of studies, it was started a few days before (1–21 days) 
or after induction. Regarding the protocol of induction, 
majority of studies complied with the original duration 
described as five or six consecutive days; few, howev-
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er, applied the cream for shorter (three to four days) or 
longer periods (vast majority for seven days, up to 15 
days). Prolonged daily application of imiquimod cream 
results in tachyphylaxis where Ki-67 expression diminish-
es in alignment with spontaneous attenuation and disap-
pearance of erythema and scaling at three to four weeks 
despite continuous application of the cream (Kataoka et 
al., 2018). 

Some studies lack a positive control; but where a pos-
itive control was used, it is a topical or systemic prepa-
ration that matches the route of administration of the 
experimental agent. Topical control preparations include 
betamethasone, calcipotriol, clobetasol, dexamethasone, 
dithranol, methotrexate and tacrolimus. Systemic control 
preparations include cyclosporine orally, dexamethasone 
orally and intraperitoneally, etanercept, methotrexate 
orally and intraperitoneally and tacrolimus. 

CHARACTERIZATION OF IMIQUIMOD-INDUCED 
PSORIASIS MODEL

Jabeen and others (Jabeen et al., 2020) character-
ized the model of imiquimod-induced psoriasis where 
they applied 62.5 mg of imiquimod 5% cream for eight 
days. Cutaneous concentration of imiquimod approaches 
100  μg/g on day 2 and it doubles by six folds on day 8 
corresponding with a pronounced worsening of redness, 
thickness, scaling and total modified PASI. Acanthosis is 
evident on day 8 compared with day 2, explaining the 
clinically apparent thickness. Dermal hypervascularity is 
also marked, explaining the progressive redness. In terms 
of cytokine profile, elevation of IL-1β, IL-6 and IL-17A 
was observed in skin and TNF-α and IL-17A in serum. 
Disease progression associates with elongation of spleen, 
enlargement of total area of lymph nodes, and loss of 
weight independently of food intake (Zhang et al., 2020).

Macrophages and dendrocytes were investigated in the 
current model of psoriasis. While plasmacytoid dendro-
cytes are absent in imiquimod-induced lesions, the model 
shows a biphasic cellular behaviour. During the early 
phase, neutrophils infiltrate the epidermis and monocytes 
predominate in the dermis. Whereas in the late phase, 
Langerhans cells are pronounced in the epidermis and 
macrophages in the dermis. Depletion of Langerhans 
cells results in massive neutrophil infiltrate during the 
late phase, suggesting a potential anti-inflammatory role 
of Langerhans cells (Terhorst et al., 2015). On the con-
trary (Xiao et al., 2017) concluded that Langerhans cell 
depletion attenuates psoriasis and downregulates psoria-
sis-associated cytokine gene expression. (Lee et al., 2018) 
found that resident and monocyte-derived Langerhans 
cells secrete IL-23. Depletion of these cells inhibits IL-
22 and IL-17A secretion (Lee et al., 2018), diminishes 
gamma-delta T-cell infiltration (Lee, 2016) and ultimately, 
attenuates psoriasis (Lee et al., 2018). Parallelly (Yoshiki 
et al., 2014) found IL-23-secreating Langerhans cells to 
induce IL-17A-producing gamma-delta T-cells. Depletion 
of Langerhans cells decreases Th-17-related cytokines 
and ameliorates psoriasis. In contrast, Kusuba and others 
(Kusuba et al., 2016) found that depletion of neutrophils 
early during psoriasis induction inhibits the infiltration 
of dermal monocytes, whereas depletion of both, neu-
trophils and monocytes, significantly attenuates psoriasis 
(Kusuba et al., 2016). 

While IL-17 receptor is expressed on different cells, 
including T-cells and keratinocytes, its importance is 
cell-specific. For instance, deletion of keratinocyte’s IL-
17 receptor reduces neutrophil infiltration and abolishes 

psoriasis; yet, this is not the case with T-cell-expressed 
receptor, emphasizing on keratinocytes’ role in neutro-
phil chemoattraction (Moos et al., 2019). Likewise, IL-17 
abrogation inhibits imiquimod-induced psoriasis (Ha et 
al., 2013). On the contrary (El Malki et al., 2013) found 
that in IL-17A receptor-knockout mice, imiquimod may 
still induce psoriasis independently of IL-17 pathway. 
The C-X-C motif chemokine receptor type-2 is involved 
in neutrophil chemoattraction as well. It promotes neu-
trophil-produced leukotriene-B4 and augments neutrophil 
chemotaxis and infiltration (Sumida et al., 2014). Like-
wise, kallikrein-related peptidase-8 is elevated in psoria-
sis. If knocked out, the severity of imiquimod-induced 
psoriasis is comparable to wildtype, however, lesions lack 
neutrophil microabscesses (Iinuma et al., 2015).

IL-1 and IL-36α chemoattract neutrophils. Both mol-
ecules mediate human generalized pustular psoriasis 
which is accompanied by systemic symptoms such as fe-
ver and malaise. In the current model of psoriasis, mice 
also display systemic symptoms such as weight loss and 
generalized malaise, suggesting the contribution of IL-1 
and IL-36α to model development. Deficiency of IL-1 
receptor-1 or IL-36α variably attenuates psoriasis; how-
ever, deficiency of both absolutely abolishes the disease 
(Alvarez & Jensen, 2016). IL-36 role is further verified in 
IL-36 receptor-knockout mice where these are resistant 
to imiquimod (Goldstein et al., 2019). 

Imiquimod-treated mice exhibit antihistamine-resistant 
itching that is largely driven by μ-opioid receptor lo-
cated in the epidermis, the dorsal root ganglia, and the 
spinal cord. In alignment, naloxone, a μ-opioid antago-
nist successfully inhibits itching in imiquimod-treated 
mice (Takahashi et al., 2017). Itching is also mediated by 
sphingosine 1-phosphate receptor-3, which if knocked 
out, scratching behaviour improves (Hill et al., 2020). In 
addition, Oishi and others (Oishi et al., 2019) found im-
iquimod treatment to associate with expansion of mas-
tocytes and overexpression of the nerve growth factor, 
the neurotrophic factor neurotrophin 3 and enkephalin 
precursor preproenkephalin (Oishi et al., 2019).

REGULATION OF IMIQUIMOD-INDUCED PSORIASIS

Imiquimod-induced psoriasis is negatively regulated by 
B-cells (Yanaba et al., 2013), regulatory T-cells (Choi et 
al., 2020; Oka et al., 2017), matrix remodelling associat-
ed-7 (Ning et al., 2018), indoleamine 2, 3-dioxygenase  2 
(Elizei et al., 2018; Fujii et al., 2020), IFN regulatory fac-
tor-2 (Kawaguchi et al., 2018), IFN regulatory factor-5 
(Nakao et al., 2020), dermokine β/γ (Tokuriki et al., 
2016), IL-10 (Jin et al., 2018), IL-27 (Chen et al., 2017; 
Shibata et al., 2013), poly(ADP-ribose) polymerase-1 
(Kiss et al., 2020), endogenous n-3 polyunsaturated fatty 
acids (Qin et al., 2014), L-selectin and ICAM-1 (Mitsui et 
al., 2015).

The regulatory role of B-cells, regulatory T-cells and 
IL-10 is evident in different studies. In a model of 
CD19–/– mice, exacerbation of psoriasis is attributed 
to the loss of IL-10-secreting regulatory B-cell subset 
(Yanaba et al., 2013). Likewise, depletion of regulatory T-
cells disturbs the closely regulated gamma-delta T-cells, 
augments TNF-α and IL-17A secretion and aggravates 
the disease (Choi et al., 2020). Neutralization of IL-10 in 
imiquimod-induced psoriasis promotes epidermal thick-
ening, increases neutrophil infiltration and accentuates 
IL-23/IL-17 axis (Xu et al., 2018). Likewise, knocking 
out IL-10 aggravates psoriasis macroscopically and mi-
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croscopically, emphasising on its anti-inflammatory role 
in the disease (Jin et al., 2018). 

FACTORS INFLUENCING IMIQUIMOD-INDUCED 
PSORIASIS

Five factors adversely modify the model of imiqui-
mod-induced psoriasis: the brand of imiquimod 5% 
cream, mouse strain, mouse sex, stress and obesity. 

The brand of the commercially available imiquimod 
5% cream may interfere with the model. While (Singh et 
al., 2019) claimed generic formulations of imiquimod to 
produce a psoriasiform inflammation that is comparable 
to Aldara, Luo and others (Luo et al., 2016) found that in 
comparison with Aldara, Likejie creams mediates a mild-
er form of psoriasis with a modified PASI of 3.25±1.56 
(compared with 9.81±0.84 in Aldara), a less pronounced 
acanthosis with a Backer’s score of 2.93±1.07 (compared 
with 6.47±1.50 in Aldara) and an epidermal thickness 
of 49.79±14.16 μm (compared with 85.62±17.55 μm in 
Aldara), concluding that different brands may adversely 
affect the successful establishment of the model (Luo et 
al., 2016). 

In terms of the employed strain of mice, although van 
der Fits and others (van der Fits et al., 2009) described 
their protocol in two different strains, (Swindell et al., 
2017) reported variation in modelization across six dif-
ferent strains of mice using a five-day course of 62.5 mg 
imiquimod 5% cream (Aldara). Microarray showed gene 
expression of imiquimod-induced psoriasis to largely 
overlap with that of human psoriasis. C57BL/6 mice, in 
particular, show the highest consistency, in contrast to 
MOLF/EiJ and 129X1/Sv mice where gene expression 
is opposite to human psoriasis. In terms of IL-17 gene 
expression, C57BL/6 mice highly express IL-17A, IL-
17B, IL-17C and IL-17F. D’Souza and others (D’Souza 
et al., 2020) examined the psoriatic changes induced by 
imiquimod in two different strains: BALB/c and the 
Swiss mice and concluded that imiquimod induces psori-
atic changes macroscopically and microscopically among 
both strains, although these are more pronounced in the 
Swiss mice. 

In terms of sex differences, and compared with male 
mice, female mice develop severe psoriasis in response 
to imiquimod, resulting in a greater weight loss, sig-
nificant distress and unexpected early death. Inductions 
in females may also mandate euthanization (Alvarez & 
Jensen, 2016). In contrast, the influence of patient’s sex 
on the severity of psoriasis is controversial. While fe-
male patients were found to significantly display milder 
psoriasis than male patients in two studies conducted in 
Swaziland and Sweden (Guillet et al., 2022; Hagg et al., 
2017), this was contradicted by a third study (Goldburg 
et al., 2022).

Wang and others (Wang et al., 2020) investigated 
the effect of stress on imiquimod-induced psoriasis in 
a model of mice with emotional stress. In comparison 
with a control group with psoriasis kept off stress, stress 
was found to prolong the disease, to upregulate IL-1β, 
IL-17 and IL-22 gene expression and to increase IL-
1β, IL-12, IL-17 and IL-22 secretion. This should fur-
ther explain the role of stress in human psoriasis. For 
instance, stressful events were found to proceed psoriasis 
onset and were reported to trigger the disease in 31-88% 
of patients. Stress was also observed to aggravate pso-
riasis where daily stressors may expand the disease and 
worsens pruritus (Rigas et al., 2019; Rousset & Halioua, 
2018). This is evident in pediatrics as well, where child-

hood trauma is commoner in patients with psoriasis, and 
likewise, children with psoriasis score higher in anxiety 
scores (Wintermann et al., 2022).

Obesity is known to exacerbate psoriasis in humans. 
This is also evident in imiquimod-induced psoriasis 
model where obese mice display thicker psoriatic le-
sions compared with non-obese subjects. Diet restriction 
partially improves psoriasis and cytokine profile (Hong 
et al., 2019; Kanemaru et al., 2015) and consistently, lep-
tin deficiency attenuates the disease (Stjernholm et al., 
2017). The relationship between human psoriasis and 
obesity was vigorously studied. A metanalysis found the 
odd ratio of obesity in psoriasis is 1.66, and it can ap-
proach 2.23 in patients with severe disease (Armstrong 
et al., 2012). A systematic review did also conclude that 
seven out of nine studies found a statistically significant 
association between increased psoriasis severity and in-
creased body mass index (Fleming et al., 2015). Such an 
association is attributed to a shared mechanism involving 
inflammatory mediators and adipokines (Jensen & Skov, 
2016). 

CONCLUSIONS

Imiquimod-induced psoriasis serves as an acceptable 
model to study IL-23/IL-17 axis and to screen pharma-
ceutical agents in psoriasis. While the model could be 
induced using two protocols, the original protocol de-
scribed by van der Fits and others (van der Fits et al., 
2009) is widely employed in different studies. To en-
sure consistency of results, researchers should take into 
account that variation in the brand of imiquimod 5% 
cream, strain of mice, sex of mice, exposure to stress 
and obesity may adversely modify the course of disease.  
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MicroRNA-508-3p regulates the proliferation of human lung 
cancer cells by targeting G1 to S phase transition 1 (GSPT1) 
protein
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Purpose: Due to its crucial cancer regulatory role, mi-
croRNA-508-3p has been reported as a potential thera-
peutic anticancer molecular target. The present work 
encompassed the molecular characterization of microR-
NA-508-3p in lung cancer emphasizing on understand-
ing the possible mechanism of its regulatory action. 
Methods: qRT-PCR was performed to estimate the rela-
tive gene expression of microRNA-508-p in the tissue 
samples. The proliferation of cancer cells was deter-
mined by cell counting kit-8. The colony formation from 
cancer cells was analyzed by clonogenic assay. Mitotic 
phase distribution was understood by employing the 
flow cytometric technique. Edu-Hoechst staining was 
used for the assessment of cell viability. In silico analysis 
and dual-luciferase assay were used for target identifica-
tion of microRNA-508-3p in lung cancer. Immunofluores-
cence and western blotting studies were carried out for 
relative protein expression. The rat models were used for 
performing the in vivo experimental procedures. Results: 
The study showed the significant down-regulation of 
microRNA-508-3p in lung cancer. The lower expression 
levels of microRNA-508-3p were shown to be associated 
with poor survival of lung cancer patients. The over-ex-
pression of microRNA-508-3p was found to decline the 
proliferation and viability of cancer cells together with 
the induction of mitotic cell cycle arrest at G1 by target-
ing G1 to S phase transition 1 (GSPT1) protein. MicroR-
NA-508-3p up-regulation inhibited the in vivo tumor 
growth in rat models. Conclusion: Our study identifies 
miR-508-3p as a pivotal regulator of lung cancer cell pro-
liferation by targeting the GSPT1 protein. This highlights 
its potential as a tumor suppressor and a therapeutic 
target for lung cancer. Our findings offer mechanistic in-
sights into miRNA-mediated cancer progression, prompt-
ing further research in this intricate regulatory network.
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INTRODUCTION

Lung cancer is the most commonly diagnosed human 
cancer worldwide and accounts for the highest mortality 

rate among both sexes of the human population at the 
global level (Thandra et al., 2021; Malhotra et al., 2016). 
On average, about 1.2 million new lung cancer cases 
are reported annually, worldwide (Cheng et al., 2016). In 
2018, more than 2 million lung cancer cases were diag-
nosed and the total number of deaths from lung cancer 
was 1.76 million (Bray et al., 2018). Lung cancer has a 
very poor prognosis and the 5-year survival rates range 
between 10–20% making it a very destructive disorder 
(Hirsch et al., 2017). In recent times, scientists have sug-
gested an in-depth understanding of the molecular me-
chanics of lung cancer primarily aiming at the explora-
tion of various genetic alterations to develop better 
prognostic and therapeutic measures against the severity 
of this dominant malignancy (Rong & Yang, 2018). In 
this regard, the research investigations apart from focus-
ing on the protein-coding genes have laid considerable 
stress on the characterization of non-coding RNAs in-
cluding micro-RNAs (miRNAs) for their cancer regula-
tory role (Bhan et al., 2017). 

The miRNAs include the class of very short, single-
stranded and non-coding RNAs which typically regulate 
the gene expression in eukaryotes at post-transcription-
al/translational level through mRNA degradation or by 
restraining the translation of eukaryotic genes through 
direct interaction with their 3’-untranslated region (3’-
UTR; O’Brien et al., 2018). The miRNAs have been 
reported to regulate the vital aspects of human physiol-
ogy and have an important role in disease development. 
The miRNAs exhibit altered expression in many human 
cancers suggesting their possible role in cancer growth 
and proliferation (D’Angelo et al., 2016). Several miR-
NAs were found to be dysregulated in lung cancer and 
these were proposed to act as prognostic biomarkers 
against lung cancer (Wu et al., 2019). MicroRNA-508-3p 
(miRNA-508-3p) has been shown to regulate the tumor 
growth and proliferation of many human cancers like 
gastric and liver cancers (Shang et al., 2016; Wu et al., 
2017). miR-508-3p exhibits reduced expression in cancer 
cells displaying resistance to treatment, which correlates 
with unfavorable survival outcomes (Zhao et al., 2019). 
Additionally, diminished levels of miR-508-3p in breast 
cancer are linked to the occurrence of distant and lymph 
node metastases. Furthermore, within the same cluster of 
miRNAs, including miR-508-3p, miR-509-3p, miR-509-3-
5p, and miR-514a-3p, there is a frequent downregulation 
in advanced and recurrent ovarian carcinoma (Bagnoli 
et al., 2011), implying their coordinated regulation and 
co-expression. Various studies have also highlighted the 
prognostic relevance of these miRNAs in diverse cancer 
types (Hiramoto et al., 2017; Shang et al., 2014), although 
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exceptions exist. For instance, in esophageal squamous 
cell carcinoma (SCC), elevated miR-508-3p expression 
is paradoxically associated with shorter disease-free and 
overall survival. The growth regulatory role of microR-
NA-508-3p in lung cancer tumorigenesis has not been 
worked out.

The G1 to S phase transition 1 (GSPT1) protein is 
pivotal in orchestrating cell cycle progression, making it 
a significant player in cancer biology (Dang et al., 2017). 
Its involvement in cancer pathogenesis has garnered at-
tention across various cancer types, with an emerging 
focus on its implications within lung cancer. GSPT1’s 
essential role lies in mediating the transition of cells 
from the growth-arrested G1 phase to the proliferative 
S phase of the cell cycle (Nishiguchi et al., 2021). By 
regulating the translation termination process, GSPT1 
controls gene expression, impacting fundamental cellular 
functions such as DNA replication and cell division. Its 
role extends beyond its involvement in the cell cycle, as 
GSPT1 has been implicated in cellular stress responses, 
mRNA quality control, and RNA metabolism.

In the context of cancer, GSPT1’s dysregulation con-
tributes to tumorigenesis through various mechanisms. 
Elevated GSPT1 expression has been associated with in-
creased proliferation rates, reduced apoptosis, and altered 
gene expression patterns, all hallmark cancer cell features 
(Long et al., 2021). Additionally, GSPT1’s potential in-
volvement in angiogenesis and metastasis underscores 
its multifaceted contributions to cancer progression 
(Tian et al., 2018). Specifically, in lung cancer, GSPT1’s 
perturbation has garnered attention due to its potential 
role in disease pathogenesis. Altered GSPT1 expression 
has been reported in lung cancer tissues, and its over-
expression has been correlated with unfavorable clinical 
outcomes (Cheng et al., 2021). GSPT1’s regulatory influ-
ence over cellular processes in lung cancer aligns with its 
broader roles in other cancer types.

Understanding GSPT1’s intricate role in cancer de-
velopment and progression opens up avenues for thera-
peutic exploration. Targeting GSPT1 holds promise as a 
strategy to curtail uncontrolled proliferation and enhance 
the efficacy of cancer treatments. The intricate inter-
play of GSPT1 within cellular pathways underscores its 
potential as a druggable target. The primary objective 
of this study is to delve into the pivotal role played by 
miRNA-508-3p in governing the proliferation of human 
lung cancer cells. This investigation centers on the spe-
cific mechanism through which miRNA-508-3p exerts its 
influence, by targeting the GSPT1.

MATERIALS AND METHODS

Human clinical samples and cell lines

Sixty-five (65) paired specimens of lung cancer and 
normal adjacent tissues (taken from tumor margins and 
representing pathologically normal lung tissues) were col-
lected from lung cancer patients after surgery at The Af-
filiated Hospital of Nantong University from 2014 to 
2018. The patients didn’t receive chemo or radiothera-
py during tissue collection. The patients were informed 
about the study in advance and tissues were collected 
only after consent. The tissues were frozen immediate-
ly after collection in liquid nitrogen and then stored at 
-80oC till experimental use. The study was approved by 
the institutional ethical guidelines committee. The study 
has been approved by the ethics committee of The Affil-
iated Hospital of Nantong University (No: AADEX124).

Four lung cancer cell lines (A427, A549, SK-LU-1 and 
HCC827) and the normal lung cell line (MRC5) were 
purchased from the American Type Culture Collection 
and their propagation was performed at 37°C with 5% 
CO2. Dulbecco’s Modified Eagle’s Medium (DMEM, 
Gibco BRL) containing 10% FBS (v/v, Hyclone) was 
used as the cell culturing medium. 

For transfection purposes, lung cancer cell lines 
(2×105 per well) were seeded in 6-well plates and al-
lowed to attach for at least 18 h. miR-508 mimics (100 
pmol), si-GSPT1 (100 pmol) together with their negative 
controls (100 pmol; designed and synthesized by Ribo-
Bio, Guangzhou, China) were transfected into cells using 
Lipofectamine 2000 reagent (Thermo Fisher Scientific) 
according to manufacturer guidelines. Over-expression 
of GSPT1 was achieved using the over-expression vector 
pcDNA3.1 (4 µg). The transfections were performed at 
37°C for 48 h. Total RNA and protein were collected 48 
hours post-transfection. 

RNA isolation and qRT-PCR

Total cellular RNA from tissues and cell lines was ex-
tracted using the Trizol method (Thermo Fisher Scien-
tific) which was reverse transcribed to cDNA with Re-
verse Transcription Kit (Takara). The following thermal 
cycling conditions were applied: 16°C for 30 min, 42°C 
for 30 min and 85°C for 5 min. The gene expression 
analysis was performed through qRT-PCR with the help 
of SYBR Green PCR Master Mix (Thermo Fisher Scien-
tific). The qRT-PCR procedure was executed according 
to the following temperature protocol: an initial step at 
50°C for 2 minutes, followed by denaturation at 95°C 
for 10 minutes. Subsequently, 40 cycles were performed, 
involving denaturation at 95°C for 15 seconds, followed 
by an annealing/extension step at 60°C for 60 seconds. 
Relative expression levels were estimated by the 2−ΔΔCT 
method. U6 was used as the internal expression control. 
The primer sequences used were as follows: miR‑508-
3p forward, 5’‑TTCAAGAGACATGAGTGAC‑3’ and 
reverse, 5’‑TCTCTTGAACATGAGTGACG‑3’; U6 for-
ward, 5’‑TGCGGGTGCTCGCTTCGGCAGC‑3’ and 
reverse, 5’‑CCAGTGCAGGGTCCGAGGT‑3. 

Proliferation and clonogenic assays

The proliferation of stably transfected lung cancer 
cells was analyzed through an MTT assay. The trans-
fected cells were incubated in 96-well plates at 37oC 
for 0 h, 20 h, 40 h, 60 h, 80 h or 100 h prior to the 
addition of MTT reagent (0.5% final concentration) to 
wells. The plate for incubated for 4 h again after add-
ing MTT. Then the culture medium was replaced with 
250 µl DMSO to dissolve the formazan crystals. Using a 
microplate reader (ELx808™, Agilent, USA), the optical 
density (OD) values were recorded at 570 nm for each 
well. These values were used for analyzing the relative 
cell proliferation using the formula: Cell viability (%) = 
(Absorbance of treated samples/Absorbance of control 
samples) ×100.

After their stable transfection for 48 hours, the cells at 
a cellular density of 500  cells per well were propagated 
for 14 days at 37°C. The colonies were then fixed with 
methanol for 20  min and stained with 1.0% crystal vio-
let. The relative colony number was estimated by manu-
ally counting the colonies in 10 random fields under a 
microscope.
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Cell cycle analysis

The stably transfected cancer cells were cultured in 
the 12-well plates at 37°C for 48 h using an initial cel-
lular concentration of 1.6×106 cells/well. The cells were 
harvested and fixed with 70% ethanol at 4°C overnight. 
Staining of cells with 50 μg/ml propidium iodide (Ther-
mo Fisher Scientific) followed by flow cytometric analy-
sis was carried out for studying the cancer cell mitosis. 
The fluorescence-activated cell sorting (FACS) Calibur 
and Cell Quest software were used for estimating the 
cell cycle phase distribution of cancer cells.

Edu-Hoechst staining

Approximately 0.5×105 transfected cells were seeded 
per well of the 96-well plate. Each well was added to the 
EdU-medium for 2.5 h. The cells were then washed with 
PBS and ethanol fixed. The EdU assay kit (RiboBio) was 
used for viability assessments. The cells were also incu-
bated with Hoechst solution for whole sample staining.

In vivo experiments

The nude rat xenografts were obtained using five- to 
six-week-old BALB/c nude male rats. The rats were 
distributed into 2 groups (10 rats per group). The rats 
were maintained using the institute’s central animal 
house facility. The animal flanks were subcutaneously in-
jected with 5×106 matrigel suspended A549 cancer cells 
to obtain the xenograft models. After tumor induction, 
the rats were treated with intra-tumor injections carrying 
miR-508-3p mimics or its negative control on alternate 
days. The intra-tumor injections were given for a varied 
number of days. On the 25th day after tumor induction, 
the rats were sacrificed and rat tumors were rescued. 
The size and weight of tumors were determined and 
used for calculating the tumor volume. The protein lev-
els of PCNA and Cyclin D1 in rat tumors were analyzed 
through immune-histochemical staining.

Western blotting 

Total cellular proteins were extracted by treating the 
cells with RIPA lysis and extraction buffer (Thermo 
Fisher Scientific). The protein expression was deter-
mined through chemiluminescence after PAGE and pro-
tein blotting using specifically designed primary antibod-
ies like  anti-GSPT1 (Novus Biologicals, NBP2-16754, 
1;1000)  and anti-actin (Sigma Aldrich, A2066, 1:1000). 
After overnight incubation, followed by proper washing, 
blots were incubated with HRP-linked secondary anti-
body (Cell Signaling Technology, 7074, 1:2000). Human 
actin protein served as the internal reference in western 
blotting study. 

Bioinformatics and dual luciferase assay

To predict the molecular targets of miRNA-508, on-
line miRNA target prediction software like Starbase 
(http://starbase.sysu.edu.cn) and TargetScan (http://
www.targetscan.org/) were used. The latter also predict-
ed the microRNA-508-3p binding site in the 3’-UTR of 
GSPT1. The prediction was assessed by luciferase assay 
using a dual luciferase reporter assay system (Promega). 
The 3’-UTR binding site (in native, WT or mutated, 
MUT state) bearing stretch of GSPT1 was cloned into 
the pGL3 vector for generating the reporter construct. 
The latter was co-transfected with miR-508-3p mimics 
or miR-NC into A549 cancer cells. The luciferase activ-

ity measurements were performed as per the manufac-
turer’s protocol. 

Statistical analysis

The experiments carried three replicates and the fi-
nal data represented mean± S.D. Student’s t-test and 
one-way ANOVA were performed using SPSS software 
(SPSS 22.0, Chicago, IL, USA) to analyze the statistical 
difference between the two values performed. The p-val-
ues <0.05 were deemed to represent a statistically signifi-
cant difference between the two values.

RESULTS

Decreased microRNA-508-3p correlates with poor 
survival of lung cancer patients

The gene expression of microRNA-508-3p was deter-
mined from 65 of each lung cancer tissue samples and 
normal adjacent tissues through qRT-PCR. It was found 
that microRNA-508-3p has significantly lower expres-
sion in lung cancer tissues in comparison to normal lung 
tissues (Fig. 1A). The analysis of microRNA-508-3p ex-
pression from the paired cancerous and normal adjacent 
samples also revealed a similar inference (Fig. 1B). Inter-
estingly, the 5-year study on the survival period of the 
patients from the month of detection of lung cancer re-
ceiving the similar therapy procedures was analyzed with 
the expression level of miRNA-508. It was found that 
the expression of microRNA-508-3p positively correlated 
with the period of patient’s survival (months), i.e., the 
higher the expression of miRNA-508, the longer the sur-
vival period (Fig. 1C). Further, when the expression of 
miR-508 was determined in four lung cancer cell lines 
(A427, A549, SK-LU-1 and HCC827) and compared 
with its expression in a normal lung cell line (MRC5); 

Figure 1. Decreased microRNA-508-3p correlates with poor sur-
vival of lung cancer patients. 
(A) Lower microRNA-508-3p expression in lung cancer tissues in 
comparison to the normal lung tissues. (B) microRNA-508-3p ex-
pression from the paired cancerous and normal adjacent samples 
revealed a similar inference. (C) microRNA-508-3p expression posi-
tively correlated with the period of patient’s survival (months), i.e., 
the higher the expression of miRNA-508, the higher the survival 
period. (D) qRT-PCR expression analysis revealing significant down 
regulation of microRNA-508-3p in lung cancer cell lines (A427, 
A549, SK-LU-1 and HCC827) in comparison to normal lung cell line 
(MRC5). Experiments were carried out in three replicates. (*) repre-
sents statistical significance at p<0.05 vs normal control.
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it was seen that the panel of lung cancer cell lines ex-
hibited significantly lower microRNA-508-3p expression 
in comparison to the normal lung cell line (Fig.  1D). 
The cancer cell lines, A427 and A549 were seen to ex-
hibit the least expression among the four cancer cell 
lines used and were thus used for further characteriza-
tion of miRNA-508. The results thus reveal significant 
repression of microRNA-508-3p in lung cancer and its 
decreased expression negatively correlating with lung 
cancer patient survival.

MicroRNA-508-3p overexpression declined the cancer 
cell growth and colony formation

To infer whether the lowered expression level of 
microRNA-508-3p has any doing with the lung cancer 
cell growth, microRNA-508-3p was over-expressed in 
A549 and A427 cancer cell lines and its over-expression 
was confirmed by RT-PCR (Fig. 2A). Both the cell lines 
over-expressing microRNA-508-3p showed significantly 
lower proliferation in comparison to the respective nega-
tive control cells (Fig. 2B). Again, the colony formation 
was markedly reduced by microRNA-508-3p over-ex-
pression (Fig. 2C). Both A549 and A427 cancer cell lines 
exhibited almost 50 % lower colony formation when mi-
croRNA-508-3p was over-expressed in them (Fig. 2D). 
The results suggest that microRNA-508-3p negatively 
regulates the growth of lung cancer cells and higher pro-
liferation of cancer cells might be achieved through low-

ered microRNA-508-3p down-regulation among other 
regulatory factors.

The cell cycle was arrested at the G1 phase in cancer 
cells over-expressing miRNA-508

The flow cytometric analysis of A427 and A549 can-
cer cells over-expressing microRNA-508-3p was per-
formed to study the mitotic phase distribution which 
was compared with the negative control cells. A signifi-
cantly higher percentage of cancer cells was shown to 
depict the Go/G1 cell cycle phase for the cancer cells 
over-expressing microRNA-508-3p while the percentage 
of cells was significantly lower exhibiting S and G2/M 
when compared with the phase distribution of nega-
tive control cells (Fig. 3A). To further validate the find-
ing, the cancer cells over-expressing microRNA-508-3p 
in comparison with negative control cells were stained 
with EdU fluorescent stain to detect the relative num-
ber of cells which had undergone DNA synthesis. The 
number of EdU-stained cells was significantly lower un-
der microRNA-508-3p overexpression in comparison to 
negative control cells (Fig. 3B). The percent number of 
EdU-positive cells was as low as 10% for both A549 
and A427 cancer cell lines over-expressing microRNA-
508-3p when compared with the respective negative con-
trol cells (Fig. 3C). Together, the results indicated that 
microRNA-508-3p overexpression induced lung cancer 
cells with cell cycle arrest at the G1 stage and thus re-
duced their in vitro proliferation.  

Figure 2. MicroRNA-508-3p over-expression declined the cancer 
cell growth and colony formation. 
(A) A549 and A427 cells transfected with microRNA-508-3p mim-
ics showing significant up-regulation of microRNA-508-3p in com-
parison to respective miR-NC transfected cells. (B) A549 and A427 
cells overexpressing microRNA-508-3p exhibit limited growth in 
vitro than the respective miR-NC transfected cells. (C) A549 and 
A427 cells over expressing microRNA-508-3p exhibit significantly 
lower colony formation than the respective miR-NC transfected 
cells (magnification ×100). Experiments were carried out in three 
replicates. (*) represents statistical significance at p<0.05 vs miR-
NC.

Figure 3. Cell cycle was arrested at the G1 phase in cancer cells 
overexpressing miRNA-508. 
(A) Flow cytometry analysis of A549 and A427 cells showed that 
overexpression of microRNA-508-3p produces a significantly high-
er percentage of cancer cells in the Go/G1 cell cycle phase while 
s significantly lower percentage of cancer cells in S and G2/M 
compared with the phase distribution of negative control cells. (B) 
A549 and A427 cells overexpressing microRNA-508-3p showed a 
lower number of EdU stained cells (10%) than the respective miR-
NC transfected cells (magnification ×200).  Experiments were car-
ried out in three replicates. (*) represents statistical significance at 
p<0.05 vs miR-NC.
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MicroRNA-508-3p up-regulation inhibited in vivo rat 
tumorogenesis

During the in vivo study, the intra-tumor overexpres-
sion was achieved in the rat models. The morphological 
comparison of the rat tumors rescued from the animals 
after their sacrifice revealed that the rat tumor size was 
significantly lower under microRNA-508-3p over-expres-
sion when compared with that of the negative control 
rats (Fig. 4A). Similarly, the in vivo rat tumor volume 
was significantly decreased under microRNA-508-3p 
over-expression (Fig. 4B). Tumor weight also showed a 
similar trend (Fig. 4C). The immune-histochemical stain-
ing of proliferating cell nuclear antigen (PCNA) revealed 
that rat tumors exhibited significantly lower PCNA pro-
tein expression under microRNA-508-3p overexpression 
and a similar observation was made about the expression 
level of cyclin D1, both of which are used are the pro-
liferation markers (Fig. 4D and 4E). Hence, the results 
suggest that up-regulation of microRNA-508-3p inhib-
ited the growth and proliferation of in vivo rat tumors 
indicating its tumor-suppressive role in lung cancer. 

MicroRNA-508-3p exercised its effects by targeting 
GSPT1 in lung cancer

To look for the possible regulatory mechanism of 
action of microRNA-508-3p in lung cancer, online bio-
informatics was performed. MicroRNA-508-3p was 
predicted to be targeting G1 to S phase transition 1 
(GSPT1) protein (Fig. 5A). MicroRNA-508-3p was 
shown to specifically bind with the 3’-UTR of GSPT1 in 
sequence-specific fashion (Fig. 5B). The dual luciferase 
reporter assay was performed to confirm this prediction. 
The significant reduction in the luciferase activity when 
the overexpression construct of microRNA-508-3p was 
co-transfected with the native (WT) reporter construct 

of GSPT1 in A549 cancer cells showed that microRNA-
508-3p interacted with 3’-UTR of GSPT1 (Fig. 5C). 
Further support was attained from the expression study 
of the GSPT1 gene from lung cancer tissues and can-
cer cell lines in comparison to normal tissues and cell 
line. GSPT1 was found to have significantly higher ex-
pression in cancer tissues and cell lines corresponding 
to lower microRNA-508-3p expression (Fig. 5D, 5E and 
5F). Further, the over-expression of microRNA-508-3p 
in A549 cancer cells negatively affected the protein level 
of GSPT1 suggesting post-transcriptional/translational 
targeting of the latter by microRNA-508-3p in lung can-
cer (Fig. 5G). 

MicroRNA-508-3p directly binds to GSPT1 in lung 
cancer

To explore whether the observed effects of microR-
NA-508-3p against lung cancer were modulated through 
GSPT1 targeting, RNA interference-mediated silencing 
of GSPT1 was performed in A549 cancer cells and re-
pression was confirmed by qRT-PCR (Fig. 6A). The 
cancer cells exhibited significantly lower proliferation 
under GSPT1 silencing (Fig. 6B). GSPT1 silencing was 
seen to induce Go/G1 phase cell cycle arrest (Fig. 6C). 
Similar to microRNA-508-3p over-expression, the down-
regulation of GSPT1 reduced the proliferative viability 
of lung cancer cells (Fig. 6D). Confirming the execu-
tion of microRNA-508-3p role in lung cancer through 
GSPT1, the over-expression of GSPT1 in A549 cancer 
cells minimized the antiproliferative effects of micro-
RNA-508-3p up-regulation (Fig. 6E). Summing up, the 
results are suggestive of direct binding of microRNA-
508-3p with GSPT1 to down-regulate the expression of 
latter translationally in lung cancer and exertion of mi-

Figure 4. MicroRNA-508-3p up-regulation inhibited in vivo rat 
tumorigenesis. 
(A) Morphological comparison of the rat tumors rescued from 
the animals overexpressing miR-NC and microRNA-508-3p mimic. 
(B) In vivo rat tumor volume was significantly decreased under 
microRNA-508-3p over-expression than the respective miR-NC. (C) 
Tumor weight was significantly decreased under microRNA-508-3p 
over-expression than the respective miR-NC. (D, E) The IHC stain-
ing of PCNA revealed that tumors exhibited significantly lower 
PCNA protein expression under microRNA-508-3p over-expression 
and a similar observation was made about the expression level 
of cyclin D1 (magnification ×20). Experiments were carried out in 
three replicates. (*) represents statistical significance at p<0.05 vs 
miR-NC.

Figure 5. MicroRNA-508-3p exercised its effects by targeting 
GSPT1 in lung cancer. 
(A) TargetScan software predicted that microRNA-508-3p tar-
gets the GSPT1 protein. (B) In silico analysis predicted a specific 
microRNA-508-3p binding site in 3’-UTR of GSPT1. (C) The signifi-
cant reduction in the luciferase activity when the overexpression 
construct of microRNA-508-3p was co-transfected with the native 
(WT) reporter construct of GSPT1 in A549 cancer cells showed that 
microRNA-508-3p interacted with 3’-UTR of GSPT1. (D) Expression 
of GSPT1 in normal and lung cancer tissues. (E) GSPT1 expres-
sion from the paired cancerous and normal adjacent samples 
revealed a similar inference. (F) Expression analysis of GSPT1 in 
lung cancer cell lines in comparison to normal liver epithelial cell 
line. (G) Over-expression of microRNA-508-3p in A549 cancer cells 
negatively affected the protein level of GSPT1 suggesting post-
transcriptional/translational targeting of the latter by microRNA-
508-3p in lung cancer. Experiments were carried out in three rep-
licates. (*) represents statistical significance at p<0.05 vs miR-NC.
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croRNA-508-3p tumorogenesis regulatory role through 
miRNA-508/GSPT1 molecular axis which further in-
sights into the therapeutic value of miRNA-508/GSPT1 
axis against the deadliest cancer, the human lung cancer. 

DISCUSSION

Lung cancer is by far the deadliest human cancer with 
high incidence and mortality rates worldwide (Busch et 
al., 2016). The disease is reportedly induced through 
genetic alterations and external environmental factors 
(Samet, 2013). A thorough understanding of lung can-
cer progression is essential for formulating effective 
treatment measures against this lethal menace. At the 
molecular level, the studies have focused on explor-
ing different regulatory molecules regulating the growth 
and propagation of lung cancer including the non-cod-
ing RNAs (Lin & Yang, 2018). Falling in the category 
of non-coding RNAs, the micro-RNAs (miRNAs) were 
shown to profoundly affect the tumorogenesis of many 
human cancers (Vannini et al., 2018). Many miRNAs 
have been shown to exercise a key developmental role 
in human lung cancer (Kabekkodu et al., 2020). Although 

microRNA-508-3p has been found to exhibit active in-
volvement in a number of cancer types, but its in-depth 
role has not been explored in lung cancer. The current 
study revealed a significant transcriptional down-regula-
tion of microRNA-508-3p in lung cancer. microRNA-
508-3p has also been elucidated to exhibit transcriptional 
repression in human cancers like gastric cancer, and co-
lon cancer (Wang & Jin, 2019). Additionally, the level 
of microRNA-508-3p down-regulation negatively cor-
related with the survival of lung cancer patients. This 
indicated that microRNA-508-3p functions as a tumor 
suppressor in lung cancer and other human cancers, 
as reported by earlier studies (Huang et al., 2016). The 
microRNA-508-3p over-expression declined lung cancer 
growth both in vitro and in vivo. The anti-cancer effects 
of microRNA-508-3p up-regulation were also evidenced 
as the arrest of lung cancer cell cycle at the G1 sub-
phase of mitotic interphase, which suggests that micro-
RNA-508-3p negatively regulates lung cancer cell growth 
as has been supported by previous studies (Bao et al., 
2016). Importantly, the current study showed that G1 
to S phase transition 1 (GSPT1) protein is functionally 
targeted by microRNA-508-3p in lung cancer. The role 
of microRNA-508-3p was found to be attenuated via 
GSPT1. The GSPT1 is a protein-coding gene that regu-
lates the translational termination in eukaryotes associ-
ated with eukaryotic release factor 1 (eRF1; Zhouravleva 
et al., 2006). It is involved in cell cycle regulation and cell 
apoptosis. In the present study, the GSPT1 over-expres-
sion resulted from microRNA-508-3p repression and the 
former was proved to considerably affect the molecular 
level progression of lung cancer. The up-regulation of 
GSPT1 was also reported to be linked with the growth 
and development of gastric and breast cancer (Tian et al., 
2018). In another report, the expression of GSPT1 was 
shown to be significantly higher in non-small lung can-
cer cells and negatively correlated with miRNA-27b-3p 
expression (Sun et al., 2019). The miRNA/GSPT1 axes 
have been suggested to act as potential therapeutic tar-
gets against human cancers including lung cancer (Li et 
al., 2020). Concluding with a similar inference, the miR-
NA-508/GSPT1 was unravelled as a vital growth regula-
tory link in lung cancer. The results of the present study 
support its therapeutic utility against human lung cancer.

The functional analyses conducted in this study pro-
vide mechanistic insights into how microRNA-508-3p 
exerts its tumor-suppressive effects in lung cancer. The 
inhibition of cancer cell proliferation and viability fol-
lowing microRNA-508-3p overexpression aligns with the 
notion that this microRNA acts as a negative regulator 
of tumor growth. The induction of cell cycle arrest at 
the G1 phase, as evidenced by the down-regulation of 
the GSPT1 protein, suggests that microRNA-508-3p ex-
erts its antiproliferative effects by interfering with key 
cell cycle regulatory pathways. These findings offer a 
clearer picture of the molecular events modulated by mi-
croRNA-508-3p that contribute to its tumor-suppressive 
functions.

The in vivo experiments using rat models provide a 
relevant and translational dimension to the study. The 
observed inhibition of tumor growth in response to mi-
croRNA-508-3p up-regulation underscores the potential 
therapeutic application of this microRNA in lung cancer 
treatment. These results add to the growing body of evi-
dence supporting microRNA-based therapies as promis-
ing avenues for cancer intervention.

It is worth noting that the findings of this study reso-
nate with the broader understanding of microRNA dys-
regulation in cancer and reinforce the idea that targeting 

Figure 6. MicroRNA-508-3p directly binds to GSPT1 in lung can-
cer. 
(A) Relative expression of GSPT1 in A549 cancer cells after silenc-
ing of GSPT compared to si-NC. (B) A549 cancer cells exhibited 
significantly lower proliferation under GSPT1 silencing compared 
to cells transfected with si-NC. (C) A549 cancer cells with GSPT1 
silencing were seen to induce Go/G1 phase cell cycle arrest com-
pared to cells transfected with si-NC. (D) A549 cancer cells trans-
fected with si-GSPT1 were found to reduce the proliferative viabil-
ity of lung cancer cells compared to cells transfected with si-NC. 
(E) Over-expression of GSPT1 in A549 cancer cells minimized the 
anti-proliferative effects of microRNA-508-3p up-regulation com-
pared to cells tranfected with si-NC. Experiments were carried out 
in three replicates. (*) represents statistical significance at p<0.05 
vs si-NC.

805



Vol. 70 						      841Proliferation of human lung cancer cells

specific microRNAs could hold immense therapeutic po-
tential. However, further investigations are warranted to 
delve deeper into the exact mechanisms through which 
miRNA-508-3p modulates its target gene(s), potentially 
involving intricate regulatory networks that influence 
cancer progression.

The current study significantly contributes to our un-
derstanding of the role of microRNA-508-3p in lung 
cancer. The comprehensive molecular characterization, 
functional analyses, and in vivo experiments underscore 
the potential of microRNA-508-3p as a promising thera-
peutic target for lung cancer treatment. By elucidating its 
regulatory mechanisms and demonstrating its impact on 
tumor growth, this research opens up avenues for de-
veloping innovative therapeutic strategies to improve pa-
tient outcomes in lung cancer management.

CONCLUSIONS

The current study showed that microRNA-508-3p ex-
periences a key regulatory role in the growth and prolif-
eration of lung cancer, and the lowered expression levels 
of microRNA-508-3p account for poor disease survival. 
The results were conclusive of the prognostic and thera-
peutic role of microRNA-508-3p against lung cancer, 
which might be utilized as a novel and alternative anti-
cancer therapy for the treatment of lung cancer. 
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Circular RNA METTL15/miR-374a-5p/ESCO2 axis induces 
colorectal cancer development
Feng Guo, Yang Luo, GuangYao Ye and WeiJun Tang✉

Department of Gastrointestinal Surgery, Renji Hospital, Shanghai Jiaotong University School of Medicine, Shanghai City, 200127, China

This study investigated the biological role and mecha-
nism of circMETTL15 in colorectal cancer (CRC). Cancer 
tissues and matched adjacent normal tissues were col-
lected. CircMETTL15, miR-374a-5p, and ESCO2 levels 
were detected by RT-qPCR and Western Blot. LoVo cells 
were selected for loss- and gain-of-function assays and 
rescue assays. Cell proliferation was detected by CCK-8 
and colony formation tests, cell apoptosis and cell cy-
cle were detected by flow cytometry, cell migration and 
invasion were detected by Transwell assay, and protein 
expression of ki-67, E-cadherin, N-cadherin, and cleaved 
caspase-3 was detected by Western blot. Through bio-
informatics analysis and verification assays, the target-
ing relationship between circMETTL15, miR-374a-5p, 
and ESCO2 was studied. The results suggest that circ-
METTL15 was a stable circRNA that was highly expressed 
in CRC tissues and cells and was associated with tumor 
size, higher TNM staging, and lymph node metastasis in 
CRC patients. Functionally, knocking down circMETTL15 
inhibited the proliferation, migration, invasion, and EMT 
of LoVo cells, and induced apoptosis. Overexpression of 
circMETTL15 showed the opposite effect. The effects of 
knockdown or overexpression of circMETTL15 on the bi-
ological behavior of LoVo cells were reversed by knock-
down of miR-374a-5p or knockdown of ESCO2, respec-
tively. Mechanistically, circMETTL15 acts as a ceRNA for 
miR-374a-5p to regulate ESCO2 expression, thereby pro-
moting the biological behavior of LoVo cells. In conclu-
sion, the results of this study reveal the role of circMET-
TL15 in CRC and the underlying molecular mechanism, 
which provides potential data support for the develop-
ment of future CRC drugs.

Keywords: circular RNA METTL15, colorectal cancer, MicroRNA-374a-
5p, the establishment of sister chromatid cohesion N-acetyltrans-
ferase 2
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mesenchymal transition; ESCO2, Establishment of sister chromatid 
cohesion N-acetyltransferase 2; FITC, Fluorescein isothiocyanate; 
GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; IHC, Im-
munohistochemistry; MUT, Mutant type; PI, Propidium iodide; RIP, 
RNA immunoprecipitation assay; RIPA, Radio-Immunoprecipitation 
Assay; RT-qPCR, Real-time reverse transcriptase-polymerase chain 
reaction; TNM, Tumor node metastasis; WT, Wild type

INTRODUCTION

Colorectal cancer (CRC) remains one of the leading 
causes of cancer deaths worldwide (Ameli-Mojarad et 

al., 2021). So far, surgery, chemotherapy, and radio-
therapy have been the main treatment strategies for 
CRC (Shao et al., 2021). Most patients are diagnosed 
in an intermediate or late stage because of the hidden 
early symptoms (Simon, 2016). In addition, limited ef-
ficacy, postoperative recurrence, and long-term metas-
tasis lead to poor prognosis for CRC patients (Díaz-
Tasende, 2018). Accumulating studies have shown 
that changes at the genetic and epigenetic levels of 
oncogenes and tumor suppressor genes are involved 
in the development and progression of CRC and act 
as potential therapeutic targets for CRC (Tsai et al., 
2021; Slattery et al., 2017). Therefore, identifying these 
regulatory genes will offer new insights into the de-
velopment of molecularly targeted therapies for CRC.

Circular RNA (circRNA) has been widely confirmed 
to be involved in cancer development (Zhang et al., 
2021) and is associated with drug resistance, differen-
tiation, metastasis, angiogenesis, proliferation, migra-
tion, and apoptosis (Ameli-Mojarad et al., 2021). For 
example, circPCLE1 promotes CRC epithelial-mesen-
chymal transition (EMT), glycolysis, and tumor-associ-
ated macrophage polarization (Yi et al., 2022) and N-
methyladenosine modification of circALG1 promotes 
CRC migration, invasion, and metastasis (Lin et al., 
2022). It can be seen that the regulation of circRNA 
has a profound impact on the occurrence and pro-
gression of CRC. As a member of circRNA, methyl-
transferase-like 15 (circMETTL15) is involved in the 
proliferation, metastasis, immune escape, and apopto-
sis of lung cancer (Zhang et al., 2022). Based on this, 
we speculate that circMETTL15 may be involved in 
the regulation of CRC.

In recent years, the competing endogenous RNA 
(ceRNA) hypothesis has been widely proposed (Sal-
mena et al., 2011). We predicted circMETTL15-related 
miRNAs (miR-374a-5p) and miRNA target genes (The 
establishment of sister chromatid cohesion N-acetyl-
transferase 2, ESCO2). As a short non-coding RNA, 
miR-374a-5p negatively regulates gene expression and 
regulates various biological processes (Lin et al., 2020; 
Guo et al., 2021). miR-374a-5p abnormal expression has 
been tested in CRC indicating a correlation with pa-
tients’ survival rates (Slattery et al., 2015; Slattery et al., 
2017). ESCO2 is an evolutionarily conserved cohesion 
acetyltransferase (Zhu et al., 2021) that can suppress the 
development of CRC (Guo et al., 2018).

This study aimed to investigate the effect of circ-
METTL15 on the biological function of CRC cells 
and to discover the molecular mechanism of circ-
METTL15 with miR-374a-5p and ESCO2 in CRC.
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MATERIALS AND METHODS

Clinical samples

Between 2016 and 2019, 78 cancer tissues and 
matched adjacent normal tissues (≥ 3 cm from cancer 
tissue) were surgically resected from CRC patients (ex-
cluding those receiving radiotherapy or chemotherapy) 
at Renji Hospital, Shanghai Jiaotong University School 
of Medicine. All tissues were kept at –80°C. All clinical 
and pathological diagnoses were validated by two inde-
pendent pathologists according to the AJCC and UICC 
guidelines. This study was approved by the Ethics Com-
mittee of Renji Hospital, Shanghai Jiaotong University 
School of Medicine. Each patient was informed about 
the content.

Cell culture

LoVo, Caco-2, SW620, SW480, and NCM460 cells 
were maintained in DMEM, HT-29 and HCT-116 were 
in DMEM/F12 medium, while DLD-1 was in RPMI-
1640 medium. All the media (Gibco, CA, USA) were 
added with 10% fetal bovine serum, 1% penicillin, and 
streptomycin, and all cell lines were offered by the Chi-
nese Academy of Sciences Culture Collection (Shanghai, 
China) and grown in a 5% CO2 humidified incubator at 
37°C.

RNA analysis

With Trizol reagent (Takara, Japan), circRNA, mRNA, 
and miRNA were extracted from tissues and cells for 
reverse transcription after detection on Nanodrop 2000 
(Thermo Fisher Scientific). In the reverse transcrip-
tion system, PrimeScript RT master mix (Takara) was 
utilized for mRNA and circRNA, while for miRNA, 
Bulge-Loop™ miRNA Quantitative Real-Time Polymer-
ase Reaction Starter Kit (RIBOBIO, China) was applied. 
cDNA amplification was implemented in the ABI Prism 
7500 Sequence Detection System with TB Green Premix 
Ex Taq II (Takara). The PCR cycling parameters are as 
follows: 95°C for 30 s followed by 40 cycles at 95°C for 
5 s and 60°C for 30 s. mRNA and circRNA were nor-
malized to GAPDH, while miRNA was to U6. The 
calculation of relative expression was dependent on the 
2-ΔΔCT method. Primers are listed in Table 1.

Nucleic acid electrophoresis

Agarose gel electrophoresis (2%) was performed us-
ing 45 mmol/L Tris-boronic acid and 1 mmol/L EDTA 
(TBE). DNA was separated by electrophoresis at 120 V 

for 30 min, taking marker L (50-500 bp) as the DNA 
marker (Beyotime, China). UV irradiation was used to 
examine the bands.

Actinomycin D and RNase R

RNase R (3 U/g, Epicenter) was used to treat RNA 
(10 μg) from LoVo cells. After incubation at 37°C for 
30 min, circRNA and linear mRNA were detected using 
reverse transcription and RT-qPCR.

Actinomycin D (2 μg/mL, Sigma) was adopted to 
treat LoVo cells for 4, 8, 12, and 24 h, followed by 
checking the stability of linear mRNA and circRNA by 
RT-qPCR.

Cell transfection

siRNA or pcDNA 3.1 overexpression vectors tar-
geting circMETTL15 and ESCO2, and miR-374a-5p 
mimic/inhibitor were constructed and provided by Ge-
nepharma (Shanghai, China). The oligonucleotides and 
plasmids were transiently transfected into LoVo cells us-
ing Lipofectamine 3000 (Invitrogen) and gene expression 
was analyzed by RT-qPCR and western blot after 48 h.

CCK-8 assay

LoVo cells (2000 cells/well) were plated in 96-well 
plates and added with 10 μL of CCK-8 reagent (Sangon 
Biotech, Shanghai, China) at the indicated time points 
(24, 48, and 72 h). Absorbance at 450 nm was measured 
using an iMark microplate reader (Bio-Rad) after 2 h.

Colony formation test

LoVo cells were grown at 1000 cells/well in 6-well 
plates to allow colony formation at 37°C. The colonies 
were observed every 3 days, and after 2 weeks, the colo-
nies fixed with paraformaldehyde were counted under a 
microscope (Olympus) after 0.1% crystal violet staining.

Flow cytometry

Cells were fixed overnight at –20°C in 75% alcohol, 
washed 3 times, and detected by a cell cycle analysis kit 
(Beyotime). Cells were digested by trypsin, washed in 
cold PBS, and analyzed by an Annexin V-FITC/PI kit 
(Vazyme, Nanjing, China) to assess cell apoptosis. Cell 
cycle distribution and apoptosis rate were determined on 
the BD FACSCanto II (BD Biosciences).

Transwell assays

LoVo cells were suspended in a fresh medium (100 
μL) and added to the upper Transwell chamber (BD 
Bioscience). Matrigel coating (BD Bioscience) was re-
quired for the invasion test but not the migration test. 
After 24-h induction, cells appearing in the lower cham-
ber were fixed with paraformaldehyde and stained with 
0.1% crystal violet for microscopic observations (× 100, 
Olympus).

Protein analysis

Protein samples collected by RIPA buffer were sepa-
rated by 12% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis after quantification using a BCA kit (Be-
yotime). Next, the samples were transferred to polyvi-
nylidene fluoride membranes and blocked with 5% non-
fat milk for 2 h. After reaction with the primary antibody 
overnight at 4°C, the membranes were incubated with 
the secondary antibody (1:5000, CST, MA, USA) for 2 

Table 1. Primer sequences

Genes Primers

circMETTL15
F: 5’- GCCAGCATCGTTGCAGATTT-3’

R: 5’- GCTGTTGGGTCTCTGTCCAA-3’

miR-374a-5p
F: 5’- CGCGCGTTATAATACAACCTGA -3’

R: 5’- GCAGGGTCCGAGGTATTC -3’

GAPDH
F: 5’-CACCCACTCCTCCACCTTTG-3’

R: 5’-CCACCACCCTGTTGCTGTAG-3’

Note: F, forward; R, reverse; circMETTL15, circular RNA METTL15; miR-
374a-5p, microRNA-374a-5p; GAPDH, glyceraldehyde-3phosphate de-
hydrogenase
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h. The protein blots which were visualized by Omni-
ECL chemiluminescent reagent (EpiZyme, China) were 
then analyzed by Image Lab. Primary antibodies: ESCO2 
(ab86003, Abcam), E-cadherin (610181, BD Biosciences), 
N-cadherin (22018-1-AP, Proteintech), cleaved caspase-3 
(ab2302, Abcam), Ki-67 (ab15580, Abcam).

Dual-luciferase reporter assay

Genepharma constructed PGL4 luciferase reporters 
(Promega) containing circMETTL15 wild-type sequence 
or mutant sequence (with or without miR-374a-5p bind-
ing site), namely circMETTL15-WT and circMETTL15-
MUT, respectively. Likewise, ESCO2 3’UTR-WT and 
ESCO2 3’UTR-MUT were also constructed. The lucif-
erase reporter vector was co-transfected with miR-374a-
5p mimic or mimic NC into LoVo cells using Lipo-
fectamine 3000 (Invitrogen) and its luciferase activity 
was determined in the Dual Luciferase Assay System 
(Promega) after 48 h.

RIP experiment

Under the guidance of the Magna RIP kit (Millipore), 
LoVo cells were lysed and mixed with Ago2 antibody-
conjugated or IgG antibody-conjugated magnetic beads. 
RNA complexes on magnetic beads were eluted to iso-
late total RNA for calculation of RNA expression by 
RT-qPCR.

Observation of tumor formation

Animal experiments were approved by the Animal 
Ethics Committee of Renji Hospital, Shanghai Jiao-
tong University School of Medicine (Approval number: 

201511F760). LoVo cells (1×106, 100 μL) stably trans-
fected with si-circMETTL15 or si-NC were injected sub-
cutaneously into the axilla of 5-week-old male BALB/c 
nude mice (n=5/group). After 1 week, the tumor vol-
ume (length×width2/2) was calculated and recorded once 
a week. Five weeks later, mice were euthanized to resect 
tumors for IHC analysis (Zhou et al., 2021).

Data analysis

At least 3 biological replicates were run for each ex-
periment. All statistical analyses were performed using 
GraphPad Prism 9.0 software (La Jolla, CA, USA). Bi-
lateral comparisons were run by Student’s t-test, while 
multiple comparisons were by one-way ANOVA. The 
correlation between circMETTL15 expression and clin-
icopathological data was assessed by Chi-square test, 
while that between circMETTL15 expression and overall 
survival was by Log-rank (Mantel-Cox) test. P<0.05 was 
considered as significant difference.

RESULTS

circMETTL15 is abnormally highly expressed in CRC

To investigate whether circMETTL15 participates 
in CRC, its expression was analyzed in 78 cancer tis-
sues and matched adjacent normal tissues by RT-qPCR. 
CircMETTL15 was abnormally highly expressed in the 
tumor samples compared with paired normal tissues 
(Fig. 1A). Also, circMETTL15 expression was analyzed 
in CRC cell lines, and elevated circMETTL15 was dem-
onstrated in CRC cell lines than in NCM460 cell line 

Figure 1. circMETTL15 is abnormally highly expressed in colon cancer
(A) RT-qPCR to detect circMETTL15 in CRC tissues and paired normal tissues. (B) RT-qPCR to detect circMETTL15 in human colorectal 
cancer cell lines and human colon epithelial mucosa cell line (NCM460). (C) Correlation analysis between circMETTL15 and survival rate 
of CRC patients. (D) Genetic information of circMETTL15. (E) Agarose gel electrophoresis confirmed the amplification of circMETTL15 by 
diverging primers in cDNA but not in gDNA. (F) RNase R experiment verified the ring structure of circMETTL15. (G) Actinomycin D experi-
ment verified the ring structure of circMETTL15; data are expressed as mean ± S.D. (N=3).
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(Fig. 1B). Next, the relationship between circMETTL15 
levels and clinicopathological characteristics of CRC pa-
tients was explored, and the data emphasized that the 
abundance of circMETTL15 was positively associated 
with tumor size, TNM stage, and lymph node metastasis 

(Table 2). “Log-rank (Mantel-Cox) test” survival analysis 
showed that CRC patients with high circMETTL15 had 
poorer overall survival (Fig. 1C). Subsequently, the ge-
netic information of circMETTL15 was determined from 
the bioinformatics website circbase. circMETTL15 was 
generated from exon 1 to exon 4 of the METTL15 gene 
with a full length of 862 bp (Fig. 1D). Agarose gel elec-
trophoresis indicated that circMETTL15 was successfully 
detected by convergent primers for gDNA and cDNA, 
but it could only be generated from cDNA by different 
primers in LoVo cells (Fig. 1E). To further verify the 
stability of circMETTL15, RNase R and actinomycin D 
were used. CircMETTL15 was resistant to digestion by 
RNase R and had a longer half-life compared with linear 
mRNA (Fig. 1F, G).

circMETTL15 inhibition blocks CRC cell proliferation, 
invasion, migration, and EMT and promotes apoptosis

Subsequently, the effects of circMETTL15 on the bio-
logical behavior of CRC cells were investigated by loss 
of function assay. si-circMETTL15 was transfected into 
LoVo cells to downregulate circMETTL15 (Fig.  2A). 
CCK-8 and colony formation assays were utilized to 
evaluate cell proliferation ability. It was observed that 
knockdown of circMETTL15 reduced LoVo cell pro-
liferation rate (Fig. 2B) and colony formation capacity 
(Fig. 2C). Then, cell cycle was detected by flow cytom-
etry. As shown in Fig. 2D, knockdown of circMETTL15 
increased the proportion of cells in G0/G1 phase and 
decreased the proportion of cells in G2/M phase. To 
investigate the effect of circMETTL15 on apoptosis, 
Annexin V-FITC/PI kit was used to evaluate apoptosis 
rates. As shown in Fig. 2E, circMETTL15 knockdown 
resulted in an increased apoptosis rate. In addition, the 
invasion and migration ability of LoVo cells was exam-
ined by Transwell assay. The results showed that circ-
METTL15 knockdown reduced the number of cells that 
invaded and migrated (Fig. 2F). At last, the changes of 
apoptosis, proliferation, and EMT-related proteins were 
observed by Western blot. As shown in Fig. 2G, after 
circMETTL15 downregulation, N-cadherin and Ki-67 
expression decreased but cleaved caspase-3 and E-cad-
herin expression increased in LoVo cells. These data 
suggest that circMETTL15 knockdown inhibits LoVo 
cell proliferation, invasion, migration, and EMT, pro-

Table 2. Relationship between circMETTL15 and clinicopatholog-
ical features of CRC patients

Characteristic Cases The expression of 
circMETTL15

P
n=78 Low 

(n=39)
High 
(n=39)

Gender

0.6416Male 48 23 25

Female 30 16 14

Age (year)

0.2379≤ 60 14 5 9

> 60 64 34 30

Tumor size

0.0008< 3 cm 52 33 19

≥ 3 cm 26 6 20

TNM staging

0.0176I/II 19 14 5

II/IV 59 25 34

Lymph node metastasis

0.0224Positive 34 12 22

Negative 44 27 17

Distant metastasis

0.4821Positive 29 13 16

Negative 49 26 23

Figure 2. circMETTL15 inhibition blocks CRC cell proliferation, invasion, migration, and EMT and promotes apoptosis
circMETTL15 was downregulated by transfection of siRNA targeting circMETTL15 into LoVo cells. (A) RT-qPCR to detect circMETTL15. (B) 
CCK-8 to detect cell proliferation rate. (C) Colony formation assay to detect cell proliferation. (D) Flow cytometry to detect cell cycle. 
(E) Flow cytometry to detect apoptosis. (F) Transwell assays to detect cell invasion and migration. (G) Western blot to evaluate Ki-67, E-
cadherin, N-cadherin, and cleaved caspase-3 expression; data are expressed as mean ± S.D. (N=3).
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motes apoptosis, and increases the proportion of G0/
G1 phase cells.

circMETTL15 binds to miR-374a-5p

Given that circRNAs primarily act as miRNA sponges 
in the cytoplasm, online databases (https://starbase.sysu.
edu.cn and https://circinteractome.nia.nih.gov) predicted 
the possible miRNAs that bind to circMETTL15, and 
screened 8 kinds of overlapping of miRNAs (Fig.  3A). 
RIP experiments confirmed that three of the eight miR-
NAs were enriched with circMETTL15 (Fig. 3B), but 
only miR-374a-5p was downregulated in LoVo cells (Fig. 
3C). Therefore, miR-374a-5p might be a downstream 
miRNA of circMETTL15. With their predicted potential 
binding sites (Fig. 3D), circMETTL15-WT and circMET-
TL15-MUT reporters were constructed, and their lucif-
erase activity was observed by dual luciferase reporter as-
say. The results were consistent with the prediction, that 
is, circMETTL15 targets miR-374a-5p (Fig.  3E). RT-qP-
CR analyzed miR-374a-5p expression in patients’ tissues 
and found its downregulation in CRC tissues (Fig. 3F). 
CircMETTL15 knockdown effectively increased miR-
374a-5p expression in LoVo cells (Fig. 3G).

The effects of circMETTL15 on CRC cell proliferation, 
invasion, migration, apoptosis, cell cycle, and EMT are 
reversed by the silencing of miR-374a-5p

To explore whether miR-374a-5p is involved in the 
process of circMETTL15 regulating the biological be-
havior of LoVo cells, a functional rescue experiment was 
performed. Firstly, the expression changes of miR-374a-
5p were evaluated by RT-qPCR. As shown in Fig. 4A, 
miR-374a-5p mimic and si-circMETTL15 both promoted 
miR-374a-5p expression, but miR-374a-5p inhibitor re-

Figure 3. circMETTL15 binds to miR-374a-5p
(A) Schematic diagram showing the potential miRNA of circ-
METTL15 based on circinteractome and StarBase. (B) RIP assay 
confirmed that three miRNAs and circMETTL15 were enriched in 
LoVo cells. (C) RT-qPCR to detect miR-374a-5p in LoVo cells. (D) 
Potential binding sites of circMETTL15 and miR-374a-5p predicted 
based on starbase. (E) Dual luciferase reporter assay to verify the 
targeting relationship between circMETTL15 and miR-374a-5p. (F) 
RT-qPCR to detect miR-374a-5p in CRC tissues and paired nor-
mal tissues. (G) RT-qPCR to confirm that circMETTL15 knockdown 
inhibited miR-374a-5p expression; data are expressed as mean 
±  S.D. (N=3).

Figure 4. The effects of circMETTL15 on CRC cell proliferation, invasion, migration, apoptosis, cell cycle, and EMT are reversed by the 
silencing of miR-374a-5p
miR-374a-5p mimic/inhibitor and si-circMETTL15 were transfected into LoVo cells. (A) RT-qPCR to detect miR-374a-5p. (B) CCK-8 to detect 
cell proliferation rate. (C) Colony formation assay to detect cell proliferation. (D) Flow cytometry to detect cell cycle. (E) Flow cytometry 
to detect apoptosis. (F) Transwell assays to detect cell invasion and migration. (G) Western blot to evaluate Ki-67, E-cadherin, N-cadherin, 
and cleaved caspase-3 expression; data are expressed as mean ± S.D. (N=3).
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duced miR-374a-5p expression. CCK-8 assay and colony 
formation assay showed that si-circMETTL15 and miR-
374a-5p mimic inhibited cell proliferation rate and the 
number of colonies, but the effects of si-circMETTL15 
were reversed by knockdown of miR-374a-5p (Fig. 4B, 
C). Flow cytometry showed that si-circMETTL15 and 
miR-374a-5p mimic increased the proportion of G0/G1 
phase cells but reduced the proportion of G0/G1 phase 
cells after knockdown of miR-374a-5p (Fig. 4D). In ad-
dition, si-circMETTL15 and miR-374a-5p mimic pro-
moted apoptosis rates, while the effects of si-circMET-
TL15 were reversed by silencing miR-374a-5p (Fig. 4E). 

Transwell assay showed that si-circMETTL15 and miR-
374a-5p mimic reduced the number of cells that invaded 
and migrated, while silencing miR-374a-5p reversed the 
effects of si-circMETTL15 (Fig. 4F). Western blot evalu-
ated that si-circMETTL15 and miR-374a-5p mimic in-
hibited protein expression of N-cadherin and Ki-67 and 
promoted protein expression of cleaved caspase-3 and 
E-cadherin. However, knockdown of miR-374a-5p pre-
vented changes in these proteins (Fig. 4G). These find-
ings indicated that overexpression of miR-374a-5p inhib-
ited the proliferation, invasion, and migration of LoVo 
cells, promoted apoptosis, increased the proportion of 

Figure 5. miR-374a-5p serves as a regulator of ESCO2 expression
(A) Potential downstream mRNA of miR-374a-5p predicted based on starbase, TargetScan, and miRDB; (B) RIP assay confirmed that three 
mRNAs and miR-374a-5p were enriched in LoVo cells. (C) GEPIA database analysis of ESCO2 in CRC. (D) RT-qPCR to detect ESCO2 in CRC 
tissues. (E) Western blot to detect ESCO2 in CRC cell lines. (F) Potential binding sites of miR-374a-5p and ESCO2 predicted based on 
starbase. (G) Dual luciferase reporting assay to explore the targeting relationship between miR-374a-5p and ESCO2. (H) Western blot to 
investigate ESCO2 expression after overexpression of miR-374a-5p; data are expressed as mean ± S.D. (N=3).

Figure 6. Knockdown of ESCO2 inhibits CRC cell proliferation, invasion, migration, and EMT and promotes apoptosis
siRNA targeting ESCO2 was transfected into LoVo cells. (A) Western blot to detect ESCO2. (B) CCK-8 to detect cell proliferation rate. (C) 
Colony formation assay to detect cell proliferation. (D) Flow cytometry to detect cell cycle. (E) Flow cytometry to detect apoptosis. (F) 
Transwell assays to detect cell invasion and migration. (G) Western blot to evaluate Ki-67, E-cadherin, N-cadherin, and cleaved caspase-3 
expression; data are expressed as mean ± S.D. (N=3).
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G0/G1 phase cells, and circMETTL15 affected the pro-
liferation, apoptosis, cell cycle, invasion, migration, and 
EMT processes of CRC cells by regulating miR-374a-5p.

miR-374a-5p serves as a regulator of ESCO2 expression

To explore downstream targets regulated by miR-
374a-5p, starbase, TargetScan and miRDB predicted sev-
en overlapping candidate downstream genes (Fig. 5A). 
Three were identified to be enriched with miR-374a-5p 
by RIP screening (Fig. 5B), among which ESCO2 was 
found to be upregulated in CRC by TCGA database 
analysis (Fig. 5C). ESCO2 upregulation was also demon-
strated in CRC patients and cell lines (Fig. 5D, E). Sub-

sequently, the targeting relationship between ESCO2 and 
miR-374a-5p was confirmed by dual luciferase reporter 
experiments (Fig. 5F, G). Furthermore, ESCO2 expres-
sion reduced accordingly when miR-374a-5p was overex-
pressed (Fig. 5H).

Knockdown of ESCO2 inhibits CRC cell proliferation, 
invasion, migration, and EMT and promotes apoptosis

Subsequently, the effects of ESCO2 on the biologi-
cal behavior of LoVo cells were examined. Western blot 
assay showed that transfection of si-ESCO2 decreased 
ESCO2 expression in LoVo cells (Fig. 6A). CCK-8 and 
colony formation experiments showed that knockdown 
of ESCO2 inhibited cell proliferation rate and colony-
forming ability (Fig. 6B, C). Flow cytometry showed that 
knockdown of ESCO2 resulted in an increased propor-
tion of cells arrested in the G0/G1 phase (Fig. 6D) and 
resulted in increased apoptosis (Fig. 6E). Transwell as-
say showed that the invasion and migration abilities of 
cells were reduced after ESCO2 knockdown (Fig. 6F). 
Western blot analysis showed that ESCO2 inhibition de-
creased N-cadherin and Ki-67 expression and increased 
cleaved caspase-3 and E-cadherin expression (Fig. 6G). 
The above data indicated that knockdown of ESCO2 ef-
fectively inhibited CRC proliferation, invasion, migration, 
and EMT and promoted apoptosis.

circMETTL15 affects CRC cell proliferation, cell cycle, 
apoptosis, invasion, migration, and EMT processes by 
regulating miR-374a-5p/ESCO2 axis

To explore whether the miR-374a-5p/ESCO2 axis is 
involved in the process of circMETTL15 regulating the 
biological behavior of CRC cells, LoVo cells were sub-
jected to a co-transfection design with pcDNA 3.1 over-
expression vector targeting circMETTL15 and si-ESCO2. 
pcDNA 3.1 overexpression vector targeting circMET-
TL15 promoted circMETTL15 and ESCO2 expression 

Figure 7. circMETTL15 affects CRC cell proliferation, cell cycle, apoptosis, invasion, migration, and EMT processes by regulating miR-
374a-5p/ESCO2 axis
pcDNA 3.1-circMETTL15 and si-ESCO2 were transfected into LoVo cells. (A) RT-qPCR to detect circMETTL15 and miR-374a-5p. (B) Western 
blot to detect ESCO2. (C) CCK-8 to detect cell proliferation rate. (D) Colony formation assay to detect cell proliferation. (E) Flow cytom-
etry to detect cell cycle. (F) Flow cytometry to detect apoptosis. (G) Transwell assays to detect cell invasion and migration. (H) Western 
blot to evaluate Ki-67, E-cadherin, N-cadherin, and cleaved caspase-3 expression; data are expressed as mean ± S.D. (N=3).

Figure 8. Knockdown of circMETTL15 inhibits CRC tumorigenesis 
in vivo
(A) Representative images of tumors. (B–C) Tumor volume and 
weight. (D) IHC staining to measure ESCO2 and Ki-67 expression 
in tumors; data are expressed as mean ± S.D. (n=5).
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and suppressed miR-374a-5p expression, while si-ESCO2 
made ESCO2 expression partially recovered (Fig. 7A, B). 
CCK-8 and colony formation assays showed that over-
expression of circMETTL15 promoted cell proliferation 
rate and cell cloning ability, but knockdown of ESCO2 
reversed this phenomenon (Fig. 7C, D). Flow cytometry 
showed that overexpression of circMETTL15 reduced 
the proportion of cells arrested in G0/G1 phase, while 
knockdown of ESCO2 increased the proportion of G0/
G1 phase cells (FIG. 7E). Annexin V-FITC/PI apop-
tosis kit tests showed that the overexpression of circ-
METTL15 reduced apoptosis rate, while knockdown of 
ESCO2 reversed this effect (Fig. 7F). Transwell assay 
showed that overexpression of circMETTL15 enhanced 
cell invasion and migration, but knockdown of ESCO2 
reduced the number of invasion and migration cells 
(Fig.  7G). In addition, overexpression of circMETTL15 
promoted expression of N-cadherin and Ki-67 and in-
hibited expression of cleaved caspase-3 and E-cadherin, 
but knockdown of ESCO2 prevented changes in these 
proteins (Fig. 7H). These data suggest that circMET-
TL15 promotes LoVo cell proliferation, invasion, migra-
tion, and EMT and reduces apoptosis by regulating the 
miR-374a-5p/ESCO2 axis.

Knockdown of circMETTL15 inhibits CRC  
tumorigenesis in vivo

At last, LoVo cells stably knocking down circMET-
TL15 were implanted into nude mice to explore the ef-
fect of circMETTL15 on the growth of CRC tumors 
in vivo. CircMETTL15 depletion suppressed tumor vol-
ume and weight (Fig. 8A–C). IHC staining showed that 
knockdown of circMETTL15 decreased ESCO2 expres-
sion and Ki-67 expression in tumors (Fig. 8D).

DISCUSSION

Late detection is the main reason for annual mortal-
ity in CRC (Ameli-Mojarad et al., 2021), therefore, the 
search for an optimal biomarker for disease diagnosis 
and prognosis is necessary for identifying and treating 
CRC cases. Molecular biology and genomics have em-
phasized the significance of non-coding RNAs in tumor 
development (Chu et al., 2021). Therefore, we attempted 
to investigate the effects of circMETTL15 involved in 
CRC, as well as related molecular mechanisms. Further 
experiments demonstrated that silence of circMETTL15 
by suppressing miR-374a-5p and promoting ESCO2 ex-
pression could effectively inhibit the malignant behavior 
of CRC.

circRNAs are more suitable as new biomarkers for 
CRC and have potential clinical value in the early diag-
nosis and prognostic assessments of CRC (C. Lin et al., 
2022; Radanova et al., 2021). For example, circ_001659 
has a good predictive value and probability ratio for the 
diagnosis of CRC and confers pro-tumor influence on 
CRC development (He et al., 2021) and circMYLK is 
associated with poor prognosis and some unfavorable 
clinical features of CRC patients (Huang & Dai, 2021). 
Similarly, our findings suggested that a higher abun-
dance of circMETTL15 was correlated with tumor size, 
TNM stage, lymph node metastasis, and poor overall 
survival. The results indicated that circMETTL15 may 
be a prognostic or diagnostic biomarker in CRC, which 
needs to be verified by detecting circMETTL15 expres-
sion in CRC serum in subsequent studies. In a recent 
study, circMETTL15 is highly expressed in lung cancer 
and regulates malignant progression and immune escape 

(Zhang et al., 2022). The results of this study further 
support the role of circMETTL15 as a cancer-promoting 
factor, which promotes ESCO2 expression by binding 
miR-374a-5p, thus promoting CRC development. The 
study speculates that circMETTL15 also has the function 
of regulating immune checkpoint in CRC, and it may 
be feasible to employ circMETTL15 as a new target for 
immunotherapy, but this needs to be explored in subse-
quent studies.

miRNAs have been widely recognized as key regula-
tors in cancers (Yamamoto & Mori, 2016). According 
to the ceRNA network, circRNAs can bind to miRNAs, 
thereby reducing the biological functions of miRNAs 
(Jorgensen & Ro, 2022). The study predicted and then 
verified that miR-374a-5p was a downstream miRNA 
of circMETTL15 in CRC. miR-374a-5p is considered a 
tumor oncogenic factor in ovarian cancer (Hao, Huang, 
& Han, 2020), triple-negative breast cancer (Son et al., 
2019), gastric cancer (Ji et al., 2019), whereas a tumor 
suppressor in non-small cell lung cancer (Guo et al., 
2021) and esophageal squamous cell carcinoma (Chen 
et al., 2019). Notably, it is recorded that miR-374a-5p 
is downregulated in CRC and is related to patients’ sur-
vival rate (Slattery et al., 2017; Slattery et al., 2015). The 
study continuously explored miR-374a-5p in CRC and, 
as expected, miR-374a-5p could suppress the malignant 
phenotype of CRC cells while miR-374a-5p downregula-
tion rescued the effect of circMETTL15 silencing on the 
biological behavior of CRC cells.

For this study, the downstream target (ESCO2) of 
miR-374a-5p was screened, which was upregulated in 
CRC. ESCO2, a member of the Eco1 family, contrib-
utes to sister chromatid cohesion during cell cycle pro-
gression (Wang & Liu, 2020). It is well known that 
different states of cohesin are associated with different 
phases of the cell cycle (Alomer et al., 2017) and ESCO2 
is involved in cohesion-mediated DNA repair (Rahman, 
Jones, & Jallepalli, 2015). Because of this, ESCO2 has 
received increasing attention in cancer development. It is 
noted that ESCO2 promotes lung adenocarcinoma (Zhu 
et al., 2021) and gastric cancer (Chen et al., 2018). Nota-
bly, ESCO2 is recently reported as an epigenetic regu-
lator to suppress tumor metastasis in CRC (Guo et al., 
2018). Based on this, a functional rescue experiment was 
performed to reveal that ESCO2 knockdown rescued 
the promotion of circMETTL15 overexpression on the 
malignant progression of CRC cells.

However, how ESCO2 interacts with other epigenetic 
regulators or pathways to influence the development and 
progression of CRC has not been thoroughly investi-
gated. In the follow-up experiments, we should further 
carry out multi-center trials and animal experiments to 
clarify the therapeutic effect and mechanism of circ-
METTL15 on CRC. In addition, multicenter trials and 
animal experiments are needed to elucidate the role of 
circMETTL15 in CRC.

CONCLUSION

In conclusion, this study suggests that circMETTL15 
sponges miR-374a-5p to regulate ESCO2 and promote 
CRC malignant behavior. These data provide new mo-
lecular targets for the development of CRC-targeted 
drugs and future combination therapies. However, the 
results of this study have so far only been verified in 
LoVo cells and animal experiments. Therefore, it is not 
suitable for clinical trials. More basic experiments (such 
as validation in more CRC cell lines) are needed in the 
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future to further explore the influence of the circMET-
TL15/miR-374a-5p/ESCO2 axis on CRC biological be-
havior.
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The aim of this review is to specify new potential reli-
able and non-invasive methods for the diagnosis of bil-
iary atresia (BA) that could shorten the way to diagnose 
BA, and finally the surgical treatment. Apart from the 
biomarkers that have been proven helpful and are used 
nowadays in neonatal wards, there are several new po-
tential biomarkers that researchers have found to be 
helpful in the diagnosis of biliary atresia. Circulating 
microRNAs, matrix metalloproteinase-7, stool proteins, 
interleukin-33, Th17-associated cytokines, urinary me-
tabolomics, anti-smooth muscle antibodies, heat shock 
proteins 90 and positive biliary epithelial cells CD56 are 
among those presented in this summary. These mark-
ers may play a new significant role in BA diagnosis. The 
described methods include Nomogram, Circulating mi-
croRNAs (miRNAs), Matrix metalloproteinase-7 (MMP-7), 
Stool proteins, Interleukin-33 (IL-33), Th17-associated 
cytokines, Alpha-aminoadipic acid and N-acetyl-d-
mannosamine in urine, Anti-smooth muscle antibodies 
(ASMA), Heat shock proteins 90 (HSP90), Positive biliary 
epithelial cells CD56.
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chromatography–mass spectrometry metabolomics; GGT, gamma-
glutamyl transpeptidase; HSP90, Heat shock proteins; IHS, infantile 
hepatitis syndrome; IIF, indirect immunofluorescence; IL-33, Inter-
leukin-33; MIP3a, macrophage inflammatory protein-3alpha ; MMP-
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INTRODUCTION

Biliary atresia (BA) (ORPHA:244283; OMIM: 210500) 
is an uncommon infancy fibroinflammatory obliterative 
cholangiopathy that affects extrahepatic and intrahepatic 
biliary ducts. It is associated with obstructive jaundice, 
pale stools and hepatomegaly, and leads to severe chol-
estasis and fatal biliary cirrhosis. The etiology of BA 
remains elusive. If not treated in time with hepatopor-
toenterostomy which restores bile flow (Kasai procedure 
KPE – the primary treatment of BA), it leads to liver 
failure within 2 years (Basset et al., 2008; Chardot, 2006; 
Sokol et al., 2007; Feldman et al., 2015). BA remains the 
most common cause of a liver transplant in young chil-
dren. It affects approximately 1 in 5000 to 25 000 live 

births. It is more common in the Asia-Pacific region, 
especially in South China where the prevalence is about 
1/5000 (Chen et al., 2019).

An early diagnosis is highly problematic due to unspe-
cific symptoms which can mimic other cholestatic dis-
eases (non-BA). There are no reliable and specific bio-
markers that are recommended for routine clinical use. 
Currently, the gold standard for BA diagnosis is an intra-
operative cholangiogram which is highly invasive. Liver 
biopsy with 96.6% accuracy is the most reliable meth-
od (Chen et al., 2016). The longer it takes to diagnose 
chronic cholestasis, the higher the risk of liver fibrosis. 
Because the success of Kasai portoenterostomy depends, 
among others, on age at the time of surgery, due to de-
layed diagnosis many infants with BA lose the chance 
for proper treatment. Also, a late diagnosis worsens the 
outcomes of other cholestasis-associated diseases like hy-
popituitarism, galactosaemia and tyrosinaemia.

The investigation of biliary atresia requires taking the 
following blood tests: gamma-glutamyl transpeptidase 
(GGT), also combined with total bilirubin, direct biliru-
bin, alkaline phosphatase, and aminotransferase (AST). 
The diagnosis is also based on clinical evaluation, hepa-
tomegaly, stool colour, duodenal juice colour, bile acid 
in duodenal juice, ultrasonography (the gallbladder triad, 
the triangular cord sign or strip-apparent hyperechoic 
foci), hepatobiliary scintigraphy, MRCP and liver biopsy 
(Dong et al., 2018).

NOMOGRAM

In the Dong and others research, bile acid level in 
duodenal juice and hepatobiliary scintigraphy showed 
the highest (100%) sensitivity for diagnosing BA (Dong 
Ch et al., 2018). Ultrasonography (triangular cord sign 
or presence of strip-apparent hyperechoic foci) showed 
the highest specificity (99.5%). The colour of the stool is 
also pathognomic. High levels of bilirubin alter the hue 
of the stool and turn it into light yellow. The diagnos-
tic accuracy by feces color was 84.3% with a sensitivity 
of 96.1% and specificity of 74.8% in Dong’s and others 
research (Dong Ch et al., 2018). All of the known dif-
ferential diagnosis methods are useful. Gamma-glutamyl 
transpeptidase (GGT) is used in combination with other 
biomarkers of BA cholestasis (Chen et al., 2016; Liu et 
al., 1998; Cabrera-Abreu et al., 2002; Rendon-Macias et 
al., 2008; Tang et al., 2007; Maggiore et al., 1991). Young-
er infants with BA (age <30 days) proved to have sig-
nificantly higher GGT levels than older patients (Dong 
Ch et al., 2018). The researchers demonstrated that in a 
2-year treatment, 53.7% of patients survived with their 
native liver, while the remaining patients needed liver 
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transplantation. Sira and others reported that the serum 
activity of GGT had a sensitivity of 76.7% and specific-
ity of 80% for the diagnosis of BA (Sira et al., 2012). 
Nonetheless, the GGT level was also increased in the se-
rum of infants on the day of birth or varied depending 
on age (Dong Ch et al., 2018). In the Dong’s and others 
research, carried out in a large Chinese children’s hospi-
tal on 1728 patients, to confirm BA intraoperative chol-
angiography and liver biopsy for histological assessment 
were used (Dong R et al., 2018). 1512 patients were diag-
nosed with BA and 216 patients were confirmed to have 
non-BA cholestasis. 80% of non-BA patients were male, 
however, there was no statistical difference in gender in 
the BA group (51% male, 49% female). The research 
also included weight, age and the levels of: total bilirubin 
(TB), direct bilirubin (DB), alkaline phosphatase (ALP), 
and gamma-glutamyl transpeptidase (GGT), AST and 
ALT (Alanine transaminase). There was no significant 
difference in TB, AST and ALT levels. Patients’ age also 
did not show any notable influence on results. The non-
BA group presented higher alkaline phosphatase levels 
(ALP). Gender, weight, DB, ALP, and GGT showed 
a good prediction with the AUC-ROC curve (the area 
under the receiver operating characteristic curve) >0.8 
(a value close to 1 is considered perfect discrimination). 
Rui Dong and others (Dong R et al., 2018) created a 
nomogram based on those factors (gender, weight, DB, 
ALP, and GGT) allowing to predict BA.

The nomogram demonstrated a good discrimina-
tive ability with a sensitivity of 85.7% and specificity of 
80.3%. It proveduseful in diagnosing BA and, addition-
ally, to have the potential for clinical application (Dong 
R et al., 2018).

CIRCULATING MICRORNAS (miRNAS)

Zahm and others (Zahm et al., 2011) hypothesized 
that unique miRNAs may serve as a new class of bio-
markers that could help to distinguish BA from other 
forms of neonatal cholestasis and therefore become a 
new diagnostic biomarker of BA. Goldschmidt’s analy-
sis says that circulating MicroRNA as the miR-21 and 
miR-29a cluster may be used as markers of liver diseases 
in children (Goldschmidt et al., 2016). MicroRNAs are 
short non-coding parts of RNAs which are necessary for 
organ development (Thai et al., 2007; Lynn et al., 2007; 
Hand et al., 2009). MiRNAs are dysregulated in many 
pathologies including BA. Increased levels of circulating 
miRNAs can suggest specific tissue damage (Morimura et 

al., 2011; Laterza et al., 2009; Zahm et al., 2011). Zahm 
et al. proved that a cluster of miRNAs (miR-200b/429) 
is elevated in BA patients’ sera compared to cholestatic 
control samples. The researchers used serum samples 
obtained from patients with confirmed BA (by cholan-
giography, operative exploration, and/or histology) and 
extrahepatic bile duct tissue from mouse liver. 11 miR-
NAs were selected for further analysis out of which the 
miR-200b showed significant alterations. To prove the 
importance of miR-200b, they measured levels of miR-
200a and miR-429 (which are co-transcribed with miR-
200b from the miR-200b/429 locus (Zahm et al., 2012)). 
They were both altered in the sera of BA patients. The 
AUC values 0.8 for the miR-200b/429 cluster with 
a sensitivity of 71% and specificity of 92%. Adam M. 
Zahm et al. also discovered that cholangiocytes serve 
as the source of miR-200b/429 cluster in biliary atresia. 
Detecting elevated levels of miR-200b/429 in serum can 
be useful not only in distinguishing BA from non-BA 
patients, but also in predicting survival after KPE. The 
miR-200b/429 cluster classifies correctly 85% of patients 
(Zahm et al., 2012). Because not all samples are correctly 
classified, further research is needed. Nevertheless, ele-
vated circulating miR-200b/429 levels may prove useful 
in BA diagnostics. Another microRNA analysis done by 
Zahm and others (Zahm et al., 2011) showed that circu-
lating miR-4429 and miR-4689 can play a certain role in 
diagnosing BA. The AUC of miR-4429 was 0.789 with a 
sensitivity of 83.3% and a specificity of 80.0%, and the 
AUC of miR-4689 was 0.722 with a sensitivity of 66.7% 
and specificity of 80.0% for the prediction of BA (Zahm 
et al., 2012).

MATRIX METALLOPRO-TEINASE-7 (MMP-7)

MMP-7 (also known as matrilysin (Hugh, 2017)) is a 
zinc-dependent endopeptidase that breaks down the ex-
tracellular matrix and its expression can correlate with 
BA-related liver fibrosis (Yang et al., 2018; Jiang et al., 
2019). The researchers have recently discovered that an 
altered level of MMP-7 in the serum of a cholestatic pa-
tient can be associated with biliary atresia (Yang et al., 
2018; Jiang et al., 2019). To prove the diagnostic value of 
MMP-7, Yang and others (Yang et al., 2018) tested 135 
infants with cholestasis (75 with BA and 60 non-BA) 
and a 54 control group at three pediatric centers. The 
results showed that MMP-7 levels in BA patients sera 
were significantly higher than in non-BA cases. Serum 
levels of MMP-7 in a non-cholestatic group had a me-
dian of 2.86 ng/mL, the non-BA group was circa 11.47 
ng/mL and BA patients had an average with a median 
of 121.1 ng/mL, that is 10-times higher than in others. 
Yang and others (Yang et al., 2018) have also compared 
GGT and MMP-7 levels in the sera of BA- neonates. 
The AUC of MMP-7 was 0.9900 and the AUC for GGT 
was 0.7186. For GGT, the sensitivity was 64.00% and 
the specificity was 71.67%. In comparison, the sensitivity 
and the specificity of MMP-7 were respectively 98.67% 
and 95.00%. The negative predictive value of MMP-7 
was 98.28% (Yang et al., 2018). The number needed to 
misdiagnose (NNM) was also calculated and for MMP-7 
it was 25 (which means that 1 out of 25 patients was 
misdiagnosed). For GGT, the NNM was 3 (so 1 out of 
3 was misdiagnosed). Combining MMP-7 and GGT with 
an AUC of 0.9898 does not increase diagnostic accuracy 
(Hugh, 2017; Yang et al., 2018). Lertudomphonwanit et 
al. investigated samples of 35 BA patients and 35 cases 
with intrahepatic cholestasis. Serum levels of MMP7 and 

Nomogram based on various factors (gender, weight, DB, ALP, 
and GGT) proved helpful in diagnosing BA.
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GGT were different in these two groups and the re-
searchers estimated that 19.1 infants could be diagnosed 
with BA with the MMP7 plus GGT as a biomarker 
(Lertudomphonwanit et al., 2017; Hugh, 2017). Jiang and 
others (Jiang et al., 2019) diagnosed 288 patients with 
jaundice. The median of MMP-7 in BA group sera was 
38.89 ng/mL and in non-BA: 4,4 ng/mL. The sensitiv-
ity, specificity, positive predictive value and negative pre-
dictive value were 95.19%, 93.07%, 97.27%, and 91.43%, 
respectively. The accuracy was improved when MMP-7 
was combined with GGTP. Based on this data, altera-
tions in the serum MMP-7 levels may be helpful in the 
diagnosis of biliary atresia. It also correlates with liver 
fibrosis, therefore it can be potentially used as a thera-
peutic target or a prognostic biomarker (Hugh, 2017; 
Yang et al., 2018; Jiang et al., 2019). Another study by 
Wu et al. was based on a group of 100 neonates includ-
ing 36 with BA. The serum level of MMP-7>1.43 ng/
mL for predicting biliary atresia has a median of 10.26 
ng/mL for BA (Yang et al., 2018; Harpavat, 2019). They 
also observed that serum MMP-7 levels may rise with 
age, as liver damage proceeds, and that MMP-7 is a less 
useful serum marker in neonates due to its correlation 
with other liver diseases. There is pressure to include 
the MMP-7 level in the prognostic algorithm. However, 
the usefulness of this marker has limitations: the values 
of the MMP-7 level can vary depending on the type of 
immunosorbent assay kits used (Yang et al., 2018; Har-
pavat, 2019). In comparison, the median serum MMP-7 
levels were 38.89 ng/mL for the BA group and 4.4 ng/
mL for the non-BA group in the Yang et al. research. 
Hence, the role of MMP-7 as a reliable biomarker re-
mains controversial. The confirmation of the diagnostic 
utility of serum MMP-7 levels may be an objective for 
therapeutics.

STOOL PROTEINS

There are two kinds of stool tests: Sudan III stain-
ing of stool fat and measurement of duodenal bile acid. 
Steatorrhea in a stool is patognomic for BA patients as 
well as acholic feces (Okajima et al., 2016). Detection of 
steatorrhea in Sudan III straining is an easy-to-obtain 
and rapid examination. Gu et al. have published their re-
search where they claim that the fat content of a stool 
may be helpful especially when feces are non-acholic 
(Gu et al., 2015). They have examined 313 230 infants, 
34 with biliary atresia. The stool colour card screening 
showed 76.5% sensitivity and 99.9% specificity in this 
research. Lien et al.’s analysis also shows that stool col-
our card is useful in detecting BA patients. The research 
includes babies born before 2002 – the beginning of 
using the stool colour card in Taiwan, and after 2002. 
The analysis conclusion was that the stool colour card 
screening program allows to implement earlier Kasai op-
eration (Lien et al., 2010).

Another research concerned an analysis of proteins 
using data-independent acquisition mass spectrometry 
(DIA–MS) (Watanabe et al., 2020). The assumption was 
that because of the obstruction of the normal flow of 
bile juice, BA patients’ stool contains fewer proteins that 
are produced in the biliary tract. Also, some specific 
proteins that originate from the biliary tract are possi-
bly absent or reduced compared to the non-BA patients 
(Watanabe et al., 2020). The researchers examined four 
patients with BA and three others with non-BA choles-
tasis. They proved that 49 proteins were higher and 54 
proteins lower in the stool of BA patients. The analysis 

showed that proteins RBP4, SHMT2, HMGCS1, ADH6, 
ALDH1A1, ACADS, ADK, KHK, ACAA2, PSAT1, 
AMACR, and PTGR1 are lower in stool samples of 
BA-patients (Watanabe et al., 2020). And conversely: the 
CEACAM1, CEACAM5, and CEACAM8 were signifi-
cantly higher in patients with BA (Watanabe et al., 2020). 
CHI3L1 is correlated with worse BA outcome (Watan-
abe et al., 2020). The measurement of those dominant 
proteins in the stool of BA patients could be of assis-
tance in the early diagnosis of the disease. Watanabe et 
al. emphasized that the research needs evaluation on a 
larger cohort.

INTERLEUKIN-33 (IL-33)

A specific cytokine involved in the pathogenesis of 
liver fibrosis and severe inflammation (Tan et al., 2018). 
It is released in the course of cell death (Rinella, 2015; 
Zhang et al., 2015). It is assumed that IL-33 assists as 
an “alarm signal” released by stressed hepatocytes (Hey-
mann et al., 2016). In the following research, Ola G. Be-
hairy et al. observed 60 infants with cholestasis (BA and 
non-BA) and 30 healthy ones. BA diagnosis was based 
on surgical cholangiography. Cholestasis was recognized 
when conjugated bilirubin was 20% of the total biliru-
bin or when total bilirubin exceeded 17 mg/dL. The 
level of IL-33 in the serum was measured and the re-
sults showed that the IL-33 gene expression in the BA 
group was markedly upregulated. The median in the BA 
group was 48.0 pg/mL and in the non-BA group with 
cholestasis it was 17.3 pg/mL (Behairy et al., 2020), while 
at the same time, healthy infants presented a 7.3 pg/mL 
average. There was also a gradual increase in the serum 
IL-33 level in BA and non-BA group with fibrosis stage 
(Behairy et al., 2020) with the cut-off level determined at 
20.8 pg/mL (specificity of 95% and sensitivity of 96.7%) 
(Behairy et al., 2020). Still, jaundice, ascites and stool col-
our were the most visible symptoms in both cholestatic 
patient groups. Significantly, the aminotransferases and 
total leucocytic count levels were higher in the non-BA 
group, and gamma-glutamyl transferase, total protein, al-
kaline phosphatase and total and direct bilirubin levels 
were higher in the BA cohort (Behairy et al., 2020). The 
total protein showed the highest level in the group of 
healthy infants, whereas the total leucocytic count was 
the lowest. The role of IL-33 in the diagnostics of biliary 
atresia is indisputable. Its serum concentration correlates 
with the levels of aminotransferases, as well as total and 
direct bilirubin levels (Behairy et al., 2020). Another anal-
ysis made by Liu and others (Liu et al., 2019) consists of 
36 BA patients and 8 patients as a control group. The 
expression level of IL-33 was increased in BA patients 
compared to the control group (3.9 ± 0.5 vs. 1.0 ± 0.3). 
The result of the analysis was that the IL-33/ST2 recep-
tor signaling axis is activated in BA patients. IL-33 ex-
acerbates inflammatory reactions and drives liver fibrosis 
(Li et al., 2014). Measuring serum interleukin-33 levels 
may have a diagnostic value in infants with biliary atresia 
as a reliable, non-invasive and fast tool.

Th17-ASSOCIATED CYTOKINES

Those cytokines are the ones that play an important 
role in the immune-mediated injury against intrahepatic 
bile duct epithelial cells (Chen et al., 2019). Chen and 
colleagues conducted a study of 31 BA-infants and 45 
non-BA infants with cholestasis. They tested 25 Th17-
associated cytokines in those groups. They observed a 
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different gene expression of cytokines: IL-17F, IL-10, 
macrophage inflammatory protein-3alpha (MIP3a), IL-
22, IL-13, IL-33, IL-6, IL-17E, IL-27, IL-31, TNF-a and 
TNF-b in BA patients (Chen et al., 2019). The highest 
AUC showed MIP3a in comparison to the others (Chen 
et al., 2019). MIP3a – cysteine motif chemokine ligand 
20 (CCL20) used alone or in combination with other 
biomarkers may become useful in BA diagnosis. MIP3a 
overexpression is related to inflammatory damage in bile 
ducts and to the development of BA (Chen et al., 2019). 
For validation, Chen and others studied another group 
of 68 cholestatic patients (30 BA and 38 non-BA). BA 
was diagnosed by intraoperative cholangiography. In 
both studies, BA samples showed clay stool and higher 
GGT levels. 12 following cytokines showed a significant 
difference in concentrations between BA and non-BA 
infants: IL-17F, IL-10, MIP3a, IL-22, IL-13, IL-33, IL-
6, IL-17E, IL-27, IL-31, TNF-a and TNF-b (Chen et al., 
2019). MIP3a showed better results in the diagnosis of 
BA than the other cytokines. Furthermore, the AUCs 
of MIP3a, IL-13 and TNFa were higher than 0.8. The 
sensitivity and the specificity of MIP3a were 90.40% 
and 80.0%. The AUC of GGT was 0.802 and clay stool 
showed an AUC of 0.792. The researchers went further 
and investigated if combining the marker with clay stool 
and GGT would increase the diagnostic value compared 
to the marker alone. Their research showed that the 
AUC of clay stool + GGT, clay stool + MIP3a, GGT 
+ MIP3a and clay stool + GGT + MIP3a was 0.824, 
0.918, 0.880 and 0.892 respectively (Chen et al., 2019). A 
combined test would increase the diagnostic specificity. 
This finding indicates that a single MIP3a plus a single 
biomarker increases the diagnostic accuracy of BA (Chen 
et al., 2019).

ALPHA-AMINOADIPIC ACID AND N-ACETYL-D-
MANNOSAMINE IN URINE

Metabolomics can aid in understanding the disease 
mechanisms and identifying biomarkers for the diagnosis 
and, furthermore, monitoring the disease (Mamas et al., 
2011; Vinayavekhin et al., 2010). By analyzing the urine 
we can observe the underway metabolic processes. Urine 
is an excellent material for discovering new biomarkers 
because it can be obtained non-invasively. Li and others 
(Li et al., 2014) characterized urinary metabolomic pro-
files in infants with BA and infantile hepatitis syndrome 
(IHS). The levels of identified metabolites were further 
measured using the human metabolome database to de-
termine if they were endogenous or exogenous. A uri-
nalysis from an infant is simple because of its restricted 
diet. The research was based on 25 BA patients, 38 IHS 
patients, and on 38 healthy ones. The researchers used 
gas chromatography-mass spectrometry metabolomics 
(GC–MS) and orthogonal partial least squares discrimi-
nant analysis (OPLS-DA) for testing. In the analysis, to-
tal bilirubin, GGT and alkaline phosphatase were signifi-
cantly higher in BA patients compared to IHS. 41 urine 
metabolites demonstrated a different expression between 
BA vs. NC, IHS vs. NC, and BA vs. IHS (Li et al., 2018). 
The most notable differences showed N-acetyl-d-man-
nosamine and alpha-aminoadipic acid obtained from the 
urine of children with BA. The alpha-aminoadipic acid 
level was significantly increased in IHS (Li et al., 2018). 
Alpha-aminoadipic acid’s AUC was 0.95 in distinguishing 
BA from IHS in the training set, and 0.88 in distinguish-
ing BA from IHS in the test set. N-acetyl-D-mannosa-
mine had an AUC of 0.91 for distinguishing BA from 

IHS in the training set, and 0.94 in the test set (Li et al., 
2018). After using the permutation test, the researchers 
presumed that alpha-aminoadipic acid and D-man-nosa-
mine may be useful in BA diagnosis. On the other hand, 
19 metabolites showed the same trend in BA vs. NC 
and IHS vs. NC (ex. lysine, leucine and tyrosine, tyrosine 
metabolite-hydroxyphenyllactic acid, ornithine, glutamine 
and glycocyamine), which suggests that those two dis-
eases may have the same metabolic mechanism (Chen et 
al., 2019). Li et al. study showed that the level of adenine 
was also increased, and the xanthine level was reduced in 
BA and IHS infants. They also found that Myo-inositol 
and glucuronic acid were elevated in BA and IHS pa-
tients. According to the study, urinary metabolites may 
be useful as potential biomarkers for a differential diag-
nosis of BA and IHS, but it still needs to be validated in 
further studies.

ANTI-SMOOTH MUSCLE ANTIBODIES (ASMA)

The study of Rafeey and others (Rafeey et al., 2021) 
included 18 BA patients and 12 patients with neonatal 
hepatitis. The research showed a higher expression of 
anti-smooth muscle antibodies (ASMA) in the sera of 
BA patients. ASMA is detected by indirect immunofluo-
rescence (IIF), fibroblasts, or HEp-2 cells. The conclu-
sion was that ASMA levels were higher in neonatal hep-
atitis samples but not statistically significant in BA (the 
sensitivity and specificity were respectively 66.7% and 
75%) (Rafeey et al., 2021), whereas GGT and ALP lev-
els were significantly increased in the sera of BA patients 
(for GGT, the sensitivity and specificity were 88.9%, 
66.7% and for ALP the sensitivity and specificity were 
77.8% and 75%). The study showed that ASMA may be 
useful for the differentiation of BA from neonatal hepa-
titis, however, it still needs to be further evaluated.

HEAT SHOCK PROTEINS 90 (HSP90)

HSP 90 are proteins involved in the folding and un-
folding of other proteins (Dong R et al., 2013). Their 
level is higher in response to stress (De Maio, 1999). 
Another HSP protein – HSP 47 has been linked to fi-
brosis in BA (Deng et al., 2011). Cholangiocytes or 
hepatocytes secrete proteins in response to cholestatic 
diseases such as BA (De Maio, 1999). Cholangiocytes 
affect the bile composition (Dong R et al., 2013). Fol-
lowing that thought, Dong et al. have looked for a pro-
tein that plays a crucial role in biliary atresia pathogen-
esis. They used liver tissue obtained by biopsy of 20 BA 
patients and 12 non-BA cholestatic infants (Dong R et 
al., 2013). In the study, two-dimensional electrophore-
sis was used to reveal 15 proteins highly upregulated in 
BA. From among that group, nine were elevated and six 
were downregulated in the liver tissues of BA patients. 
Among 19 proteins, the HSP90 level was significantly 
higher. The mean level of HSP90 in BA patients was 
significantly lower than in non-BA cholestatic patients 
(Dong R et al., 2013). To confirm those results, mass 
spectrometric identification and immunoblotting analysis 
of HSP90 were used. Dong and others (Dong et al., ????) 
suggest that HSP 90 could play a protective role during 
cholestasis and may serve as a prognostic marker for NC 
compared to BA. Yet, further analyses need to be con-
ducted on a larger cohort of patients.
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POSITIVE BILIARY EPITHELIAL CELLS CD56

cells that play an important role in morphogenesis, re-
modeling, and migration in several organs through cell–
cell and cell–matrix interactions (Sira et al., 2012). In Sira 
et al. research, 30 infants with BA and 30 infants with 
non-BA cholestasis were included. CD56-positive cells 
were found in the epithelium of bile ducts and duct-
ules where their level was significantly higher in the BA 
group (83.3%) than in the non-BA group (6.7%) (Sira et 
al., 2012). BA patients with biliary causes compared to 
the non-BA group had a significantly higher CD56 stain-
ing in the biliary epithelium than in the BA group. The 
results showed that the CD56 cells were highly elevated 
in the sera of BA patients. Simultaneously, CD56 natu-
ral killer cells were significantly elevated in the non-BA 
group. The research concluded that CD56 immunostain-
ing could be helpful in differentiating patients with BA.

SUMMARY

Biliary atresia is a cause of chronic cholestasis in neo-
nates and if untreated leads to liver failure. BA has to be 
managed operatively as soon as it is possible. Because 
of a lack of non-invasive markers, the worth of a reli-
able and easy-to-obtain biliary atresia marker is invalu-
able. New discoveries allow us to have a new picture of 
diagnosing BA. Plenty of studies showed the diagnostic 
validity of laboratory investigations in the differentiation 
of BA from other cases of cholestasis. Circulating mi-
croRNAs with their 92% specificity (Zahm et al., 2012) 
have a great value in diagnosing BA. Levels of the miR-
200b/429 cluster were elevated in BA patients in com-
parison to cholestatic controls. Nevertheless, future work 
on a larger cohort is needed. Matrix metallopro-teinase-7 
(MMP-7), as noted in several reports, still needs more 
evaluation because its level depends on the patient’s age 
and the type of laboratory kit used. Stool proteins and 
alpha-aminoadipic acid, and N-acetyl-d-mannosamine 
obtained from urine may be the future of BA diagnos-
tics. The sample is easy to obtain and there is no need 
to keep it sterile. It is especially worth it when it comes 
to developing countries. The research shows that Inter-
leukin-33 (IL-33) along with gamma-glutamyl transferase, 
total protein, alkaline phosphatase and total and direct 
bilirubin can be useful in diagnosing BA (Behairy et al., 
2020). In the study diagnostic accuracy of Anti-smooth 
muscle auto-antibody (ASMA) was evaluated. Compared 
with the accuracy rates of invasive procedures ASMA 
may be a useful marker for the differentiation of BA 
from non-BA patients. Heat shock protein 90 (HSP90) 
needs tissue from a liver biopsy to evaluate the result 
which makes it hard to determine. The nomogram pre-
sented in Chen Dong and others research (Dong Ch 
et al., 2018) is a good way to deduce the probability of 
biliary atresia using gender, weight, GGT, ALP and di-
rect bilirubin levels. Bile acid level in duodenal juice and 
hepatobiliary scintigraphy showed the highest (100%) 
sensitivity for diagnosing BA (Dong Ch et al., 2018). On 
the basis of all the above-mentioned findings, we may 
conclude that an easier diagnostics of biliary atresia in 
newborns is within range of our hospital capabilities. 
Clearly, some medical research will still require more 
comprehensive verification. Rapid and accurate diagnos-
tics with possible avoidance of liver biopsy is crucial in 
the case of cholestasis of an unknown nature, therefore 
every additional parameter achieved in a non-invasive 
way, straight from a laboratory, would be of life impor-

tance. In the opinion of the authors, in clinical practice, 
the Stool Proteins method seems to be the most promis-
ing and practical thanks to its simplicity and fully non-
invasive character.
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Circular RNA LPAR3 targets JPT1 via microRNA-513b-5p to 
facilitate glycolytic activation but repress prostate cancer 
radiosensitivity
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A great many circular RNAs (circRNAs) are considered 
key modulators of human malignancies. However, the 
function of circRNA lysophosphatidic acid receptor 3 
(LPAR3) in the radioresistance of prostate cancer (PCa) 
cells is still uncertain. circLPAR3, microRNA (miR)-329-3p, 
and JPT1 expression in PCa tissues and cells were de-
tected by real-time quantitative PCR or western blot. Cell 
proliferation was detected by CCK-8 (cell proliferation as-
say) and colony formation assay, apoptosis was by flow 
cytometry, and migration and invasion ability were by 
Transwell assay. Cell glycolysis was analyzed by glucose 
uptake, lactate production, and ATP metabolism. Under 
different doses of radiation, the radiosensitivity of PCa 
cells was detected by colony formation assay. The rela-
tionship between circLPAR3, miR-513b-5p, and JPT1 was 
confirmed by dual luciferase reporter gene detection 
and RIP assay. The data presented that circLPAR3 and 
JPT1 expression was elevated in PCa, while miR-513b-
5p expression was reduced. Repression of circLPAR3 de-
pressed cell advancement, and restrained glycolysis, but 
enhanced the radiosensitivity of PCa cells. CircLPAR3’s 
target miRNA was miR-513b-5p which targeted JPT1. El-
evated JPT1 reversed the repressive effects of circLPAR3 
knockdown or miR-513b-5p overexpression on PCa ad-
vancement, glycolysis, and radiosensitivity. In summary, 
the knockdown of circLPAR3 reduces glycolysis, but 
promotes PCa radiosensitivity via the miR-513b-5p/JPT1 
axis, discovering a novel mechanism in PCa progression.
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INTRODUCTION

Prostate cancer (PCa) is a common cancer among men 
worldwide, and its mortality rate ranks 2nd among men’s 
cancers (Wu et al., 2019). Recently, the incidence rate of 
PCa in China has manifested an upward trend (Zhou et 
al., 2021). In addition to surgical resection, radiotherapy 
is another treatment approach that can cure PCa (Li et 
al., 2020). Nevertheless, owing to radioresistance, the ef-

fectiveness of radiotherapy is unsatisfactory. Therefore, it 
is vital to explore a way to promote radiosensitivity.

Circular RNA (circRNA) is an endogenous non-coding 
RNA transcribed by RNA polymerase II, and featured 
by linking the 3’ with 5’ ends via exon or intron cycles 
(Kong et al., 2017). Studies have clarified that circRNA is 
crucial in various biological processes like apoptosis, cell 
vascularization, and cell invasion (Yuan et al., 2019). For 
instance, circRNA La-related RNA-binding protein  4 
(LARP4) represses cell migration and invasion of PCa 
via targeting FOXO3A (Weng et al., 2020).. circRNA is 
differentially manifested in cancers and could serve as 
a latent modulator of tumorigenesis or cancer advance-
ment. For instance, circ-membrane bound O-acyltrans-
ferase domain containing 2 accelerates PCa advance-
ment via the miR-1271-5p/mTOR axis (Shi et al., 2020). 
CircRNA lysophosphatidic acid receptor 3 (LPAR3), a 
novel circRNA discovered recently, has been testified to 
be aberrantly manifested in several human cancers, like 
esophageal cancer (Shi et al., 2020) and ovarian cancer 
(Xu et al., 2020). However, its expression and function in 
PCa are not yet distinct.

MicroRNAs (miRNAs) are a set of short endogenous 
non-coding RNAs that could control approximately 
30–50% of human protein-coding genes and molecular 
signaling pathways in cells (Porzycki et al., 2018). Accu-
mulating evidence clarify that miRNAs are differentially 
expressed in cancers and impact cell growth, differentia-
tion and apoptosis processes (Ghafouri-Fard et al., 2020). 
miRNA expression has become a latent biomarker for 
PCa diagnosis and prognosis (Nayak et al., 2020). For 
instance, miR-424/572 in recurrent PCa specimens are 
novel biomarkers for predicting PCa progression (Suer et 
al., 2019). MiR-215-5p reduces the metastasis of PCa via 
targeting phosphoglycerate kinase 1 (Chen et al., 2020). 
MiR-513b-5p is dysregulated in multiple human cancers, 
like lung cancer (LC) (Cai et al., 2020), hepatocellular 
carcinoma (Jin et al., 2021) and breast cancer (Lin et al., 
2020). However, no research is presented to manifest 
what effects miR-513b-5p has on PCa.

In this study, we discovered the expression of cir-
cLPAR3 was more highly expressed in PCa samples than 
in controls. Therefore, we knock down circLPAR3 ex-
pression to identify its potential roles and explore pos-
sible mechanisms in carcinogenesis of PCa. Here, we 
demonstrated that circLPAR3 acted as a miR-513b-5p 
sponge to up-regulated Jupiter microtubule associated 
homolog 1 (JPT1). The research suggests that a novel 
circRNA may serve as a new biomarker for the early di-
agnosis and treatment of PCa.
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MATERIALS AND METHODS

Sample collection

Tumors and normal tissues adjacent to cancer were 
harvested from 58 patients with PCa in The Affiliated 
Hospital of Jiaxing University and stored in liquid nitro-
gen. Approval of this study was obtained from the Eth-
ics Committee of The Affiliated Hospital of Jiaxing Uni-
versity and written informed consent was gained from 
each patient (Approval number: JX20156211).

Cell culture

PCa cell lines PC-3, LNCaP, VCaP, DU145 and hu-
man normal prostate epithelial cell line RWPE-1 were 
purchased from ATCC (MA, USA). PC3 cells were cul-
tured in FK12 medium (Gibco, CA, USA), LNCaP cells 
were in RPMI-1640 medium (Gibco), VCaP cells were 
in 90% Dulbecco’s modified Eagle’s medium (Gibco), 
DU145 cells were in Eagle’s Minimum Essential Medi-
um; and RWPE-1 cells were in Keratinocyte Serum-Free 
Medium Kit (Invitrogen, CA, USA). The mediums for 
PC cell culture were supplemented with 10% fetal bo-
vine serum (Gibco).

Cell transfection

For the inhibition of circLPAR3 and JPT1, shRNA 
sequences targeting circLPAR3 and JPT1-specific siRNA 
(si-JPT1) sequences were synthesized by GenePharma. 
For miRNA overexpression, miR-513b-5p mimic was 
obtained from GenePharma. Gene overexpression vector 
(pcDNA-JPT1) and control vector (pcDNA) were pur-
chased from Nanjing Jinrui Biotechnology Co., Ltd. Af-
ter 24 h of cell culture, plasmids were transfected using 
Lipofectamine 3000 Transfection Reagent (Invitrogen).

RNase R treatment test

RNase R (6 units, Geneseed Biotech) was added to 
every 2 g RNA. After RNase R treatment, reverse tran-
scription-quantitative polymerase chain reaction (RT-
qPCR) was applied to detect circLPAR3 and LPAR3 in 
LNCaP cells PMID: 34913472.

Actinomycin D test

The actinomycin D test was performed with LNCaP 
cells incubated with actinomycin D (2 mg/mL; Sigma-
Aldrich, Tokyo, Japan) for 0, 4, 8, 12 and 24 h PMID: 
34913472.

Cell counting kit (CCK-8) assay

About 3×103 cells were seeded in each well of a 96-
well plate and detected proliferation at 24, 48 and 72 
hours by CCK-8 (Dojindo, Haidian, Beijing, China). The 

absorbance at 450 nm was recorded at each time point, 
and the cell proliferation curve was drawn.

X-ray exposure

X-ray generator (Varian, Palo Alto, CA, USA) was ap-
plied to radiation management at a fixed rate of 4 Gy/
min.

Colony formation and survival analysis

Approximately 140 transfected cells were incubated in 
each well of a 6-well plate for 14 to 21 days. Then the 
staining with 0.5% crystal violet (Yeasen) was observed 
under an inverted microscope (×40; Leica, Germany). 
For survival analysis, 200 cells were seeded on a 6-well 
plate and irradiated at 0, 2, 4, 6, and 8 Gy X-ray or not. 
Subsequently, a colony formation test was performed as 
described above.

Flow cytometry

Cells were treated with double-staining with fluores-
cein isothiocyanate-labeled annexin V (Invitrogen) and 
propidium iodide and then detected on a FACS Calibur 
flow cytometer (Becton Dickinson, San Jose, CA, USA) 
equipped with Cell Quest software (Becton, Franklin 
Lakes, NJ, USA) PMID: 31733095.

Migration and invasion test

A 24-well transwell chamber (Millipore, Billerica, MA, 
USA) with an 8 μm polycarbonate membrane was used 
to perform migration tests on LNCaP cells. Briefly, LN-
CaP cells (5×105 cells/well) were added into the upper 
chamber with 200 μL of serum-free medium, and the 
complete medium was added into the lower chamber as 
a chemoattractant. After 24 h, the migrating submem-
brane cells were fixed with 95% ethanol for staining with 
crystal violet (Beyotime, Shanghai, China) and imaging 
under the microscope (Leica). Image Lab software 5.2 
(Bio-Rad, Hercules, CA, USA) was used for data analy-
sis. The 24-well transwell was pre-covered with Matrigel 
(BD Biosciences) and was needed for invasion detection 
PMID: 31387394.

Glucose consumption, lactate production and adenosine 
triphosphate (ATP) levels

A glucose determination kit (Sigma), lactic acid col-
orimetric/fluorescence determination kit (BioVision) and 
CellTiter Glo Luminescent Cell survival Assay (Promega) 
were put to detect glucose consumption, lactate produc-
tion and ATP levels (Zheng et al., 2020).

qPCR

Total RNA was isolated from PC tissues and cells 
using TRIzol (Invitrogen). To measure miRNA expres-

Table 1. Fluorescence quantitative PCR primer sequence

Genes Forward (5’-3’) Reverse (5’-3’)

CircLPAR3 GAGTTACCTTGTTTTCTGGACA TGGAGAAGTGAACATCCTAAG

JPT1 ATAGCTCCCGAGTTTTGCG TTGGCCCAAGAAGCTTGA

GAPDH GGGAAGCTCACTGGCATGGCCTTCC CATGTGGGCCATGAGGTCCACCAC

MiR-513b-5p GGCCGGGGAGCTGGAGAAGA TCCATGGAGGGTTGGGGGTTCC

U6 CTCGCTTCGGCAGCACATATATT ACGCTTCACGAATTTGCGTGGC
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sion, RNA was reverse transcribed into cDNA using 
the TaqMan miRNA Reverse Transcription Kit (Applied 
Biosystems) and then quantified by real-time PCR using 
TaqMan Universal PCR Master Mix and TaqMan RNA 
Detection (Applied Biosystems). To measure circRNA 
expression, RNA was reverse transcribed into cDNA us-
ing PrimeScript RT Reagent (Takara) and then quantified 
by SYBR Premix Ex Taq (Takara). U6 and glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) were used 
as the internal reference. The 2-ΔΔCt method was put into 
use to calculate the relative miR-513b-5p and the target 
gene. RT-qPCR primer sequence was manifested in Ta-
ble 1 PMID: 34515615.

Western blot analysis

Total protein was extracted from cell lysis buffer (San-
gon Biotech), separated on 12% sulfate-polyacrylamide 
gel, and electroblotted onto a polyvinylidene fluoride 
membrane (Millipore, Billerica, MA, USA). Using primary 
antibodies JPT1 (ab126705; 1:1000; Abcam) and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) (ab8245; 
1:1000; Abcam), the membrane was incubated overnight. 
Added with the secondary antibody (1:2000, Promega), 
the membrane was analyzed by Odyssey Infrared Imaging 
System (LI-COR, Lincoln, NE, USA) PMID: 31624242.

The luciferase activity assay

Co-transfection of circLPAR3/JPT1-wild/mutant 
types (WT/MUT), miR-513b-5p mimic or miR-NC 
was conducted in LNCaP cells (Thermo Fisher Scien-
tific) with Lipofectamine 3000. After 48 h, the relative 
activity of luciferase was detected via the dual Glo lu-
ciferase detection system (Promega, Shanghai, China).

RNA binding protein immunoprecipitation (RIP) assay

RNA immunoprecipitation kit (Millipore, Bedford, 
MA, USA) was carried out for RIP detection. LNCaP 
cells at a density of 5×105 cells/plate were treated with 

ice-cold radioimmunoprecipitation (RIPA) lysis buffer 
(Beyotime, Shanghai, China), incubated with protein 
A/G beads containing Anti-Argonaute 2 (anti-Ago2) or 
anti-Immunoglobulin G (anti-IgG). circLPAR3, miR-
513b-5p and JPT1 were examined by RT-qPCR. N=3 
(Du et al., 2020).

Statistical analysis

SPSS 21.0 (SPSS, Inc, Chicago, IL, USA) statistical soft-
ware was applied to analyze the data. After the Kolmog-
orov-Smirnov test, the data were normally distributed and 
manifested as mean ± standard deviation (S.D.). The two-
group comparison was conducted via t-test, while the com-
parison among multiple groups was via one-way analysis 
of variance (ANOVA), and Fisher’s least significant differ-
ence t-test (LSD-t). Enumeration data reported as rate or 
percentage were compared by chi-square test. P was a two-
sided test; P<0.05 emphasized obvious statistical meaning.

RESULTS

We aimed to investigate circLPAR3 expression in PCa 
and its underlying molecular mechanism of regulating PCa 
progression by targeting JPT1 through miR-513b-5p. By 
collecting PCa clinical specimens and culturing PCa cells 
in vitro, we determined the relative expression levels of cir-
cLPAR3, miR-513b-5p and JPT1, and further verified their 
targeting relationship and interaction relationship. Our ex-
periments found that circLPAR3 promoted glycolytic acti-
vation by targeting JPT1 through miR-513b-5p and inhib-
ited PCa radiosensitivity. Therefore, our data are the first 
to investigate the function and mechanism of circLPAR3 in 
PCa, providing new insights into the pathogenesis of PCa.

Elevated circLPAR3 suggests an unpleasing into bad for 
PCa patients

CircRNAs are considered to be a promising marker 
for cancer diagnosis and prognosis. It has been report-

Figure 1. Upregulated circLPAR3 suggests an unpleasing prognosis for PCa patients
(A) Actinomycin D and (B) circLPAR3 expression after RNase R. G treatment; (C) RT-PCR to detect circLPAR3 in PCa specimens vs. normal 
specimens, n=58. (D) RT-PCR to examine circLPAR3 in human normal prostate epithelial cell lines RWPE-1 and PCa cells (PC-3, LNCaP, 
VCaP, DU145). (E) The survival analysis calculated by the Kaplan Meier plotter manifested the survival rate of PCa patients with elevated 
or reduced circLPAR3, n=58. N=3; The data in the figure were all measurement data, the manifestation of which was as mean ± S.D. *vs. 
RWPE-1 cells, P<0.05.
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ed that circLPAR3 promotes the migration, invasion 
and metastasis of esophageal cancer PMID: 32495982. 
However, the role of circLPAR3 in PCa is still unclear. 
We first explored the properties of circLPAR3: actino-
mycin  D (Fig. 1A) and RNase R experiments (Fig. 1B) 
manifested that circLPAR3 was much larger than the 
linear transcript. circLPAR3 expression in PCa patient 
specimens was clearly elevated (Fig. 1C). In PCa cell 
lines, it was discovered that circLPAR3 in PCa cells was 
enhanced (Fig. 1D). Subsequently, we divided circLPAR3 
into high expression and low expression according to 
the median expression level of circLPAR3 in clinical pa-
tients, and analyzed the clinicopathological characteristics 
of PCa patients, and found that circLPAR3 expression 
was associated with high Gleason score, advanced patho-
logical T stage and distant metastases (Table 2). The sur-
vival analysis calculated by Kaplan Meier affirmed that 
PCa patients with elevated circLPAR3 had a lower sur-
vival rate than those with reduced circLPAR3 (Fig. 1E). 
All in all, the results affirmed that circLPAR3 suggested 
an unpleasing prognosis for PCa patients.

Silenced circLPAR3 weakens cell advancement and 
glycolysis, but enhances radiosensitivity

In order to immediately examine the functional role 
of circLPAR3 in PCa progression, the introduction of 
sh-circLPAR3 clearly reduced circLPAR3 (Fig. 2A). 
It was worth noting that knockdown of circLPAR3 
repressed cell advancement (Fig. 2B–F). Glycolysis, 
characterized by enhanced glucose uptake and lactate 
accumulation, is a common feature of cancer cells 
PMID: 34237309. In the meantime, it was manifested 
that repressingcircLPAR3 restrained glucose uptake, 
lactate production and ATP levels (Fig. 2G–I). To 

improve the radiotherapy effect of PCa and improve 
the radiosensitivity, it is a hot research topic to un-
derstand the mechanism of cellular radioresistance 
PMID: 33033519. It was also determined whether cir-
cLPAR3 could impact the radiosensitivity of LNCaP 
cells in vitro. Moreover, with the application of sh-cir-
cLPAR3, the cell survival rate was clearly decreased 
after radiation exposure (Fig. 2J), revealing that cir-
cLPAR3 silencing enhanced cell radiosensitivity. The 
above data clarified silenced circLPAR3 weakened cell 
advancement with glycolysis but enhanced radiosensi-
tivity in vitro.

CircLPAR3 absorbs miR-513b-5p in PCa cells

CircRNAs are involved in the regulation of miR 
sponges in PCa cells PMID: 34515615. Interestingly, 
the starBase database predicted a latent binding site 
between circLPAR3 and miR-513b-5p (Fig. 3A). For 
verifying whether circLPAR3 could adsorb miR-513b-
5p, an experiment was implemented. It was discovered 
that miR-513b-5p mimic was available to reduce the 
luciferase activity of the circLPAR3-WT reporter plas-
mid, while had no clear effect on that of the MUT 
one (Fig. 3B). Then it was clarified that compared to 
the control IgG, circLPAR3 and miR-513b-5p were 
rich in microribonucleoprotein consisting of Ago2 
(Fig. 3C). Moreover, reduced miR-513b-5p was detect-
ed in PCa (Fig. 3D, E) and was negatively linked with 
circLPAR3 expression in PCa samples (r=–0.637, Fig. 
3F). In cells silencing circLPAR3, miR-513b-5p was 
found to be up-regulated (Fig. 3G). In general, cir-
cLPAR3 adsorbed miR-513b-5p and negatively modu-
lated its levels in PCa cells.

Table 2. Correlation between circLPAR3 expression and clinicopathologic characteristics of PCa patients in cohort

Characteristics Patient frequency (%)
circLPAR3 expression level

p-valuea

Low High

Total cases 58 29 29

Age 0.424

<65 24 10 14

≥65 34 19 15

PSA level (μg/L) 0.585

≤10 21 9 12

>10 37 20 17

Gleason score 0.031*

≤7 35 22 13

>7 23 7 16

Pathologic stage 0.021*

T1-2 46 27 19

T3-4 12 2 10

Lymph-node status 0.279

Negative 39 22 17

Positive 19 8 12

Distant metastasis 0.016*

No 34 22 12

Yes 24 7 17

Abbreviations: aChi-square test, *P<0.05.
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Figure 2. Repressive circLPAR3 weakens cell advancement with glycolysis, but facilitates radiosensitivity in vitro
(A) circLPAR3-shRNA lentiviral transfection efficiency; (B) CCK-8 and (C) plate clone to detect cell proliferation ability after repressing cir-
cLPAR3; (D) Flow cytometry to detect cell apoptosis after depressing circLPAR3; (E, F) Transwell detection of cell migration and invasion 
abilities after restrained circLPAR3; (G–I) Glucose uptake, lactate production and ATP metabolism analysis of cell glycolysis; (J) Under radi-
ation (0, 2, 4, 6 and 8 Gy) irradiation, colony formation assay to analyze the survival of the transduced cells. N = 3; The data in the figure 
were all measurement data, the manifestation of which was as mean ± S.D. #vs. the sh-NC, P<0.05.

Figure 3. CircLPAR3 absorbs miR-513b-5p in PCa cells
(A) Using bioinformatics to predict the latent binding site of circLPAR3 with miR-513b-5p. (B) Co-transfection of 293 T cells with WT or 
MUT circLPAR3 luciferase reporter vector and miR-NC or miR-513b-5p mimic to detect the luciferase activity. (C) RIP assay to confirm that 
circLPAR3 and miR-513b-5p were enriched in micronuclein containing ago2. (D) qPCR detection of miR-513b-5p in 58 PCa and normal 
tissues, n=58; (E) qPCR detection of miR-513b-5p in PCa and normal cells; (F) Pearson analysis showed circLPAR3 in PCa tissue was nega-
tively linked with miR-513b-5p, n=58. (G) Clearly elevated miR-513B-5p in cells with repressive circLPAR3. N=3; The data in the figure 
were all measurement data, the manifestation of which was as mean ± S.D. +vs. the miR-NC, P<0.05. *vs. RWPE-1 cells, P<0.05. #vs. the 
sh-NC, P<0.05.
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MiR-513b-5p reduces PCa cell growth and glycolysis 
and promotes cellular radiosensitivity

Altered miRNA expression has been shown to play 
an important role in PCa invasion and metastasis 
PMID:34461437, while the expression of miR-513b-5p 
in PCa is unclear. It was confirmed that miR-513b-
5p expression was elevated after miR-513b-5p mimic 
transfected into LNCaP cells (Fig. 4A). Subsequently, 
functional test data manifested that up-regulated miR-
513b-5p repressed cell progression with glycolysis, 
but enhanced radiosensitivity in vitro (Fig. 4B–J). The 
above data confirmed that miR-513b-5p restrained 
growth and glycolysis, and promoted cellular radiosen-
sitivity of PCa cells.

JPT1 is the immediate target of miR-513b-5p

As manifested in Fig. 5A, JPT1 was predicted to be 
miR-513b-5p’s target on StarBase. The miR-513b-5p-
transfected JPT1 3’untranslated region (UTR)-WT 
group produced reduced luciferase activity. At the 
same time, for verifying whether the predicted binding 
site of JPT1 with miR-513b-5p was necessary for the 
two’s binding, mutation of the JPT1 binding site was 
conducted to construct the JPT1 3’UTR-MUT reporter 
plasmid. When co-transfection with miR-NC/513b-5p, 

the luciferase activity of the JPT1 3’UTR-MUT group 
was not impacted (Fig. 5B), suggesting that miR-513b-
5p immediately interacted with JPT1. The other ex-
periment also manifested miR-513b-5p was available 
to combine with JPT1 (Fig. 5C). JPT1 mRNA was 
clearly up-regulated in cancer tissues and PCa cells 
than normal tissues adjacent to cancer, and RWPE-1 
cells (Fig. 5D, E). It was also discovered that JPT1 
and miR-513b-5p were negatively linked (r = -0.616, 
Fig. 5F). In the meantime, in cells with up-regulated 
miR-513b-5p, it was found that JPT1 expression was 
suppressed (Fig. 5G). In summary, miR-513b-5p di-
rectly interacted with JPT1 in PCa cells.

Inhibition of JPT1 inhibits cell growth and glycolysis 
and promotes radiosensitivity in vitro

To further examine the functional role of JPT1 in 
PCa, we knocked down JPT1 in cells (Fig. 6A). Re-
sponded to inhibition of JPT1, cell growth and glyco-
lysis were suppressed and radiosensitivity was induced 
(Fig. 6B–J). Collectively, inhibition of JPT1 inhibits 
cell growth and glycolysis, and promotes radiosensitiv-
ity in vitro.

Figure 4. MiR-513b-5p refrains PCa cell growth and glycolysis and promotes cellular radiosensitivity
(A) RT-qPCR to detect miR-513b-5p in cells transfected with miR-513b-5p mimic. (B) CCK-8 method and (C) plate clone to detect PCa cell 
proliferation after up-regulation of miR-513b-5p. (D) Flow cytometry to detect cell apoptosis after elevated miR-513b-5p; (E, F) Transwell 
method to detect the migration and invasion of PCa cells after elevated miR-513b-5p. (G–I) Glucose uptake, lactic acid production and 
ATP metabolism analysis of cellular glycolysis; (J) Under different doses of radiation, the survival rate of PCa cells detected by colony 
formation experiments. N=3; The data in the figure were all measurement data, the manifestation of which was as mean ± S.D. +vs. the 
miR-NC, P<0.05.
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Overexpression of JPT1 reversed the role of 
downregulated circLPAR3 or upregulated miR-513b-5p 
on cancer cell growth

For determining the influence of miR-513b-5p on 
PCa development and the possible mechanism, a res-
cue experiment was conducted by transfection with 
sh-circLPAR3 + pcDNA-NC, sh-circLPAR3 + JPT1, 
miR-513b-5p + pcDNA-NC or miR-513b-5p + JPT1 in 
LNCaP cells (Fig. 7A). The experiment clarified that el-
evated JPT1 reversed the repressive effects of silenced 
circLPAR3 or up-regulated miR-513b-5p on PCa ad-
vancement with glycolysis, and radiosensitivity (Fig.  7B–
J). All in all, overexpression of JPT1 reversed the inhibi-
tion of circLPAR3 or upregulated miR-513b-5p on can-
cer cell growth.

DISCUSSION

At present, PCa has surpassed LC to become the 
most prevalent malignant tumor in American men. Al-
though the overall survival rate of PCa patients has been 
improved owing to crucial advances in early screening 
and cancer management programs, the pathogenesis of 
PCa is still ambiguous yet (Wang et al., 2019). CircRNA 
has been proven to be a critical modulator of human 

cancer, and it can perform its functions via cooperating 
with its host gene (Liu et al., 2020). In this study, it was 
discovered for the first time that circLPAR3 was elevat-
ed in PCa patients, and PCa patients with upregulated 
circLPAR3 had a lower survival rate. This result sug-
gested circLPAR3 could be applied as a latent biomarker 
for poor prognosis. Hence, exploring the function of cir-
cRNA in PCa can be a breakthrough to understand the 
pathogenesis of PCa.

A study has clarified that the reprogramming of cell 
metabolism is closely implicated in tumorigenesis and 
can be applied to cancer treatment (Xia et al., 2020). 
Because cancer cells have a strong ability to reproduce, 
hypoxia frequently shows up during tumor growth 
(Wang et al., 2019). As we all know, normal cells gen-
erally produce energy through mitochondrial oxidative 
phosphorylation, while quick cancer cell proliferation 
requires more energy. Therefore, the metabolic pathway 
of hypoxic cancer cells must be different from the nor-
mal metabolic pathway. It is reported that hypoxia fa-
cilitates the development of tumor cells to produce the 
inefficient pathways of ATP, making them inclined to 
gain energy via the glucose-dependent glycolysis path-
way, which is necessary to maintain the rapid growth 
of tumors, also known as the Warburg effect (Dysh-
lovoy et al., 2020). Hence, repressing the activation of 

Figure 5. JPT1 is the immediate target of miR-513b-5p
(A)Prediction of the binding area between JPT1 and miR-513b-5p using the StarBase database. (B) The luciferase activity assay to detect 
the interaction between miR-513b-5p and JPT1 target protein. (C) RIP test to evaluate the binding of miR-513b-5p to JPT1. (D, E) RT-
qPCR to detect JPT1 mRNA in PCa tissues and cells, n=58. (F) Pearson to analyze the linear relationship between miR-513b-5p and JPT1, 
n=58. (G, H) RT-qPCR and Western blot to detect JPT1 in PCa cells after up-regulated miR-513b-5p. N=3; The data in the figure were all 
measurement data, the manifestation of which was as mean ± S.D. *vs. RWPE-1 cells, P<0.05; +vs. the miR-NC, P<0.05
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glycolysis is an effective treatment to prevent PCa. Nu-
merous studies have clarified that circRNA is available 
to impact the glycolysis of cancer cells. For instance, 
circDENND4C accelerates the advancement with gly-
colysis of colorectal cancer cells via the miR-760/
GLUT1 axis (Zhang et al., 2020). Circ_0057553/miR-
515-5p controls PCa cell advancement with glycolysis 
via targeting YES1 (Zhang et al., 2020). In the mean-
time, in this study, it was discovered that circLPAR3 
expression was also elevated in PCa cells. Knockdown 
of circLPAR3 clearly repressed cell advancement with 
glycolysis. Additionally, at the clinical level, radiation 
therapy is the most familiar and ideal cure way for PCa 
(Miszczyk et al., 2021). However, because cancer cells 
have different repair abilities after radiation, radiore-
sistance has always been a challenge for cure (Ihara et 
al., 2019). It came out that the silencing of circLPAR3 
clearly enhanced radiosensitivity.

Former studies have manifested that circRNA is 
available to be applied as a competitive endogenous 
RNA (ceRNA) of miRNA to adsorb miRNA to 
modulate mRNA gene expression (Shu et al., 2019). 
For instance, circ CCNB2 knockdown depresses au-
tophagy of PCa cells via targeting the miR-30b-5p/
KIF18A axis and makes PCa sensitive to radiation 
(Cai et al., 2020). In this study, it was confirmed that 
miR-513b-5p was a circLPAR3’s target. Former stud-

ies have testified that miR-513b-5p is crucial in vari-
ous human cancers, like embryonic testicular cancer 
(Wang et al., 2017), breast cancer (Muti et al., 2018) 
and pancreatic cancer (Li et al., 2021). In the research, 
it was discovered the reduction of miR-513b-5p in 
PCa; Up-regulated miR-513b-5p repressed cell pro-
gression with glycolysis but enhanced radiosensitivity 
in vitro. As far as we know, this is the first study on 
miR-513b-5p in PCa.

Next, it was further figured out the downstream 
target genes of miR-513-5p. JPT1 is a protein-coding 
gene that impacts cell apoptosis and signal transduc-
tion (Bateman et al., 2020). A previous study has clari-
fied that JPT1 is linked with the progression of PCa 
(Cheng et al., 2021). However, since there is very lit-
tle research on JPT1, further studies are required to 
figure out the molecular mechanism of its action. In 
the research, it was discovered that JPT1 mRNA was 
clearly up-regulated in PCa. Moreover, elevated JPT1 
reversed the effect of knocking down circLPAR3 or 
up-regulating miR-513b-5p on PCa cells, facilitating 
the advancement with glycolysis, but repressing radi-
osensitivity. All in all, JPT1 involves in circLPAR3/
miR-513b-5p axis-regulated PCa cell growth and me-
tastasis.

However, this research still has some limitations. 
First, owing to limited conditions, the sample size an-

Figure 6. Inhibition of JPT1 inhibits cell growth and glycolysis, and promotes radiosensitivity in vitro
(A) circLPAR3-shRNA lentiviral transfection efficiency; (B) CCK-8 and (C) plate clone to detect cell proliferation ability after repressing cir-
cLPAR3; (D) Flow cytometry to detect cell apoptosis after depressing circLPAR3; (E, F) Transwell detection of cell migration and invasion 
abilities after restrained circLPAR3; (G–I) Glucose uptake, lactate production and ATP metabolism analysis of cell glycolysis; (J) Under ra-
diation (0, 2, 4, 6 and 8 Gy) irradiation, colony formation assay to analyze the survival of the transduced cells. N=3; The data in the figure 
were all measurement data, the manifestation of which was as mean ± S.D. %vs. the si-NC, P<0.05.
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alyzed is limited. Secondly, in vivo animal experiments 
were not further conducted to verify the influence of 
the circLPAR3/miR-513b-5p/JPT1 axis on PCa in 
vivo. Finally, further exploration of the downstream 
target genes of JPT1 was not implemented. We hope 
that these issues can be further figured out in later 
studies.

CONCLUSION

In conclusion, the research has discovered a new 
mechanism of action of circRNA in PCa. It is found 
that circLPAR3 performs as a sponge of miR-513b-5p in 
PCa to restrain PCa cell glycolysis and accelerate radio-
sensitivity, while upregulation of JPT1 reverses this ef-

Figure 7. Overexpression of JPT1 reversed the role of downregulated circLPAR3 or upregulated miR-513b-5p on cancer cell growth.
(A) qPCR to detect transfection efficiency; (B) CCK-8 method and (C) plate clone to detect cell proliferation. (D) Flow cytometry to de-
tect cell apoptosis; (E) Transwell method to detect cell migration and invasion. (F–I) Glucose uptake, lactic acid production and ATP me-
tabolism analysis of cellular glycolysis; (J) Under different doses of radiation, the survival rate of PCa cells detected by colony forma-
tion experiments. N=3; The data in the figure were all measurement data, the manifestation of which was as mean ± S.D. ^vs. the sh-
circLPAR3+pcDNA-NC, P<0.05; &vs. the miR-513b-5p+pcDNA-NC, P<0.05.
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fect. The results indicate the circLPAR3/miR-513b-5p/
JPT1 axis is supposed to be a latent prognostic and ther-
apeutic target to improve the diagnosis and treatment of 
PCa.
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Vitamin D deficiency (VDD) causes a wide range of 
health problems, including anemia in infants. If not 
treated promptly, it may create serious issues for infants 
with long-term impacts. Therefore, a satisfactory solu-
tion to this problem is required. This investigation was 
to explore the correlation between the blood 25-hy-
droxyvitamin D (25(OH)D) levels and childhood anemia. 
In this investigation, a cross-sectional examination was 
performed on 2,942 babies ranging in age from 2 to 36 
months and classified into three cohorts: VDD (Vitamin D 
deficiency), VDI (Vitamin D insufficiency), and VDS (Vita-
min D sufficiency). Multiple-variables and multinomially-
related logistic regressions for examining the anemia 
status-vitamin D (Vit-D) relationship of the baseline as 
the interpretable visual quality models were examined. 
The median serum 25(OH)D level in 2,942 infants was 
24.72±4.26 ng/l, with 661 cases (22.5%) of VDD and 1710 
cases of deficiency (58.1%), and a noticeable seasonal 
variation (p<0.05). Anemia was present in 28.5% of the 
VDD group compared with 3.3% in vit-D sufficient in-
fants (p<0.0001). Lower levels of 25(OH)D were found 
to be associated with an increased risk of anemia in a 
multiple-variable regression analysis.  In healthy children, 
low 25(OH)D levels were associated with increased risk 
of anemia. Biologically inspired, primary care physicians 
should assess Vit-D levels and place a greater emphasis 
on adequate supplementation for deficiency prevention.

Keywords: Low 25(OH)D; childhood anemia; healthy children; vita-
min D
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INTRODUCTION

Anemia is a pervasive issue in pediatrics and is an im-
portant part of standard care for all pediatric patients. 
If not treated in time, it can cause significant problems 
for children, and the effects can be long lasting (Khan, 
2018). The hemoglobin (Hb) level in these patients is too 

low to meet cellular oxygen demands (D’Souza, 2020). 
It is necessary to employ better tactics, like the targeted 
screening of high-risk children, such as iron insufficiency 
and VDD.  VDD refers to a highly frequent nutrition-
related deficiency globally, especially in young children 
(Laway et al., 2014). The effect of 25(OH)D, a key cir-
culation vitamin D (vit-D) state, on calcium absorption 
and bone metabolic processes is noteworthy (Uberti et 
al., 2016; Alyasin et al., 2011).  It has been progressively 
found to that decreased vit-D extents display relation-
ships to diabetes mellitus (Sharma et al., 2015), hyperten-
sion, cancer and the maintenance of immune homeo-
stasis (Atkinson et al., 2014). Existing studies show that 
serum 25(OH)D, which has long been thought to be the 
greatest indication of overall vit-D status, has a relation-
ship with Hb level (Alyasin et al., 2011), but the stud-
ies either used small sample sizes or focused primarily 
on women, the elderly, or adults in a healthcare setting 
(Shin & Shim, 2013; Yoo & Cho, 2015). In addition, 
lower 25 (OH)D extents have displayed an individual as-
sociating process to anemia in adults exhibiting chronic 
diseases (e.g., heart failing state, end-stage renal disease 
and diabetes) (Ernst et al., 2015; Holick, 2007), even 
among healthy adults (Yazici et al., 2018). However, this 
association has not been explored in infants with health 
conditions.  It is generally considered that vit-D impacts 
proliferating and differentiating processes of stem cells 
in marrow of bone and may impact red cell proliferating 
process (Uberti et al., 2016). For this reason, VDD may 
have an influence on Hb metabolism and induce anemia 
(Balasubramanian, 2011). Nevertheless, the likely relat-
ing characteristic of the VDD and anemia is still unclear. 
Thus, our intention was to assess the degree of vit-D in 
Zhang Jiagang’s common children. Furthermore, the cur-
rent investigation revealed the components that might be 
impacting VDD, the associations between feeding cate-
gory, Hb extents, anemia status, and VDD, and the con-
nection between the blood 25-hydroxyvitamin D level 
and childhood anemia.

MATERIALS AND METHODS

This experiment was performed at the Zhang Jiagang 
Maternity and Child Health Care Hospital in China from 
2011 to 2016. This experiment was approved by the eth-
ical committee of the Zhang Jiagang Maternity and Child 
Health Care Hospital, China. (Reg. No. 38563/2010/
VIT-D/11.07.2010), and written informed consent was 
obtained from each participant. Totally, 2,942 infants 
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were chosen from the Child Health Care outpatient de-
partment at Zhang Jiagang Maternity and Child Health 
Care in China.

Inclusion criteria

1. Infants age limit from 2 months to 3 years. 2. Ex-
perimental duration August 2011 to November 2016.

Exclusion criteria

1. Systemically-related illness, 2. covering celiac dis-
ease, 3. liver, kidney disorders, rickets, joint pain, mal-
nutrition, hypothyroidism, 4. hematologically-related dis-
orders (e.g., anemia, G-6PD deficiency and thalassemia) 
besides iron insufficiency anemia received the exclusion. 
Feeding figures received the grouping process to 3 types 
specific to formula, cow’s milk, and breast milk applica-
tions.

Anemia

Anemia is brought on by disruptions in the Hb pro-
duction process. Anemia received the definition of Hb 
less than 110 mg/dL for males and females. Mild anemia 
= Hb 100 to 109 mg/dL; Moderate anemia = Hb 70 to 
99 mg/dL; Severe anemia = Hb <70 mg/dL (Molloy et 
al., 2017).

Further children were grouped as VDD was classified 
as serum 25(OH) D extents<20 ng/mL, VDI as 25(OH) 
D extents between 20 and 30 ng/mL, VDS as >30 ng/
mL, VDS intoxication as >150 ng/mL (Balasubramani-
an, 2011; Holick et al., 2015).

ELISA analysis

Serum 25(OH)D levels were determined by ELISA 
(Immunodiagnostic Systems Ltd., Beijing Bohui In-
novation Technology) according to the manufacturer’s 
instructions. In the first analytical phase, calibrators 
and specimens of blood are diluted with biotin-labeled 
25(OH)D and added to microplate wells coated with 
monoclonal anti-25(OH)D antibodies. During the incu-
bation, an unknown quantity of 25(OH)D in the blood 
sample competes with a known amount of biotin-labeled 

25(OH)D for antibody binding sites in the microplate 
wells. Washing removes unbound 25(OH)D. A second 
incubation with peroxidase-labelled streptavidin is used 
to identify bound biotin-labelled 25(OH)D. The attached 
peroxidase induces a colour response in a third incuba-
tion with the peroxidase substrate tetramethylbenzidine 
(TMB). To halt the process, an acidic stopping solu-
tion is introduced. The intensity of the colour is related 
to the concentration of 25(OH)D. The intraassay CVs 
were 4.9% at a 25(OH)D mean concentration of 27.0 
nmol/L, 6.9% at a 25(OH)D mean concentration of 
61.5 nmol/L, and 3.2% at a 25(OH)D mean concentra-
tion of 160.3 nmol/L.

Haemoglobin (Hb) determination

The Hb was determined using the spectrophotomet-
ric cyanmethaemoglobin (HiCN) method by the XK-2 
analysing tool. This approach is to convert haemoglobin 
to cyanmethemoglobin by adding potassium cyanide and 
ferricyanide, and then measure the absorbance at 540 
nm in a photoelectric calorimeter against a reference so-
lution. The test was carried out exactly as described by 
Bhaskaram and others (Bhaskaram et al., 2003).

Statistical Analysis

Overall, statistically-related processes were carried out 
by SPSS,12.0 Ver software. The information had the ex-
pression “proportions” or “mean ± standard deviation. 
The key features were evaluated within the groups us-
ing t-testing methods. The chi-square and Fisher’s test 
methods were utilised to effectively assess the categorical 
data. The Pearson correlation assay was undertaken to 
assess the connection among 25(OH)D and Hb levels. 
Multiple logistic regression analysis techniques were em-
ployed to assess the baseline anemia conditions of the 
different vit-D groups. The regulations for the moth-
ers’ years of schooling, family income, sex, season, and 
child age based on the models were mentioned. The 
multinomial logistic regression studies for measuring the 
relationship between VDD and various anemia (moder-
ate and mild) in contrast to non-anemia at baseline were 

Table 1. Subject population characteristics

Characteristics 6 Mo~ 12 Mo~ 24 Mo~ 36 Mo~

Total no 594 (20.2) 318 (10.8) 1,094 (37.2) 936 (31.8)

Male 300 (50.5) 186 (58.5) 585 (53.5) 470 (50.2)

Female 294 (49.5) 132 (41.5) 509 (46.5) 466 (49.8)

Feeding pattern

Breast milk only 567 (95.5) 226 (71.1) 477 (43.6) 15 (1.6)

Breast milk and formula 27 (4.5) 65 (20.4) 502 (45.9) 715 (76.4)

Formula only – 27 (8.5) 115 (10.5) 206 (22.0)

25(OH)D deficiency
(levels<20 ng/mL) 164 (27.6) 125 (39.3) 298 (27.2) 74 (7.91)

25(OH)D insufficiency
(levels20-30ng/mL) 426 (71.7) 187 (58.8) 640 (58.5) 457 (48.8)

25(OH)D sufficiency
(levels>30ng/mL) 4 (0.7) 6 (1.8) 156 (14.3) 405 (43.3)

25(OH)D intoxication
(levels>150 ng/mL) 0 (0) 0 (0) 0 (0) 0(0)

Anemia (Hb<110mg/dL) 393 (66.2) 210 (66.0) 593 (54.2) 307 (32.8)

Values are presented as-number (%). Month: Mo; 25-hydroxyvitamin D: 25 (OH)D.
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also employed. A p value of <0.05 exhibited statistics-
related significance.

RESULTS

The characteristics of study population characteristics

The features of the investigated participant are dem-
onstrated in Table 1. Among the total 2 942 infants 
enrolled here. Among these, 1541 (52.4%) were men 
and 1401 (47.6%) were girls. In this, 594 (20.2%) were 
below 6 months of age, whereas 318 (10.8%), 1094 
(37.2%) and 936 (31.8%) from 6–12, 12–24, and 24–36, 
respectively. In infants <6 month, 95.5% were breast-
fed, whereas 4.5% received Breast milk and formula. 
In 6-12 months, 71.1% were breastfed and 20.4% were 
received Breast milk and formula, 8.5% received only 
formula. In 12–24 months, 43.6% were breastfed only, 
45.9% were received only breast milk and formula and 
10.5% received only formula. In 24–36 months, 1.6% 
were only breastfed and 75.4% were received breast milk 
and formula, 22% received only formula. The 25(OH)
D deficiency levels <20 ng/mL showed 27.6% in the 
below 6 month. The 25(OH)D deficiency levels of <0 
ng/mL were noted 27.6% in the below six months ba-
bies, 39.3% in 6–12 months, 27.2% in 12 to 24 months 
and 7.9% in 24 to 36 months. The 71.7% of below 6 
months babies were showed 25(OH)D insufficiency lev-
els of 20–30 ng/mL, 58.8% showed by 6–12 months ba-
bies, 58.5% were showed by 12 to 24 months, 48.8% 
showed in 24 to 36 months. In the study, 71.7%, 58.8%, 
58.5%, and 48.8% of babies as follows: below 6 months, 
6–12 months, 12–24 months, and 24–36 months showed 
25(OH)D insufficiency levels (20–30 ng/mL). In the 
study, 0.7%, 1.9%, 14.2%, and 43.3% of babies as fol-
lows: below 6 months, 6–12 months, 12–24 months, and 
24–36 months showed 25(OH)D sufficiency (levels >30 
ng/mL). No 25(OH)D intoxication levels >150 ng/mL 
were reported in this study. In the study, 66.2%, 66%, 
54.2%, and 32.8% babies as follows: below 6 months, 
6–12 months, 12–24 months, and 24–36 months showed 
Anemia (Hb <110  mg/dL).

The associating process of VDD presence and 
breastfeeding exhibited statistics-related significance

In the tested babies, 22.5% showed by VDD, 58.1% 
expressed by VDI and 19.4% showed by VDS (Ta-
ble  2). Mean age of the children who in VDD co-
hort was 11.58±7.98 months, while it in VDI group 
reached 19.40±9.64 months and in the VDS group 

was 27.77±8.55 months. The male (%) in the VDD 
was 50.5%, 49.0% in VDI and in VDS 67.4%. the fe-
male (%) in the VDD was 49.5%, 51.0% in VDI and 
in VDS 32.6%. The rate of exclusive breast feeding in 
the three cohorts was 39.0%, 21.8% and 65.1%. For 
this reason, the associating process of VDD presence 
and breastfeeding exhibited statistics-related significance 
(p<0.05). The significant diversification between Hb ex-
tents is among 3 cohorts. Among children VDD, 28.5% 
of infants were with Hb <110 mg/dL and mean Hb as 
112.54±10.67 mg/dL. However, 8.2% of overall in the 
VDI cohort exhibiting mean Hb as 118.63±8.52 mg/dL 
and 3.3% of overall in the VDS cohort exhibiting mean 
Hb as 122.77±8.21 mg/dL (p<0.001). Thus, in vit-D de-
ficient cohort, cases number exhibiting low Hb extents 
(<110 mg/dL) was higher in comparison with vit-D suf-
ficient cohort (Fig. 1).

Anemia condition of different patients

Table 3 lists the anemia condition for different levels 
of vit-D. About 95.2% of the recruited infants had Mild 
anemia, covering 73.4% Moderate anemia and 17.6% 
sever anemia. When confounders (the mothers’ years of 
schooling, family income, sex, season, and infant age) 
were controlled for, no connections were noted between 
vit-D and anaemia condition; however, moderate anae-
mia had a higher risk in 25(OH)D 30 mg/mL infants 
than in 25(OH)D 30 mg/mL infants [relative risk (RR), 
1.59; 95% confidence interval (CI), 1.09-2.31].  The fre-
quency of mild anaemia showed a weak correlation with 
vit-D status (RR, 1.04; 95% CI, 0.97–1.29). In Fig. 2, the 
authors also analyzed case number with 25(OH)D defi-
ciency, insufficiency and sufficiency and the extents of 
25(OH)D in line with seasons. The number of cases with 
vit-D levels of <30 ng/mL in the autumn (September to 
November) was 536 (76.9%), 625 (74.4%) in the summer 

Table 2. Comparison of haematological and biochemical profiles according to vitamin D status (in total 2,942 patients)

Parameters 25 (OHD) <20 ng/mL (VDD) 25(OHD) 20~30 ng/mL (VDI) 25(OHD) >30 ng/mL (VDS) p value

Total no. (%) 661 (22.5) 1,710 (58.1) 571 (19.4) <0.05*

Mean age (MO) 11.58±7.98 19.40±9.64 27.77±8.55 <0.001*

Male (%) 334 (50.5) 838 (49) 385 (67.4) 0.088

Female (%) 327 (49.5) 872 (51) 186 (32.6) 0.081

Breast feeding (%) 258 (39.0) 373 (21.8) 372 (65.1) <0.05*

Mean 25(OH)D (ng/mL) 18.68±0.36 25.05±2.84 30.81±0.72 <0.001*

Mean Hb (mg/dL) 112.54±10.67 118.63±8.52 122.77±8.21 <0.001*

Values are presented as Mean ± S.D. or %. MO, month.25 (OH)D, 25-hydroxyvitamin D. Hb, hemoglobin; VDD, vitamin D deficiency. VDI, vitamin D 
insufficiency. VDS, vitamin D sufficiency.

Figure 1. The Ratio of anaemia in VDD was significantly higher 
than that in VDI and VDS, p<0.05*.
VDD, vitamin D deficiency. VDI, vitamin D insufficiency. VDS, vita-
min D sufficiency.
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(June to August), 453 (87.3%) in the winter (December 
to February), and 757 (85.4%) in the spring (March to 
May). The average serum 25(OH)D level was signifi-
cantly lower in spring/winter than in summer/autumn 
(25.28±4.31 v/s 23.78±4.34 ng/mL, p<0.01). The win-
ter season exhibited the maximum VDD ratio (31.6%), 
and the spring season achieved the maximum VDI ratio 
(62.4%). The lone risk element for VDD determined by 
multiple-variable logistic regression was 25OHD in the 
winter or spring [odds ratio, 3.22; 95% CI, 1.13 to 4.57]. 
Several factors related to sex and breastfeeding that were 
seen in the univariate research had no independent rela-
tionship with VDD (Table 4). The risk element in terms 

of VDD developing process was evident in babies with 
anemia (p<0.001) and if 25(OH) D extents received the 
testing process in winter/spring (p<0.001).

DISCUSSION

The present work suggests that in a large, group-relat-
ed Zhang Jiagang infants cohort with health condition, 
lower 25(OH)D extents displayed associations to ele-
vated anemia risk. The identified associating process of 
vit-D condition and anemia was determined by other el-
ements probably inducing anemia risk such as the moth-
ers’ years of schooling, family income, sex, season and 
age of infants. In the present work 28.5% and 8.2% of 
the infants achieved Hb <110 mg/dL in the vit-D defi-
cient cohort (VDD and VDI), but merely 3.3% of the 
infants achieved Hb <110 mg/dL in the vit-D sufficient 
cohort. vit-D is vital nutrient required by an infant to 
grow and develop (Harinarayan & Joshi, 2009). The ex-
perts recommended that all only breastfeeding-based in-
fants were required to undergo 400 IU per day of vit-D 
supplementing processes, which should be initiated sev-
eral days after birth. No diversification received the iden-
tification in mean extents of vit-D in sex. However, the 
vit-D adequacy ratios of boy were slightly higher than in 
girls, which may be related to boys spending more time 
outdoors than girls. The authors further identified a no-
ticeable correlating characteristic of <6 months age and 
VDD. Such correlating characteristic is likely to result 
from declined vit-D stores in such age cohort, breast-
feeding almost exclusively and increased vit-D require-
ments and/or insufficient sun exposure. Balasubrama-
nian and others (Balasubramanian et al., 2011) suggest 
that a greater risk of VDD received the identification in 
infants having undergone exclusive breastfeeding process 
with no adequate vit-D supplementing process and ap-
propriate exposure to sunlight. Furthermore, only a small 
number of breastfed infants get vit-D supplements since 
very few mothers follow their physician’s suggestion for 
vit-D supplement because they think breast milk may 
provide critical nutrients (Yoon et al., 2012). The major-
ity of them prefer to buy health supplements like fish 
glycerides and DHA online.  They consider that the vit-
D presented by the hospital is easy to poison, and only 
part of the mother will take vit-D supplements during 
pregnancy.

The relating characteristic between VDD and anemia 
identified here complies with several recently conducted 

Table 3. Prevalence of anemia in different levels of 25 (OH)D children

Variable 25(OH)D<30
mg/mL (n=2371)

25(OH)D≥30
mg/mL (n=571) Unadjusted OR (95% CI) Adjusted OR

(95% CI)*

Mild anemia
(Hb<110mg/dL) 1264 (53.3) 239 (41.9) 1.23 (0.45, 1.68) 1.23 (0.12, 1.35)

Subgroup

Unadjusted OR
(95% CI)

Adjusted OR
(95% CI)**

Anemia
(Hb 70-99 mg/dL) 367 (15.5) 12 (2.1) 1.53 (1.11, 2.09) 1.59 (1.09, 2.31)

Moderate anemia
(Hb 100-109 mg/dL) 897 (33.6) 227 (39.8) 1.06 (0.73, 1.55) 1.04 (0.97, 1.29)

*ORs were calculated by using logistic regression and adjusted for age of the child, season, sex, family income and mothers’ years of schooling. 
**ORs were calculated by using multinomial logistic regression and adjusted age of the child, season, sex, family income and mothers’ years of 
schooling.

Table 4. Factors associated with vitamin D deficiency

Variable  Odds ratio  95 % CI

Male 0.89 0.72-3.36

Female 0.81 0.66-3.27

Age (<12 Mo) 1.88* 0.65-6.06

Breast feeding 0.78 0.45-1.57

Serum mean Hb level 1.51* 1.02-2.84

Vitamin D tested in winter/spring 3.22* 1.13-4.57

* p value <0.001; VDD, vitamin D deficiency.

Figure 2. The levels of 25(OH)D status increased from spring to 
summer and then decreased in autumn and winter.
VDD, vitamin D deficiency. VDI, vitamin D insufficiency. VDS, vita-
min D sufficiency.
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researched on a range of groups (Alyasin et al., 2011; 
Ernst et al., 2015; Htet et al., 2014). Several potential 
mechanisms could explain the associating characteristic 
of VDD and anemia in healthy infants. Major possibility 
is that VDD in infants is suggested displaying relation-
ship to lifestyle and nutrition-related elements covering 
reduced milk intake and obesity as aforesaid. Inadequate 
25(OH)D levels decrease local calcitriol synthesis in the 
bone marrow, resulting in decreased erythropoiesis (Sim 
et al., 2010). Calcitriol could reduce cytokine producing 
process, thereby reducing inflammation-related milieu 
and anemia. The abundance of vitamin D receptors and 
vit-D in bone marrow seem to trigger erythroid precur-
sors. High levels of 25(OH)D in hematopoietic tissues 
have been linked to erythroid progenitor cell paracrine 
activation. Moreover, there is considerable evidence 
that inflammatory cytokines affect erythropoiesis. Im-
munomodulation-related influences exerted by vit-D are 
likely to critically impact its role to prevent anemia by 
the modulating process related to systemically-related 
cytokine producing process, probably suppressing par-
ticular inflammation-related channels facilitating anemia 
progression. Furthermore, because of anemia people are 
commonly tired and less probably going externally for 
obtaining adequate sun exposing to generate vit-D. Ane-
mia may also in turn contribute to VDD.

The season-related varying process acted as a single 
predicting element for VDD among infants subjected to 
anemia, abiding by existing works (Jin et al., 2013). Giv-
en vit-D is primarily sourced by skin casually exposed 
to sunlight. 7-dehydrocholesterol (7-DHC) is isomer-
ized to pre-vitamin D3 in the exposing process of the 
UVB (290 to 315 nm) part pertaining to sun photolyzes. 
When the relevant forming process is achieved, pre-vita-
min D3 will undergo thermally isomerizing process for 
synthesize vit-D3. Solar UVB radiation amount accessing 
into the biosphere refers to one function pertaining to 
wavelength and ozone amount traveled by solar radiating 
process via the air, one function pertaining to the solar 
zenith angle, is determined by day time, season as well 
as latitude. Because the sun largely drives the vit-D syn-
thesising process in the body, it was reported that VDD 
was more common; serum 25(OH)D extent was noticea-
bly low in the spring/winter season than in the autumn/
summer season.  This is most likely due to summer/
autumn sun exposure is adequate illumination than win-
ter/spring and children outdoor time is longer. Human 
skin can be exposed to ultraviolet B radiation to pro-
duce more vit-D. Moreover, as suggested from recently 
conducted researches, genetically-related predisposition 
is likely to critically impact susceptible characteristic to 
VDI, and both vit-D uptake via diet and supplementing 
processes and skin-forming process when solar exposure 
is achieved may be determined by single genetically-re-
lated varying processes (Anastasiou et al., 2017). The pre-
sent multiple-variables-based logistic study suggested that 
season-based varying process in 25(OH)D acted as the 
merely noticeable single risk element in terms of VDD. 
For this reason, the present work demonstrates the sea-
son-based varying process is the primary risk compo-
nent of VDD in Infants with anemia. Accordingly, the 
significance of sunshine and the requirement for vit-D 
supplement, especially throughout the winter and spring, 
are stressed. More research is required to explore the re-
lationship among blood 25-hydroxyvitamin D levels and 
childhood anaemia.

CONCLUSION

To be specific, the present work on Zhang Jiagang 
infants suggested the correlative characteristics between 
anemia severity and VDD. For presenting the optimal 
nutritional condition for infants, breastfeeding continues 
to be worth recommending. However, educational ef-
forts are required publicly and those breastfed in an ex-
clusive manner (even under asymptomatic child) for in-
creasing abidance by vit-D supplementing requirements.

Limitations

The present work showed several limitations. Subjects 
had varying ages; thus, their dietary intake and habits of 
feeding were likely to vary, probably causing a memory 
bias. It is better to compare plasma Hb and ferritin ex-
tents in the same patients, complying with the vital ele-
ments in Hb synthesis. It will be better to demonstrate 
the relationship to vit-D condition and categories of ane-
mia and the strength of association differs among types 
of anemia. Considerable trials under randomization-
based controlling should be conducted for determining if 
enhancing vit-D condition is capable of reducing anemia 
severity in normal groups.
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Hexafluoro-2-propanol (HFIP) is a metabolite of sevo-
flurane used as part of the general anaesthesia tech-
nique. This study aims to investigate the effect of HFIP 
in colorectal cancer (CRC) and the regulation of associ-
ated genes. The differential expressed genes (DEGs) with 
HFIP treatment were analysed based on GEO dataset 
GSE56256. Due to the restricted number of studies per-
forming RNA-Seq in CRC with HFIP treatment, we se-
lected a CRC patient cohort (GSE23878) to obtain DEGs 
that were compared with DEGs from GSE56256. The 
DEGs with opposite expression patterns in these two 
GEO datasets indicate that the genes mediate the func-
tion of HFIP, thereby repress the progression of CRC. 
The DEGs from these two GEO datasets were analysed 
independently. We obtained 10 up-regulated genes in 
GSE23878 (CRC patient cohort) were also down-regulat-
ed in GSE56256 (HFIP cohort), therefore, these 10 genes 
may function as tumor suppressors in CRC and may be 
involved in the function of HFIP. STRING analysis dem-
onstrated an interaction in GPT2, PSAT1 and SLC7A11. 
The high expression of GPT2, PSAT1 and SLC7A11 were 
confirmed in TCGA-COAD datasets and in CRC cells. HFIP 
treatment repressed GPT2, PSAT1 and SLC7A11, which 
resulted in an inhibited proliferation and colony forma-
tion ability of DLD-1 and HCT-116 cells. Silencing GPT2, 
PSAT1 and SLC7A11 showed similar effect compared 
to HFIP treatment. Overexpression of GPT2, PSAT1 and 
SLC7A11 abrogated the effect of HFIP. In conclusion, the 
sevoflurane metabolite HFIP plays a cancer suppression 
role depending on cell proliferation in colorectal can-
cer through the down-regulation of GPT2, PSAT1 and 
SLC7A11 expression.
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INTRODUCTION

Sevoflurane is a commonly used anaesthetic because 
of the safety with fewer side effects compared with 
other inhalation anaesthetics (Kanaya et al., 2014). Stud-
ies confirmed that volatile anaesthetics influence cancer 
cells and show potential regulatory effect on a variety 
of tumours (Sumi et al., 2019; Zhao et al., 2020). During 
the metabolism of sevoflurane, water-soluble hexafluoro-
2-propanol (HFIP) presents as a primary metabolite of 

sevoflurane (Buratti et al., 2002). Previous researches 
have shown that HFIP attenuates inflammation in vitro 
by repressing related inflammatory mediators (Urner et 
al., 2015). However, few studies investigated the effect 
of HFIP on cancer progression especially on colorec-
tal cancer, therefore, we demonstrated the function of 
HFIP in colorectal cancer cells and aimed to illustrate 
the potential molecular mechanisms.

The growth of mammalian cells is supported by nu-
trient sources including glucose and glutamine, which 
are involved in energy production and are related to 
cancer progression (Hosios et al., 2016). Most cancer 
cells proliferate depending on glutamine. Glutamine 
starvation results in growth inhibition. GPT2 is a type 
of glutamic pyruvate transaminase catalysing the revers-
ible transamination between alanine and α-ketoglutarate 
(AKG) generating pyruvate and glutamate (Welch, 1975). 
Previous studies have shown that GPT2, PSAT1 and 
SLC7A11 are involved in the progression of different 
cancers: GPT2 is highly expressed in cancers, such as 
breast cancer and pancreatic cancer (Cao et al., 2017). 
Therefore, GPT2 is a potential biomarker and target in 
cancer therapy. PSAT1 was identified highly expressed 
in various cancers including colorectal cancer and non-
small cell lung cancer (Qian et al., 2017; Lodovichi et al., 
2019). Studies demonstrated that PSAT1 is involved in 
serine biosynthesis and mediates cell cycle progression, 
which implies a promising target for anticancer therapy. 
In the regulation of nutrient dependency of cancer cells, 
SLC7A11 plays emerging roles which maintain redox 
homeostasis (Koppula et al., 2018). In colorectal cancer 
stem cells (CSCs), SLC7A11 has a higher level com-
pared to colorectal cancer cells. Repression of SLC7A11 
sensitizes colorectal CSCs to ferroptosis and chemo-
therapy drugs (Xu et al., 2020). Furthermore, repression 
of SLC7A11 inhibits metastasis of pancreatic cancer by 
blocking the PI3K/Akt signaling pathway (Zhang et al., 
2021). The pro-death functions of SLC7A11 happen un-
der glucose starvation (Karunakaran et al., 2008). Over-
expression of SLC7A11 confers resistance to MEK and 
BRAF inhibitors in BRAFV600E mutant melanoma via in-
creasing intracellular GSH contents (Wang et al., 2018). 
Cancer cells employ up-regulated SLC7A11 to mediate 
cystine uptake, which results in better capabilities of can-
cer cells to survive in oxidative stress conditions (Kop-
pula et al., 2018). SCL7A11 provides a novel and effec-
tive therapeutic strategy for cancer treatment.

In our study, the regulation of GPT2, PSAT1 and 
SLC7A11 by HFIP was investigated in colorectal can-
cer. This study showed that HFIP repressed colorectal 
cancer proliferation via regulating glutamine metabolism 
related genes.
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MATERIAL AND METHODS

Cell culture and treatment

Human colorectal cancer cell lines DLD-1, HCT-116 
and RKO were obtained from ATCC. Human colon 
epithelium cell HCoEpiC was purchased from Nation-
al Collection of Authenticated Cell Culture. Cells were 
cultivated in McCoy’s 5A medium containing 10% fetal 
bovine serum (FBS), penicillin 100 units/ml and strepto-
mycin 100 ug/ml with 5% CO2 in 37°C. HFIP (105528) 
was purchased from Sigma Aldrich and dissolved in 
DMSO to a stock concentration of 100 mM. Working 
concentration of 50 mM was achieved by diluting HFIP 
stock solution with HBSS. Before different experiments 
cells were treated with HFIP for 12 h.

Transfection

GPT2, PSAT1 and SLC7A11 pcDNA3.1 overex-
pressing vectors were designed and constructed by BGI 
(Beijing, China). Specific siRNAs of GPT2, PSAT1 and 
SLC7A11 were purchased from QIAGEN (Germany). 
For transfection, cells were seeded into 6-well plate 
at the density of 5×105 cells/well and cultivated to at 
least 70% confluence. Vectors were transfected with 
Lipofectamine 2000, and siRNAs were transfected with 
Lipofectamine RNAiMAX (Thermo Fisher, USA) at 1: 
1 ratio (v/v) according to the protocol provided by the 
manufacturer. The final concentration of vector and siR-
NA were 2 μg/ml and 25 nM, respectively.

RNA isolation and quantitative real-time PCR (q-PCR)

Total RNAs were isolated and purified by High Pure 
RNA Isolation Kit (Roche, Switzerland) based on the in-
struction of the kit. 100 ng of isolated RNA was used 
for reverse transcription with verso cDNA synthesis 
kit (Thermo Fisher, USA). Q-PCR was performed with 
SYBR® Premix Ex Taq™ (RR420A; Takara) in Roche 
LightCycler 480 system. The data were normalized to 
GAPDH and calculated using 2-ΔΔCt value. Primers used 
in q-PCR were listed in Table 1.

Western blot

Total protein was isolated from colorectal cancer cells 
after different treatments by applying RIPA lysis buffer. 
Protein concentrations of each group were quantified 
with BCA kit based on the instructions. Total 40 μg of 
protein was loaded onto 10% sodium dodecyl sulfate 
polyacrylamide gel (SDS-PAGE). Electrophoresis condi-
tions were 120 V for 120 min. It was then transferred to 
a polyvinylidene difluoride membrane (300 mA, 90 min). 

Membranes were blocked by 5% milk in 1×TBST and 
then incubated with primary antibodies GPT2 (1:1000, 
Life, USA), PSAT1 (1:1000, Santacruz, USA), SLC7A11 
(1:1000, Abcam, USA) and β-actin (1:2000, Abcam, 
USA) overnight at 4°C.

MTT assay

For cell proliferation rate, after different treatments, 
cells were seeded in 96-well plates in 100 μl of medium. 
Three parallel wells were assigned for each time points. 
MTT solution (5 mg/ml) was added to each well and 
incubation continued for 4 hours. It was followed by 
removing medium and washing with PBS twice. After-
wards, 150 μl DMSO was added into each well and then 
plate was shaken for 10 min. OD values were measured 
at 490 nm wavelength.

Colony formation assay

After different treatments, cells were seeded into 
6-well pate at the density of 500 cells/well and culti-
vated to 3 weeks until cell colonies could be observed 
by eye. Cells were fixed with methanol for 15 min and 
then stained with crystal violet for 30 min. After stain-
ing, cells were washed under running water and taken 
pictures of by camera. Colony numbers were counted by 
using Image J software.

Bioinformatic analysis

GSE56256 and GSE23878 were obtained from GEO 
database (https://www.ncbi.nlm.nih.gov/geo/), and the 
download data format was MINIML. GSE56256 in-
cludes two groups of lipopolysaccharides (LPS)/HFIP 
treated endothelial cells and three groups of LPS treated 
endothelial cells (Urner et al., 2015). The array profil-
ing was performed on the platform of Agilent-028004 
SurePrint G3 Human GE 8x60K Microarray. GSE23878 
contains 35 colorectal cancer patient samples and 24 
normal samples (Uddin et al., 2011). The cDNA microar-
ray was performed on the [HG-U133_Plus_2] Affyme-
trix Human Genome U133 Plus 2.0 Array. Limma pack-
age (version: 3.40.2) of R software was used to study the 
differential expression of mRNAs. The adjusted P-value 
was analysed to correct for false positive results in GEO 
datasets. “Adjusted P<0.05 and │Log2[Fold Change]│ 
>1” were defined as the thresholds for the screening of 
differential expression of mRNAs. To further confirm 
the underlying function of potential targets, the data 
were analyzed by functional enrichment. To better un-
derstand the carcinogenesis of mRNA, ClusterProfiler 
package (version: 3.18.0) in R was employed to analyze 
the GO function of potential targets and enrich the 
KEGG pathway. The box plot is implemented by the R 
software package ggplot2; PCA graphs are drawn by R 
software package ggplot2; the heat map is displayed by 
the R software package heatmap. All the above analysis 
methods and R package were implemented by R founda-
tion for statistical computing (2020) version 4.0.3.

Statistics

SPSS 21.0 was used to calculate all the values (means 
± standard error of the mean). Statistical analyses were 
analysed with Student’s t test in two-groups comparison. 
One-way analysis of variance (ANOVA) test was used to 
verify the significance among experimental groups. The 
statistical significance was P<0.05. All experiments were 
performed in triplicate.

Table 1.. Primers used in q-PCR analysis

Genes Sequence 5’-3’

GPT2 F GTGATGGCACTATGCACCTAC

GPT2 R TTCACGGATGCAGTTGACACC

PSAT1 F TGCCGCACTCAGTGTTGTTAG

PSAT1 R GCAATTCCCGCACAAGATTCT

SLC7A11 F TCTCCAAAGGAGGTTACCTGC

SLC7A11 R AGACTCCCCTCAGTAAAGTGAC

GAPDH F CTGGGCTACACTGAGCACC

GAPDH R AAGTGGTCGTTGAGGGCAATG
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RESULTS

Analysis of differentially expressed genes with HFIP 
treatment

Since few studies performed next generation analysis 
of HFIP treatment in colorectal cancer cells or patients, 
here we selected a GEO dataset GSE56256 which inves-
tigated that HFIP as an anti-inflammation reagent in li-

popolysaccharides (LPS) induced inflammatory response 
in lung cancer. Therefore, we could obtain genes that 
are regulated by HFIP. We compared the duplicate of 
LPS-HFIP co-treatment groups to the triplicate of LPS 
treatment groups. A total of 5583 genes were down-
regulated with Log2[Fold Change] <–1 while a total of 
54 genes were up-regulated with f Log2[Fold Change] >1 
after HFIP treatment (Fig. 1A and 1B). From the results, 
DEGs were mainly enriched in down-regulated group. 
Next, DEGs were put into KEGG signalling pathway 

Figure 1. Analysis of differential expressed genes with HFIP treatment. 
(A) Volcano plot of differentially expressed genes with  Log2[Fold Change]> 1 after HFIP treatment compared to LPS treatment only 
(GSE56256). Down regulated genes were represented by blue dots and up-regulated genes were represented by red dots. (B) Heat map 
of differentially expressed genes after HFIP treatment compared to LPS treatment only (GSE56256). Down regulated genes were marked 
with blue bars and up-regulated genes were marked with red bars. (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) and gene on-
tology (GO) analysis of up-regulated genes after HFIP treatment in GSE56256. (D) KEGG and GO analysis of down-regulated genes after 
HFIP treatment in GSE56256.
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and gene ontology (GO) analysis. Both KEGG analy-
sis and GO analysis results demonstrated that the up-
regulated genes were mainly enriched in pathways and 
biological processes involving cell cycle, DNA replication 
(Fig. 1C). For down-regulated genes, they were mainly 
enriched in chemokine signalling and immune cell func-

tions (Fig. 1D). The above analysis indicates that HFIP 
treatment reduces inflammation response. Since the 
chronic inflammation is a significant causal factor in the 
development of colorectal cancer, our results imply that 
HFIP has a potential protective effect in colorectal can-
cer treatment.

Figure 2. HFIP potentially regulates transaminases in colorectal cancer. 
(A) Volcano plot of differentially expressed genes in colorectal cancer patients. Down regulated genes were marked with blue dots and 
up-regulated genes were marked with red dots. (B) Heat map of differentially expressed genes in colorectal cancer patients (GSE23878). 
Down regulated genes were marked with blue bars and up-regulated genes were marked with red bars. (C) Venn diagram showed 
overlapped genes of HFIP down-regulated genes selected from GSE56256 and up-regulated genes in colorectal cancer patients from 
GSE23878. (D) STRING database analysis of selected 10 common DEGs. (E) and (F) Unpaired and paired analysis of GPT2, PSAT1 and 
SLC7A11 in TCGA-COAD dataset. (G) q-PCR analysis of GPT2, PSAT1 and SLC7A11 in three indicated CRC cell lines (n=3) compared to 
HCoEpiC cell, normalized to GAPDH. (H) Western blot analysis of GPT2, PSAT1 and SLC7A11 in three indicated CRC cell lines compared to 
HcoEpiC cell, normalized to β-actin. The quantification of western blot was also presented (n=3). *P<0.05, **P<0.01, ***P<0.001.
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HFIP potentially regulates transaminases in colorectal 
cancer

Since inflammation is one of the factors of arising 
colorectal cancer, we would like to know whether the 
genes regulated by HFIP in endothelial cells of the lung 
are also involved in the progression of colorectal can-
cer. Due to the restricted number of studies performing 
RNA-Seq in colorectal cancer with HFIP treatment, we 
selected a colorectal cancer patient cohort (GSE23878) 
to obtain DEGs that were compared with DEGs from 
GSE56256. The DEGs from these two GEO datasets 
were analysed independently. The DEGs with opposite 
expression patterns in these two GEO datasets may 
indicate the genes that mediate the function of HFIP, 
thereby repress the progression of colorectal cancer. 
GSE23878 contains 35 colorectal cancer samples and 
24 normal samples. A total of 150 genes were up-reg-

ulated with Log2[Fold Change] >1 while a total of 610 
genes were down-regulated with Log2[Fold Change] <–1 
(Fig.  2A and 2B). Since HFIP is supposed to have a re-
pression effect in cancers, it is intriguing to compare the 
genes downregulated by HFIP in GSE56256 to the genes 
up-regulated in colorectal cancer samples in GSE23878. 
Finally, we obtained 10 genes that overlapped (Fig. 2C) 
and were listed in Table 2, indicating that these 10 genes 
may serve as tumor suppressors and mediate the func-
tion of HFIP in colorectal cancer. Next, all the 10 genes 
were analysed via STRING database to get the poten-
tial protein interaction network. As presented in Fig 2D, 
only GPT2, PSAT1 and SLC7A11 showed interactions 
in those 10 genes. GPT2 and PSAT1 are transaminases 
and SLC7A11 is a cysteine/glutamate transporter (Welch, 
1975; Qian et al., 2017; Koppula et al., 2018), which are 
associated with glutamine metabolism. Furthermore, 
GPT2, PSAT1 and SLC7A11 contribute to the cancer 
progression. Interestingly, GPT2, PSAT1 and SLC7A11 
were validated to be highly expressed in colorectal can-
cer from the data of TCGA-COAD dataset (Fig. 2E 
and 2F). In addition, q-PCR analysis indicated a high-
er expression level of GPT2, PSAT1 and SLC7A11 in 
DLD-1, HCT-116 and RKO cells compared to a normal 
cell line HCoEpiC (Fig. 2G). Western blot also showed 
similar results (Fig. 2H). Therefore, GPT2, PSAT1 and 
SLC7A11 serve as oncogenes independent of tissue con-
text. Collectively, HFIP potentially regulates glutamine 
metabolism in colorectal cancer through mediating 
GPT2, PSAT1 and SLC7A11.

HFIP represses proliferation of colorectal cancer cells

The effect of HFIP on colorectal cancer cells was 
investigated in the following studies. The proliferation 
rate of DLD-1 cells was repressed by HFIP treatment, 
which was concentration dependent (Fig. 3A). 20 mM 
HFIP repressed colony formation capability of DLD-

Table 2. 10 common DEGs up-regulated in GSE23878 and down-
regulated in GSE56256

Gene symbol Description

STC2 stanniocalcin 2

CLDN1 claudin 1

CTHRC1 collagen triple helix repeat containing 1

PSAT1 phosphoserine aminotransferase 1

HS6ST2 heparan sulfate 6-O-sulfotransferase 2

MMP10 matrix metallopeptidase 10

HKDC1 hexokinase domain containing 1

SLC7A11 solute carrier family 7 member 11

SIX4 SIX homeobox 4

GPT2 glutamic--pyruvic transaminase 2

Figure 3. HFIP represses proliferation of colorectal cancer cells. 
(A) MTT assay showed relative proliferation rate of DLD-1 cells after treated by HFIP with indicated concentration. Proliferation rate was 
compared to untreated group. (B) Colony formation assay was performed in DLD-1 and HCT-116 cells treated with 20 mM HFIP com-
pared to untreated group. (C) Western blot analysis of GPT2, PSAT1 and SLC7A11 in DLD-1 cell treated with 20 mM HFIP compared to 
untreated group. (D) MTT assay showed relative proliferation rate of DLD-1 cells after treated by GPT2, PSAT1 or SLC7A11 siRNA. Prolif-
eration rate was compared to scrambled siRNA group. (E) Colony formation assay was performed in DLD-1 cell after treated by GPT2, 
PSAT1 or SLC7A11 siRNA. Proliferation rate was compared to scrambled siRNA group. *P<0.05, **P<0.01.

842



150											           2023Z. Shao and others

1 and HCT-116 cells (Fig. 3B). Above results demon-
strated that HFIP suppressed proliferation of colorectal 
cancer cells. Since GPT2, PSAT1 and SLC7A11 are sup-
posed to be repressed by HFIP in bioinformatic analy-
sis and the expression of these genes was validated in 
colorectal cancer cells, next we further validated that 
HFIP treatment significantly repressed the protein level 
of GPT2, PSAT1 and SLC7A11 compared to control 
group in DLD-1 cells (Fig. 3C). In addition, silencing 
GPT2, PSAT1 and SLC7A11 repressed DLD-1 cell pro-
liferation rate (Fig. 3D) and inhibited DLD-1 cell colony 
formation ability (Fig. 3E). Taken together, HFIP treat-
ment and GPT2/PSAT1/SLC7A11 silence repressed 
proliferation of colorectal cancer cells, in which the ef-
fect of HFIP is potentially mediated by GPT2/PSAT1/
SLC7A11.

GPT2, PSAT1 and SLC7A11 are required for HFIP 
function

As GPT2, PSAT1 and SLC7A11 were validated to be 
down-regulated by HFIP, here we investigated whether 
GPT2, PSAT1 and SLC7A11 are required for HFIP 
function. DLD-1 cells were treated with HFIP and co-
transfected with one of the GPT2, PSAT1 and SLC7A11 
overexpression vectors. The protein level of GPT2, 
PSAT1 and SLC7A11 stayed at a high level by co-trans-
fected with overexpression vector and treated with HFIP 
(Fig. 4A). In both DLD-1 and HCT-116 cells, ectopic 
expressing GPT2, PSAT1 or SLC7A11 abrogated the ef-
fect of HFIP treatment on cell proliferation rate repres-
sion. The strongest abrogation effect was observed in the 
common overexpressing GPT2, PSAT1 and SLC7A11 

(Fig. 4B). Similarly, GPT2, PSAT1 or SLC7A11 over-
expression abrogated the effect of HFIP on reducing 
DLD-1 cell colony formation ability (Fig.  4C). Above 
results indicated that GPT2, PSAT1 and SLC7A11 medi-
ated the effect of HFIP in colorectal cancer cells.

DISCUSSION

In this study, we investigated the function of sevo-
flurane metabolite HFIP on repressing colorectal cancer 
cell proliferation. Two transaminases and one cysteine/
glutamate transporter were inhibited by HFIP treatment, 
which mediates the effect of HFIP. Previous studies 
identified that HFIP is a water soluble primary metabo-
lite of the volatile anaesthetic sevoflurane (Buratti et al., 
2002), which is associated with attenuating inflammation 
through repressing inflammatory mediators (Urner et al., 
2015). In line with these conclusions, analysis in RNA-
seq data from GSE56256 revealed that HFIP treatment 
represses more 5000 genes in LPS induced inflammatory 
response cases. Among those HFIP repressing genes, 
many genes are mainly enriched in signalling pathway 
and biological process involving cytokine-cytokine recep-
tor interaction and immunocyte proliferation, which pro-
vides the evidence that HFIP has an effect on inflam-
mation.

Since inflammation plays a pivotal role in tumori-
genesis via multiple molecular mechanisms, here we ex-
plored the effect of HFIP on colorectal cancer, which is 
at a high risk for the patients with inflammatory bowel 
disease (Herszenyi et al., 2015). Since few studies per-
formed Micro-array analysis in colorectal cancer patients 

Figure 4. GPT2, PSAT1 and SLC7A11 are required for HFIP effect. 
(A) Western blot analysis of GPT2, PSAT1 and SLC7A11 in DLD-1 cell treated with 20 mM HFIP together with overexpression vectors. (B) 
MTT assay showed relative proliferation rate of DLD-1 and HCT-116 cells treated with 20 mM HFIP together with overexpression vec-
tors. (C) Colony formation assay was performed in DLD-1 cell treated with 20 mM HFIP together with overexpression vectors. *P<0.05, 
**P<0.01.
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with HFIP treatment, we endeavoured an alternative way 
to find the tumor suppressive genes that are involved 
in the function of HFIP: We performed differentially 
expressed gene analysis in a colorectal cancer patient 
cohort (GSE23878) to obtain DEGs that were com-
pared with DEGs from GSE56256. The DEGs from 
these two GEO datasets were analysed independently. 
The DEGs with opposite expression patterns in these 
two GEO datasets indicate the genes that mediate the 
function of HFIP, thereby repress the progression of 
CRC. We obtained 10 up-regulated genes in GSE23878 
(CRC patient cohort) that were also down-regulated in 
GSE56256 (HFIP cohort). Since the two GEO datasets 
are from different tissues, we exclude the context speci-
ficity of the 10 genes. Among those 10 genes, GPT2, 
PSAT1 and SLC7A11 showed connections with each 
other, which implies that these three genes play critical 
roles as a network in HFIP function. Actually, GPT2, 
PSAT1 and SLC7A11 are involved in glutamine me-
tabolism in cancer progression dependent on prolifera-
tion and cell growth (Cao et al., 2017; Qian et al., 2017; 
Koppula et al., 2018). Indeed, altered cellular energetics 
is an established hallmark of cancer. Glutamine normally 
provides carbon and nitrogen for biosynthesis involved 
in cancer survival and proliferation. SLC7A11 func-
tions as a cysteine/glutamate transporter, while GPT2 
and PSAT1 are transaminases that convert glutamine 
to AKG. Here we confirmed that HFIP treatment re-
pressed proliferation of colorectal cancer cells. Mean-
while, silencing GPT2, PSAT1 and SLC7A11 also inhib-
ited cell proliferation. Therefore, we suppose that the ef-
fect of HFIP on cell proliferation repression is mediated 
by GPT2, PSAT1 and SLC7A11. In addition, glutamine 
can be transported into cells by the SLC7A11, and it is 
possible that SLC7A11 takes first place in the response 
to HFIP treatment.

Furthermore, Overexpression of GPT2, PSAT1 and 
SLC7A11 abrogated the effect of HFIP on repressing 
colorectal cancer cells, which demonstrates that GPT2, 
PSAT1 and SLC7A11 are necessary for HFIP function. 
Notably, common overexpressing of GPT2/PSAT1/
SLC7A11 showed the strongest effect on the abroga-
tion of HFIP function. Therefore, GPT2, PSAT1 and 
SLC7A11 may have a synergetic effect and mediate 
HFIP effect together.

In conclusion, HFIP represses proliferation of colo-
rectal cancer cells through down-regulating GPT2, 
PSAT1 and SLC7A11 expression, which are involved in 
glutamine metabolism of colorectal cancer, summarized 
in Fig. 5.
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Circular RNA CSPP1 motivates renal cell carcinoma 
carcinogenesis and the Warburg effect by targeting RAC1 
through microRNA-493-5p
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Circular RNAs (circRNAs) take on regulatory roles in renal 
cell carcinoma (RCC). The research’s goal was to figure 
out circ-CSPP1’s role and molecular mechanism in RCC. 
The results clarified that circ-CSPP1 expression was en-
hanced in RCC. Down-regulating circ-CSPP1 refrained 
the proliferation, migration, invasion, and Warburg ef-
fect (aerobic glycolysis), but accelerated apoptosis of 
RCC cells. The luciferase activity assay exhibited that 
circ-CSPP1 could perform as an endogenous sponge for 
miR-493-5p. Elevating miR-493-5p repressed RCC pro-
gression. The bioinformatics website starBase confirmed 
that ras-related C3 botulinum toxin substrate 1 (RAC1) 
was a target gene of miR-493-5p. Circ-CSPP1 up-regulat-
ed RAC1 by sponging miR-493-5p, and elevating RAC1 
could turn around the effect of down-regulating circ-
CSPP1 on RCC cells. Taken together, circ-CSPP1 is identi-
fied as a novel RCC-promoting RNA that could serve as a 
latent therapeutic target for RCC therapy.
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INTRODUCTION

Renal cell carcinoma (RCC) is a class of diversified 
malignant neoplasms of the renal cortex with diverse 
clinical, morphological, and genetic features (Rysz et al., 
2021). Though clinical interventions like chemotherapy, 
surgery, and radiotherapy have made great progress, 
RCC patients’ prognosis is still unpleasing. Therefore, it 
is imperative to develop new therapeutic strategies con-
sidering the biological characteristics of RCC cells. It is 
well known that metabolic reprogramming, a recognized 
hallmark of cancer, achieves tumor cell proliferation and 
survival by changing bioenergetic and biosynthetic path-
ways. Tumor cells having glycolysis high rates (Warburg 
effect) is a phenomenon that has been extensively stud-
ied in RCC (Emberley et al., 2021). Therefore, figuring 
out the regulatory mechanism of the Warburg effect is 
likely to be beneficial for the development of effective 
RCC treatments.

Circular RNAs (circRNAs), a class of covalently closed 
endogenous RNAs without a 5’ cap or 3’ poly(A) tail, 
are cell-specific, tissue-specific, and developmental stage-
specific (Huang et al., 2020). For a long time, circRNAs 
have been regarded as waste products of splicing errors. 
Recent studies have discovered circRNAs can perform 
as gene regulators in diversified physiological and patho-
logical processes and can regulate tumorigenesis and can-
cer progression (Li et al., 2020). Meanwhile, circRNAs 
have also been clarified to exert biological functions by 
performing as miRNA sponges or protein sponges (van 
Zonneveld et al., 2021). Therefore, circRNAs have been 
identified as latent biomarkers for tumor diagnosis (Zhu 
et al., 2021). Circ-CSPP1 is a newly identified circRNA 
that has been confirmed to take on a momentous role in 
tumorigenesis (Xue, 2020; Sun et al., 2020). However, its 
role in RCC and its latent mechanisms remain uncertain.

MicroRNAs (miRNAs) are a class of single-stranded 
non-coding RNAs that post-transcriptionally control 
gene expression (Bushati et al., 2007). miRNA dysregula-
tion is the key to the pathogenesis of diversified diseases, 
including cancer (Ali Syeda et al., 2020) and can function 
as latent oncogenes or tumor suppressor genes (Iorio et 
al., 2012). For instance, miR-133b impacts cell prolif-
eration, chemosensitivity, and invasion of RCC cells by 
refraining the ERK signaling pathway (Xu et al., 2020). 
A former study clarified that miR-493-5p expression is 
reduced in hepatocellular carcinoma (HCC) (Yang et al., 
2021). However, miR-493-5p’s functions in RCC and its 
interaction with circ-CSPP1 remain ambiguous.

Ras-related C3 botulinum toxin substrate 1 (RAC1) is 
also commonly present in mammalian tissues and cells 
as a multiplex regulator of epithelial differentiation and 
is involved in apoptosis-related pathways through the 
production of reactive oxygen species (Lee et al., 2012). 
RAC1 has been implicated in multiple cellular processes, 
such as cell proliferation, tumor metastasis, and epitheli-
al-mesenchymal transition (Yoon et al., 2017). The same 
pathways shared by circRNAs, miRNAs, and RAC1 sug-
gest that they might function coordinately to orchestrate 
tumorigenesis. RAC1 has been reported to contribute 
to the tumorigenesis of RCC (Zhang, 2022; Shan et al., 
2017). Thus, RAC1 could be the target gene of miRNAs 
to regulate the tumorigenesis of RCC.

This study was conducted to figure out the biologi-
cal characteristics and latent mechanisms of circ-CSPP1 
in RCC progression and Warburg effect. Circ-CSPP1 
motivated RCC progression and the Warburg effect by 
targeting miR-493-5p to control RAC1, suggesting that 
circ-CSPP1 may offer a novel biomarker and latent ther-
apeutic target for RCC.
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MATERIALS AND METHODS

Clinical sample collection

The research was approved by the Ethics Committee 
of The Second Affiliated Hospital of Xi’an Jiaotong Uni-
versity (Approval number.201803XAHT), and informed 
consent was obtained from each subject before sample 
collection. Forty pairs of RCC tumor tissues and adja-
cent normal tissues were harvested from patients in the 
urology department at The Second Affiliated Hospital of 
Xi’an Jiaotong University, and two pathologists indepen-
dently made a definite pathological diagnosis. Adjacent 
normal tissue was harvested at least 3 cm from the tu-
mor site. Tissues were kept in liquid nitrogen. Clinical 
data including clinical stage, age, gender, tumor stage, 
lymph node metastasis, and distant metastasis were re-
corded.

Cell culture

RCC cell lines (786-O, ACHN, CAKI-1, and OSRC2) 
and human normal kidney cell line (HK-2) were bought 
from the Chinese Academy of Sciences (Shanghai, Chi-
na). Cells were cultured in Roswell Park Memorial Insti-
tute (RPMI) 1640 medium plus 10% fetal bovine serum 
(Gibco, Carlsbad, CA, USA), 100 units (U)/ml penicillin, 
and 100 U/ml streptomycin (Gibco).

Cell transfection

Transfection of miRNA mimics, inhibitors, small in-
terfering RNAs (siRNAs), and plasmids was done with 
Lipofectamine 3000 (Invitrogen, Carlsbad, CA) in the 
light of the manufacturer’s instructions. MiR-493-5p 
mimic, miR-493-5p inhibitor, circ-CSPP1 siRNA (si-circ-
CSPP1), RAC1 siRNA (si-RAC1) and their negative con-
trols (NCs) were bought from GenePharma (Shanghai, 
China). pcDNA 3.1 circRNA mini vector was utilized to 
elevate circ-CSPP1 expression in RCC cells.

Cell counting kit (CCK)-8 assay

Transfected cells were seeded in 96-well plates (Gibco 
BRL, Gaithersburg, MD, USA). Measurement of opti-
cal density at 450 nm was done with a microplate reader 
(Millipore, Billerica, MA, USA) (Chen et al., 2020).

Colony formation assay

Transfected cells were seeded in 6-well plates and cul-
tivated for colony formation assay. The colonies were 
fixed with 4% formaldehyde (Macklin, Shanghai, China), 
and then staining with 0.3% crystal violet was imple-
mented. Counting and analyzing visible colonies were 
done by Image J software 1.8.0 (Wang et al., 2020).

Flow cytometry

Apoptosis was tested by Annexin V- fluorescein iso-
thiocyanate/propidium iodide (PI) apoptosis detection 
kit (Invitrogen). Briefly, double-staining was done with 
Annexin V and PI, and then the apoptosis rate was ex-
amined via FACSCalibur (Becton Dickinson) and FlowJo 
10.0 software (Lin et al., 2020).

Transwell assays

For cell invasion assay, transfected cells were seeded 
into 24-well transwell chambers with Matrigel. After in-
cubation, non-invasive cells were wiped off, invasive 

cells were fixed with paraformaldehyde, and then stain-
ing with crystal violet was implemented. Counting and 
photographing stained cells in each well were conducted 
under an inverted microscope (Olympus, Japan). As for 
the migration experiment, cells were seeded into the up-
per chamber without Matrigel, and other steps were sim-
ilar to the cell invasion experiments.

Lactate production, glucose uptake, and ATP

Quantification of glucose levels was done using a 
glucose assay kit (Sigma-Aldrich, St. Louis, MO, USA). 
Measurement of lactate levels was implemented using a 
lactate assay kit (BioVision, Mountain View, CA, USA). 
ATP levels were tested by the CellTiter-Glo fluorescent 
cell viability assay (Promega, Madison, MI, USA).

Reverse transcription quantitative polymerase chain 
reaction (RT-qPCR)

Total RNA was extracted from tissues or cells using 
the RNeasy Mini Kit (QIAGEN, Hilden, Germany) ac-
cording to the manufacturer’s protocol. cDNA was gen-
erated using the Promega reverse transcription kit. RT-
qPCR was carried out in the ABI7500 system using the 
SYBR Green method. Relative gene expression was de-
termined by the 2-ΔΔct method. The primers were clarified 
in Table 1 (Cao et al., 2020).

Western blot

RIPA lysis buffer (Beyotime) was used to extract to-
tal protein. Proteins were separated by 12% Sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis and 
electro-blotted onto polyvinylidene fluoride membranes. 
The membranes were incubated with primary antibod-
ies RAC1 (05-389, 1:1000, MilliporeSigma) and GAPDH 
(2118, 1:1000, Cell Signaling Technology). Bands were 
visualized via enhanced chemiluminescence (Millipore) 
after incubation with the HRP-conjugated secondary an-
tibody. Relative band intensities were quantified by the 
ChemiDoc XRS imaging system (Liu et al., 2020).

Table 1. RT-qPCR primers

Genes Primer sequence (5’-3’)

Circ-CSPP1
F: CCATCCCATCAGTTCATCCT

R: TTCACCTCCAAAGAGCATCC

miR-493-5p
F: TTGTACATGGTAGGCTTTCATT

R: AACCATTTATTTCTCCCGACC

RAC1
F: AACCAATGCATTTCCTGGAG

R: TGTTTGCGGATAGGATAGGG

U6
F: CTCGCTTCGGCAGCACA

R: AACGCTTCACGAATTTGCGT

GAPDH
F: CACCCACTCCTCCACCTTTG

R: CCACCACCCTGTTGCTGTAG
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Luciferase activity assay

After predicting the binding sites of circ-CSPP1 and 
RAC1 3’UTR in miR-493-5p, pmirGLO reporter vec-
tor (Promega) was utilized to construct circ-CSPP1 and 
RAC1 3’UTR wild-type (WT) and Mutant (MUT) re-
porter vectors. A549 cells were incubated with miR-545-
5p mimic or mimic NC with the reporter vectors. Then 
cell luciferase activity was tested by the dual luciferase 
reporter gene detection kit (Promega) (Yuan et al., 2021).

Statistics

All data were processed by SPSS 21.0 statistical soft-
ware (SPSS, Inc, Chicago, IL, USA). Measurement data 
were shown as mean ± standard deviation (S.D.). For 
the measurement data obeyed a normal distribution, a t-
test was used for comparison between the two groups, 
and a one-way analysis of variance and the Bonferroni 
post-hoc test were used for comparison among multi-
ple groups. To evaluate the relationship between circ-
CSPP1 and the survival prognosis of RCC patients, the 
Kaplan-Meier method was used for survival analysis, and 
a log-rank test was used to determine that the difference 
between high and low expression curves was statistically 

significant. Pearson correlation analysis in clinical sam-
ples was conducted. P<0.05 emphasized obvious statisti-
cal meaning.

RESULTS

Circ-CSPP1 is elevated in RCC and is associated with 
poor prognosis

Circ-CSPP1 was up-regulated in RCC tissues 
(Fig.  1A). Endogenous circ-CSPP1 was elevated in RCC 
cell lines, and highest in ACHN cells (Fig. 1B). There-
fore, ACHN cells were chosen for subsequent experi-
ments. The 40 patients were divided into two groups ac-
cording to circ-CSPP1 expression, and circ-CSPP1 was 
associated with distant metastasis, clinical stage, and tu-
mor stage (Table 2). Meanwhile, it came out that clini-
cal stage, tumor stage, distant metastasis, and circ-CSPP1 
were independent predictors of overall survival (OS) of 
RCC patients (Table 3). Kaplan-Meier survival analysis 
exhibited that RCC patients with higher circ-CSPP1 ex-
pression had poor OS (Fig. 1C). These results suggested 

Figure 1. Circ-CSPP1 is elevated in RCC and is linked with poor prognosis
(A, B) RT-qPCR to test circ-CSPP1 in RCC tissues and adjacent tissues (n=40), and RCC cell lines; (C) Kaplan-Meier survival analysis. Meas-
urement data were shown as mean ± S.D.

Table 2. The link between circ-CSPP1 and clinicopathological features of RCC

Characteristics Number
circ-CSPP1

P
Low (n = 20) High (n = 20)

Age 0.527

<60 21 12 9

≥60 19 8 11

Gender 1.000

Male 23 11 12

Female 17 9 8

Clinical stage 0.022

I–II 24 16 8

III–IV 16 4 12

Tumor stage 0.025

T1+T2 22 15 7

T3+T4 18 5 13

Distant metastasis 0.001

M0 25 18 7

M1 15 2 13
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that circ-CSPP1 is elevated in RCC and is associated 
with poor prognosis.

Circ-CSPP1 motivates RCC progression and glycolysis

For studying the biological function of circ-CSPP1 in 
RCC, si-circ-CSPP1, pcDNA3.1-circ-CSPP1, and cor-
responding NCs were introduced into ACHN cells, and 
the transfection efficiency was verified (Fig. 2A). The 
results clarified that repression of circ-CSPP1 restrained 
cell proliferation, invasion, and migration, and induced 

apoptosis, but elevation of circ-CSPP1 had the oppo-
site effect (Fig. 2B–F). Meanwhile, Warburg effect cor-
relation analysis clarified that suppressing circ-CSPP1 
reduced lactate production, glucose uptake, and ATP, 
while up-regulation of circ-CSPP1 resulted in the oppo-
site results (Fig. 2G–I). In addition, similar results were 
found in KAKi-1 cells (Supplementary Fig. 1A–I at htt-
ps://ojs.ptbioch.edu.pl/index.php/abp). These data sug-
gested that circ-CSPP1 motivated RCC progression and 
glycolysis.

Table 3. Univariate and multivariate analysis of clinicopathological indexes for overall survival within RCC patients

Risk factors
Univariate analysis Multivariate analysis

HR (95%CI) P HR (95%CI) P

Age (years) 1.023 (0.348-2.316) 0.874

Gender 0.912 (0.556-2.875) 0.456

Clinical stage 1.686 (1.004-4.731) 0.005 1.712 (1.013-4.178) 0.016

Tumor stage 2.616 (1.063-4.129) 0.006 2.175 (1.238-3.662) 0.018

Distant metastasis 3.174 (1.319-7.627) 0.004 2.747 (1.312-6.533) 0.002

circ-CSPP1 expression 1.389 (1.086-5.643) 0.001 1.266 (1.064-5.242) 0.003

Figure 2. Circ-CSPP1 motivates RCC progression and glycolysis.
(A) RT-qPCR to test circ-CSPP1; (B/C) CCK-8 and clone formation assay to examine cell proliferation; (D) Flow cytometry to detect cell ap-
optosis; (E–F) Transwell to detect cell migration and invasion; (G–I) Glucose uptake, lactate production and ATP. Measurement data were 
shown as mean ± S.D. **vs the si-NC, P<0.05; #vs the pcDNA3.1-NC, P<0.05.
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Figure 3. Circ-CSPP1 adsorbs miR-493-5p in RCC.
(A) StarBase to forecast binding sites for circ-CSPP1 and miR-493-5p; (B) The luciferase activity assay to testify the interaction between 
circ-CSPP1 and miR-493-5p; (C) RT-qPCR detection of miR-493-5p after the intervention of circ-CSPP1; (D) RT-qPCR to test miR-493-5p in 
RCC tissues; (E) Pearson correlation analysis of circ-CSPP1 and miR-493-5p in clinical samples. Measurement data were shown as mean 
±  S.D. **vs the si-NC, P<0.05; #vs the pcDNA3.1-NC, P<0.05.

Figure 4. MiR-493-5p represses RCC progression and glycolysis.
(A) RT-qPCR to test miR-493-5p; (B–C) CCK-8 and clone formation assay to examine cell proliferation; (D) Flow cytometry to detect cell 
apoptosis; E/F: Transwell to detect cell migration and invasion; (G–I) ATP, glucose uptake and lactate production. Measurement data 
were shown as mean ± S.D. **P<0.05, vs the mimic NC; #P<0.05, vs the inhibitor-NC.
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Circ-CSPP1 adsorbs miR-493-5p in RCC

The targeting sites for circ-CSPP1 and miR-493-5p 
were predicted by starBase (Fig. 3A). Luciferase activity 
assay was performed to testify the binding relationship 
between circ-CSPP1 and miR-493-5p, and it came out 
that circ-CSPP1-WT with miR-493-5p mimic reduced 
luciferase activity, indicating that circ-CSPP1 could com-
bine with miR-493-5p (Fig. 3B). As expected, depression 
of circ-CSPP1 elevated miR-493-5p expression in ACHN 
cells, whereas upregulating circ-CSPP1 suppressed miR-
493-5p expression (Fig. 3C). Moreover, it was discov-
ered that circ-CSPP1 was inversely correlated with miR-
493-5p expression in RCC tissues (Fig. 3D–E). Taken 
together, these findings suggested that circ-CSPP1 ad-
sorbed miR-493-5p in RCC.

MiR-493-5p represses RCC progression and glycolysis

For studying miR-493-5p’s biological function in 
RCC, miR-493-5p mimic, miR-493-5p inhibitor and 
corresponding NCs were introduced into ACHN cells, 
and the transfection efficiency was testified (Fig. 4A). It 
turned out that elevating miR-493-5p refrained cell pro-
gression while repressing miR-493-5p had the opposite 
effect (Fig. 4B–F). The Warburg effect correlation analy-
sis clarified that elevation of miR-493-5p reduced ATP, 
glucose uptake and lactate production, while depression 
of miR-493-5p caused the opposite results (Fig. 4G–I). 
These results suggested that miR-493-5p depressed RCC 
progression and glycolysis.

RAC1 is miR-493-5p’s downstream target in RCC

starBase was applied for predicting that miR-493-5p 
had a targeted binding site with RAC1 (Fig. 5A). RAC1 
expression was elevated in RCC tissues (Fig. 5B), and 
miR-493-5p was inversely linked with RAC1 expression 
in RCC tissues (Fig. 5C). Furthermore, it was found 
that miR-493-5p mimic could reduce RAC1 expres-
sion, whereas miR-493-5p inhibitor could elevate RAC1 
expression (Fig. 5D). In the luciferase activity assay, it 
was found that the luciferase activity was suppressed 
after introduction of RAC1-WT and miR-493-5p mim-

ic (Fig.  5E). All in all, RAC1 was miR-493-5p’s down-
stream target in RCC.

Circ-CSPP1 accelerates RCC progression and glycolysis 
through the miR-493-5p/RAC1 axis

After verifying that RAC1 is the target of miR-493-
5p, we investigated whether circ-CSPP1 accelerates the 
development of RCC by controlling the miR-493-5p/
RAC1 axis. It was found that upregulation of circ-
CSPP1 elevated RAC1 expression, and repression of 
RAC1 restored RAC1 expression following upregulation 
of circ-CSPP1 (Fig. 6A). It turned out that repression of 
RAC1 abolished the motivation of cell proliferation by 
elevation of circ-CSPP1 (Fig. 6B, C). Likewise, the re-
pressive effect of up-regulated circ-CSPP1 on apoptosis 
was abolished by down-regulated RAC1 (Fig. 6D). More-
over, RAC1 repression attenuated the promoting effect 
of circ-CSPP1 upregulation on cell invasion and migra-
tion (Fig. 6E, F). Also, repression of RAC1 could turn 
around the motivation of cellular glycolysis by up-regu-
lation of circ-CSPP1 (Fig. 6G-I). Taken together, these 
data suggested that circ-CSPP1 motivated RCC progres-
sion and glycolysis through the miR-493-5p/RAC1 axis.

DISCUSSION

CircRNAs are extensively studied cancer markers re-
cently (Yan et al., 2021). More studies have shown that 
circRNA takes on a crucial role in the genesis and 
progression of diversified tumors. For example, hsa_
circ_0065217 is elevated in RCC and motivates RCC 
growth and metastasis via controlling the miR-214-3p-
ALPK2 axis (Zhang et al., 2021). Circ_001842 is elevated 
in RCC and exerts an oncogenic role in RCC via a miR-
502-5p-dependent SLC39A14 mechanism (Zeng et al., 
2020). Our research revealed that circ-CSPP1 was upreg-
ulated in RCC tissues, and RCC patients with high circ-
CSPP1 expression had a poor prognosis, suggesting that 
circ-CSPP1 may be a prognostic biomarker for RCC pa-
tients. Meanwhile, circ-CSPP1 silencing restrained RCC 
cell progression in vitro, while elevation of circ-CSPP1 

Figure 5. RAC1 is miR-493-5p’s downstream target in RCC.
(A) StarBase to predict that miR-493-5p and RAC1 had targeted binding sites; (B) RT-qPCR examination of RAC1 in RCC tissues; (C) Pear-
son correlation analysis of miR-493-5p and RAC1 in clinical samples; (D) RT-qPCR and Western blot test of RAC1 after intervening miR-
493-5p; (E) The luciferase activity detection to testify the targeting relationship between miR-493-5p and RAC1. Measurement data were 
shown as mean ± S.D. **P<0.05, vs the mimic NC; #P<0.05, vs the inhibitor-NC.
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showed opposite results. These data suggested that circ-
CSPP1 motivated the progression of RCC.

It is well known that mammalian cells generate energy 
through oxidative phosphorylation under aerobic condi-
tions, and during tumorigenesis, cancer cells must rewire 
their metabolism to maintain survival and reproduction 
(Urbano et al., 2021). Most cancer cells utilize the War-
burg effect to support anabolic growth and tumorigen-
esis, namely aerobic glycolysis, a metabolic mode that is 
favored even in the presence of oxygen (Lundø et al., 
2020). Warburg effect was found to be beneficial for 
cancer cell progression and was involved in immune re-
sponses and drug resistance (Samec, 2020; Icard et al., 
2018). Recent studies have shown that circRNAs can 
modulate tumor phenotypes, such as metastasis and the 
Warburg effect. For example, circFOXP1 motivates RCC 
progression and Warburg effect by sponging miR-423-
5p to upregulate U2AF2 (Fang et al., 2021). This study 
identified a novel circRNA as a regulator of the Warburg 
effect. The results clarified that downregulation of circ-
CSPP1 suppressed the Warburg effect in RCC cells.

Several studies have shown that circ-CSPP1 performs 
as an oncogene in diversified human cancers and exerts 
its biological functions by adsorbing miRNAs. For ex-
ample, circ-CSPP1 is elevated in cervical cancer (CC), 
and circ-CSPP1 knockdown suppresses CC tumor 

growth and migration via downregulating ITGB1, PI3K 
and Akt expression by sponging miR-361-5p (Yang et 
al., 2020). Circ-CSPP1 is upregulated in ovarian cancer 
(OC), and silencing circ-CSPP1 represses OC cell bio-
logical functions via upregulating miR-1236-3p (Li et al., 
2019). Here, it was confirmed that circ-CSPP1 was a 
decoy of miR-493-5p. Furthermore, repressing miR-493-
5p turned around the effect of circ-CSPP1 silencing on 
RCC cell progression and Warburg effect, while elevat-
ing miR-493-5p turned around the effect of upregulating 
circ-CSPP1 on RCC progression and Warburg effect in 
HCC. These results suggested that circ-CSPP1 controlled 
RCC progression and the Warburg effect via performing 
as a sponge for miR-493-5p.

MiRNAs control gene expression by combining with 
mRNAs’ 3’-UTR, thereby regulating diversified aspects 
of cellular activity (Huang et al., 2011). Here, RAC1 was 
a target of miR-493-5p. RAC1 is a highly conserved rho 
family small GTPase that is essential for diversified cel-
lular and developmental processes (Banka et al., 2022). 
RAC1 is elevated in different types of tumors, includ-
ing RCC, and motivates tumorigenesis by participating in 
tumor cell biological behaviors (Liang et al., 2021; Goka 
et al., 2020). This study also confirmed that RAC1 was 
elevated in RCC tissues, and its expression was up-regu-
lated by elevation of circ-CSPP1 but refrained by upreg-

Figure 6. Circ-CSPP1 accelerates RCC progression and glycolysis through the miR-493-5p/RAC1 axis.
(A) RT-qPCR and Western blot to test RAC1; (B–C) CCK-8 and clone formation assay to examine cell proliferation; (D) Flow cytometry to 
detect cell apoptosis; (E–F) Transwell to detect cell migration and invasion; (G–I) ATP, glucose uptake and lactate production. Measure-
ment data were shown as mean ± S.D. *vs. the pcDNA3.1-circ-CSPP1+si-NC, P<0.05.

852



700											           2023D. Zhang and others

ulation of miR-493-5p. Moreover, repression of RAC1 
clearly turned around the effect of circ-CSPP1 elevation 
on RCC cell progression and the Warburg effect. These 
results suggested that circ-CSPP1 motivated RCC pro-
gression and glycolysis through miR-493-5p/RAC1 axis.

However, the research still takes on several limita-
tions. Although the role of circ-CSPP1 in RCC progres-
sion has been partially elucidated, the study had a small 
sample size, and more tissue samples are still needed to 
further examine circ-CSPP1 expression trend in RCC. 
Also, further animal experiments are required to validate 
the effect of the circ-CSPP1/miR-493-5p/RAC1 axis on 
RCC tumor growth in vivo. Moreover, the Crabtree ef-
fect (inhibitory effect of high glucose on mitochondrial 
oxidative phosphorylation) may also exist in cancer cells. 
In other words, under the condition of high glucose 
concentration, glycolytic metabolism is dominated in 
cells while aerobic respiration is inhibited, thus generat-
ing lactic acid (Diaz et al., 2011; Redman et al., 2013). 
The Crabtree effect is similar to the Warburg effect, the 
only difference being that the Crabtree effect is caused 
by high concentrations of glucose (Hammad et al., 2016), 
therefore, in future studies, exogenous glucose concen-
tration will be a parameter that needs to be designed 
more precisely to exclude the interference of Crabtree 
effect as much as possible.

CONCLUSION

All in all, circ-CSPP1 motivates RCC progression and 
the Warburg effect by acting as a miR-493-5p sponge to 
upregulate RAC1. The study findings suggest that circ-
CSPP1 may serve as a hopeful diagnostic and therapeu-
tic target for RCC.
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MiR-96-5p is involved in permethrin-promoted proliferation and 
migration of breast cancer cells
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MicroRNAs (miRNAs) are major players in cellular re-
sponses to xenobiotic compounds and toxins. However, 
the role of miRNAs in pyrethroid pesticide-induced can-
cer progression remains unclear. This study aimed to 
investigate the function of miR-96-5p in permethrin-in-
duced proliferation and migration in breast cancer cells. 
In our study, the expression of miR-96-5p was upregulat-
ed in permethrin-treated MCF-7 cells. MiR-96-5p promot-
ed MCF-7 cell proliferation and migration, accompanied 
bychanges in the expression of proteins involved in cell 
proliferation, migration, and apoptosis. Homeobox A5 
(HOXA5) was identified as a direct target of miR-96-5p. 
HOXA5 silencing had the opposite effects with miR-96-5p 
inhibition. In conclusion, these results suggest that miR-
96-5p is involved in permethrin-promoted proliferation 
and migration of breast cancer cells by targeting HOXA5.
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INTRODUCTION

Permethrin is a synthetic pyrethroid pesticide widely 
used in agriculture. Permethrin typically disturbs the 
nervous system of insects through slackening sensitive-
ness toward voltage on the intramembrane and extram-
embrane of axons in the nervous system of insects (Park 
et al., 2021; Wang et al., 2016). Due to the efficient in-
secticidal properties of permethrin, it is not only applied 
to control crop diseases and pests but also used in mos-
quito killing and malaria treatment (Richards et al., 2017; 
Richards et al., 2018; Thievent et al., 2019). However, the 
residual toxicity of permethrin has attracted great atten-
tion from the public. In vitro studies indicated that per-
methrin competitively combined with estrogen receptor 
(ER) against estradiol (E2) (McCarthy et al., 2006) and 
promoted the proliferation of breast cancer cells, which 
could be blocked by estrogen antagonists (Kim et al., 
2004; Sun et al., 2014). In addition, the wet weight of 
the uterus of female rats increased after being injected 
subcutaneously with permethrin, which was similar to 
the effect caused by E2, and permethrin-induced weight 
increase he the uterus could be inhibited by antiestro-

gens. When male mice were given permethrin per os, 
their luteinizing hormone (LG) significantly increased, 
while testosterone (T) level and sperm vitality dramati-
cally decreased (Kim et al., 2005). These studies indicate 
that pyrethroid pesticides such as permethrin have estro-
gen effects and belong to environmental hormones. Ac-
cording to epidemiological observation, workers exposed 
to low-dose permethrin for a long time have higher risks 
of colorectal cancer, breast cancer, lung cancer, and leu-
kemia (Rusiecki et al., 2009). However, the underlying 
mechanisms remain elusive.

MicroRNA (miRNA) is a kind of non-coding small 
RNA and regulates protein expression by binding to the 
3’-untranslated region (3-UTR) of target genes (Burnett 
et al., 2021; Cao et al., 2021). miRNAs play an essential 
role in regulating the organismic response to toxic ef-
fects caused by xenobiotic compounds, including pes-
ticides. For example, miR-22 restrained endothelial cell 
dysfunction caused by the pesticide endosulfan (Xu et 
al., 2017). MiR-513 protected renal cells from DDVP-
induced apoptosis by targeting BCL-2 (Li et al., 2018). 
MiR-96-5p was initially identified as a 23-nucleotide 
miRNA and abundant evidence has shown that miR-96 
is related to cell proliferation and apoptosis. For exam-
ple, overexpression of miR-96-5p was shown to induce 
gastric adenocarcinoma cell apoptosis through targeting 
FOXO3 (He & Zou, 2020), and it also inhibited hepa-
tocellular carcinoma cell apoptosis (Iwai et al., 2018). 
MiR-96-5p inhibited the expression of the target gene 
MTSS1 and enhanced the growth of glioma cells (Zhang 
& Guo, 2019). These findings indicate that miR-96-5p is 
involved in tumor cell proliferation, migration, and ap-
optosis. However, the role of miR-96 in the cellular re-
sponse to exogenous toxicants remains unclear.

HOXA5 is a member of homeobox gene clusters, 
which is involved in the regulation of cell differentiation. 
The role of HOXA5 in tumorigenesis is controversial. 
HOXA5 is generally regarded as a tumor suppressor in 
many cancers, such as cervical cancer and breast cancer. 
In these cancers, HOXA5 is normally the target of vari-
ous miRNAs. On the other hand, HOXA5 is reported 
to be capable of promoting tumor progression, which 
needs further investigation.

Notably, the mechanism by which permethrin pro-
motes breast cancer is not fully understood, and the role 
of miR-96-5p in breast cancer remains elusive. There-
fore, in this study, we aimed to determine the regula-
tory role of miR-96-5p in mediating the estrogen effect 
of permethrin. Our study confirmed that miR-96-5p 
targeted HOXA5 to promote breast cancer induced by 
permethrin.
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MATERIALS AND METHODS

Cell line and main reagents

MCF-7 cells were obtained from China Center for 
Type Culture Collection (CCTCC, China). Cell lines 
were cultured and maintained in Dulbecco’s modified 
Eagle’s medium (DMEM) (Gibco, USA) supplemented 
with 10% fetal bovine serum (FBS) (Gibco, USA), 1% 
penicillin and 1% streptomycin (both from Solarbio) 
under 5% CO2 at 37°C. Permethrin standard (purity 
99.1%) and 17β-estradiol standard (purity 99.2%) were 
purchased from China Center for Standard Substance; 
Trypsin was purchased from Sigma (USA); CCK-8 kit, 
Apoptosis-HOECHST staining kit, RNA Extracting Kit, 
PBS buffer, enhanced RIPA lysis buffer, BCA protein 
assay kit, and Lipo8000TM were purchased from Bey-
otime Technology (China), The primary and secondary 
antibodies were obtained from Beijing Quailityard Bio-
technology (China); U6 snRNA Real-time PCR Normali-
zation Kit was purchased from Shanghai GenePharma 
(China).

Cell proliferation assay

MCF-7 cells were seeded into 96-well plates at a den-
sity of 3×103 cells/well. After overnight incubation, the 
cells reached about 70% confluency. Different concen-
trations of permethrin (10–4, 10–5, 10–6, 10–7 mol/L) and 
estradiol (10–6, 10–7, 10–8, 10–9 mol/L) were used to treat 
MCF-7 cells for 48h or 72 h. Each treatment has five 
repeats and the medium with different drugs was re-
freshed daily. Cells untreated with drugs were set as the 
control group, and wells added only with the medium 
were set as the blank group. CCK-8 reagent allows the 
sensitive colorimetric assay to determine the number of 
viable cells in the cell proliferation assay. Therefore, 20 
μL CCK-8 reagent was added to each well after different 
periods. After 30 min of incubation, the OD values of 
the solution in each well at 450 nm were measured to 
calculate cell viability according to the formula: 

Cell transfection

MCF-7 cells were seeded into 6-well plates. After 
70% confluency was reached, the cells in the control 
group were treated with 100 pmol scramble miRNA 
(marked as miR-NC group), while the cells in the ex-
perimental group were treated with 100 pmol miR-96-
5p inhibitor or miR-96-5p mimic (marked as miR-96-5p 
inhibitor group or miR-96-5p mimic group) (GeneP-
harma, China) using Lipofectamine 2000 (Invitrogen, 
USA). The medium was refreshed after 4 h, followed 
by 24 h incubation.

Quantitative Real-time PCR

Total RNA was extracted with RNAeasy™ Animal 
RNA Isolation Kit and was reverse transcribed into 
cDNA using GenePharma RT Reagent Kit. The ex-
pression of miR-96-5p was measured with GenePharma 
qRT-PCR Kit. U6 snRNA was used as an internal refer-
ence for miRNA analysis. QRT-PCR was conducted us-
ing the CFX96 system. Primers were listed as follows: 
miR-96-5p, forward: 5’-CGAACTTTGGCACTAG-
GCACATT-3’, reverse: 5’-TATGGTTTTGACGACT-
GTGTGAT-3’; U6, forward: 5’-CAGCACATATAC-

TAAAATTGGAACG-3’, reverse: 5’-ACGAATTT-
GCGTGTCATCC-3’.

The relative expression of target genes was quantified 
using the 2–ΔΔCt method.

Luciferase reporter assay

The targets of miR-96 were predicted by Target 
Scan Human (http://www.targetscan.org), miRDB 
(http://mirdb.org), and miRTarbase (http://mirtar-
base.mbc.nctu.edu.tw/php/index. php). For the lu-
ciferase reporter assay, the wild-type (WT-HOXA5) 
or mutant 3’-untranslated regions (MUT-HOXA5) of 
HOXA5 were subcloned into the luciferase reporter 
gene vector (pMIR-REPORTER Luciferase, cat. # 
QYV0423, Qualityard, China). MCF-7 cells were cul-
tured in 24-well plates, and co-transfected with miR-
96-5p or miR-NC and WT-HOXA5 or MUT-HOXA5 
plasmids using Lipofectamine 2000. The luciferase ac-
tivity was calculated through the ratio of firefly and 
renilla luciferase activity following the manufacturer’s 
instructions.

In vitro wound healing assay

Cells were cultured in 12-well plates at a density of 
3×105 cells per well. After transfection with miR-NC, 
miR-96-5p mimic, and miR-96-5p inhibitor, cells were 
inoculated until 95% confluency was reached. A sterile 
200-μL pipette tip was used to scratch the cell layer 
manually, and the time point was set as 0 h. Next, the 
cells were rinsed with PBS 3 times to remove all cel-
lular debris. Fresh complete medium was then added. 
The subsequent colonization of the denuded surface 
was quantified with Image J, and the relative migra-
tion distance was calculated by subtracting the width 
at 0 h from the width at each migration time point.

Western blot analysis

Cells were collected after 48 hours of transfection. 
Radio immuno-precipitation assay (RIPA) lysis buffer 
was used to extract total proteins and Bicinchoninic 
acid (BCA) protein assay kit was used to measure the 
concentrations of total proteins. Proteins of differ-
ent molecular weights were separated by SDS-PAGE 
and transferred onto the membranes. After blocking 
with 5% skim milk for 1 h, proteins were incubated 
with primary antibodies, rabbit anti-HOXA5, and rab-
bit anti-β-actin at 4°C overnight. Subsequently, the 
membranes were washed with TBST solution, incubat-
ed with the secondary antibody goat anti-rabbit IgG 
coupled with HRP at room temperature for 2 h, and 
washed with TBST solution. The membranes were 
exposed using an ECL kit and Gel Imaging System. 
Each experiment was repeated 3 times.

Statistical analysis

Data analysis, graph generation, and statistical analy-
sis were performed with the software GraphPad Prism 
8.3 (GraphPad Software Inc., Philadelphia, USA). Data 
were represented as mean ± standard deviation (S.D.). 
The comparison between the two groups was analyzed 
by t-test and the comparison of multiple groups such as 
different concentrations were analyzed by One-way anal-
ysis of variance (ANOVA). P values less than 0.05 were 
considered significant.
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RESULTS

Low-dose permethrin promoted the proliferation of 
MCF-7 cells

To determine the effect of permethrin on MCF-
7 cell viability, the cells were treated with different 
concentrations of permethrin for 48 h or 72 h. The 
results showed that permethrin promoted MCF-7 cell 
proliferation in a dosage range from 10-7M to 10-4M 
(Fig. 1A). The maximum viability in MCF-7 cells was 
seen when cells were treated with 10–4 M permethrin 
for 72 h. Hoechst staining showed that cells in treat-
ment groups had higher viability. The nuclei were 
evenly stained, compared with the control group (Fig. 
1B). IWH assay showed that MCF-7 cell migration 
was significantly promoted after treatment with 10–4 
M permethrin for 72 h (Fig. 1C). These results indi-
cate that low-dose permethrin promotes MCF-7 cell 
proliferation and migration.

Permethrin promoted ER-α and STAT3 expression and 
upregulated miR-96

Next, we investigated whether permethrin regulat-
ed the expression of genes involved in cell prolifera-
tion, employing estradiol as the positive control. As is 
shown in Fig. 2A, after treatment with low-dose estra-
diol and permethrin for 72 h, the expression of estrogen 
receptor-α (ER-α) and Signal Transducer and Activator 
of Transcription (STAT3) in MCF-7 cells increased.

We performed a qRT-PCR assay to detect miR-96 ex-
pression in MCF-7 cells treated with different concentra-
tions of permethrin. The results showed that miR-96 ex-
pression in MCF-7 cells in the permethrin-treated group 
increased in a dose-dependent manner (Fig. 2B).

HOXA5 was a target of miR-96-5p in MCF-7 cells

HOXA5 gene was predicted to be the target of miR-
96-5p by the TargetScan program (Fig. 3A). To verify 
the prediction, we constructed a luciferase reporter con-
taining either the wild-type HOXA5 3’ UTR or a mu-
tated HOXA5 3’ UTR and then co-transfected into 

Figure 1. Low-dose permethrin promoted the proliferation and migration of MCF-7 cells. 
(A) MCF-7 cells were treated with permethrin at different concentrations (10–4–10–7 M) for 48 or 72 h, and cell viability was assessed 
by CCK-8 assay. (B) Fluorescent microscopic images of Hoechst-stained MCF-7 cells after permethrin or control treatment. Bright blue 
fluorescence indicated apoptosis. (C) Wound of MCF-7 cells immediately after scratching and after 72 h culture in the control group and 
permethrin-treated group. (D) Statistical analysis of wound healing of MCF-7 cells. Data were mean ± S.D. (n=3). *P<0.05, **P<0.01 versus 
NC groups.

Figure 2. Permethrin promoted ER-α and STAT3 expression and upregulated miR-96.
(A) Western blot analysis of protein levels of ER-α and STAT3 in permethrin-treated MCF-7 cells. (B) PCR analysis of miR-96-5p levels in 
permethrin-treated MCF-7 cells. Data were mean ± S.D. (n=3). *P<0.05, **P<0.01, ***P<0.001 versus NC groups.
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MCF-7 cells with miR-96-5p mimic or negative control 
(NC) miRNAs. A significant decrease of luciferase activ-
ity was detected in cells co-transfected with HOXA5 3’ 
UTR construct and miR-96-5p mimics, compared with 
cells co-transfected with miR-NC or mutant HOXA5 3’ 
UTR (Fig. 3B). Compared with the miR-NC group, a 
significant decrease of HOXA5 expression in miR-96-5p 
mimic group was observed (Fig. 3C). These results indi-
cate that HOXA5 is a direct target of miR-96-5p.

miR-96-5p promoted permethrin-induced proliferation 
and migration of MCF-7 cells by targeting HOXA5

To further investigate the mechanism of miR-96-5p in 
permethrin-induced MCF-7 cell proliferation and migra-
tion, the miR-96 inhibitor was transfected into perme-
thrin-treated MCF-7 cells. IWH assay showed that per-
methrin-induced migration of MCF-7 cells was increased 
and HOXA5 expression was upregulated after miR-96 

was inhibited, compared with cells treated with perme-
thrin only. In rescue experiments, permethrin-induced 
proliferation and migration of MCF-7 cells were de-
creased by silencing HOXA5 expression (Fig. 4A, B, C). 
These results suggest that miR-96 regulates the prolifera-
tion and migration of MCF-7 cells by targeting HOXA5.

DISCUSSION

Estrogens are crucially involved in the development of 
breast cancer (Yi et al., 2009; Chaudhuri et al., 2021). Es-
trogen activates the ER dimer in the promoter domain 
of the target gene to regulate gene expression in cells 
(Krieg et al., 2001). Estrogen also promotes the phos-
phorylation of related transcription factors (Sengupta et 
al., 2019). Human breast cancer cell line MCF-7 is ca-
pable of expressing estrogen receptor and is sensitive to 
estrogen. Therefore, in the present study, we employed 

Figure 3. HOXA5 is a target of miR-96-5p in MCF-7 cells. 
(A) The predicted position of the miR-96-5p target site in the 3’ UTR of HOXA5. The miR-96-5p seed sequence was shown in the box. 
(B) Luciferase report assay in cells co-transfected with HOXA5 or HOXA-5 mutation reporter and miR-NC or miR-96-5p. (C) Western blot 
analysis of protein levels of HOXA-5 in miR-NC or miR-96-5p transfected MCF-7 cells. Data were mean ± S.D. (n=3). *P<0.05, **P<0.01 ver-
sus NC groups.

Figure 4. miR-96-5p promoted permethrin-induced proliferation and migration of MCF-7 cells through targeting HOXA5. 
(A) Wound of permethrin-treated MCF-7 cells immediately after scratching and after 72 h culture in control or miR-96 inhibitor trans-
fected group or miR-96 inhibitor/siHOXA5 co-transfected group. (B) Statistical analysis of wound healing of MCF-7 cells. (C) Western blot 
analysis of HOXA5 expression after permethrin exposure in MCF-7 cells of the control group, transfected group, or co-transfected group. 
(D) Statistical analysis of the viability of MCF-7 cells in different groups. Data were mean ± S.D. (n=3). *P<0.05, **P<0.01, ***P<0.001 for 
the comparison.
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the MCF-7 cell line as the experiment model and found 
that low-dose permethrin promoted the proliferation and 
migration of estrogen-sensitive MCF-7 cells. Moreover, 
we found that permethrin increased ERα protein expres-
sion as E2 did, indicating that permethrin plays a role in 
enhancing the metabolism of the estrogen receptor.

As a critical downstream transcription factor of ER, 
phosphorylated STAT3 passes through the nuclear pore 
to activate the transcription of target genes (Kettner et 
al., 2019; Wang et al., 2021). In our study, when MCF-7 
cells were treated with low-dose permethrin, the expres-
sion of STAT3 and ER-α increased, compared with E2 
treatment as the positive control. These results suggest 
that permethrin has an estrogen effect and promotes 
cell proliferation by activating the estrogen receptor and 
STAT-related estrogen pathway.

STAT3 is an important transcription factor of the 
miR-96-182-183 family (Lei et al., 2021; Xiao et al., 2021). 
MiR-96 was reported to influence the cell cycle (Xu et 
al., 2018). miR-96 inhibitor arrested the cell cycle at the 
G1 phase, while fewer cells entered the S phase, suggest-
ing that inhibition of miR-96 induces cell arrest in the 
G1 phase. Therefore, we speculated that miR-96 might 
promote cell proliferation and migration induced by per-
methrin. Our results showed that the miR-96 inhibitor 
attenuated permethrin-induced proliferation and migra-
tion of MCF-7 cells, which confirmed our speculation.

Next, TargetScan, miRDB, and miRTarbase were em-
ployed to predict the target genes of miR-96 (Guo et al., 
2021). HOXA5 is highly correlated with cell prolifera-
tion and tumorigenesis. HOXA5 is a member of the ho-
meobox gene family encoding homologous proteins, and 
its biological function is to control embryonic develop-
ment and cell differentiation. HOXA5 is regulated by 
AKT/mTORC1/S6K1 signal pathway (Feng et al., 2017), 
and inhibits cell progression by regulating AKT/p27 
pathway (Wang et al., 2019). HOXA5 expression was 
closely related to tumor histological grade (Dziobek et 
al., 2020; Aubin et al., 2002). Inhibition and overexpres-
sion of HOXA5 promoted proliferation and apoptosis 
of osteosarcoma cells through the p53 and p38α/MAPK 
pathways (Chen et al., 2019). Inhibition of HOXA5 sig-
nificantly enhanced viability and proliferation in U2OS 
and MG63 cells, while overexpression of HOXA5 pro-
moted cell apoptosis and caspase-3 activity. Knock-
down of HOXA5 in HCC cells provoked capillary tube 
formation, while overexpression of HOXA5 inhibited 
cell proliferation and invasion and promoted cell apop-
tosis. Based on the luciferase assay, we confirmed that 
HOXA5 was a target gene of miR-96. When HOXA5 
was overexpressed, proliferation and migration in MCF-
7 cells induced by permethrin were inhibited. Therefore, 
overexpression of HOXA5 could reverse the effects of 
miR-96. These results suggest that miR-96 promotes 
permethrin-induced proliferation and migration in MCF-
7 cells via the downregulation of HOXA5. A recent 
study reported the potential of miRNAs as biomarkers 
of breast cancer (Shaaban et al., 2022). It would be inter-
esting to evaluate the application of miR-96 in the early 
diagnosis of breast cancer.

This study has certain limitations. First, the down-
stream mechanism of Permethrin, miR-96-5p, and 
HOXA5 in promoting breast cancer is still obscure. In 
addition, we need to perform in vivo experiments to con-
firm our conclusion in future studies. Beyond these limi-
tations, this is the first study to demonstrate that miR-
96-5p targeted HOXA5 to promote cancer progression.

In conclusion, our results suggest that permethrin, as 
a pseudo estrogen, upregulates ER-α and STAT3 expres-

sion in MCF-7 cells. STAT3 activates the transcription 
of miR-96, which specifically inhibits HOXA5 expres-
sion and promotes the proliferation and migration of 
MCF-7 cells.
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Spinal cord injury (SCI) is a common disease of the cen-
tral nervous system. Circular RNAs (circRNAs) play an 
essential role in neuron disorders. This study aimed 
to investigate the role and regulatory mechanism of 
circ_0013613 in promoting functional recovery of spi-
nal cord injury (SCI). The mRNA and miRNA expres-
sions were calculated by RT-QPCR. The characteristics of 
circ_0013613 in nerve cells was determined by actino-
mycin D and RNase R assay. Protein expression was de-
tected using Western blot. Lactate dehydrogenase (LDH) 
activity assay was performed to determine cytotoxicity. 
ELISA was conducted to detect the release of cytokines. 
MTT assay and flow cytometry were applied to measure 
cellular functions. In SCI patients and lipopolysaccharide 
(LPS)-induced primary spinal cord neurons circ_0013613 
was increased. Knockdown of circ_0013613 suppressed 
LPS-stimulated  cytotoxicity, inflammation and inflam-
mation-induced pyroptosis. Additionally, circ_0013613 
negatively regulated miR-370-3p, downregulation of 
which degraded cellular functions of spinal cord neu-
rons. Moreover, miR-370-3p targeted Caspase1 (CASP1), 
overexpression of which promoted the inflammation 
and pyroptosis of spinal cord neurons. circ_0013613 can 
promote the recovery of SCI by regulating miR-370-3p/
CASP1 to mediate neuronal pyroptosis.
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INTRODUCTION

Spinal cord injury (SCI) is a serious disease of the 
central nervous system and an important cause of dis-
ability and death in patients. Its prevention, treatment 
and rehabilitation have always been the focus of atten-
tion and research by clinicians and related scholars (Lu et 
al., 2020; Kumar et al., 2019).

Circular RNAs (circ RNAs) are a kind of non-cod-
ing RNAs with closed circular structure widely existing 
in eukaryotic cells. It is formed by reverse splicing and 
plays an important role in cell proliferation, apoptosis 
and inflammation through microRNA (miRNA) sponges, 
RNA-binding proteins, regulatory gene transcription and 

peptide translation. Some studies have pointed out that 
circRNAs with abnormal expression exist in the process 
of SCI, which may be a potential target for the treatment 
of SCI (Yao et al., 2020). Some scholars have found that 
circRNA plays a role in the pathogenesis and treatment 
of SCI based on circrNa-mirNA-mrna network. The ex-
pression of circ_0003801, circ_0014620, circ_0013613 
and circ_0007259 is up-regulated in rats after SCI (Peng 
et al., 2020). Based on previous studies, we analyzed se-
rum samples and SCI cell models of patients with SCI. 
Among the four circRNAs, circ_0013613 was the most 
significantly up-regulated. At the same time, the mecha-
nism of circ_0013613 in SCI recovery is not completely 
clear.

CASP1 is a member of the Caspase family. It is also 
the core executor of scorched cell death. It plays an im-
portant role in the process of cell death and inflamma-
tory process. (Man et al., 2017; Sun & Scott, 2016). Some 
studies have pointed out that miR-370-3p is low ex-
pressed in SCI cell model in vitro and plays an important 
role in the process of neuronal apoptosis (Li et al., 2021). 
CASP1 activation mediated sorosis is closely related to 
SCI (Li et al., 2020). However, it is not clear whether 
miR-370-3p participates in the occurrence and develop-
ment of SCI by regulating the CASP1-mediated sorosis 
pathway. Based on this, this study aims to explore the 
role of circ_0013613 in promoting SCI function recov-
ery, and to observe whether the mechanism of action is 
related to the regulation of miR-370-3p/CASP1 pathway 
mediated neuronal pyroptosis.

MATERIALS AND METHODS

Experimental materials

This study was approved by the Ethics Committee 
of Ningxia Hui Autonomous Region People’s Hospi-
tal. A total of 40 SCI Patients and healthy subjects 
with similar age and gender distribution were enrolled 
in the spinal surgery department of our hospital from 
October 2020 to May 2021. The participants’ informed 
consent was obtained from all of the participants. The 
serum was collected by centrifugation at 3000 r/min 
for 10 min at 4°C and stored in the refrigerator at 
–80°C for detection. DMEM medium, fetal bovine 
serum and horse serum were purchased from Sigma 
Company in the United States (MA, USA). IL-18 
(SP10189), IL-1 β (SP10180), IL-6 (SP10234) and 
TNF-α (SP10205) ELISA kits are purchased from 
Wuhan Saipei Biotechnology Co., Ltd (Wuhan, Chi-
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an). The LDH test kit was purchased from Nanjing 
Jiancheng Bioengineering Research Institute (A020-2-
2, Nanjing, China). Reverse transcription kits, Lipo-
fectamine 2000 and TRIzol reagents were purchased 
from Invitrogen Company in the United States (MA, 
USA). SYBR Green Mix was purchased from TaKa-
Ra Company in Japan (Tokyo, Japan). Biotin-labeled 
circ_0013613 probe was purchased from Shenggong 
Bioengineering (Shanghai) Co., Ltd (Shanghai, China). 
CircCCS WT, circCCS MUT, circCCS siRNA and 
siRNA control were constructed by Shanghai Albus 
Biotechnology Co., Ltd (Shanghai, China). miR-370-3p 
mimic, miR-370-3p inhibitor and their corresponding 
negative controls were purchased from Guangzhou 
Ruibo Co., Ltd (Guangzhou, China). miR-370-3p 
mimic, miR-370-3p inhibitor and their corresponding 
negative controls were purchased from Guangzhou 
Ruibo Co., Ltd (Guangzhou, China). GSDMD-N 
(69469), NLRP3 (13158), ASC (67824) and GAPDH 
(5174) antibodies are purchased from Cell Signal-
ing Technology Company in the United States (MA, 
USA). The double luciferase detection kit was pur-
chased from Promega Company in the United States 
(CA, USA). BCA protein quantitative kit is purchased 
from Thermo Company in the United States (MA, 
USA).

Cultivate and identification of primary spinal cord 
neurons

Spinal cord tissue isolated from pregnant mice was 
cut into small pieces according to references (Lan W 
et al., 2021) and digested using 0.125% trypsin for 25 
min. The cells density was 6.0×105/mL and inoculated 
with 10% FBS on the petri dish of DMEM medium 
with 10% horse serum. After being cultured in a 5% 
CO2 incubator at 37°C for 6 h, the medium was re-
placed with a serum-free medium containing 1% glut 
amylamine, 2% B27, 1% N2 and 96% Neurobasal. 
After 7-9 days of culture, high purity primary spinal 
cord neurons were obtained by observing the number 
of tubulin β-positive cells under a microscope.

Construction of SCI cell model, experimental grouping 
and cell transfection

SCI cell model was constructed by stimulating pri-
mary spinal myeloid neurons with 100 ng/mL LPS ac-
cording to the literature (Li et al., 2021). The experi-
ment was divided into 1) Control group: no treatment 
was done; 2)  LPS group: treated with 100 ng/mL 
LPS for 24 h; 3) NC inhibitor group: negative control 
transfected with miR-370-3p inhibitor; 4) NC mimic 
group: negative control was transfected with miR-370-
3p mimic; 5) Inhibitor group: transfected miR-370-
3p inhibitor; 6) Mimic group: transfected miR-370-
3p mimic; 7) LPS+ Si-circ_0013613 + NC inhibitor 
group: 100 ng/mL LPS was added to si-circ_0013613 
and miR-370-3p inhibitor negative irradiation after 24 
h co-transfection for 24 h; 8) LPS+ Si-circ_0013613 
+inhibitor group: After co-transfection of Si-
circ_0013613 and miR-370-3p inhibitor negative con-
trol group, LPS treatment was added; 9) oe-nc group: 
transfection of empty plasmid; 10) oe-CASP1 group: 
transfection of CASP1 overexpression vector plasmid; 
11) LPS+mimic+oe-nc group: co-transfection of miR-
370-3p mimic and empty plasmid was given LPS treat-
ment, 14) LPS+mimic+oe-CASP1 group: co-transfec-
tion of miR-370-3p mimic and CASP1 overexpression 
vector plasmid was co-transfected with LPS treatment. 

The transfection method was carried out according to 
the Lipofectamine 2000 instructions for 24 h.

RT-qPCR detection

After collecting the serum or cells to be detected, the 
total RNA was extracted by Trizol method. The purity 
of RNA was detected by ultraviolet spectrophotometer. 
After reverse transcription, cDNA was synthesized, and 
then PCR reaction was carried out with SYBR Green 
Premix Ex Taq: The 20 μL reaction system consisted 
of 2 μL cDNA, 10 μL TB Green Premix Ex Taq, 1μL 
forward and backward primers and 6 μL ddH2O. The 
40 cyclic reaction conditions are: 94°C 30 s, 94°C 5 s, 
60°C 30 s. circ_0013613 was calculated by 2–∆∆Ct meth-
od (GAPDH as internal parameter). Expression lev-
els of miR-370-3p (with U6 as internal reference) and 
CASP1 (with GAPDH as internal reference). Primers for 
circ_0013613, miR-370-3p and CASP1 were provided by 
Shanghai Shenggong Biological Co., LTD.

MTT detection

The cells were inoculated 100 μL (density: 1×107/mL) 
in each well into 96-well plates. Cells were conventional-
ly cultured in 37°C, 5% CO2 incubator. 10 μL MTT was 
added and incubated at 37°C for 4 h. Next, they were 
incubated at room temperature for 10 min with 150 μL 
dimethyl sulfoxide solution. Determination of optical 
density of 490 nm was done with the use of an enzyme 
labeling instrument. The survival rate of control cells 
was 100%. The ratio of experimental treatment group to 
its group represents the cell viability of this group.

LDH activity detection

The culture medium of the cells to be detected in 
each group was collected, and the LDH activity of the 
cells was detected using LDH detection kit according to 
the instructions.

ELISA detection

After collecting the cells to be detected in each group, 
the supernatant was collected by trypsin digestion and 
centrifugation. The contents of IL-18, IL-1 β, IL-6 and 
TNF-α were detected with specific ELISA kits according 
to the instructions.

Western blot detection

After collecting the cells to be detected in each group, 
cell lysis solution was added and placed on ice for full 
lysis. Then, protein concentration was quantified by 
BCA method. The sample size of 50 μg per well was 
transferred onto membrane after SDS-PAGE electro-
phoresis. Next, the PVDF membrane was sealed with 
5% skim milk powder for 2 h and incubated with the 
first antibody (GSDMD-N, 1:1000; NLRP3, 1:600; ASC, 
1:800; GAPDH, 1:2500) overnight at 4°C. After being 
washed by TBST 3 times, the secondary antibody dilu-
ent (HRP labeled secondary antibody diluted according 
to 1/5 000) was incubated at room temperature for 2 h. 
ECL was used to develop color and Bio-Rad was used 
to take pictures. GAPDH was set as a reference to ob-
serve the grayscale of the target protein.

Flow cytometry detection

The cells were collected, washed twice with PBS so-
lution, and then added to 100 μL Annexin V Binding 
Buffer suspension cells. Then, 5 μL Annexin V-FITC 
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and 5 μL PI were added. After being mixed, cells were 
incubated for 15 min in the dark. After the 400 μL An-
nexin V Binding Buffer was added, flow cytometry was 
performed within 60 min.

Double luciferase reporter gene assay

Circular RNA Interactome (https://circinteractome.
nia.nih.gov/index.html), TargetScan 7.2 (http://www.
targetscan.org/vert_72/) and miRcode data librar-
ies were used to analyze the complementary binding 
sites between miR-370-3p and circ_0013613/CASP1, 
circ_0013613/CASP1 containing miR-370-3p binding 
sites were used to construct wild-type double lucif-
erase reporter gene carrier, labeled WT. The mutated 
vector constructed by the sequence of circ_0013613 
containing miR-370-3p binding site and CASP1 site-
directed mutation was used as MUT. Wt and MUT 
were co-transfected with miR-370-3p mimics (mimics) 
and negative control (NC mimics) for 48 h. To detect 
the luciferase activity of cells, refer to the double lu-
ciferase reporter gene detection kit for specific steps.

RNA Pull down experiment

Trizol reagent was added to 100 μg circ_0013613 
or CASP1 overexpression cells to extract the total 
RNA. After washing the streptavidin magnetic beads, 
200  pmol biotin labeled miR-370-3p mimic was add-
ed. After setting for 5min at room temperature, shake 
it upside down. Next, it was added to the extracted 
total RNA and incubated for 30 min at room temper-
ature. After the elution buffer was added, the pulled 
RNA complex was collected in the magnetic field. 
The expression of circ_0013613 or CASP1 was de-
tected by RT-qPCR.

RNase R and actinomycin D test

After the total RNA of circ_0013613 overexpres-
sion cells was extracted, 5 mg and 3 U/mg RNase R 
were incubated at 37°C for 15 min. circ_0013613 ex-
pression was detected by RT-qPCR. Nerve cells were 
treated with 2 g/L actinomycin D for 0, 4, 8, 12, 24 
h. The total RNA was extracted and the expression 
of circular and linear in circ_0013613 was detected by 
RT-qPCR.

Statistical analysis

SPSS26.0 software was used to analyze the experi-
mental data. Data results were calculated as means 
±  standard deviation (χ±s). Single factor variance is 
used to compare multi-group differences. T-test cor-
rected by Bonferroni was used for pairwise comparison 
of data between groups. The difference was accepted as 
statistically significant at P<0.05.

RESULTS

circ_0013613 expression increased in SCI

RT-qPCR showed that compared with the control 
group, the expression of circ_0003801, circ_0014620, 
circ_0013613 and circ_0007259 was significant-
ly up-regulated in LPS-induced neuronal cells, and 
circ_0013613 had the highest expression (P<0.001, 
Fig. 1A). Meanwhile, circ_0013613 was also found to 
be highly expressed in peripheral blood samples of 

40 patients with spinal cord injury (Fig. 1B). The ex-
pression of circ_0013613 was not affected by RNase 
R digestion. The abundance of linear RNA decreased 
significantly. The results showed that the closed-loop 
structure circ_0013613 was not easily degraded by ex-
onucase (Fig.  1C). In addition, actinomycin D analysis 
showed that circ_0013613 was more stable than linear 
transcription in nerve cells (Fig. 1D).

circ_0013613 down-regulation promotes SCI recovery 
by alleviating pyroptosis of nerve cells

RT-QPCR results showed that compared with Si-
NC, the expression of circ_0013613 was down-reg-
ulated after transfection with SI-circ_0013613-1 and 
Si-circ_0013613-2 (P<0.05), and si-circ_0013613-1 has 
a more significant effect (P<0.01, Fig. 2A). The re-
sults of MTT assay showed that the down-regulation 
of circ_0013613 significantly weakened the inhibito-
ry effect of LPS on the viability of nerve cells (Fig. 
3B). Additionally, the LDH activity of nerve cells in-
duced by LPS was significantly higher than that of 
control (P<001). However, the down-regulation of 
circ_0013613 could attenuate the effect of LPS on 
the activity of LDH in nerve cells (P<0.01, Fig. 3C). 
The contents of IL-18, IL-1 β, IL-6 and TNF-α in 
the supernatant of nerve cells treated with LPS were 
significantly higher than those of control. However, 
the above-mentioned effects of LPS on nerve cells 
were significantly weakened after transfection with Si-
circ_0013613 (P<0.01, Fig. 3D–G). The protein ex-
pression of pyroptosis biomarkers (such as GSDMD-
N, NLRP3, and ASC) was decreased by circ_0013613 
knockdown (Fig. 3H). The pyroptosis rates of neu-
ronal cells were significantly decreased after transfec-
tion of Si-circ_0013613 (P<0. 01, Fig. 3H–I).

Figure 1. circ_0013613 expression in SCI cell model and pa-
tients. 
(A) The expression of circ_0013613 was the highest in SCI cell 
model, compared with Control, *P<0.05, **P<0.01, ***P<0.001; 
(B) The expression of circ_0013613 was the highest in SCI cell 
model, compared with Control, *P<0.05, **P<0.01, ***P<0.001; (C) 
Line RNase R is processed to confirm the closed-loop structure 
of circ_0013613, compared with Mock, **P<0.01; (D) Actinomycin 
D analysis to evaluate the stability of circ_0013613 closed-loop 
structure, compared with Linear, **P<0.01.
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miR-370-3p is the target gene of circ_0013613 and has 
low expression after SCI

It was predicted by Circular RNA Interactome 
that there were complementary binding sites between 
circ_0013613 and miR-370-3p (Fig. 3A). Dual-lucif-
erase reporter gene assay confirmed that miR-370-3p 
mimics reduced luciferase activity of circ_0013613-WT 
(Fig. 3B). circ_0013613 was highly enriched in the bi-
otin-miR-370-3p group compared with the Biotin-NC 

group (P<0.01, Fig. 3C). In addition, transfection of Si-
circ_0013613 significantly induced the upregulation of 
miR-370-3p (Fig. 3D). Meanwhile, miR-370-3p expres-
sion was significantly decreased in SCI cell model and 
patient plasma (Fig. 3E~F).

miR-370-3p low expression can reverse the promoting 
effect of circ_0013613 downregulation on SCI recovery

Compared with the corresponding control, nc in-
hibitor and NC mimic, transfection with miR-370-3p 
inhibitor and mimic successfully induced low expres-
sion and overexpression of miR-370-3p in nerve cells 
(Fig. 4A). We further verified whether circ_0013613 
plays a role in promoting SCI recovery by directly 
regulating miR-370-3p expression. Compared with 
LPS+ SI-circ_0013613 + NC inhibitor, cell viabil-
ity of LPS+ Si-circ_0013613 +inhibitor group was 
decreased. The contents of IL-18, IL-1β, IL-6 and 
TNF-α in cell supernatant, as well as the gray level of 
protein expression of GSDMD-N, NLRP3 and ASC, 
LDH activity and pyroptosis rates were significantly 
increased (P<0.01, Fig. 4B–I).

CASP1 is the target gene of miR-370-3p

It was predicted by TargetScan that there were 
complementary binding sites between CASP1 and 
miR-370-3p (P<0.01, Fig. 5A). Dual luciferase report-
er gene assay, RNA pull-down assay and RT-QPCR 
detection were found. miR-370-3p mimics can reduce 
luciferase activity and CASP1 mRNA expression of 
CASP1-WT, and CASP1 was highly enriched in the 
biotin-miR-370-3p group (P<0.01, Fig. 5B and C). 
Moreover, miR-370-3p overexpression significantly de-
creased the expression of CASP1 (P<0.01, Fig. 5D). 
In addition, RT-QPCR detection showed that miR-

Figure 2. The targeting relationship between circ_0013613 and miR-370-3p and the expression of miR-370-3p in SCI cell model and 
patients. 
(A) binding site of circ_0013613 to miR-370-3p, (B) luciferase activity, compared with NC mimic, **P<0.01; (B)RNA pull-down results, com-
pared with biotin-NC, **P<0.01; (D) The regulatory effect of circ_0013613 on miR-370-3p, compared with si-NC, **P<0.01; (E) miR-370-3p 
was low expressed in SCI cell model, compared with Control, **P<0.01; (F) low expression of miR-370-3p in plasma of SCI patients, com-
pared with Healthy, **P<0.01

Figure 3. circ_0013613 down-regulation promotes SCI recovery 
by alleviating pyroptosis and inflammatory injury of nerve cells. 
(A) RT-QPCR confirmed the down-regulation effect of 
circ_0013613: compared with SI-NC, *P<0.05, **P<0.01; (B) MTT 
assay for cell viability; (C) LDH activity test results; (D–G) ELISA 
method was used to detect the content of coke death path-
way related genes in cell supernatant; Compared with Control, 
**P<0.01; Compared with LPS+ SI-NC, #P<0.05, ##P<0.01; (H) West-
ern blot analysis of GSDMD-N NLRP3 and ASC protein expression; 
(I) The results of coke decay detected by flow cytometry were 
compared with Control, **P<0.01; Compared with LPS+ SI-NC, 
##P<0.01.
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370-3p was highly expressed in SCI cell model and 
SCI patients (P<0.01, Fig. 5E–F).

Up-regulation of CASP1 induced the degradation of 
neuronal cells

As shown in Fig. 6A, the expression of CASP1 was 
significantly increased in CASP1 OE group (P<0.01), 

suggesting that cells were successfully transfected. Over-
expression of CASP1 suppressed the cell viability of 
neuronal cells (P<0.01, Fig. 6B), and promoted cytotox-
icity (P<0.01, Fig. 6C), inflammatory response (P<0.01, 
Fig. 6D–G) and pyroptosis (P<0.01, Fig. 6H and I).

DISCUSSION

Previous studies have shown that there are abnormal 
circRNAs in SCI. Restoration of its expression can in-
hibit secondary injury and promote functional recovery 
after SCI, which is expected to be a potential molecular 
marker for the diagnosis and treatment of SCI (Dai et 
al., 2019). In this study, the expression of circ_0003801, 
circ_0014620, circ_0013613 and circ_0007259 was up-
regulated, especially that of circ_0013613. Therefore, 
this study focuses on circ_0013613. Scorched cell death 
is one of the important ways of programmed cell death. 
Including the classic CASP1-mediated inflammasome 
pathway and/or the non-classical caspase-11/4/5 path-
way, inhibition of pyroptosis may be a promising treat-
ment for SCI (Chalfouh et al., 2020; Dai et al., 2019). 
In this study, it was found that circ_0013613 had good 
stability in the nerve cells. Knocking down the expres-
sion of circ_0013613 can improve the activity of nerve 
cells by inhibiting the expression of IL-18, IL-1 β, IL-6, 
TNF- α and related proteins GSDMD-N, NLRP3, ASC 
and scorch death to reduce SCI damage and promote 
SCI recovery. The results showed that circ_0013613 
down-regulation may promote SCI recovery by alleviat-
ing pyroptosis of nerve cells. The results suggest that 
circ_0013613 may be a potential therapeutic target for 
SCI.

Figure 4. Low expression of miR-370-3p attenuated the promoting effect of circ_0013613 downregulation on SCI recovery. 
(A) RT-QPCR confirmed the effect of miR-370-3p low expression and overexpression: compared with NC inhibitor, **P<0.01; Compared 
with NC mimic, ##P<0.01; (B) MTT assay for cell viability, (C) LDH activity detection results, (D–G) ELISA detection results of coke death 
pathway related genes in cell supernatant: Compared with Control or LPS+ SI-circ_0013613 + NC inhibitor, **P<0.01; Compared with 
LPS+ SI-circ_0013613 + NC inhibitor, #P<0.05, ##P<0.01; (H) Western blot analysis of GSDMD-N, NLRP3 and ASC protein expression; (I) py-
roptosis results of cells detected by flow cytometry compared with Control or LPS+ SI-circ_0013613 +NC inhibitor,**P<0.01; Compared 
with LPS+ SI-circ_0013613 + NC inhibitor, ##P<0.01.

Figure 5. The targeting relationship between miR-370-3p and 
CASP1 and the expression of CASP1 in SCI cell model and pa-
tients. 
(A) Binding site of CASP1 to miR-370-3p; (B) Luciferase activity, 
compared with NC mimic, **P<0.01; (C) RNA pull-down results, 
compared with biotin-NC, **P<0.01; (D) miR-370-3p regulation of 
CASP1, compared with NC mimic, **P<0.01; (E) CASP1 was highly 
expressed in SCI cell model, compared with Control, **P<0.01; (F) 
CASP1 was highly expressed in plasma of SCI patients, compared 
with Healthy, **P<0.01.
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As is known to all, circRNAs are rich in specific 
binding sites with miRNAs. CircRNA is a new type 
of regulatory molecule that regulates the function of  
miRNA. The role of competitive endogenous RNA can 
be exerted by targeted adsorption of miRNA to relieve 
its inhibitory effect on target genes (Chen et al., 2021). 
In this study, we used bioinformatics software to screen 
the cirC_0013613 target gene. MiR-370-3p is a miRNA 
closely related to neurosystemic diseases and tissue dam-
age. It has been reported that it can inhibit the occur-
rence and development of glioma by targeting β-catenin 
to regulate cell proliferation and cycle. It can reduce neu-
ronal damage in rats with depression and play an impor-
tant role in the protective effect of paclitaxel on acute 
renal injury induced by LPS (Mamun et al., 2020; Shi et 
al., 2021). In addition, in LPS-induced acute kidney in-
jury, Mir-370-3p can be targeted by LNC-MALAT1 to 
play a positive role in the protection of paclitaxel against 
renal tissue injury (Du & Andrea, 2013). We found that 
Mir-370-3p is the target gene of circ_0013613, and its 
low expression can promote the recovery of nerve cell 
scoria inhibition SCI. This is because there are comple-
mentary binding sites between circ_0013613 and Mir-
370-3p. Double luciferase reporter gene assay and RNA 
Pull down assay confirmed that circ_0013613 could 
competitively bind miR-370-3p. RT-qPCR confirmed 
that down-regulation of circ_0013613 could increase the 
expression of miR-370-3p. In addition, low expression 
of miR-370-3p could reverse the down-regulated effect 
of circ_0013613 on the recovery of SCI. This suggests 
that circ_0013613 may regulate cell pyroptosis by regu-
lating Mir-370-3p and thus affect SCI recovery. Our re-
sults may provide new insights into the molecular regula-
tion of circ_0013613 on the circRNA/miRNA network, 
thus regulating the progression of SCI.

In order to further explore the mechanism of Mir-
370-3p in regulating SCI injury, we used bioinformatics 
software to predict its potential target genes. CASP1 is a 
cysteine aspartate specific proteolytic enzyme that cleaves 
the N-terminal and C-terminal domains of the execu-
tive protein GSDMD. The activation of N-domain can 
promote the release of IL-1β and IL-18, which play an 
important role in the process of inflammation and cell 
death (Peng et al., 2016). The decrease in Caspase-1 ac-
tivity causes a decrease in the amount of IL-1β because 
caspase-1 activates pro-IL-1β to IL-1β (Malik & Kanne-
ganti, 2017). Some studies have pointed out that inhibi-
tion of Caspase-1 can reduce the expression of IL-1 β 
and IL-18 after SCI, reduce the secondary injury after 
SCI, and may play a positive role in the repair of SCI 
(Nadaradjane et al., 2018). We found that CASP1 is the 
target gene of miR-370-3p. Its overexpression can pro-
mote the scorched death of nerve cells and inhibit the 
recovery of SCI. This is because we found that there 
are complementary binding sites between CASP1 and 
miR-370-3p. At the same time, double luciferase reporter 
gene assay and RT-qPCR confirmed that miR-370-3p 
could target the regulation of CASP1. In addition, up-
regulation of CASP1 expression could reverse the pro-
moting effect of miR-370-3p overexpression on SCI 
recovery. The results suggest that miR-370-3p can pro-
mote the recovery of SCI through targeted regulation of 
CASP1-mediated neuronal necrotic death.

In conclusion, circ_0013613 expression was increased 
in SCI. circ_0013613 sponged miR-370-3p promoted 
degradation of neurons by promoting CASP1-mediated 
inflammatory response and inflammation-induced pyrop-
tosis. Circ_0013613/miR-370-3p/CASP1 axis may be a 
therapeutic target for SCI.

Figure 6. Up-regulation of CASP1 can reverse the promoting effect of Mir-370-3p overexpression on SCI recovery.
(A) RT-QPCR confirmed the overexpression of CASP1: **P<0.01 compared with OE-NC; (B) Cell viability was detected by MTT assay; (C) 
LDH activity detection results; (D–G) ELISA method was used to detect the content of coke death pathway related genes in cell super-
natant; Compared with Control or LPS+ MIMIC + OE-NC, **P<0.01; compared with LPS+ MIMIC + OE-NC, #P<0.05, ##P<0.01; (H) Western 
blot analysis of GSDMD-N, NLRP3 and ASC protein expression; (I) Results of cell pyro decay detected by flow cytometry: Compared with 
Control or LPS+ MIMIC + OE-NC, **P<0.01; Compared with LPS+ MIMIC + OE-NC, ##P<0.01.
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The cadherin protein CDH19 mediates cervical carcinoma 
progression by regulating AKT/NF-κB signaling
Jia Yu, Xin Sun, Yani Yu and Xiaorong Cui✉

Department of Gynecology, Zibo Central Hospital, No. 54 Gongqingtuan West Road, Zibo 255036, Shandong, China

The cell adhesion protein cadherin 19 (CDH19) has been 
reported to be involved in various types of cancer, but 
its role in cervical carcinoma remains unknown. We col-
lected and analyzed the patients’ data using the GEPIA 
Kaplan-Meier plotter databases. CDH19 was overex-
pressed in cervical carcinoma cells to assess its effect on 
cell proliferation and activation of AKT and NF-κB signal-
ing pathways. A xenograft mouse model was established 
to study the function of CDH19 in vivo. We found that 
CDH19 expression was significantly downregulated in 
cervical carcinoma tissues compared to adjacent normal 
tissues. Patients with high expression of CDH19 had a 
significantly better overall survival rate than those with 
low CDH19 expression. CDH19 expression was nega-
tively correlated with the expression of the proliferation 
marker Ki-67, and overexpression of CDH19 significantly 
inhibited cervical carcinoma cell proliferation. Further-
more, overexpression of CDH19 suppressed the acti-
vation of the AKT and NF-κB signaling pathways, and 
CDH19-overexpressing cervical carcinoma tumors exhib-
ited significantly slower growth in vivo. CDH19 plays an 
important role in cervical carcinoma by suppressing both 
cell proliferation and the activation of AKT and NF-κB 
signaling pathways. Therefore, CDH19 may be a poten-
tial therapeutic target for cervical carcinoma.
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INTRODUCTION

Cervical carcinoma is a type of cancer that typically 
develops in the cervix of women, which is the lower part 
of the uterus that connects to the vagina. It is caused 
by the uncontrolled growth of abnormal cells in the cer-
vix. These abnormal cells can spread to other parts of 
the body and invade nearby tissues and organs. Cervical 
cancer is one of the most common cancers in women 
worldwide, with more than 500 000 new cases and over 
300 000 deaths reported annually. It is mostly diagnosed 
in women aged 35 to 44 years, but it can occur in wom-
en of any age (Kaur et al., 2003; Lazo, 1999).

The main cause of cervical cancer is the human papil-
lomavirus (HPV), which is sexually transmitted. Cervical 
cancer often develops slowly over many years, and the 
early stages of the disease may not cause any noticeable 
symptoms. However, as cancer progresses, symptoms 

may include abnormal vaginal bleeding, unusual vaginal 
discharge, pain during sex, and pelvic pain. But cervical 
carcinoma can often be successfully treated if detected 
early (Petereit et al., 1995). Current treatment options for 
cervical cancer may include surgery, radiation therapy, 
chemotherapy, or a combination of these approaches, 
depending on the stage and extent of cancer. Howev-
er, these treatments might be physically taxing, so it is 
worthwhile to explore the mechanisms of cervical cancer 
development can help find new potential therapeutic tar-
gets.

Cadherin 19 (CDH19) is a type II classical cadherin 
protein, which is a cell adhesion molecule that plays an 
important role in the formation and maintenance of cell-
cell contacts. CDH19 protein is expressed in various 
tissues throughout the body, including the brain, lungs, 
heart, and kidneys. It is believed to play a crucial role in 
the development of the nervous system and in the regu-
lation of cell growth and differentiation (Woods et al., 
2021). Mutations or alterations in the CDH19 gene have 
been associated with several different diseases and con-
ditions (Avila & Southard-Smith, 2022; Niu et al., 2008; 
Tervasmäki et al., 2014). A genetic variation in CDH19 
has been linked to a rare neurodevelopmental disorder 
known as CDH19-related X-linked intellectual disability 
syndrome. This syndrome is characterized by intellectual 
disability, seizures, delayed speech and language develop-
ment, and other neurological and developmental abnor-
malities. Additionally, CDH19 has been implicated in the 
developing and progression of certain types of cancer. 
For example, several studies have reported that CDH19 
expression was decreased in cancers including colorec-
tal cancer, gastric cancer, and ovarian cancer. In these 
cases, reduced CDH19 expression has been associated 
with poorer outcomes, such as increased tumor invasive-
ness and poorer survival rates (Blons et al., 2002; Gao 
& Yang, 2022; Koski et al., 2009; Niu et al., 2008). On 
the other hand, other studies have reported that CDH19 
expression was increased in cancers such as esophageal 
squamous cell carcinoma and non-small cell lung cancer 
(Bailis et al., 2019; H. Wang et al., 2021). Overexpression 
of CDH19 may contribute to cancer growth and metas-
tasis by promoting cell proliferation, invasion, and mi-
gration. In these cases, increased CDH19 expression has 
been associated with more aggressive tumor behavior 
and poorer prognosis. Overall, the relationship between 
CDH19 and cancer appears to be complex and may vary 
depending on the specific type of cancer and other fac-
tors. Further research is needed to fully understand the 
role of CDH19 in cancer development and progression.

Furthermore, there is limited research on the relation-
ship between CDH19 and cervical carcinoma, but some 
studies have suggested that the expression of CDH19 
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may be altered in cervical cancer. One study found that 
CDH19 expression was significantly decreased in cervi-
cal cancer tissues compared to normal cervical tissues. 
Another study reported that CDH19 was upregulated in 
a group of cervical cancer patients compared to healthy 
controls (Gu et al., 2021). However, more research is 
needed to fully understand the role of CDH19 on cervi-
cal carcinoma.

The AKT (Protein Kinase B)/NF-κB (Nuclear Fac-
tor kappa B) signaling pathway is a crucial pathway in-
volved in cell survival, proliferation, and inflammation. 
Abnormal activation of this pathway has been implicated 
in various diseases, including cancer. In cervical carcino-
ma, studies have shown that the AKT/NF-κB pathway 
is frequently activated, which leads to the proliferation 
and survival of cancer cells (Vara et al., 2004). Specifi-
cally, activation of the AKT pathway promotes cell sur-
vival by inhibiting apoptosis and promoting cell cycle 
progression, while activation of the NF-κB pathway pro-
motes inflammation and cell proliferation. Moreover, the 
HPV, which is the primary cause of cervical carcinoma, 
has been shown to activate the AKT/NF-κB pathway 
(Bossler et al., 2019). HPV-mediated activation of AKT/
NF-κB signaling is thought to contribute to the develop-
ment and progression of cervical carcinoma by promot-
ing cell survival, proliferation, and inflammation. Overall, 
the AKT/NF-κB signaling pathway plays a critical role 
in the development and progression of cervical carci-
noma, and targeting this pathway may offer a promising 
approach for the treatment of this disease. Therefore, 
our study aimed to explore CDH19’s functions and po-
tential therapeutic applications in cervical cancer through 
AKT/NF-κB signaling pathway.

MATERIALS AND METHODS

GEPIA database and analysis

The expression of CDH19 in cervical carcinoma was 
collected and analyzed using GEPIA (Gene Expression 
Profiling Interactive Analysis) database (http://gepia2.
cancer-pku.cn). Correlation analysis of gene expression 
was performed using the Correlation Analysis tool avail-
able in the cancer public database GEPIA (http://ge-
pia2.cancer-pku.cn/#correlation).

qPCR

Total RNA was extracted from cells or tissues using 
a total RNA kit (Invitrogen), followed by the examina-
tion of the RNA purity and concentration. The RNA 
was then reverse transcribed into cDNA using Molo-
ney Murine Leukemia Virus Reverse Transcriptase (Bi-
oTeke, China). RT-PCR analysis was performed using 
the SYBR-Green method. GAPDH was used as an en-
dogenous control for normalization. The relative expres-
sion levels of RNAs were calculated using the 2-ΔΔCT 
method. Details of the gene primers used in the study 
are provided below.
CDH19 F: 5’-CATTTGTAGGCGTGGTGT-3’;
CDH19 R: 5’-GTGGCTGTAATACTTAGGTTGT-3’;
GAPDH F: 5′-GGT ATCGTGGAAGGACTCATGAC-3′;
GAPDH R: 5′-GGT ATCGTGGAAGGACTCATGAC-3′.

KM Plotter database analysis

We analyzed the overall survival of cervical carcinoma 
patients with high and low levels of CDH19 expres-
sion using KM (Kaplan-Meier) Plotter database online 

(http://kmplot.com) as previously described (Nagy et al., 
2021).

Cell culture

The CaSki and C-33A cell lines were purchased from 
ATCC and cultured as previously described (Liu et al., 
2021). Briefly, the frozen cells were thawed rapidly in 
a water bath at 37°C and transferred immediately to a 
culture hood where the vial contents were quickly trans-
ferred to a sterile tube containing pre-warmed growth 
medium. Using a hemocytometer or an automated cell 
counter, the cells were counted to determine the den-
sity. Plate or flask choice depended on the experimen-
tal requirements and growth characteristics. For routine 
maintenance, a T25 flask or a 6-well plate was suitable. 
The cells were seeded and placed in a 37°C incubator 
with 5% CO2, creating a controlled environment mim-
icking physiological conditions. The cells were regularly 
checked under a microscope to monitor growth and pas-
saged when they reached 70–80% confluency.. To this 
end, the cells were detached using trypsin-EDTA, next 
neutralized with the growth medium, and the desired 
number of cells was transferred to new plates.

Western blot

Protein was extracted from cells or tissues using RIPA 
lysis buffer, and protein concentration was determined 
in the lysate. Western blot was performed as previously 
described (Liu et al., 2012). Briefly, the same amount of 
protein from different treatment groups were loaded into 
SDS-PAGE gels, subjected to electrophoresis, and then 
transferred into PVDF membrane. Then membranes 
were blocked using 5% milk, then incubated with pri-
mary antibody overnight. The primary antibodies against 
CDH19, p-AKT, AKT, GAPDH were purchased from 
Abcam. GAPDH was used as a loading control.

Cell Counting Kit-8 Assay

Cell proliferation was evaluated using the Cell Count-
ing Kit-8 (CCK-8) assay (Boster, China), following the 
manufacturer’s instructions. In brief, 3×103 cells in 
100  μL medium were seeded into each well of a 96-well 
plate, while wells without cells were used as blank con-
trols. Cells in each well were incubated daily with 10 μL 
of CCK-8 solution for 2 hours at 37°C for 4 consecu-
tive days. Subsequently, absorbance was measured at a 
wavelength of 450 nm using a microplate reader. The 
intensity of absorbance is positively correlated with the 
number of surviving cells (Hou et al., 2022).

Construction and virus packaging of PLVX-CDH19

The full-length human CDH19 gene was amplified via 
PCR and then inserted into the pLVX-AcGFP lentivi-
ral vector from Thermo Fisher Scientific. Lentiviral par-
ticles were produced using a specific protocol that has 
been previously described (Wang et al., 2017). Cells were 
transfected with PLVX-NC (negative control) or PLVX-
CDH19 for 48 hours.

Nude mouse xenograft model

After transfecting with PLVX-CDH19 for 48 hours, 
2×106 tumor cells were suspended in 0.2 ml serum-free 
DMEM and injected subcutaneously into the left flank 
of each 4-6-week female BALB/c nude mouse. The 
same number of PLVX-NC-transfected cells was inject-
ed into the right flank of each mouse as control. Tu-

869

http://gepia2.cancer-pku.cn
http://gepia2.cancer-pku.cn
http://gepia2.cancer-pku.cn/#correlation
http://gepia2.cancer-pku.cn/#correlation
http://kmplot.com


Vol. 70 						      957The cadherin protein CDH19

mor size was recorded every three days. On day 21, the 
tumors were collected, weighted, and lysed for further 
analysis as previously described (Liu et al., 2020; S. Wang 
et al., 2021). The animal-related protocols were approved 
by the ethics committee of Zibo Central Hospital. This 
study was performed in strict accordance with the NIH 
guidelines for the care and use of laboratory animals 
(NIH Publication No. 85-23 Rev. 1985).

Statistical analysis

The data was presented as means ± standard de-
viation, and analyzed with Student’s t-test, or two-way 
ANOVA analysis with a post hoc test using GraphPad 
software. The result was considered statistically signifi-
cant when the p-values were less than 0.05.

RESULTS

CDH19 is downregulated in cervical carcinoma

We used the public cancer database GEPIA to inves-
tigate the expression levels of CDH19 in gynecological 
tumors, including cervical squamous cell carcinoma and 
endocervical adenocarcinoma (CESC); ovarian serous 
cystadenocarcinoma (OV); uterine corpus endometrial 
carcinoma (UCEC)m and uterine carcinosarcoma (UCS) 
and matched normal tissues The overall expression of 
CDH19 was low in gynecological tumor tissues, with sig-
nificant downregulation observed in cervical carcinoma 
tissues compared to matched normal tissues (p<0.01) 
(Fig. 1A). To confirm these findings, we collected 20 
pairs of cervical carcinoma and adjacent non-cancerous 

tissues and examined the expression of CDH19. We ob-
served significant downregulation of CDH19 in all 20 
cervical carcinoma tumor tissues (Fig. 1B). These results 
suggest that CDH19 may play a role in the development 
or progression of cervical carcinoma and could poten-
tially serve as a diagnostic or therapeutic target for this 
disease.

CDH19 predicts a positive index for cervical carcinoma

Next, we used the public cancer database Kaplan-Mei-
er plotter to perform an online analysis of the overall 
survival of cervical carcinoma patients with diverse levels 
of CDH19 expression. As shown in Fig. 2, patients with 
high CDH19 expression had significantly higher overall 

Figure 1. CDH19 is downregulated in cervical carcinoma. 
(A) The expression of CDH19 in gynecological cancer was analyzed by GEPIA online tool that matches TCGA and GTEx tumor and control 
transcriptomic data (http://gepia2.cancer-pku.cn). CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; OV, ovarian 
serous cystadenocarcinoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma. *p<0.01. (B) Twenty pairs of cer-
vical carcinoma tumor tissues and paracancerous normal tissues were collected for QPCR analysis against CDH19 and GAPDH. **p<0.01, 
***p<0.001, ****p<0.0001.

Figure 2. CDH19 predicts a positive index for cervical carcinoma. 
The overall survival of cervical squamous cell carcinoma with low 
or high CDH19 was analyzed by Kaplan-Meier Plotter online based 
on pan-cancer RNA-seq data (http://kmplot.com/).
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survival rates than those with low CDH19 expression. 
These findings suggest that CDH19 expression may be 
a prognostic biomarker for cervical carcinoma and could 
potentially be used to stratify patients for more personal-
ized treatment strategies.

CDH19 overexpression inhibits cervical carcinoma cell 
proliferation

To investigate the potential association between 
CDH19 and cervical carcinoma cell proliferation, we 
used the public cancer database GEPIA to analyze the 
correlation between CDH19 and the proliferation marker 
Ki-67 in cervical carcinoma tissues. We found a signifi-
cant negative correlation between CDH19 expression 

Figure 3. CDH19 overexpression inhibits cervical carcinoma cell proliferation. 
(A) The correlation analysis between Ki-67 (MKI67) and CDH19 in cervical carcinoma (http://gepia2.cancer-pku.cn). (B–D) CaSki and C-33A 
cells infected with PLVX-NC or PLVX-CDH19-derived lentivirus were lysed for immunoblotting against CDH19 and GAPDH (B), and the 
optical density of the blots was analyzed (C & D). E & F. CaSki (E) and C-33A (F) cells infected with PLVX-NC or PLVX-CDH19-derived lenti-
virus were prepared for CCK-8 assay at indicated time. **p<0.01, ***p<0.001, ****p<0.0001.

Figure 4. CDH19 overexpression inhibits AKT and NF-κB signaling in cervical carcinoma cells. 
(A & B) CaSki and C-33A cells were infected with PLVX-NC or PLVX-CDH19-derived lentivirus for 73 hours and then cells were lysed for 
immunoblotting against p-AKT and AKT (A). GAPDH was used as a loading control. The optical density for the blots was also analyzed 
(B). C & D. The above cells were also lysed for immunoblotting against p-p65 and NF-κB p65 (C), and the optical density of the immuno-
blotting was also analyzed (D). **p<0.01, ***p<0.001, ****p<0.0001.
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and Ki-67 expression (Fig. 3A). Furthermore, we over-
expressed CDH19 in cervical carcinoma cells, which was 
confirmed by Western blot and PCR (Fig. 3B–D), and 
observed a significant inhibition of cell proliferation in 
comparison with negative control (Fig. 3E and F). These 
findings provide further evidence of a close association 
between CDH19 and cervical carcinoma cell prolifera-
tion, suggesting that CDH19 may play a role in regulat-
ing the proliferation of cervical carcinoma cells.

CDH19 overexpression inhibits AKT and NF-κB signaling 
in cervical carcinoma cells

We further investigated the activity of signaling path-
ways closely related to cell proliferation and found that 
overexpression of CDH19 significantly inhibited the 
activation of the AKT pathway as reflected by the de-
creased AKT phosphorylation both in CaSki and C-33A 
cells (Fig. 4A, B). In addition, overexpression of CDH19 
significantly inhibited the activation of the NF-κB path-
way as evidenced with the decreased phosphorylation of 
NF-κB p65 subunit (Fig. 4C–D). These findings suggest 
that CDH19 may be involved in regulating cervical carci-
noma cell proliferation through the modulation of AKT 
and NF-κB signaling pathways.

CDH19 overexpression inhibits tumor growth of cervical 
carcinoma

Finally, to further validate the functional role of 
CDH19 in cervical carcinoma, we constructed a xeno-
graft tumor model in nude mice. We found that cer-
vical carcinoma tumors overexpressing CDH19 had 
significantly slower growth rates in vivo, as evidenced 
by the significantly smaller tumor volume (Fig. 5A, B) 
and weight (Fig. 5C). Also, CDH19 mRNA expression 
was significantly upregulated in both CaSki and C-33A 
cells after transfection (Fig. 5D). These findings provide 
strong evidence of the inhibitory effect of CDH19 on 
cervical carcinoma tumor growth and suggest a potential 
therapeutic target for cervical carcinoma.

DISCUSSION

Cadherins (CDHs) are a family of calcium-dependent 
cell adhesion molecules that play important roles in the 
maintenance of tissue structure, and cell-cell communi-
cation. CDHs are involved in several key cellular pro-
cesses, including cell adhesion, migration, proliferation, 
differentiation, and apoptosis. There are several types of 
cadherins, including E-cadherin, N-cadherin, P-cadherin, 
and VE-cadherin. These proteins are expressed in differ-
ent tissues and play a significant role in embryonic de-
velopment, tissue morphogenesis, and maintenance of 
tissue integrity.

Previous studies have shown that alterations in the ex-
pression and function of cadherins are associated with 
various types of cancer In particular, the loss of E-cad-
herin expression is a common event in many types of 
epithelial cancers, including breast, gastric, colon, and 
prostate cancers. E-cadherin is a tumor suppressor pro-
tein that helps to maintain cell-cell adhesion, and its loss 
leads to reduced cell adhesion and increased cell motil-
ity, which are important events in cancer metastasis (Li et 
al., 2020). Additionally, mutations in the genes encoding 
cadherins have been reported in some cancers, including 
stomach and breast cancer. For example, mutations in 
the CDH1 gene, which encodes E-cadherin, have been 
identified in familial gastric cancer and hereditary diffuse 
gastric cancer syndrome. These mutations can impair E-
cadherin function and lead to an increased risk of devel-
oping gastric cancer.

Moreover, changes in the expression and function of 
other cadherin family members have also been associ-
ated with cancer. For instance, N-cadherin is upregulated 
in many types of cancers and plays a role in promoting 
cancer cell migration and invasion. Similarly, P-cadherin 
has been found to be upregulated in certain breast can-
cers and is associated with a more aggressive tumor phe-
notype. It is believed that upregulation of N-cadherin 
and P-cadherin, found in some types of cancer, is associ-
ated with a more aggressive tumor phenotype.

Figure 5. CDH19 overexpression inhibits tumor growth of cervical carcinoma. 
(A & B) The tumor growth curves. (C) At the end of the animal study, tumors were excised and weighed. (D) Tumors were lysed for 
QPCR against CDH19 and GAPDH. *p<0.05, ***p<0.001, ****p<0.0001.
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In summary, alterations in the expression and func-
tion of CDH family members are closely related to the 
development and progression of cancer. The loss of E-
cadherin expression, in particular, is a common event in 
many types of epithelial cancer and is associated with an 
increased risk of cancer metastasis (Lechner et al., 2013). 
Understanding the molecular mechanisms underlying 
these alterations may provide new insights into cancer 
pathogenesis and may also offer new therapeutic targets 
for cancer treatment.

CDH19, a member of the cadherin family of cell ad-
hesion molecules, has been implicated in various types 
of cancers. However, its role in gynecological tumors, 
especially cervical carcinoma, has not been studied suf-
ficiently (de Mello et al., 2017). In this study, we first 
analyzed the expression of CDH19 in gynecological tu-
mors (CESC, OV, UCEC, and UCS) using the GEPIA 
database and found that CDH19 expression was overall 
downregulated in these tumors, including cervical carci-
noma.

To further investigate the role of CDH19 in cervical 
carcinoma, we analyzed the overall survival of cervical 
carcinoma patients with high or low CDH19 expres-
sion levels using the Kaplan-Meier plotter database. We 
found that patients with high CDH19 expression had 
significantly better overall survival than those with low 
CDH19 expression. This data suggested that CDH19 ex-
pression was associated with the overall survival rate of 
cervical carcinoma patients.

Cervical Intraepithelial Neoplasia (CIN) is a grad-
ing system used to classify the severity of abnormal cell 
growth in the cervix. CIN is divided into three grades 
based on the degree of abnormal cell growth: CIN1 
(mild dysplasia), CIN2 (moderate dysplasia), and CIN3 
(severe dysplasia or carcinoma in situ). The CIN grading 
system is widely used in clinical practice to guide man-
agement and treatment decisions for patients with abnor-
mal cervical cell growth. In the future, performing the 
correlation of CDH19 expression with CIN, may better 
elucidate its role in cervical carcinoma development.

To explore whether CDH19 is associated with cervi-
cal carcinoma cell proliferation, we analyzed the correla-
tion between CDH19 and the proliferation marker Ki-67 
in cervical carcinoma patient tissues using the GEPIA 
database. We found that CDH19 expression was nega-
tively correlated with Ki-67 expression. To validate this 
observation, we overexpressed CDH19 in cervical carci-
noma cells and found that CDH19 overexpression sig-
nificantly inhibited cell proliferation. That means, loss of 
the CDH19 expression caused abnormal cell growth, and 
additional CDH19 can significantly inhibit the abnormal 
growth. These data further give us a hint that CDH19 
might be a potential therapeutic target of cervical carci-
noma.

We also investigated the activation of signaling path-
ways that are closely related to cell proliferation and 
found that CDH19 overexpression significantly inhib-
ited the AKT and NF-κB signaling pathways. There are 
several studies supporting potential connection between 
CDH19 and AKT. For example, in prostate cancer, 
CDH19 has been found to regulate the AKT/mTOR 
signaling pathway and promote cancer cell migration and 
invasion (Qian et al., 2019). In addition, in breast cancer, 
CDH19 has been shown to interact with the extracellu-
lar matrix protein laminin-511, which activates the AKT 
signaling pathway and promotes tumor growth (Gud-
laugsson et al., 2010). These studies suggest that there 
may be crosstalk between CDH19 and the AKT signal-
ing pathway in various types of cancer. However, so far 

there are no studies that directly investigate the relation-
ship between CDH19 and the AKT signaling pathway in 
cervical carcinoma.

Finally, we constructed a xenograft model in nude 
mice and found that CDH19 overexpression significantly 
reduced the growth rate of cervical carcinoma tumors in 
vivo. These results further provide evidence that CDH19 
might serve as a therapeutic target of cervical carcinoma.

The findings on CDH19 in cervical carcinoma are 
quite significant in clinic. It not only provides a prog-
nostic marker of cervical carcinoma, but also proposes a 
therapeutic target. Understanding that CDH19 suppress-
es the AKT and NF-κB signaling pathways provides cru-
cial insights into the underlying mechanisms of cervical 
carcinoma. This knowledge could help in developing 
more targeted and effective therapies that focus on these 
pathways. Moreover, the in vivo studies in a xenograft 
mouse model validate the potential therapeutic relevance 
of CDH19. The slower growth of tumors in mice with 
CDH19-overexpressing cervical carcinoma cells indicates 
the potential for further exploration in preclinical mod-
els, which could eventually lead to human clinical trials. 
Overall, these findings suggest that CDH19 could have 
multifaceted clinical implications in the diagnosis, prog-
nosis, and treatment of cervical carcinoma. However, 
further research and validation are crucial to determine 
if targeting CDH19 could indeed be a viable approach in 
clinical settings.

The study shows promising results in cell cultures 
and xenograft models. However, cellular responses in 
vitro may not always replicate the complexities of hu-
man physiology accurately. The behaviors observed in a 
controlled lab setting might not fully represent the ac-
tual response in human patients. Furthermore, this study 
primarily relies on data collected from databases such as 
GEPIA and the Kaplan-Meier plotter. While these re-
sources provide valuable insights, they may have inher-
ent limitations, including data quality, biases, or potential 
errors in the data collection or analysis methods used in 
these databases. The number and diversity of samples 
used in the study is limited to 300 (GEPIA dataset) and 
400 (TCGA dataset). The findings might not be univer-
sally applicable across different demographic or genetic 
backgrounds. For comprehensive and robust conclu-
sions, a larger and more diverse sample pool should 
be considered. The findings show correlation between 
CDH19 expression and patient survival as well as direct 
influence of CDH19 expression on cell proliferation, and 
activation of signaling pathways. It’s crucial to continue 
mechanistic studies to further test the cause-effect rela-
tionship between CDH19, activation of the cell signal-
ing pathways and patient outcomes to validate the role 
of CDH19 in cervical carcinoma and to determine its 
potential as a therapeutic target. While the findings pre-
sented in our study are promising, they represent a step-
pingstone for more in-depth research before any clinical 
implications can be drawn.

CONCLUSIONS

Taken together, our findings suggest that CDH19 
plays an important role in cervical carcinoma, potentially 
through its regulation of the AKT and NF-κB signal-
ing pathways and inhibition of cell proliferation. Fur-
ther studies are needed to fully elucidate the underlying 
mechanisms and potential therapeutic implications of 
CDH19 in cervical carcinoma.
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Objective: Major depressive disorder (MDD) is one of the 
most common psychiatric issues in hemodialysis popula-
tion. However, the research on proper diagnostic tools 
and its treatment is still insufficient. The study was per-
formed to investigate the safety and effectiveness of 
sertraline and agomelatine in a group of hemodialysis 
patients. Patients and Methods: 78 adult patients from 
one dialysis centre in Poland were included into the 
study. The Beck Depression Inventory II (BDI-II) was used 
to screen for depressive symptoms and was followed by 
the clinical interview with the psychiatrist. Nine patients 
diagnosed with major depressive disorder received an-
tidepressant treatment with sertraline or agomelatine, 
according to the best clinical practice. The additional 
treatment with vortioxetine was used if the initial one 
was not effective. The time of observation was 24 weeks. 
The psychiatric follow up as well as the laboratory data 
were obtained during the course of observation. Results: 
All patients receiving sertraline achieved remission of 
depressive symptoms. In patients receiving agomelatine 
no remission was observed despite dose augmentation. 
The side effects of antidepressants were mild and did 
not result in treatment discontinuation. No abnormalities 
in liver enzymes levels were observed. In five cases the 
significant decrease of haemoglobin level was noticed, 
with no cases of bleeding reported. Conclusion: In pa-
tients receiving sertraline the antidepressant effect was 
satisfactory. No remission of depressive symptoms was 
observed in patients taking agomelatine. The side effects 
of antidepressants were mild and transient. Further re-
search on depression treatment in hemodialysis patients 
is needed, including newer medications.
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INTRODUCTION

Chronic kidney disease (CKD) and depression plays a 
significant role in global health (GBD Chronic Kidney 
Disease Collaboration, 2020; GBD 2019 Diseases and 
Injuries Collaborators, 2020). Patients suffering from 
end-stage renal disease (ESRD), requiring renal replace-
ment therapy, are at a high risk of major depressive dis-
order (MDD) (Kimmel et al., 2019). According to the 
studies, around twenty to forty percent of maintenance 
hemodialysis patients suffer from major depressive dis-
order, depending on the methodological approach used 
(Palmer et al., 2019). Individuals with chronic kidney 
disease have significantly lower quality of life (QoL) 
(Fletcher et al., 2022) and higher mortality rate (Ozieh 
et al., 2021). Furthermore, depression is the known in-
dependent risk factor of decreased QoL (Belayev et al., 
2015) and mortality (Farrokhi et al., 2014), as well as 
higher nonadherence in hemodialysis population (Gebrie 
et al., 2019). Patients undergoing hemodialysis are often 
excluded from clinical trials, due to the safety reasons, 
as pharmacokinetics of antidepressants in hemodialysis 
are not fully explored (Constantino et al., 2019). The Eu-
ropean Renal Best Practice (ERBP) suggests treatment 
with serotonin reuptake inhibitors (SSRIs), as the first 
line in patients who meet depression criteria (Nagler et 
al., 2012). However, the recognition and treatment of de-
pression in ESRD patients remain insufficient (Lopes et 
al., 2004; Pena-Polanco, 2017).

Sertraline is known to be safe and does not require 
additional doses after the dialysis session (Schwenk et al., 
1995; Constantino et al., 2019). However, its effects in 
hemodialysis patients may be heterogeneous (Kubanek et 
al., 2021). Studies evaluating safety and efficacy of this 
SSRI in ESRD patients usually had small samples and 
lacked placebo control (Palmer et al., 2016). In the ran-
domized, controlled trial by Friedli et al. there were no 
significant differences between sertraline and placebo 
group in improving depression symptoms. (Friedli et al., 
2017).

Agomelatine is the atypical antidepressant with mela-
tonergic agonism and 5-HT2c antagonism. It was shown 
to be effective and well tolerated in treating major de-
pressive disorder in general population (Cipriani et al., 
2018). It is not contraindicated in patients with severe 
renal impairment, however the data considering CKD 
population is scarce (Chen et al., 2018). One of the side 
effects of agomelatine is liver enzymes elevation and it 
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requires aminotransferase monitoring in the course of 
treatment. Vortioxetine is an antidepressant with multi-
modal activity used in major depression disorders treat-
ment, recognized as having the best efficacy and safety 
in head-to-head studies (Koesters et al., 2017; Cipriani et 
al., 2018).

METHODOLOGY

Patients over eighteen years old from one dialysis cen-
tre in Gdańsk (Poland), who had been receiving hemodi-
alysis treatment for at least three months, were recruited. 
The study received approval of the Independent Bioeth-
ics Committee for Scientific Research of the Medical 
University of Gdańsk. All patients gave their written in-
formed consent. Dialysis Center provides public health 
services for approximately 200 patients. There is no psy-
chiatric or psychological assistance provided in patients’ 
routine. Individuals suffering from major psychiatric dis-
orders other than depression were excluded. The study 
group received the high-flux hemodialysis or hemodiafil-
tration three times per week. Cognitive functions were 
evaluated using Mini Mental State Examination (MMSE) 
and assessed clinically by the psychiatrist (Folstein et al., 
1975). MMSE was completed subsequently at the end 
of observation. Patients diagnosed with moderate and 
severe cognitive impairment were excluded from the 
further depression diagnosis. The clinical and laboratory 
data of the study group was also obtained.

The depression screening was performed using Beck 
Depression Inventory II (BDI-II), followed by the psy-
chiatric assessment (Beck et al., 1996). The diagnosis of 
major depressive disorder was based on the Diagnostic 
and Statistical Manual of Mental Disorders 5 (DSM-5). 
Psychiatrists were using Montgomery-Asberg Depression 
Rating Scale (MADRS), Clinical Global Impression- Se-
verity scale (CGI-S) and Personal and Social Perfor-
mance Scale (PSP) to evaluate the severity of depres-
sion symptoms and psychosocial functioning of patients 
(Montgomery et al., 1979; Morosini et al., 2000; Busner et 
al., 2007). MADRS is a standard in monitoring depres-
sive disorders and improvement during treatment. Tests 
were performed in the middle of the dialysis session, at 

least one hour after the initiation and one hour before 
the termination of the procedure.

Individuals who were diagnosed with major depressive 
disorder by the psychiatrist and agreed to receive the an-
tidepressant treatment were subjected to further observa-
tion. The medications were chosen according to the best 
clinical practice guidelines. Six patients received treat-
ment with sertraline in the daily dose of 25-100 mg. One 
patient had been already receiving sertraline (50 mg/
day) before the study. Two patients received agomela-
tine treatment (25–50 mg/day). The time of observation 
was twenty-four weeks. Psychiatric evaluation, laboratory 
and dialysis parameters control were performed every 
six weeks. The additional treatment and dose changes 
were adjusted during the time of observation. ERBP 
guidelines suggest that trials with SSRIs in patients, who 
meet criteria for moderate MDD, should last for eight 
to twelve weeks, followed by medical evaluation (Nagler 
et al., 2012). However, the psychiatric clinical practice’s 
assessment for depressive and anxiety patients is usually 
done after four weeks.

RESULTS

The cognitive functions were rated in 82 patients. Ac-
cording to the MMSE screening and clinical assessment 
mild cognitive impairment (MCI) and mild dementia 
were observed in thirty two percent of patients, while 
moderate dementia in four percent. Patients that agreed 
to remain in the study and were not diagnosed with 
moderate or severe dementia were subjected to further 
evaluation. 78 patients underwent the depression screen-
ing and clinical assessment of the psychiatrist. The per-
centage of individuals with depressive symptoms using 
BDI-II alone was forty-three. In the clinical interview, 
performed by the psychiatrist, the criteria of MDD re-
quiring antidepressant treatment were fulfilled in thirteen 
cases. Two patients did not agree to receive antidepres-
sants. Three patients had been already treated for depres-
sion before the study. One person, who had been receiv-
ing sertraline, was monitored for possible adverse events. 
In the group treated with antidepressants there were five 
women and four men. The age range was between 36 

Table 1. Clinical data and test results of patients with depression diagnosis

No. Sex Age CCI DM Dialysis time (years) MMSE BDI-II MADRS CGI-S PSP Medication

1. M 51 3 no 5 28 7 29 5 55 sertraline

2. F 63 6 yes 7 29 23 14 3 90 agomelatine

3. M 37 5 yes 2 30 31 31 5 62 sertraline

4. M 36 7 yes 5 23 24 22 4 41 sertraline

5. F 64 7 yes 2 28 14 15 3 71 agomelatine

6. F 66 4 no 2 29 8 30 5 49 sertraline

7. F 76 8 yes 3 – 14 10 2 25 sertraline

8. M 60 5 no 2 21 8 30 6 30 sertraline

9. F 70 8 yes 1 27 25 13 2 35 sertraline -during treatment

M, male; F, female; CCI, Charlson Comorbidity Index; DM, diabetes mellitus; MMSE, Mini-Mental State Examination; BDI-II, Beck Depression Inventory 
II; MADRS, Montgomery-Asberg Depression Rating Scale; CGI-S, Clinical Global Impression – Severity scale; PSP, Personal and Social Performance 
Scale
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and 76 years and the comorbidity index in most patients 
was over 4 points. (Table 1).

During the observation two patients resigned from the 
follow up and one received kidney transplantation. Five 
patients receiving sertraline achieved remission accord-
ing to MADRS, CGI-S and clinical evaluation. However, 
two patients required treatment modification and switch-
ing to vortioxetine (10–15 mg). Patients treated with ag-
omelatine had no remission during the observation (one 
person was observed for 24 weeks and the other for 6 
weeks, since the treatment was started during the study). 
Both required the agomelatine dose augmentation. One 

had quetiapine and the other vortioxetine added to the 
treatment. In the sertraline group the dose of 50 mg 
was the minimal one to achieve remission, one patient 
required 100 mg dose. One person receiving agomela-
tine reported dizziness after 12 weeks of observation, 
but the treatment was continued. One patient treated 
with sertraline reported headaches after 6 weeks; the 
effect was transient and disappeared after splitting the 
dose into twice a day regimen. In the other individuals 
we observed no side effects. All patients that agreed to 
perform dementia screening using MMSE in the end of 
observation improved or had the equal test result. In the 

Table 2. Test results during antidepressant treatment.

No. I
MADRS

II
MADRS

III
MADRS

remission after  
24 weeks

I
MMSE

II
MMSE

I
CGI-S

II
CGI-S

I
PSP

II
PSP

1. 29 – – – 28 28 5 – 55 –

2. 14 10 11 no 29 30 3 2 90 90

3. 31 3 3 yes 30 30 5 1 62 79

4. 22 5 4 yes 23 25 4 1 41 85

5. 8 15 13 no
6 week observation 28 29 2 3 71 71

6. 30 10 9 yes 29 30 5 2 49 64

7. 10 25 11 yes – – 2 2 25 55

8. 30 9 – yes
6 week observation 21 24 6 2 30 –

9. 13 – – – 27 – 2 – 35 –

I, result at the beginning of observation; II, result after 24 weeks of observation; MADRS, Montgomery-Asberg Depression Rating Scale; MMSE, Mini–
Mental State Examination; CGI-S, Clinical Global Impression – Severity scale; PSP, Personal and Social Performance Scale

Table 3. Laboratory parameters over the course of observation in patients receiving antidepressant treatment.

No. I
CaxPi
mg/dl
<79

II
CaxPi
mg/dl
<79

I
Kt/V
>1.2

II
Kt/V
>1.2

I
Hb
g/dl
11.5–16.5
(F). 13–18
(M)

II
Hb
g/dl
11.5–16.5 
(F).
13–18
(M)

I
WBC
G/l
4.0–11.0

II
WBC
G/l
4.0–11.0

I
PLT
G/l
150–400

II
PLT
G/l
150–400

I
ALT
U/l
<41

II
ALT
U/l
<41

Albumin
g/l
35–52

1 68 70 1.6 1.6 9.7 10 5.8 4.8 167 180 6 8 44

2 54 44 1.2 1.1 11.4 8.7 8.6 6.3 555 656 7 3 43

3. 85 66 1.3 – 11.1 10.8 8.5 7.5 285 292 22 21 40

4. 57 35 3.1 1.7 12.7 9.2 8.9 5.6 135 248 10 10 39

5. 56 49 1.6 1.4 12.1 10.3 11.9 9.1 221 221 15 13 43

6. 37 27 1.4 1.2 11.8 11.6 6.1 5.4 222 221 17 15 40

7. 41 69 1.4 1.5 11.7 10.6 7.8 6.8 139 155 15 11 37

8. 18 39 1.7 1.5 9.3 10.1 4.7 3.9 231 189 20 7 46

9. 50 33 – – 13.3 9.3 6 5.3 177 181 7 3 44

I, result at the beginning of observation; II, result after 24 weeks of observation; Kt/V (K, dialyzer clearance of urea; t, dialysis time; V, volume of dis-
tribution of urea; approximately equal to patient’s total body water). Ca x Pi, calcium phosphate index; Hb, haemoglobin; F, female; M, male; WBC, 
white blood cells; PLT, platelet count; ALT, aminotransferase
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patient that refused undertaking the test no clinical fea-
tures of cognitive decline were observed (Table 2).

The laboratory results were also monitored during ob-
servation (Table 3). No abnormalities in liver transami-
nase levels were observed and the albumin level re-
mained within the normal range in all the patients. In all 
individuals either no significant changes or the decrease 
in Kt/V were observed. White blood cells count de-
creased during the antidepressant treatment but remained 
within or slightly below the norm. The platelet count 
stayed within or above the normal range. We noticed 
the decrease of the haemoglobin level (above 1 g/dl) in 
five cases- in both patients treated with agomelatine and 
three patients receiving sertraline in the daily dose of 50 
mg. No bleedings were reported in the study group.

DISCUSSION

The prevalence of depressive symptoms and cogni-
tive impairment in the observed group of hemodialysis 
patients was significant. However, when the gold stand-
ard methodological tools in diagnosing major depressive 
disorder are used and age, coexisting diseases, demen-
tia screening are taken into consideration, it is similar 
to other elderly populations with high comorbidity rate 
(Luppa et al., 2012; Wang et al., 2017). It is important 
while analysing the effectiveness of self-reported ques-
tionnaires, which may over-diagnose depressive symp-
toms. Thus, the psychiatrist examination remains a cru-
cial point in diagnosing depression in a dialysis centre. 
Increasing its availability for the dialysis patients might 
have a positive impact on their quality of life and com-
pliance. Moreover, it could upgrade the motivation to 
proceed in kidney transplantation process.

Taking into consideration the small study group, the 
number of patients that refused antidepressant treatment 
or resigned from the follow up was high. The results are 
consistent with the National Kidney Foundation survey, 
referring that half of the hemodialysis patients do not 
adhere to the dialysis regimen (Estrella et al., 2013). He-
modialysis patients suffer from numerous comorbidities 
and often require polypharmacy, which may be one of 
the reasons of the incompliance. It might be the group 
of patients that would agree to psychotherapy or other 
nonpharmacological approach.

All patients treated with antidepressants that agreed 
to perform MMSE in the end of observation improved 
the cognitive functions or achieved the equal test re-
sult. It may indicate that some of the observed cogni-
tive disorders in dialysis patients are functional, related 
to mood disorders. During the treatment, the regular 
laboratory testing is needed. The decrease of haemoglo-
bin level might be triggered among others by the platelet 
dysfunction and bleeding caused by the antidepressant 
agent. The decrease of white blood cells count might 
be connected with the potential anti-inflammatory effect 
of antidepressants suggested in previous studies (Taraz 
et al., 2013). Kt/V is used to evaluate dialysis adequacy; 
however, its interpretation should be individual due to 
its limitations as a single parameter (Jones et al., 2018).

The treatment tolerance was good, and the adverse ef-
fects of the antidepressants were mild and transient. The 
antidepressant effect of sertraline in the observed group 
was satisfactory, however two patients required treat-
ment with vortioxetine. Sertraline is known to be safe 
to use in the end-stage kidney disease population, but its 
effectiveness requires further research. Individuals that 
received treatment with agomelatine did not achieve re-

mission according to psychiatrist evaluation. More stud-
ies considering newer antidepressant agents, causing less 
adverse effects (Cipriani et al., 2018), including agomela-
tine and vortioxetine, are needed.

CONCLUSIONS

In patients receiving sertraline the antidepressant ef-
fect was satisfactory. No remission of depressive symp-
toms was observed in individuals treated with agomela-
tine. The side effects of used medications were mild and 
transient. All patients treated with antidepressants im-
proved or had equal cognitive performance at the end of 
the follow-up. Further research on depression treatment 
in hemodialysis patients is needed, including the newer 
antidepressant agents.
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Circ_PWWP2A promotes lung fibroblast proliferation and 
fibrosis via the miR-27b-3p/GATA3 axis, thereby aggravating 
idiopathic pulmonary fibrosis
LiQing Su1#, Ying Nian1# and TianJi Zhu1✉

Department of Respiratory and Critical Care Medicine, Affiliated Hospital of Inner Mongolia Medical University, Hohhot City, Inner Mongolia 
Autonomous Region, 010050, China

Objective: This paper was to investigate the effect of 
circ_PWWP2A-mediated miR-27b-3p/GATA3 axis on 
idiopathic pulmonary fibrosis (IPF). Methods: circ_PW-
WP2A expression in lung fibroblasts MLg2908 induced 
by different concentrations of TGF-β was detected. 
The relationship between circ_PWWP2A or GATA3 and 
miR-27b-3p was analyzed by RNA immunoprecipitation 
and dual-luciferin reporter assay. The proliferation of 
MLg2908 cells was determined by MTT. GATA3, α-SMA, 
Collagen-I, and Collagen-III in cells were detected by RT-
qPCR and Western blot. The rat model of IPF induced 
by bleomycin (BLM) was constructed and treated with 
circ_PWWP2A siRNA injection. HE and Masson staining 
were of utility to evaluate the pathological conditions 
of rat lung tissue, and circ_PWWP2A, miR-27b-3p, and 
GATA3 levels in lung tissues were detected by RT-qPCR. 
Immunohistochemistry was used to detect the staining 
of α-SMA, collagen I, and collagen III in the lung tissues 
of rats. Results: circ_PWWP2A in MLg2908 cells induced 
by TGF-β decreased in a concentration-dependent man-
ner. MLg2908 cells transfected with circ_PWWP2A siRNA 
were induced by 5 ng/ml TGF-β, decreasing circ_PW-
WP2A and GATA3 levels, increasing miR-27b-3p expres-
sion, and suppressing cell proliferation. The targeting 
relationship between circ_PWWP2A and miR-27b-3p, 
as well as miR-27b-3p and GATA3, was confirmed. De-
pleting miR-27b-3p reduced the inhibitory effect of 
circ_PWWP2A down-regulation on the proliferation of 
TGF-β-treated MLg2908 cells, accompanied by increased 
expression of α-SMA, Collagen 1, and Collagen 3, and in-
creased expression of GATA3. The in vivo results showed 
that BLM-induced fibrosis in rat lung tissue was obvious, 
accompanied by increased expression of circ_PWWP2A 
and GATA3, decreased expression of miR-27b-3p, and 
deepened staining of α-SMA, collagen I, and collagen 
III, but circ_PWWP2A siRNA could improve these phe-
nomena. Conclusion: Silencing circ_PWWP2A can inhibit 
the proliferation of lung fibroblasts induced by TGF-β 
through the miR-27b-3p/GATA3 axis, and reduce BLM-
induced pulmonary fibrosis in rats, which may be a po-
tential therapeutic target for IPF.
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INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a diffuse 
parenehymal lung disease, which is a group of interstitial 
lung diseases (Martinez et al., 2017; Xaubet et al., 2017). 
IPF is a representative interstitial lung disease (Sgalla et 
al., 2016) that is pathologically featured by diffuse alve-
olitis, pulmonary fibrosis, and progressive scarring. The 
clinical manifestations are mainly no obvious cause, and 
the initial symptoms are exertional dyspnea and chronic 
cough without sputum (Konigsberg et al., 2021; Wolters 
et al., 2014).

At present, there are mainly anti-inflammatory drugs 
(such as prednisone) for inflammation, and immunosup-
pressants (such as cyclophosphamide) for immune re-
sponse. However, the application of these two types of 
drugs can affect the inflammatory response of IPF, but 
not improve the progress of immune response and im-
mune response much, or increase the survival rate of pa-
tients (Hewlett et al., 2018; Somogyi et al., 2019). These 
include nintedanib (Ofev®) and pirfenidone (Esbriet®). 
These medications are called anti-fibrotic agents, Nint-
edanib inhibits inflammation and fibrosis by blocking a 
variety of tyrosine kinase receptors, including platelet-
derived growth factor, vascular endothelial growth fac-
tor, and fibroblast growth factor (Hilberg et al., 2008).
The main antifibrotic effect of pirfenidone is to down-
regulate transforming growth factor-β (Nakayama et al., 
2008). Such as Tananchai et al data confirm that mul-
ticenter phase III randomized controlled trial of pirfe-
nidone and niintedanib (ASCEND and INPULSIS Q7) 
showed a similar reduction in lung function decline com-
pared with placebo (King et al., 2014).The long-term ef-
fects of antifibrotic therapy on mortality are unknown.
Real-world and registry-based studies have been pub-
lished describing the long-term use of antifibrotic drugs 
in clinical practice (Nathan et al., 2017). These studies 
showed that about 40 percent of patients had drug-re-
lated adverse effects, including diarrhea, gastrointestinal 
distress, and elevated transaminases. However, only 5% 
of patients receiving antifibrotic therapy permanently 
discontinue treatment(Cerri et al., 2019). Such studies 
also add to the growing number of reports on the long-
term efficacy of antifibrotic drugs.Therefore, IPF has a 
poor prognosis and a high mortality rate (Wakwaya & 
Brown, 2019). IPF generally affects men after the age of 
60  years and a median survival time of 2–4  years, even 
worse than many cancers (Vancheri et al., 2010; Sgalla 
et al., 2016). It was reported that the survival rate is as 
low as 2–5 years after diagnosis of the IPF(Richeldi et 
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al., 2017).Therefore, how to prevent and treat IPF more 
effectively is a difficult problem faced by clinicians.

Circular RNA (circRNA) closed circular RNA mole-
cules formed by covalent bonds (Kristensen et al., 2019). 
Studies have proved that circRNAs exerts a regulatory 
role in eukaryotic life activities and disease develop-
ments, such as cardiovascular diseases (Altesha et al., 
2019), tumors (Lei et al., 2020; Li et al., 2020), kidney-
related diseases (Jin et al., 2020), and lung-related diseases 
(M. et al., 2020), including IPF (Li et al., 2018). For ex-
ample, hsa_circ_0058493 knockdown inhibits fibrosis by 
affecting the epithelial-mesenchymal transition (EMT) 
process in IPF (Cheng et al., 2022). Has_circ_PWWP2A, 
also known as hsa_circ_0074837 (Zhang et al., 2018), 
was found to be associated with promoting liver fibrosis 
(Liu et al., 2019). A reliable function of circRNAs is to 
directly or indirectly bind target miRNAs to inhibit miR-
NA function through a process commonly referred to as 
miRNA sponge adsorption (Huang et al., 2020). Through 
ENCORI comprehensive database, we found that circ_
PWWP2A has a potential binding site with miR-27b-3p. 
miR-27b-3p has been discovered to be correlated with 
renal fibrosis (Conserva et al., 2019). Microarray analysis 
revealed that downregulation of miR-27b-3p is associ-
ated with fibrosis (Kim et al., 2017). Furthermore, miR-
27b-3p expression alters significantly during lung exacer-
bation in cystic fibrosis patients (Stachowiak et al., 2020).

Therefore, this article targeted to reveal the mecha-
nism related to circ_PWWP2A and the regulatory net-
work of circ_PWWP2A/miR-27b-3p/GATA3 in IPF, 
with the purpose to develop molecule-based therapy.

MATERIALS AND METHODS

Cell culture and treatment

The murine lung fibroblast cell line MLg2908 
(ATCC, CCL-206, USA) was maintained in EMEM (30-
2003, ATCC, USA) containing 10% FBS and treated 
with different concentrations of  recombinant human 
TGF-β  (10 ng/ml; PeproTech, USA; 0, 5, 10 ng/ml) for 
24 h (Y. J. Li et al., 2006). circ_PWWP2A siRNA#1, 
circ_PWWP2A siRNA#2, and NC siRNA were trans-
fected in MLg2908 cells according to Lipofectamine 
3000 reagent (L3000001, Thermo Fisher Scientific), and 
the more effective siRNA was selected for later experi-
ments. MLg2908 were treated with TGF-β at an optimal 
concentration of 5 ng/ml for 24 h. Before induction, 
Cells were cultured in 6-well plates with a concentration 
of 4×105 cells/well, the cells were transfected with the 
following plasmids, including circ_PWWP2A siRNA#2 
and miR-27b-3p inhibitors (#AM17000, Thermo Fisher 
Scientific).Cells were incubated with 2 ml Opti-MEM 
medium (GIBCO, USA) containing plasmids (1 μg) and 
Lipofectamine 3000 (2.5 μl). The medium was changed 
after 6 h, and the RNA extraction was performed at 48 h 
to verify the transfection efficiency.

RNA immunoprecipitation (RIP)

Protein-A/G-coated magnetic beads were resuspended 
in 100 μl NT-2 buffer and let stand with 5 μg AGO2-la-
beled antibody(Millipore, Billerica, MA, USA). Cells were 
centrifuged, and 100 μl of the supernatant was added to 
900 μl of magnetic beads resuspended in NET-2 buffer. 
Appropriate antisense probes were designed according to 
the unique trans-cleavage site of circRNA, and the corre-
sponding sense sequences were used as control negative 

probes. Briefly, cells were lysed in RIP lysis buffer, then 
supernatants were transferred to nuclease-free tubes, 
magnetic beads conjugated to Ago2 or IgG antibodies 
were added and incubated for 6 hours at 4°C. The im-
munoprecipitates bound to the beads were eluted with 
elution buffer, and the purified RNA fragments were 
analyzed by RT-qPCR.

MTT experiment

Cells were taken after trypsinization and centrifuged 
to prepare a cell suspension at 5×104 cells/mL. Seeded 
into 96-well plates to 45 Wells, 200 μL of cell suspen-
sion was cultured for 24 h and centrifuged at 1000 r/
min (supernatant was removed). Afterward, 200 μL of 
serum-free culture medium and 20 μL of 5 mg/ml MTT 
were added to each well for an additional 4 h, centri-
fuged at 1000 rpm/min (supernatant was removed), and 
reacted with 200 μL DMSO to record OD490 value on a 
microplate reader.

Luciferase activity assay

Bioinformatics software predicted the binding sites of 
circ_PWWP2A and miR-27b-3p, as well as miR-27b-3p 
and GATA3, and a miR-27b-3p recombinant firefly lu-
ciferase reporter plasmid containing the circ_PWWP2A/
GATA3 binding sequence was designed and synthesized. 
circ_PWWP2A WT/circ_PWWP2A MUT/GATA3 
WT/GATA3 MUT was co-transfected with mimic NC 
or miR-27b-3p mimics into MLg2908, respectively. Af-
ter 48 h, the luciferase activity of the cells was detected 
according to the instructions of the Dual-Luciferase re-
porter system kit (Promega).

Immunoblot analysis

Proteins were extracted by lysing cells with RIPA 
buffer (Sigma, USA) containing protease inhibitors and 
subsequently quantified by a BCA protein concentra-
tion assay kit(Beyotime Biotechnology, Nanjing, China). 
Total protein was loaded onto PVDF membrane  (Ther-
moFisher Scientific, USA) after 10% SDS-PAGE gel 
electrophoresis, then blocked with 5% nonfat milk pow-
der, and with primary antibodies at 4°C overnight, in-
cluding α-SMA at 1 µg/ml (ab5694, Abcam), collagen I 
(1:5000, ab260043, Abcam), collagen III (1:5000, ab7778, 
Abcam), GATA3 (1:1000, ab199428, Abcam) and GAP-
DH (1:2500, ab9548, Abcam). The next day, secondary 
antibodies were added and incubated for 40 min, the 
membrane interacted with HRP-conjugated goat anti-rab-
bit IgG secondary antibody (#31460, Thermo Fisher Sci-
entific). Immunoblots were visualized in IBright FL1500 
Intelligent Imaging System (ThermoFisher, USA) and 
GAPDH was used as an internal control.

Establishment and treatment of IPF rat model

Twenty-four SD male rats, weighing about 200 g, 
were treated accordingly (6 rats in each group). The rats 
were anesthetized by intraperitoneal 10% chloral hydrate 
and fixed in a supine position to expose the trachea. Af-
ter anesthesia, 1 mg BLM was added to 0.5 ml PBS for 
intratracheal administration (Otsuka et al., 2017), while 
the Sham group was only given 0.5 ml PBS. Fourteen 
days after modeling (day 15), 1 μl/g siRNA was intrave-
nously injected into rats at 0.75 mg/kg/day, three times 
every other day. Twenty-four hours after the last injec-
tion, rats were euthanized by pentobarbital sodium, and 
lungs were harvested for HE staining and Masson stain-
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ing (Milara et al., 2018; Otsuka et al., 2017). Fibrosis was 
scored according to the Ashcroft assay.

Immunohistochemistry

Fresh paraffin tissues (4 μm) were placed in an oven 
at 65°C for 2 h, deparaffinized to water, and micro-
waved in EDTA buffer. Sections were placed in 3% hy-
drogen peroxide solution for 10 min, blocked with 5% 
BSA for 20 min, added about 50 μl of diluted primary 
antibody overnightincluding α-SMA at 1 µg/ml (ab5694, 
Abcam), collagen I (1:5000, ab260043, Abcam), collagen 
III (1:5000, ab7778, Abcam), GATA3 (1:1000, ab199428, 
Abcam) and GAPDH (1:2500, ab9548, Abcam), and 50-
100 μl secondary antibody for 50 minthe (membrane 
interacted with HRP-conjugated goat anti-rabbit IgG 
secondary antibody (#31460, Thermo Fisher Scientific). 
After the addition of DAB solution, the sections were 
counterstained with hematoxylin, differentiated with 1% 
hydrochloric acid alcohol, immersed in ammonia, dehy-
drated with gradient alcohol, cleared with xylene, and 
mounted with neutral gum.

RT-qPCR

Cell and tissue RNA was extracted by the Trizol 
method, and the concentration and quality of the RNA 
solution were determined on a DU730 instrument. RNA 

was reverse transcribed into cDNA using SuperScript 
IV Reverse Transcriptase (#18090010, Invitrogen) and 
treated with qPCR according to the SuperScript III Plati-
num SYBR Green One-Step qRT-PCR Kit (#11736059, 
Invitrogen). The primer sequences are shown in Table 1. 
Transcription level of the target gene was calculated by 
2–∆∆Ct method.

Statistical analysis

SPSS 19.0 software was of utility for statistical analy-
sis and Graphpad 6.0 was for drawing graphs. One-
way analysis of variance, along with Tukey’s HSD test 
was suitable for assessing data collected from multiple 
groups. Differences were considered statistically signifi-
cant at P<0.05.

RESULTS

circ_PWWP2A can affect the proliferation of TGF-β-
treated MLg2908

To investigate the function of circ_PWWP2A in 
MLg2908 cells, we first knocked it down by trans-
forming the cells using two lentiviral vectors encod-
ing independent shRNAs targeting circ_PWWP2A. 

Figure 1. circ_PWWP2A can inhibit the proliferation of mouse lung fibroblasts treated with TGF-β
(A) circ_PWWP2A expression after MLg2908 cells were treated with different concentrations of TGF-β (0, 5, 10 ng/ml), *vs. 0 ng/ml TGF-β, 
P<0.05; #vs. 5 ng/ml TGF-β, P<0.05; (B) circ_PWWP2A expression in MLg2908 cells co-treated with circ_PWWP2A siRNA and 5 ng/ml 
TGF-β; (C) Proliferation of MLg2908 cells after co-treatment with circ_PWWP2A siRNA and 5 ng/ml TGF-β; *vs. Control group, P<0.05; 
#vs. TGF-β group and NC siRNA + TGF-β group, P<0.05; &vs. circ_PWWP2A siRNA + TGF-β group, P<0.05. (D) qRT-PCR analysis of circ_PW-
WP2A levels in MLg2908 cells infected with a lentiviral vector encoding circ_PWWP2A siRNA#1 or circ_PWWP2A siRNA#2

Table 1. Primer sequences for PCR

Genes Sequence (5’-3’)

Forward Reverse

circ_PWWP2A AAGACAGGACTTGAGAAAATGC GGCATGGCTTCTGGTTTATC

miR-27b-3p AGTGGCTAAGTTCTGCCTCAAC CTCAACTGGTGTCGTGGAGTC

GATA3 AAGCTCAGTATCCGCTGACG GTTTCCGTAGTAGGACGGGAC

α-SMA CCCAGACATCAGGGAGTAATGG TCTATCGGATACTTCAGCGTCA

collagen I GCTCCTCTTAGGGGCCACT ATTGGGGACCCTTAGGCCAT

collagen III CTGTAACATGGAAACTGGGGAAA CCATAGCTGAACTGAAAACCACC

U6 GATTCGGACGTTGTATCGCTG CTCGGAGTTGCACCAAATCC

GAPDH TGGATTTGGACGCATTGGTC TTTGCACTGGTACGTGTTGAT

Note: circ_PWWP2A, circular RNA PWWP2A; miR-27b-3p, microRNA-27b-3p; GATA3, GATA Binding Protein-3; α-SMA, α-smooth muscle actin; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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RT-qPCR analysis confirmed that circ_PWWP2A lev-
els were suppressed to a greater degree by expression 
of circ_PWWP2A (Fig.  1D), which was then utilized 
in subsequent experiments. In MLg2908 cells treated 
with different concentrations of TGF-β (0, 5, 10 ng/
ml), circ_PWWP2A was increased in a concentration-
dependent manner (Fig.  1A), indicating that circ_PW-
WP2A is promoted during lung fibroblast activation. 
MLg2908 cells were transfected with circ_PWWP2A 
siRNA and then induced by 5 ng/ml TGF-β, and it 
was found that circ_PWWP2A in the cells was de-
creased (Fig. 1B), After 48 h of TGF-β treatment ac-
companied by a decrease in prsoliferation activity (Fig. 
1C). It indicated that the low expression of circ_PW-
WP2A could inhibit the proliferation of lung fibro-
blasts induced by TGF-β.

circ_PWWP2A can adsorb miR-27b-3p

Bioinformatics analysis ENCORI found that circ_
PWWP2A has a potential binding site with miR-27b-
3p (Fig.  2A). Next, RIP assays in MLg2908 cells fur-
ther verified the interaction between circ_PWWP2A 
and miR-27b-3p. circ_PWWP2A was richly precipitat-
ed with anti-AGO2 after overexpressing miR-27b-3p 
in cells (Fig. 2B). Dual-luciferase reporter gene assay 
results showed that miR-27b-3p can reduce the lucif-
erase activity of circ_PWWP2A WT (Fig. 2C) but not 
circ_PWWP2A MUT, indicating that circ_PWWP2A 
has a direct interaction with miR-27b-3p.

Consumpting miR-27b-3p enhances the proliferation of 
TGF-β-induced MLg2908 cells

Figure 3A showed that 5 ng/ml TGF-β can inhibit 
miR-27b-3p expression in MLg2908 cells, and after co-
treatment with miR-27b-3p inhibitors, miR-27b-3p ex-
pression was further reduced, and the accompanying 
cell proliferation was further activated. circ_PWWP2A 
siRNA could reduce TGF-β-regulated inhibition of miR-
27b-3p, that is, circ_PWWP2A siRNA augmented miR-
27b-3p expression in TGF-β-treated MLg2908 cells.

Silencing miR-27b-3p affects fibrosis-related genes in 
lung fibroblasts

α-SMA, collagen I, and collagen III in cells were 
determined by RT-qPCR and immunoblot analysis 
(Fig.  4A, B), demonstrating an increase α-SMA, collagen 
I, and collagen III increased in MLg2908 after TGF-β 
induction, which was promoted α-SMA, collagen I, and 
collagen III express after co-treatment with miR-27b-3p 
inhibitors, but alleviated α-SMA, collagen I, and collagen 
express III after circ_PWWP2A siRNA co-treatment. 
miR-27b-3p inhibitor co-treatment lessened circ_PW-
WP2A siRNA-regulated suppression of these fibrosis-
related genes.

circ_PWWP2A can regulate GATA3 expression through 
miR-27b-3p

ENCORI database showed that GATA3 was a direct 
target gene of miR-27b-3p (Fig. 5A). The interaction be-
tween the two was further verified by luciferase experi-
ments, as the results showed that miR-27b-3p mimic re-
duced the luciferase activity of GATA3 WT without af-
fecting that of GATA3 MUT (Fig. 5B). Our test results 
also found that circ_PWWP2A siRNA could inhibit the 
increase of GATA3 in MLg2908 cells induced by TGF-β, 
while miR-27b-3p inhibitors did oppositely. GATA3 was 
down-regulated in MLg2908 cells co-treated with TGF-β 
and circ_PWWP2A siRNA, but this phenomenon was 
reversed by miR-27b-3p inhibitors (Fig.  5C–E).

Therapeutic effect of circ_PWWP2A siRNA on IPF rats

HE staining and Masson staining showed (Fig. 6A): in 
rats receiving sham operation, lung structure was normal, 
the alveolar interval was uniform, no obvious exudation 
was seen in the cavity, and a small number of collagen 
fibers dyed in light blue can be seen in the alveoli, but 
without obvious pathological change. However, BLM in-
jection destroyed the alveolar structure, reduced the al-
veolar cavity, exfoliated alveolar epithelium and protein 
exudate, and caused obvious collagen deposition and 
fibrosis areas. circ_PWWP2A siRNA-treated rats consti-

Figure 2. circ_PWWP2A can adsorb miR-27b-3p
(A) ENCORI found that circ_PWWP2A and miR-27b-3p have poten-
tial binding sites; (B) RIP to further verify the interaction relation-
ship between circ_PWWP2A and miR-27b-3p; (C) dual luciferase 
reporter experiment to verify the targeting relationship between 
circ_PWWP2A and miR-27b-3p; *vs. other three groups, P<0.05.

Figure 3. Depleting miR-27b-3p enhances the proliferation of TGF-β-induced MLg2908 cells
(A) miR-27b-3p expression in MLg2908 cells; (B) Proliferation of MLg2908 cells; the same letter indicates no statistical significance, 
P>0.05; different letters indicate statistical differences, P<0.05.
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tuted mild hyperplasia of fibroblasts, deposition of col-
lagen fibers in the pleura and alveolar septa, and mild to 
moderate pulmonary fibrosis. Ashcroft scores indicated 
that BLM-induced rats had higher Ashcroft scores, but 
circ_PWWP2A siRNA reduced Ashcroft scores in BLM-
treated rats (Fig. 6B). BLM-induced increased expres-
sion of circ_PWWP2A and GATA3 in rat lung tissue, 
while decreased expression of miR-27b-3p, was reversed 
by circ_PWWP2A siRNA treatment (Fig. 6C). BLM rats 
had enhanced immunohistochemical staining results of 
α-SMA, collagen I and collagen III in lung tissue, but 
the staining degree was reduced after circ_PWWP2A 
siRNA injection (Fig. 6D).

DISCUSSION

In humans, IPF is a progressive disease associated 
with aging caused by uncontrolled proliferation and dif-

ferentiation of fibroblasts resulting from sustained dam-
age to the alveolar epithelium.These myofibroblasts are 
responsible for hyperproliferation, EMT, ECM produc-
tion, and contribute to collagen deposition in the affected 
organ (King et al., 2011). Transforming growth factor-β1 
(TGF-β1) is a key member of the TGF-β superfamily.
It was discovered in 1983 for its ability to stimulate the 
growth of rat fibroblasts cultured in soft AGAR and has 
been identified as a master cytokine in liver fibrosis (Xu 
et al., 2016).In fibrosis, increased TGF-β signaling signifi-
cantly affects the behavior of the fibroblast population, 
which represents the majority of cells in fibrotic lesions.
In addition, low levels of TGF-β promoted fibroblast 
proliferation (Zhang et al., 2017). These activities may 
explain the number of fibroblasts in fibrotic lesions.Tgf-
β-induced mesenchymal characteristics enable epithelial 
and endothelial cells to contribute to fibroblast popula-

Figure 4. Silencing miR-27b-3p affects fibrosis-related genes in lung fibroblasts
(A) qRT-PCR analysis α-SMA, collagen I, and collagen III in MLg2908 cells (Three technical replicates and three biological replicates); the 
same letter indicates no statistical significance, P>0.05; different letters indicate statistical differences, P<0.05. (B) WB analysis α-SMA, col-
lagen I, and collagen III in MLg2908 cells (Three technical replicates and three biological replicates); the same letter indicates no statisti-
cal significance, P>0.05; different letters indicate statistical differences, P<0.05.

Figure 5. circ_PWWP2A can regulate GATA3 expression through miR-27b-3p
(A) ENCORI showed that GATA3 is a direct target gene of miR-27b-3p; (B) Dual luciferase reporter experiment verified the targeting rela-
tionship between GATA3 and miR-27b-3p, *vs. other three groups, P<0.05; (C–E) GATA3 expression in cells; the same letter indicates no 
statistical significance, P>0.05; different letters indicate statistical differences, P<0.05.
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tion in fibrotic diseases, which has been revealed in a 
mouse model of fibrosis (Katsuno et al., 2021).

With the rapid development of deep transcriptome se-
quencing technology, the research on noncoding RNAs 
is growing exponentially(Matsui et al., 2017),Although in 
some cases ncrnas lack protein-coding capabilities and 
appear to lack biological functions, increasing evidence 
confirms that they play a critical role in controlling gene 
expression through multiple mechanisms, such as target-
ing transcripts (Liu et al., 2012). Reports have demon-
strated that several lncRNAs and miRNAs play critical 
roles in the progression of IPF. For instance, Li and 
others (Li et al., 2020) reported that circTADA2A could 
repress fibroblasts activation and proliferation via miR-
526b/Cav1 and miR-203/Cav2 pathway, thus alleviating 
IPF. Anotherhsa_circ_0044226 was markedly higher in 
lung tissues from IPF patients than from healthy con-
trols. which RLE-6TN cells and in a bleomycin-induced 
mouse model of IPA and diminished TGF-β1-induced 
fibrosis.these findings indicate that downregulation of 
hsa_circ_0044226 attenuates pulmonary fibrosis  in vit-
ro  and  in vivo  by inhibiting CDC27, which in turn sup-
presses EMT. This suggests hsa_circ_0044226 may be 
a useful therapeutic target for the treatment of IPF (Qi 
et al., 2020). In addition, lncRNA H19 (Lu et al., 2018), 
MEG3 (Gokey et al., 2018) have been also confirmed to 
paly critical roles in IPF.

At present, previous studies have found that circ_PW-
WP2A plays a role in various diseases. For example, 
in OB-6 osteoblasts and primary human osteoblasts, 
overexpression of circ_PWWP2A can effectively inhibit 
dexamethasone-induced cell death and apoptosis (Hong 
et al., 2019). circ-PWWP2A is up-regulated in mouse fi-
brotic liver tissue and is positively correlated with HSC 
activation and proliferation (Liu et al., 2019). Similarly, 
MLg2908 cells were treated with TGF-β (0, 5, 10 ng/
ml) and circ_PWWP2A expression was analyzed to be 
increased in a concentration-dependent manner. Animal 

experiments also found that circ_PWWP2A was also up-
regulated in BLM-induced rat lung tissue, suggesting that 
circ_PWWP2A involves the activation of lung fibroblasts 
and may be a pathogenic factor for IPF. After inhibiting 
circ_PWWP2A expression in TGF-β-induced MLg2908 
cells, cell proliferation ability was reduced, which verified 
our speculation.

The most important function of circRNA is to play 
as miRNA “sponge” (Shi et al., 2020). The present study 
proved that circ_PWWP2A could adsorb miR-27b-3p. 
In this study, miR-27b-3p expression in MLg2908 cells 
induced by TGF-β was decreased, which is consistent 
with previous reports: for example, exosomal miR-27b 
derived from human umbilical cord mesenchymal stem 
cells can ameliorate subretinal fibrosis (Li et al., 2021). 
Also, miR-27b-3p knockout can reduce cardiac hypertro-
phy, fibrosis, and inflammation induced by a pathological 
cardiac hypertrophy model (Li et al., 2021). Furthermore, 
miR-27b-3p overexpression attenuates renal fibrosis by 
downregulating α-SMA and collagen III (Bai et al., 2021). 
All of the studies indicate that miR-27b-3p is a fibrosis-
related gene, and its overexpression the role can beanti-
fibrotic. Our data further described that low expression 
of miR-27b-3p could reverse the effect of circ_PWW-
P2A siRNA on TGF-β-induced mouse lung fibroblast 
proliferation, and circ_PWWP2A siRNA could reduce 
the expression of miR-27b-3p in lung tissue of IPF rats, 
indicating that circ_PWWP2A could adsorb miR- 27b-
3p thus promoting TGF-β-induced proliferation and 
activating MLg2908 cells. α-SMA, collagen I and col-
lagen III, as fibrosis-related genes are overexpressed in 
various tissue fibrosis, such as experimental pulmonary 
fibrosis (Huang et al., 2020), cardiac fibrosis (Zeng et al., 
2019), liver fibrosis (Cheng et al., 2019), and kidney fi-
brosis (Zheng et al., 2019). Here, the expression patterns 
of α-SMA, collagen I, and collagen III in MLg2908 cells 
induced by TGF-β were increased, which were similar to 
the results of previous studies (Cheng et al., 2019; Liu et 

Figure 6. Therapeutic effect of circ_PWWP2A siRNA on IPF rats
(A) HE staining and Masson staining of lung tissue; (B) Ashcroft scores in lung tissue; (C) circ_PWWP2A, miR-27b-3p and GATA3 expres-
sion in lung tissue; (D) Immunohistochemical detection of α-SMA, collagen I, and collagen III staining in lung tissue.
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al., 2017), but circ_PWWP2A siRNA can inhibit its in-
crease. circ-PWWP2A depletion can alleviate mouse liver 
fibrosis, accompanied by decreased α-SMA and collagen 
I expression (Liu et al., 2019). In vivo experiments from 
the present study clarified that low expression of circ_
PWWP2A can improve BLM-induced pulmonary fibrosis 
in rats, accompanied by decreased expression of α-SMA, 
collagen I, and collagen III, indicating that the inhibitory 
effect of circ_PWWP2A on IPF may be through the re-
duction of fibrosis-related genes.

miRNAs are endogenous small non-coding RNAs 
(Chen et al., 2019), which can bind to the 3’UTR of tar-
get gene mRNA (Bartel, 2009). miR-27b-3p can target 
the regulation of GATA3 located at 10p14 (Enciso-Mora 
et al., 2010). T cells regulate the activation of skin fibro-
blasts, which is in part achieved by GATA3-mediated 
unique tissue-restricted transcriptional program (Kalekar 
et al., 2019). GATA3 is also involved in pulmonary fi-
brosis development (Iturra et al., 2018).

On the whole, the study only discusses the mecha-
nism from experimental tests, and future clinical experi-
ments are required to verify our results; how GATA3 is 
involved in circ_PWWP2A-mediated adsorption of miR-
27b-3p regulating IPF needs to be done as funds and 
time allow.

CONCLUSION

circ_PWWP2A expression in MLg2908 cells induced 
by TGF-β decreases in a concentration-dependent man-
ner. Silencing circ_PWWP2A can inhibit the role of 
TGF-β in the activation and proliferation of lung fibro-
blasts through the miR-27b-3p/GATA3 axis, and reduce 
BLM-induced IPF in rats, potentially renewing therapeu-
tic targets for IPF.
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The specific role of extracellular matrix metalloproteinases in 
the pathology and therapy of hard-to-heal wounds
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Matrix metalloproteinases (MMPs) are zinc-dependent 
endoproteases responsible for the metabolism of ex-
tracellular matrix (ECM). MMPs can degrade the various 
ECM components as a variety of non-ECM molecules. 
Hyperactivity of MMPs and improper regulation or in-
hibition could lead to certain disorders, like non-heal-
ing chronic wounds. In chronic wounds, unlike in acute 
ones, there are always higher levels of MMPs due to 
the accompanying inflammation. Different proteases 
are responsible for this condition; nonetheless, blocking 
MMPs can help restore the wound’s healing ability. The 
level of MMPs can help indicate the prognosis of chronic 
wounds. In some cases, the healing process is delayed 
by microbial wound infections. Bacterial proteases may 
up-regulate the levels of MMPs produced by host cells. 
That means that both host MMPs as proteases secreted 
by the infecting bacteria need to be targeted to increase 
the healing capacity of the wound. MMPs activity modu-
lating treatments by superabsorbent polymer dressings 
can improve healing rates of chronic wounds. The main 
goal of this review was presentation the specific role 
of metalloproteinases in the pathology and therapy of 
hard-to-heal wounds.
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flammation, bacterial proteases, superabsorbent polymer dressings
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regenerated cellulose; PTX, pentoxifylline; TLC, lipido-colloid tech-
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INTRODUCTION

Matrix metalloproteinases (MMPs) belonging to the 
zinc-dependent endoproteases family are crucial mole-
cules responsible for extracellular matrix (ECM) metabo-
lism by the ability to degrade all kinds of extracellular 
matrix proteins. Besides degradation of the various ECM 
components like collagens, fibronectin, or elastin, MMPs 
can also process several non-ECM molecules, including 
cytokines, growth factors, their receptors, and ligands. In 
this way, MMPs are involved in the most physiological 
and pathological remodeling processes in tissues (Tro-
janek et al., 2014; Trojanek et al., 2020). The excessive 
production and hyperactivity of MMPs, and lack of 
proper regulation and inhibition could lead to certain 
disorders, like non-healing chronic wounds. Therefore, 

this article presents how the level of MMPs can be 
used to indicate the prognosis of chronic wounds and 
how protease-modulating treatments can improve heal-
ing rates of chronic wounds with examples of specific 
wound dressings.

In a physiological state, most MMP expressions re-
main at a very low level, sometimes even close to zero. 
Their induction occurs in response to tissue damage, en-
hancing the process of extracellular remodeling. During 
the extracellular matrix degradation, also many growth 
factors are released. These growth factors can then be 
bound to different matrix components, thereby regulat-
ing their availability and activity in the tissues. For the 
proper process of wound formation, a balance between 
the synthesis and degradation of the extracellular ma-
trix components is necessary. In the pathological state, 
the components of the ECM are accumulated. Through 
uncontrolled MMP expression and activation, fibrosis 
is formed, which may significantly delay or even en-
tirely disturb the healing process (Lazaro et al., 2016). In 
chronic wounds, unlike in acute ones, there are always 
higher levels of MMPs (especially gelatinases) due to the 
accompanying inflammation. It was reported that MMP-
9 and MMP-8 were synthesized by inflammatory cells 
and presented in excess could affect the healing pro-
cess (Westby et al., 2020). Not only metalloproteinases 
were responsible for this condition (Harding et al., 2018; 
Westby et al., 2018), but blocking MMPs can help restore 
the wound’s ability to heal, especially in combination 
with a good standard of care (including compression 
therapy, cleaning and removal of hyperkeratosis). The 
healing process is additionally complicated by the pos-
sibility of infection and coexisting diseases such as dia-
betes, cirrhosis or liver failure, renal failure, active tumor, 
tumor treatment, anemia, malnutrition, obesity, smoking, 
a prolonged hospitalization period and the advanced age 
of the patient (Anderson & Hamm, 2012).

WOUND HEALING STAGES

Wound healing is a physiological process after an in-
jury to restore tissue structure and function. This process 
may be divided into several phases: fibrin clot forma-
tion, inflammatory response, granulation and epithelial 
formation, angiogenesis and fibroblast proliferation, re-
generation of a functional connective tissue matrix with 
remodeling, and scar tissue formation (Lazarius et al., 
1994). The fibrin clot stores cytokines and growth fac-
tors released from injured cells and platelets during the 
activated coagulation cascade, initiating an inflammatory 
response. Incoming neutrophils secrete pro-inflammatory 
cytokines, activating local keratinocytes and fibroblasts. 
After completion of the inflammatory state, the granu-
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lating tissue starts forming. Proteases are active in all 
phases of wound healing (homeostasis, inflammation, 
proliferation, and remodeling) and, therefore, could play 
several roles in the normal wound healing process (Vel-
nar et al., 2009; Patel et al., 2016). During wound heal-
ing, MMPs participate mainly through the degradation of 
ECM, enabling cellular migration, facilitating the fresh 
epidermis formation and angiogenesis, the new extracel-
lular matrix formation, and remodeling of wound scar 
tissue (Le et al., 2007).

CONCISE MMPs CHARACTERISTIC

Currently, there are twenty-three variable matrix met-
alloproteinases in humans like MMP-1 to MMP-28 but 
not included four: MMP -4, -5, -6, -22 (discovered si-
multaneously by different research teams). Typically, the 
MMPs family consists of several distinct domains con-
served between MMP family members. These domains 
are predomain, propeptide, catalytic, and hemopexin do-
mains. The propeptide domain consists of approximately 
80 aa and contains a highly conserved sequence: PRCG-
VPG constituting the so-called “cysteine switch”. This 
regulatory element contains a conserved cysteine residue, 
which interacts with the zinc in the active site and pre-
vents binding and cleavage of a substrate, keeping the 
enzyme in the inactive site. The catalytic domain consists 
of about 170 aa and contains two zinc ions (catalytic 
and structural) and 1-4 calcium ions Ca2+. In the active 
center, the zinc ion is coordinated by a very conserved 
three-histidine sequence (for zinc chelation), creating a 
zinc-binding sequence HEXXHXXGXXH. A typical 
MMP contains a linker peptide or flexible hinge known 
as a hinge region of variable 75aa length and haemopex-
in-like-C-terminal domain (Hpx) with a sequence similar 
to hemopexin related with hem metabolism of approxi-
mately 200 aa. The hemopexin domain is a place of in-
teraction between MMPs with their endogenous tissue 
inhibitors-TIMPs. Only two among all MMPs do not 
obtain this domain: MMP-7 and MMP-26 (belong to 
matrylisin), and MMP-12 lost it after activation. Three 
repeats of fibronectin type 2 in the middle of the catalyt-
ic domain enhance substrate binding by gelatinases and 
are the most important for effectively degrading type 
IV collagen, elastin and gelatin. Membrane-type MMPs 
(MT-MMP-1 – MT-MMP-6) contain furin cleavage sites 
in their propeptide domains (Fig. 1).

Based partly on the historical assessment of substrate 
specificity and partly on the cellular localization the MMPs 
family can be divided into seven groups: collagenases, ge-
latinases, stromelysins, matrilysins, metalloelastases, mem-
brane-type MMPs, and other MMPs (Table 1).

MMPS IN WOUND HEALING

According to the Wound Healing Society, chronic 
wounds can be classified into four categories: pressure 
ulcers (PUs), diabetic foot ulcers (DFUs), venous leg ul-
cers (VLUs), and arterial insufficient ulcers (Simönes et 
al., 2018). MMP activity is strictly controlled during the 
post-injury processes. One example of this process dis-
ruption stuck in the inflammatory phase and thus pre-
venting the transition to the phase of granulation tissue 
formation is hard-to-heal chronic wounds. In this state, 
there is a significant increase in the activity of MMPs, 
which later self-perpetuates and may increase through 
the secretion of cytokines. An increase in the activity 
was found for MMP-2, -8, -9, and -14, while a decrease 

for TIMP-1 and-2, compared to the healing group. Poor 
healing was correlated with increased MMP-9 expression 
in chronic venous wound biopsy specimens and elevated 
levels of MMP-9/TIMP-1 in the wound exudates. How-
ever, significant differences were found between MMP-1 
and other proteases. Because of heterogeneity in pro-
tease activity, MMP-1 may be associated with more heal-
ing and other proteases with less healing. A higher level 
of MMP-1 in healing wounds permits the proliferative 
phase to be completed and allows the progression of the 
healing process (Westby et al., 2020). Limited evidence 
suggests correlations between elevated levels of MMPs 
and delayed healing in PUs (Ladwig et al., 2002), in 
DFUs (Liu et al., 2009), as well as in VLUs (Serra et al., 
2013). Possibly, the association of MMP level with de-
layed wound healing may be a general wound phenom-
enon; however, differences between wound types have 
also been observed (McCarthy & Percival, 2013; Lazaro 
et al., 2016,). The treatment strategy for such ulcerative 
wounds has been directed towards decreasing the con-
centration level of metalloproteinases and regulating their 
activity. The use of proper inhibitors has become one of 
the goals of modern wound healing therapy. MMP inhib-
itors, depending on the type of influence, can be divided 
into two types – direct or indirect. The most essential 
direct inhibitors are endogenous tissue MMP inhibitors –
TIMPs. Four types of these multifunctional, evolutionar-
ily stable proteins are known: TIMP-1, TIMP-2, TIMP-3, 
and TIMP-4, with a mass of 22-29 kD. TIMPs differ in 
specificity and block active MMPs by creating stable and 
reversible coordination bonds in a stoichiometric ratio of 
1:1 or 2:2. The inhibition mechanism involves blocking 
the access of the substrate to the catalytic site of MMPs 
(Brew & Nagase, 2010). In the fluid of chronic wounds, 
TIMP-2 was significantly lower. Also, instead of the con-
centration of MMPs or TIMPs individually, the MMPs/
TIMPs ratio seems to predict better wound healing (Lad-
ing et al., 2002). Other direct MMP inhibitors include a 
broad spectrum of inhibitors like batimastat, marimastat, 
and ilomastat. Whereas tetracyclines, heparin, glycosami-
noglycan (GAG)-sulodexide, pentoxifylline (PTX), reac-
tive oxygen species, and superabsorbent polymers belong 
to non-direct inhibitors, they can reduce MMP expres-
sion indirectly by affecting the inflammatory cascade 
with immunomodulating or proteolytic actions (Krejner 
et al., 2016).

Recently, the composite of hybrid dressings has been 
developed. They combine the properties of different 
materials (further discussed). Most of these dressings 
contain gel-forming superabsorbent polymers (sodium 
polyacrylate or sodium carboxymethylcellulose), which 
absorb excessive amounts of wound exudates. However, 
they can decrease the concentration of locally active bac-
terial proteases and endogenous proteolytic enzymes, in-
cluding MMPs (McCarthy & Percival, 2012).

A complicated wound is a unique entity and is defined 
as a combination of an infection and tissue defect. Some 
researchers believe that every wound is contaminated 
regardless of the cause, location, size, and management 
(Velnar et al., 2009). 

WOUND HEALING AND INFECTION

Under normal conditions, the human body can heal 
wounds on its own, so maintenance of the wound in 
clean and moist conditions and usually used disinfectants 
are sufficient. However, in some cases, the healing pro-
cess is delayed, or complications could happen entirely 
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disturbing healing. These cases include wound infections 
or chronic wounds. Microorganisms naturally occurring 
on the skin cause the most significant risk of wound in-
fections. Among them, Gram-positive bacteria such as 
Staphylococcus aureus or Streptococcus spp. occur frequently 

and after penetrating the wound, significantly delaying 
or preventing healing. Also dangerous are Gram–nega-
tive organisms, like Escherichia coli and Pseudomonas aerugi-
nosa, as well as anaerobic bacteria – Bacteroides spp. and 
Clostridium spp. Wounds can also be infected with fungi 

Figure 1. Diagram of the MMPs domain structure.

Table 1. Extracellular matrix metalloproteinases.

Class Common name MMP number Collagen substrate Various substrate

Collagenases Interstitial  collagenase MMP-1 I, II, III, VII, VIII, X Gelatin, MMP-2,-9, proteoglycans, fibronec-
tin, laminin, pro-TNF

Neutrophil collagenase MMP-8 I, II, III, V, VII, VIII, X Gelatin, fibronectin, proteoglycans 
ADAMTS-1, pro-MMP-8

Interstitial collagenase MMP-13 I, II, III, IV, V, VII, IX, X Gelatin, laminin, proteoglycans, fibrinogen, 
proMMP-9, -13

Collagenase 4 (Xenopus) MMP-18 I Gelatin

Gelatinases Gelatinase A MMP-2 I, II, III, IV, V, VII, X, XI Gelatin, fibronectin, laminin, elastin, proM-
MP-9, -13, IGFBPs, IL-1b, TGF-b, a1-antipro-
tease

Gelatinase B MMP-9 I, IV, V, VII, X, XI Gelatin, elastin, laminin, fibronectin, vit-
ronectin, CXCL5, IL-1b, TGF-b, plasminogen

Stromelysins Stromelysin 1 MMP-3 III, IV, V, VII, IX, X, XIV Gelatin, fibronectin, laminin, pro MMP-1, -7, 
-8, -9, -13, proTNFa, E-cadherin, L-selectin, 
tenactin

Stromelysin 2 MMP-10 I, III, IV, V, IX, X Gelatin, laminin, casein, MMP-1, -8, fibro-
nectin, proteoglycans

Stromelysin 3 MMP-11 IV Gelatin, fibronectin, laminin

Stromelysin 4 or RASI-1 MMP-19 native type IV Gelatin, laminin, entactin, fibronectin, ag-
grecan, fibrinogen

Matrilysins Matrilysin 1or PUMP-1 MMP-7 I, IV Gelatin, laminin, elastin, fibronectin, proteo-
glycans, proMMPs, proTNFa, E-cadherin

Matrilysin 2 or Endometase MMP-26 I, IV Gelatin, laminin, elastin, fibronectin, proteo-
glycans, proMMPs, proTNFa, E-cadherin

Metalloelastase Macrophage metalloela-
stase

MMP-12 IV Elasin, fibronectin, gelatin, proteoglycans, 
plasminogen

Membrane- 
type MMPs

MT-MMP-1 MMP-14 I, II, III Gelatin, fibronectin, laminin, vitronectin, 
proteoglycans,pro-MMP-2, -13 

MT-MMP-2 MMP-15 Fibronectin, tenascin, enactin, laminin, 
proMMP-2

MT-MMP-3 MMP-16 III Gelatin, fibronectin, vitronectin, MBP,  
proMMP-2

MT-MMP-4 MMP-17 Gelatin, fibrinogen, proMMP-2

MT-MMP-5 MMP-24 Gelatin, fibronectin, chondroitin/ dermatan 
proteoglycan, proMMP-2

MT-MMP-6 or Leukolysin MMP-25 IV Gelatin, laminin, fibronectin, MBP, fibrin/
ogen

Other MMPs Enamelysin MMP-20 XVIII Amalogenin, ameloblastin, aggrecan, lami-
nin, pro-MMP-20

X-MMP Xenopus MMP-21 Gelatin, aggrecan, casein

C-MMP Chicken MMP-22 No matrix substrate defined

Cysteine Array 
MMP

CA-MMP Femalysin MMP-23 Gelatin, casein, fibronectin

CA-MMP Gallus MMP-27 Gelatin, casein, pro-MMP-27

CA-MMP Epilizin MMP-28 proTNFb, casein
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(the most common is Candida spp.), viruses like Human 
Papillomavirus (HPV) or Herpes Simplex Virus (HSV), 
and parasites; in each case, the wound will heal patho-
logically (Ding et al., 2022; Diban et al., 2023). 

General therapy of infected wounds based on culture 
with antibiogram is conducted with clinically available 
antibiotics, including aminoglycosides, β-lactams, cepha-
losporins, quinolones, and tetracyclines, which interfere 
with different bacteria structures or metabolic pathways, 
and for this reason are often included in wound dress-
ings (Simönes et al., 2018; Kaiser et al., 2021). Unfortu-
nately, wounds can become colonized (infection exists, 
but microbes do proliferate in high numbers) with mul-
tidrug-resistant pathogens termed MDROs (Multidrug- 
Resistant Organisms). They increase the risk of compli-
cations because antibiotics have very poor or no effect. 
The only method seems to be topical antiseptics, which, 
when used early enough, can stop spreading the infec-
tion with fewer side effects than local antibiotics. These 
are elementary silver, iodophors, octenidine dihydrochlo-
ride (ODC), acetic acid (AA), and plant-derived sub-
stances like Manuka honey, curcumin, essential oils and 
many other natural products (Chen et al., 2023). 

Chronic wound infections occur due to microorgan-
isms creating biofilm, which adheres to the skin around the 
wound. Biofilm is a polymicrobial population less suscepti-
ble to the human immune defense system, displaying a high 
level of antibiotic tolerance with intense inter-bacterial com-
munication through quorum sensing (Preda & Sǎndulescu, 
2019; Kaiser et al., 2021). Most chronic wounds are colo-
nized with bacteria. Infections refer to the invasion of tis-
sue by bacteria leading to a clinically evident pathogenic 
inflammatory response and tissue damage (Persival et al., 
2012; Suleman, 2016). The infections may, in some cases, 
e.g., with a weakened immune system, spread to the sur-
rounding tissues (muscles, bones, joints) and even to the 
blood, causing systemic infections. Sepsis during chronic 
wound infection is an infrequent complication, but the pos-
sibility of its occurrence should be considered.

Chronic wounds are susceptible to colonization by nu-
merous bacterial species, like S. aureus (93.5%), Enterococ-
cus faecalis (71.1%), P. aeruginosa (52.2%), coagulase-negative 
Staphylococci (45.7%), Proteus species (43.1%), and anaerobic 
bacteria (39.1%). These bacterial species create a biofilm on 
the wound surface and may secrete bacterial proteases, es-
sential for bacterial growth and virulence (Ołdak & Trafny, 
2005). Extracellular bacterial proteases can evade the host’s 
immune response and target the immune mediators (Sule-
man, 2016). Moreover, proteases in wounds could originate 
from the host or bacteria. It was supposed that host MMPs 
together with bacterial proteases probably play synergisti-
cally causing tissue breakdown on the wound bed. Bacterial 
proteases may up-regulate the levels of MMPs produced by 
host cells. Many pathogenic bacteria secrete a range of pro-
teases, of the serine, cysteine, and metallo-type that act as 
virulence factors. That means both host MMPs and those 
derived from infecting bacteria need to be targeted to im-
prove the healing capacity of the wound (McCarthy et al., 
2012; McCarthy & Percival, 2013).

CHRONIC WOUND TREATMENT

The wound needs to be debrided and dressed cor-
rectly. Correct debridement means the removal of non-
viable, infected, and hyperkeratotic tissue– it helps to 
convert a chronic wound into an acute one, which can 
then progress through the normal stages of healing (La-
zaro et al, 2016).

In 2002, a group of wound treatment experts de-
scribed a simple model of chronic wound care. This 
model with the acronym TIME, which is described as: 
Tissue assessment and management, Infection/Inflam-
mation control and management, Moisture imbalance 
and management, Edges of wound observation and 
management (Leaper et al, 2012). However applying the 
above recommendation did not prevent some wounds 
from failing to heal, and additional efforts were required 
to resume the healing process.

SELECTED WOUND DRESSING

Wound dressings reduce excess inflammation, allowing 
chronic wounds to heal more readily. Non-healing wounds 
often become locked up in the inflammatory phase and 
cannot progress to produce granulating tissue. Persistent 
inflammation, in turn, enhances MMP activity. Therefore, 
one of the main goals of local treatment of wounds, re-
gardless of their etiology, is decreasing the MMPs activity 
and sequestering host proteases within the wound envi-
ronment (Krejner et al., 2016; Westby et al., 2020).

Wound dressings have progressed significantly for 
years, from traditional dry-type gauze or bandages to 
very sophisticated materials like hydrogels, foams or 
films. Their application’s primary purpose was to main-
tain a sterile, hypoallergenic, moist, and thermally suita-
ble environment to protect against bacterial infection and 
promote new tissue growth (angiogenesis) (Verdolino et 
al., 2021). Some types of dressing especially deactivate 
elevated MMP activity. The goal was to invent a cost-
reasonable dressing, which modulates inflammation and 
promotes healing. It could be distinguished into several 
kinds of dressings, which work based on the inactivation 
of the protease action: skin substitute dressing, collagen-
based dressing, cellulose-based dressing, and synthetic 
dressing based on lipid-colloid technology (TLC). 

The first was the skin substitute dressing named Pura-
col ultraECM, a decellularised porcine mesothelium ma-
trix. It demonstrated high angiogenic potential in vitro 
and MMP inhibition abilities. Simultaneously, it allowed 
for a high recovery of growth factor – FGF, VEGF, and 
TGF-β necessary for quick wound healing (Capella-Mon-
sonis et al., 2020).

The second type was a collagen-based dressing, which 
compiled the essential requirements for a good dressing: 
biocompatibility, a lack of toxicity, and a biodegradable 
material. It could be used for treating chronic wounds, as 
it demonstrated a decrease in healing times by the ability 
to inactivate proteases and keep moisture in the wound 
bed (Holmes et al., 2013; Pallaske et al., 2018). BIOSTEP 
Collagen Matrix dressing possesses type I collagen and 
gelatin (denatured collagen). The addition of EDTA to 
this type of dressing allows binding and irreversibility in-
activation of both collagenase (MMP-1), like gelatinases 
(MMP-2; MMP-9) (Finnegan & Percival, 2015). 

The next type was a cellulose-based wound dressing rep-
resenting the PromogranTM Matrix family, which contained 
oxidized regenerated cellulose (ORC) besides collagen. This 
type of dressing presented both antimicrobial and anti-in-
flammatory properties. The studies proved that the ORC/
collagen dressing and silver-ORC (Promogran PrismaTM-

Matrix) represent antimicrobial properties inhibiting MMP-
2 and MMP-9 expressions in wound fluid, and increasing 
healing rates. Importantly, tEDTA demonstrates antimi-
crobial and antibiofilm properties, but clinical trials using a 
synthetic inhibitor MMP (Promogram) showed only 13% 
effectiveness (Cullen et al., 2001; Verdolino et al., 2021). 
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Another type was the synthetic dressing Urgostart from 
a polyester mesh saturated with a sucrose octasulfate po-
tassium salt (Nano Oligo Saccharide Factor – NOSF) em-
bedded lipido-colloid matrix (Technology Lipido-Colloid, 
TLC). Manufacturer’s patents protected NOSF and TLC 
compositions. Oligosaccharides (NOSF) reduce MMP lev-
els and restore growth factor biological functions, where-
as the TLC matrix creates a moist wound environment. 
NOSF also restores angiogenesis by migration and pro-
liferation of endothelial cells (growth factors protection 
against MMPs activity). Their mechanisms of action are 
still unknown. NOSF probably mechanically blocks, i.e. 
captures and immobilizes MMP molecules, that are mas-
sively secreted during prolonged healing (causing a state 
of chronic inflammation) and contributes to the reduction 
of the proteolysis (degradation, enzymatic breakdown) of 
the ECM components (i.e., collagen fibers) by surround-
ing epithelial cells (fibroblasts and keratinocytes) and 
macrophages (Lazaro-Martines et al., 2019). Two prospec-
tive, multicentric clinical studies named NEREIDES and 
CASSIOPEE were focused on patients with non-infected, 
moderate to strongly exudation leg ulcers of venous or 
mixed origin treated with a dressing and compression sys-
tem for 12 weeks. Ensure the rapid transition from the 
debridement stage to the granulation stage, and finally to 
closure of the wound. Poly- absorbent fibers of the new 
type of dressing inhibit the proteases in excess accumulat-
ing, restore the impaired biological functions, and stimu-
late angiogenesis through migration and proliferation of 
endothelial cells (Sigal et al., 2019). 

Both TLC-NOSF and ORC/collagen matrix dressings 
improved venous leg ulcer healing (1% of the adult popu-
lation in the Western world suffers from leg ulcers). Four 
randomized controlled trials assessing these two MMP de-
vices were ongoing (Schultz et al., 2008; Sigal et al., 2019).

Urgo-Clean Ag, which combines TLC technology 
with silver ions, exhibits a broad spectrum of antimicro-
bial activity, including S aureus, P. aeruginosa, vancomy-
cin-resistant Enterococci and methicillin-resistant S. aureus 
(MRSA). Additionally, after 24 hours, according to Hieu 
et al. in 2021, UrgoClean Ag reduced the biofilm popu-
lation by more than 99,99% (4,6 log reduction). 

The application of TLC-NOSF technology to lipocolloid 
dressings (according to Explorer –NTC01717183 and Chal-
lenge clinical trials results) in the experts’ opinion signifi-
cantly shortens the healing time of chronically, non-infected 
wounds, which reduces the cost of treatment and improves 
the efficiency and quality of patients’ life (Meaume et al., 
2012; Meaume et al., 2017; Edmonds et al., 2018).

It should be mentioned that the specific clinical study 
refers to optical and magnetic stimulation (COMS) thera-
py on wound-healing-related parameters (tissue oxygena-
tion and water index) that were analyzed by hyperspec-
tral imaging on 11 patients with chronic leg and foot 
ulcers of different etiology NCT03112395 (according to 
ICHGCP) (Traber et al., 2023). 

SUMMARY

A brief summary of the above observations on the 
role of MMPs in wound healing is presented in Table 2.

CONCLUSIONS

Generally, MMPs play a crucial role in all stages of 
wound healing, but it was suggested that non-healing 
wounds may be associated with prolonged high activ-
ity of proteases in the later stages of the wound heal-
ing process. This persistent proteolytic activity is due to 
damage to newly formed tissue and the degradation of 
growth factors necessary for healing. The primary fo-
cus in the future will be finding the selective inhibitors 
of distinguished members; most clinical trials on small 
spectrum inhibitors until now had negative results due to 
the widespread inhibitory effect connected with similar 
structures of all MMPs. It should be assumed that de-
tailed knowledge of protease substrates, especially non-
matrix molecules, could help to understand MMP’s in-
volvement in physiology and pathology and find the ap-
propriate therapy for hard-to-heal wounds. 
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MicroRNA-1179 targets Epiregulin (EREG) regulates the 
proliferation and metastasis of human multiple myeloma cells
Xiao Liu, Lan Qin✉, Wei Li and Fei Fei
Department of Hematology, The Fourth Affiliated Hospital of Traditional Chinese Medicine, Xinjiang Medical University, Urumqi, Xinjiang, 
830000, China

MicroRNA-1179 (miRNA-1179) is an extensively studied 
tumor suppressor. however, the significance of miR-
1179 in multiple myeloma has not been investigated 
previously. So, there is a need for research to find out 
about the significance of miR-1179 in multiple myeloma. 
However, current investigations have examined the sig-
nificance of miRNA-1179 in multiple myeloma for the 
first time by targeting epiregulin (EREG). In this study, 
26 multiple myeloma specimens and 16 healthy donor 
specimens were examined. Multiple myeloma cell lines 
(U266, RPMI-8226, KMS-11, JJN-3, and IM-9) were used. 
In this study, expression analysis, cell viability, colony 
formation assay, and transwell assay were carried out 
by standard methods. The outcomes revealed the down-
regulation of miRNA-1179 in multiple myeloma. Overex-
pression of miRNA-1179 promotes, while its inhibition 
suppresses, the survival ability and colony formation of 
the U266 multiple myeloma cells. Investigation of under-
lying mechanisms revealed apoptosis to be responsible 
for the tumour-suppressive effects of miRNA-1179. The 
proportion of apoptosis in U266 cells rose from 5.32% 
to 34.86% when miRNA-1179 was overexpressed. Ad-
ditionally, it was discovered that miRNA-1179 directs 
its tumor-inhabiting activities toward EREG at the mo-
lecular level. While EREG knockdown was found to halt 
the proliferation of U266 cells, its overexpression could 
overcome the suppressive effects of miRNA-1179 on the 
survival ability, mobility, and invasion of the U266 cells. 
This research proves that miRNA-1179 can be used as a 
new treatment or drug for multiple myeloma.
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INTRODUCTION

Multiple myeloma is one of the deadliest disorders, 
with a high fatality rate. Multiple myeloma made up 
about 2% of all new cases of myeloma and 2.1% of 
deaths caused by melanoma in the United States (Pinto 
et al., 2020). Even though research on cancer diagnosis 
and treatment has come a long way, multiple myeloma 
is still one of the hardest cancers to cure (Rajkumar & 
Kumar, 2020). With just over 5 years of median surviv-
al, the majority of the patients are administered four or 
even more different lines of therapy (Boyle et al., 2021). 

Researchers across the globe are looking to develop bio-
markers for early diagnosis, identify therapeutic targets 
for efficient treatment, and identify drugs that are effec-
tive and safe.

MicroRNAs (miRNAs) have recently gained signifi-
cant interest as therapeutic approaches to treat human 
diseases and disorders. miRNAs are non-coding RNA 
molecules that have the potential to control the expres-
sion of protein-coding genes. At the post-transcriptional 
stage, every miRNA may influence the production of 
multiple protein-coding genes (Tan et al., 2018). Several 
studies on miRNAs found that the progression of many 
human malignancies was often associated with abnormal 
expression of miRNA (Ramassone et al., 2018; Vannini 
et al., 2018). For instance, miRNA-1179 has been found 
to post-transcriptionally suppress the expression of E2F5 
to control the formation and spread of pancreatic cancer 
(Lin et al., 2018). Song and others (Song et al., 2018) ob-
served that miRNA-1179 regulates the progression and 
metastasis of non-small cell lung carcinoma. Previously, 
several researchers investigated miR-1179 and found that 
it regulates chemical sensitivity in ovarian cancer cells 
(Zhihong et al., 2020), regulates cell cycle progression 
in glioblastoma cells (Xu et al., 2017) and the vincristine 
sensitivity of oral cancer cells (Gao et al., 2020). But the 
significance of miR-1179 in multiple myeloma has not 
been investigated. So far, there are no reports available 
on this; therefore, this study intends to find out the sig-
nificant influence of miR-1179 in multiple myeloma by 
examining the changes in epiregulin (EREG). The out-
comes of this study may help us find out if miR-1179 
could be a new way to treat or cure multiple myeloma.

MATERIALS AND METHODS

Study area

The present study was carried out at the Department 
of Hematology, The Fourth Affiliated Hospital of Tradi-
tional Chinese Medicine from March 2015 to November 
2018.

Human tissues

In this study, 26 multiple myeloma specimens and 
16 healthy donor specimens were collected at the The 
Fourth Affiliated Hospital of Traditional Chinese Medi-
cine from March 2015 to November 2018. This research 
was only performed after the patients provided written 
permission. The research ethics committee (Reg. No. IA-
CUC/EREG/2015/02) also authorised the investigation.
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Cell lines

Multiple myeloma cell lines (U266, RPMI-8226, KMS-
11, JJN-3, and IM-9) were obtained from the American 
Type Culture Collection (ATCC, USA) and grown in 
RPMI-1640 media (Gibco, Ireland) with 10% foetal bo-
vine serum (FBS, Gibco, Ireland), streptomycin (100 g/
mL) and 1% penicillin (100 U/mL) in ambient tempera-
ture at 37°C with 5% CO2. Normal plasma cells (NPCs) 
were isolated and grown from a peripheral blood smear 
as described in earlier methodologies by Adham et al. 
(2020).

Cell Transfection

The miRNA-NC, miRNA-1179 mimics, siRNA-NC, 
siRNA-EREG, miRNA-1179 inhibitor, and inhibitor NC 
were constructed by the modified method of Zhihong 
and others (Zhihong et al., 2019) as per the manufac-
turer’s instructions (RiboBio, Invitrogen, Carlsbad, CA, 
USA). The appropriate concentrations of miRNA-1179 
inhibitor, inhibitor NC, siRNA-NC, and siRNA-EREG 
were transfected into U266 cells and treated with Lipo-
fectamine 2000 (Thermo Fisher Scientific, China) based 
on the kit’s guidelines.

Expression analysis

Whole RNA extraction from test specimens and cell 
lines is performed for mRNA expression analysis by 
utilizing the TRIzol reagent (Invitrogen). The extract-
ed whole RNA was subjected to RNAse-free DNAse 
treatment to eliminate the contaminated DNA. Fol-
lowing that, PrimeScript RT Master Mix was used to 
produce cDNA from the RNA (TaKaRa, Japan). Then 
miR-1179 expression was compared with snRNA U6, 
while EREG expression was compared with that Glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) and 
actin. Proteins were drawn out of cells using RIPA so-
lution and run on an SDS-polyacrylamide gel for pro-
tein expression analysis. Then the proteins were loaded 
onto a polyvinylidene fluoride membrane and main-
tained with specific antibodies. The membrane then re-
treated at room temperature with secondary antibodies 
and horseradish peroxidase. The proteins of concern 
were visualized using an increased chemiluminescence 
solution (Millipore).

Cell viability

In this study, the cell survival ability of treated U266 
cells was examined by the MTT test. The U266 cells/well 
(5×103) were cultured for 0, 12, 24, 48, and 96 h. There-
after, 20 µL of MTT was added to each well, and the 
plates were again incubated at 37○C for 4  h.  Formazan 
crystals were removed by DMSO. Finally, absorbance 
was measured by a microplate reader to evaluate cell sur-
vival ability at 490 nm.

Colony formation assay

The transfected U266 cells were inoculated in 6-well 
plates and grown for 2 weeks at 37○C. The grown cells 
were fixed with 100% methanol for 25 min. After that, 
0.1% of the colonies were stained with crystal violet and 
counted under a microscope.

DAPI staining

Transfected U266 cells were grown in 12-well plates 
for 24 hours at 37○C at a concentration of 1×105 cells/
well. Subsequently, the cells were harvested by centrifu-

gation, washed with PBS, and fixed with 70% ethanol. 
Finally, the U266 cells were then stained with DAPI and 
observed on a fluorescent microscope.

Annexin V/PI Assessment

The Annexin V/PI assay was to be employed to ana-
lyze the percentage of apoptotic U266 cells. Transfected 
U266 cells (1×106) were added into six-well plates and 
maintained to proliferate for 24 h. After that, the cells 
were harvested, and the percentage of apoptotic U266 
cells was evaluated by an Annexin-VFITC apoptosis de-
tection kit (BestBio) and a Cytomics FC500 flow cytom-
eter using CXP software (Beckman Coulter, Fullerton, 
CA, USA).

Development of mutant EREG

The complementary nucleotides of miRNA-1179 were 
mutated using the ThermoFisher Scientific mutagenesis 
kit to construct the mutant EREG (EREG-MUT) by the 
modified method of Singh and others (Singh et al., 2013)

Target identification

The fee-based online version of TargetScan (http://
www.targetscan.org/version-72/) was employed to assess 
the miRNA-1179 targets. In this study, the most suitable 
sequence of the EREG 3′-UTR was selected for further 
investigation.

Luciferase assay

The 3′-UTR of EREG (EREG-WT) was cloned 
into the pGL3-control vector (Promega) downstream 
of the stop codon of firefly luciferase. Following that, 
cells transfected with EREG-WT or EREG-MUT were 
co-transfected with miRNA-1179 or miRNA-NC. The 
Dual-Luciferase Reporter Assay System (Promega) 
was employed to conduct the interaction investigation, 
which included 48 hours of cell culture at 37○C. Renilla 
luciferase was used for evaluation to normalise the lu-
ciferase.

Transwell assay

Transwell inserts with 8 µM pore sizes that were 
plain and matrigel-coated were employed for migra-
tion and invasion, respectively. In 24-well plates, the 
transwell insert was placed, and the bottom cham-
ber receives 500 µL of DMEM containing 10% FBS. 
Transfected U266 cells were maintained in 100 µL of 
DMEM in the top chamber. After 24 hours, the cells 
on the outer side of the membrane were scrubbed 
away and maintained at 37○C. The U266 cells that 
were adhered to the bottom side of the membrane 
were kept in methanol for 9 min before they were 
stained by using crystal violet (0.01%).  Thereafter, the 
samples were carefully washed and cells were imaged 
and counted in at least five random fields under a dig-
ital microscope.

Statistical analysis

The trials were repeated in triplicate, and the out-
comes were described as mean ± standard deviation 
(S.D.). The GraphPad Prism 7.0 software tool was used 
to analyse the One-way analysis of variance (ANOVA) 
and Tukey’s tests were carried out for multiple group 
comparisons. A p-value <0.05 was considered statisti-
cally significant.
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RESULTS

In this investigation, the expression profile of miR-
NA-1179 was compared between multiple myeloma 
(MM) and normal cells (Fig. 1A). The relative expression 
profile of miRNA-1179 in multiple myeloma cells was 
1.75-fold, which is considerably lower (p<0.05) than the 
expression profile in normal tissues (5.5-fold) (Fig.  1A). 
The expression of miRNA-1179 was assessed in the dif-
ferent types of myeloma cell lines (U266; RPMI-8226; 
KMS-11; JJN-3; and IM-9) as well as normal plasma 
cells (NPCs) (Fig. 1B). When compared to NPCs, miR-
NA-1179 was significantly downregulated (p<0.05) in all 
myeloma cell lines. NPCs express the highest fold (1.1-
fold) compared to different types of myeloma cell lines 
(below 0.2-fold). Figure 1C shows that miRNA-1179 
mimics expressed the highest relative expression (11.5-
fold), while miRNA-NC was expressed the least (1-fold). 
Figure 1D depicts the highest relative expression (1-fold) 
by inhibitor-NC, and the miRNA-1179 inhibitor exhib-
its a low expression (0.1-fold). Figure 1E exhibits the 
cell survival ability of the cell lines. The survival abil-
ity of miRNA-1179 mimic cells was highly suppressed 

(p<0.05) by miRNA-1179 overexpression, whereas the 
miRNA-1179 inhibitor showed a low level of suppres-
sion. Similarly, Fig. 1F expressed the colony formation 
potential of the miRNA-1179-overexpressing in the 
miRNA-NC and miRNA-1179 mimics. The miRNA-NC 
expressed around 100 colonies, while the miRNA-1179 
mimics showed around 40 colonies. Figure 1G depicts 
the colony formation capability of miRNA-1179 over-
expression in NC inhibitor and miRNA-1179 inhibi-
tor cells. The inhibitor-NC expresses around 100 colo-
nies, while the miRNA-1179 inhibitor showed around 
130  colonies.

DAPI staining revealed that overexpression of miR-
NA-1179 altered the structure of the nucleus of the 
miRNA-NC, miRNA-1179 mimics, miRNA-1179 inhibi-
tors, and inhibitor-NC cells (Fig. 2A). The miRNA-1179 
inhibitor seems to not affect the nuclear morphology of 
cells (Fig. 2A), and annexin V/PI staining revealed that 
the percentage of apoptosis in cells rose from 5.32% to 
34.86% when miRNA-1179 was overexpressed.  How-
ever, inhibition of miRNA-1179 prevented the apop-
tosis of the tested cells (Fig. 2B). Similarly, the expres-
sion of Bax increased while that of Bcl-2 decreased 
upon miRNA-1179 overexpression. Nonetheless, inhibi-
tion of miRNA-1179 in cells exhibited opposite effects 
(Fig.  2C).

In the study, the target of miR-1179 was analysed 
and identified by online TargetScan analysis. In this 
EREG was selected for analysis for its potential on-
cogenic role in multiple myeloma, and it has not been 
studied as the target of miRNA-1179. TargetScan anal-
ysis showing EREG 3′-UTR sequence as the target of 
miR1179 (Fig. 3A). The interaction between miRNA-
NC and miRNA-1179 mimics was further analyzed by 
the luciferase assay (Fig. 3B). The luciferase assay of 
miRNA-NC is high in EREG-WT, while the luciferase 
assay of miRNA-1179 mimics is very low. In EREG-
MUT, there is little difference in luciferase activity be-
tween miRNA-NC and miRNA-1179 mimics. Moreo-
ver, significant upregulation (p<0.05) of miRNA-1179 
was seen in both multiple myeloma tissues compared to 
normal tissues (Figs  3C and 3D). Multiple myeloma tis-
sues were expressed up to 7-fold, while normal tissues 
were expressed below that up to 2-fold. However, the 
expression of EREG was considerably suppressed in 
miRNA-1179 mimics upon miRNA-1179 overexpres-

Figure 1. miRNA-1179 expression in multiple myeloma and nor-
mal tissues
(A) Relative expression between multiple myeloma and normal tis-
sues; (B) Expression between different types of myeloma cell lines; 
(C) Relative expression between miRNA-1179 mimics and miRNA-
NC; (D) Relative expression between miRNA-1179 inhibitor and 
inhibitor-NC; (E) Survival ability of the different types of myeloma 
cell lines; (F) Colony formation of the miRNA-1179 mimics and 
miRNA-NC cells; (G) Colony formation of the miRNA-1179 inhibitor 
and inhibitor-NC cells

Figure 2. Alteration of the structure of the tested cells
(A) Nucleus structures of the U266 cells; (B) Apoptosis of the U266 
cells; (C) Expression of Bcl2, Bax, and Actin
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sion (Fig. 3E). Additionally, the knockdown of EREG 
inhibited the U266 cell survival ability (Fig. 3F). In this 
assay, siRNA-NC expressed the highest fold compared 
to siRNA-EREG. The survival ability of the siRNA-
NC and siRNA-EREG cells was expressed in Fig. 3G. 
The survival ability of siRNA-EREG cells was highly 
suppressed (p<0.05) by miRNA-1179 overexpression, 
whereas siRNA-NC had a low level of suppression. The 
survival abilities of miRNA-NC, miRNA-1179 mimics, 
and miRNA-1179 mimics + pcDNA-EREG were shown 
in Fig. 3H. This study showed that EREG overexpres-
sion eliminated the inhibitory activity of miRNA-1179 
on the survival of cells (Fig. 3H).

The impact of miRNA-1179 expression on miRNA-
NC, miRNA-1179 mimics, and miRNA-1179 mimics 
+ pcDNA-EREG cell motility and invasion was exam-
ined. This study’s outcomes revealed that the migration 
of miRNA-NC, miRNA-1179 mimics, and miRNA-1179 
mimics + pcDNA-EREG were inhibited by 69%. How-
ever, EREG overexpression restored the motility poten-
tial of miRNA-1179 overexpression in the tested cells 
(Fig. 4A). Additionally, invasion of the tested cells was 
decreased by 76% compared to the control. Neverthe-
less, EREG inhibited the inhibitory activity of miR-
NA-1179 on tested cell invasion (Fig. 4B).

DISCUSSION

Multiple myeloma is one of the most devastating and 
incurable human malignancies and causes a large number 

of human deaths  (Wong et al., 2020). The current work 
intends to explain the significance of miRNA-1179 in 
multiple myeloma and develop it as a therapeutic target 
for the disease’s management. Prior research has shown 
that miRNA-1179 acts as a tumor inhibitor in various 
human malignancies.  Li and Qin (Li & Qin, 2019) have 
shown that HMGB1 is the target of miRNA-1179, which 
slows down the growth of gastrointestinal cancer.  Simi-
larly, miRNA-1179 has been revealed to inhibit the for-
mation of breast cancer cells via the notch signalling 
cascade (Li et al., 2018). Consistently, the present study 
revealed tumour-suppressive effects of miRNA-1179 in 
human multiple myeloma cells and suggested that its 
downregulation in multiple myeloma cells might be facil-
itating the genesis and progression of multiple myeloma.

Cancer involves a diversity of genetic alterations re-
sulting in the conversion of a normal cell into a malig-
nant cell (Li et al., 2018). Apoptosis eliminates the ma-
lignant cells and controls tumor progression. The sup-
pression of apoptosis is essential in the development of 
human malignancies (Wanner et al., 2021). The current 
study also found that apoptosis is responsible for the 
tumor-suppressing effects of miRNA-1179. This means 
that miRNA-1179 could be used to treat different types 
of myelomas. Several studies showed that MiRNA-1179 
can control the development of cancer by targeting a 
large number of genes. For example, it has been shown 
to target E2F5 in pancreatic cancer (Lin et al., 2018), 
PTEN in ovarian cancer (Zhihong et al., 2020), HMGB1 
in gastric cancer (Li & Qin, 2019), and ZEB2 in hepa-
tocellular carcinoma (Gao et al., 2019). However, this is 
the first investigation to identify EREG as a target of 
miRNA-1179. Previously, EREG has been shown to be 
elevated in gastric cancer and acts as a predictor of poor 
prognosis (Xia et al., 2019). Similarly, EREG has already 
been demonstrated to enhance colorectal cancer prolif-
eration (Vychytilova-Faltejskova et al., 2017). In another 
study, it was found that EREG makes salivary adenoid 
cystic carcinoma spread to the lungs (Yang et al., 2017). 
The expression of EREG was observed to be enhanced 
in the current investigation. However, miRNA-1179 
overexpression inhibits its expression post-transcription-
ally to exert its tumor-suppressive effects in multiple my-
eloma, indicative of its therapeutic implications.

CONCLUSION

The current study found that miRNA-1179 was sup-
pressed in multiple myeloma. Its overexpression sup-
presses the development and proliferation of human 
myeloma cells by inhibiting the expression of EREG. 

Figure 3. Expression of miRNA-1179
(A) TargetScan analysis showing EREG 3’-UTR sequence as the 
target of miR1179; (B) Luciferase assay between miRNA-NC and 
miRNA-1179 mimic; (C) Relative expression in between normal 
cells and multiple myeloma cells; (D) Relative expression of the 
different types of myeloma cell lines; (E) Expression of EREG and 
Actin; (F) Relative expression of the siRNA-NC and siRNA-EREG; (G) 
Cell Survival ability of the siRNA-NC and SiRNA-EREG; (H) Cell Sur-
vival ability of the siRNA-NC, miRNA-1179 mimic and miRNA-1179 
mimic + pcDNA-EREG

Figure 4. Motility and invasion of U266 cells by miRNA-1179
(A) Activity of miRNA-1179 on U266 cell invasion; (B) Motility po-
tential of miRNA-1179
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These findings imply that miRNA-1179 might be used as 
a potential therapeutic agent for the therapy of multiple 
myeloma. Therefore, more in vivo investigation is neces-
sary for this research area.
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Wnt inhibitory factor 1 (WIF1) is frequently downregu-
lated in a variety of cancer due to promoter methylation. 
However, the methylation status of the WIF1 promoter 
in cervical cancer remains unclear. This study aimed to 
elucidate the mechanism by which WIF1 promoter meth-
ylation contributes to cervical cancer development. The 
expression of WIF1 in cervical cancer tissues was exam-
ined by immunohistochemistry. The methylation status 
of the WIF1 promoter in cervical cancer cells was de-
tected by methylation specific PCR. WIF1 mRNA levels 
and protein levels were detected by PCR and Western 
blot analysis. We found that WIF1 expression was low in 
cervical cancer tissues compared to adjacent normal cer-
vical tissues. The WIF1 promoter was methylated in the 
cervical cancer SiHa cell line but not in the normal cervi-
cal epithelial cell line Ect1. Correspondingly, WIF1 mRNA 
levels and protein levels were significantly lower in SiHa 
cells than in Ect1 cells. Treatment with 5-aza-2-deoxycy-
tidine (AZA) led to the upregulation of WIF1 mRNA and 
protein levels in SiHa cells, but the effects were abro-
gated by treatment with WIF1 siRNA. In addition, AZA 
treatment induced apoptosis and inhibited the invasion 
of SiHa cells, and the effects were abrogated by WIF1 
siRNA. The protein levels of survivin, c-myc and cyclinD1 
were significantly lower in SiHa cells treated with AZA, 
but their levels were upregulated after treatment with 
WIF1 siRNA. In conclusion, the methylation of the WIF1 
promoter leads to the downregulation of WIF1 and the 
activation of Wnt/β-catenin signaling in cervical cancer 
cells. WIF1 is a tumor suppressor that is inactivated in 
cervical cancer.

Keywords: WIF-1; Wnt/β-Catenin; cervical cancer; methylation

Received: 01 March, 2023; revised: 18 April, 2023; accepted: 30 April, 
2023; available on-line: 12 June, 2023

✉e-mail: shj911la@gmail.com
Acknowledgements of Financial Support: This work was support-
ed by the Key Medical Science Research Program of Hebei Prov-
ince (No. 20210605).
Abbreviations: AZA, 5-aza-2-deoxycy-tidine; DMSO, dimethyl sul-
foxide; WIF1, Wnt inhibitory factor 1

INTRODUCTION

Cervical cancer is the second most common malignant 
tumor in women worldwide, and persistent infection 
with high-risk human papillomavirus is the main cause 
of cervical cancer (Halim et al., 2021; Sundaram et al., 
2021). Although comprehensive treatment options such 
as surgery, radiotherapy and chemotherapy can improve 

the efficacy of cervical cancer therapy, the prognosis of 
patients with advanced stage or relapse of cervical cancer 
is poor. Therefore, it is important to further investigate 
the mechanism of cervical cancer development to im-
prove current treatment strategies (Gao et al., 2020).

 The Wnt/β-Catenin signaling pathway is an impor-
tant pathway that promotes tumorigenesis (Paul & Dey, 
2008; Zhu et al., 2021). Wnt inhibitory factor 1 (WIF1) 
gene is located at 12q14 and encodes a secreted protein 
that binds to Wnt and acts as a Wnt antagonist to inhib-
it Wnt/β-catenin signaling (Mazieres et al., 2004). WIF1 
has been shown to inhibit the proliferation of different 
cancer cells (Kim et al., 2007; Tang et al., 2009). Notably, 
WIF1 is frequently downregulated in a variety of cancer 
due to promoter methylation, indicating that WIF1 is a 
tumor suppressor (Paluszczak et al., 2015; Karamitrousis 
et al., 2020; Zhang et al., 2014).

DNA methylation is one important DNA epigenetic 
modification in eukaryotic cells. DNA methylation trans-
ferase leads to the covalency binding of methyl groups 
provided by S-adenosine methionine (SAM) to specific 
bases. Aberrant DNA methylation, especially for tumor 
suppressors, could silence their expression and contrib-
ute to the development and progression of cancers in-
cluding cervical cancer (Lai et al., 2010; Zummeren et 
al., 2018; van Leeuwen et al., 2019). Consequently, DNA 
methyltransferase inhibitor 5-aza-2-deoxycytidine (AZA) 
has been utilized to inhibit DNA methylation of tumor 
suppressors for cancer treatment (Donia et al., 2021). 
However, the status of methylation of WIF1 promoter 
in cervical cancer remains unclear. Therefore, in this 
study, we aimed to detect whether the WIF1 promoter 
is methylated in cervical cancer and elucidate the mecha-
nism by which WIF1 promoter methylation contributes 
to cervical cancer development.

MATERIALS AND METHODS

Clinical samples

The clinical samples were from 5 patients with cervi-
cal squamous cell carcinoma confirmed by pathological 
examinations in the Fourth Hospital of Hebei Medical 
University from December 2019 to June 2020. All pa-
tients signed written informed consent. This study was 
approved by the Ethics Committee of the Fourth Hospi-
tal of Hebei Medical University (Approval No. 2019035).
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Immunohistochemistry

The streptomycin avidin-peroxidase method was used 
to detect the expression of WIF1 in clinical samples. 
The cervical cancer tissues and adjacent cervical tissues 
were cut into 5 µm thin sections. Antigen retrieval was 
performed by the incubation of the sections in 10 mM 
citrate buffer (pH 6.0), and the sections were heated at 
100°C for 1 h to block endogenous peroxidase. Next, 
the sections were incubated with WIF1 antibody (Ab-
cam, Cat# ab71204, Cambridge, MA, USA; 1:500 di-
lution) for 1 h at 37°C, washed with phosphate buff-
ered saline (PBS), and then incubated with SP-9001 kit 
(Zhong Shan Golden Bridge, Beijing, China) to visualize 
the staining. PBS instead of the primary antibody was 
used as the negative control.

Cell culture

Human cervical cancer cell line SiHa and  normal  ec-
tocervical  cell  line Ect1/E6E7 were purchased from 
American Type Culture Collection and cultured in RPMI 
1640 medium containing 10% fetal bovine serum (FBS, 
Thermo Fisher, CA, USA). The incubator condition was 
37°C with 5% CO2. AZA was purchased from Sigma-
Aldrich (St. Louis, MO, USA) and diluted in dimethyl 
sulfoxide (DMSO). SiHa cells were treated with 1 μM 
AZA or DMSO as the control for 48 h. In addition, 
SiHa cells were transfected with siRNA for WIF1 or 
scramble siRNA as control (Sangon  Biotech, Shanghai, 
China) using Lipofectamine 3000 (Thermo Fisher, CA, 
USA). Cells were collected 48 h after transfection for 
further analysis.

Transwell invasion assay

The treated cells were added to the upper chamber 
of the Transwell (Corning Costar; Oneonta, USA), while 
the lower chamber was filled with 600 μl of RPMI 1640 
medium containing 10% FBS. After incubation for 24  h, 
the cells were fixed with 95% methanol, stained with 
crystal violet for 20 min, and photographed under the 
microscope to count the number of invaded cells.

Flow cytometry

The apoptosis of treated cells was examined by us-
ing an Annexin V/FITC apoptosis kit (BD Biosciences, 
USA) following the manufacturer’s protocol. The stained 
cells were immediately analyzed using FACS Calibur 
System (Becton-Dickinson). The number of positively 
stained cells was counted to calculate the apoptosis ratio.

Methylation-specific PCR (MSP)

Genomic DNA was extracted from SiHa and Ect1 
cells using a DNeasy kit (Qiagen, Germany) follow-
ing the manufacturer’s protocols. Bisulfite modification 
of genomic DNA was performed by using a methyla-
tion kit (Zymo Research, Orange, CA, USA). MSP was 
performed with bisulfite-treated genomic DNA as a 
template and the following primers: unmethylation spe-
cific primers 5′-TTGTGGGTGTTTTATTGGGT-3′ 
(upstream) and 5′-AACAAAACC AACAAT-
CAACA-3′ (downstream); methylation specific primers 
5′-TCGCGGGCGTTTTATTGGGC-3′ (upstream) and 
5′-AACGAAACCAACAATCAACG-3′ (downstream).

RT-PCR

Total RNA was extracted from cells and cDNA was 
synthesized from total RNA using a reverse transcrip-

tion kit. PCR was performed with cDNA as a template 
and the following primers: WIF1 5′-CCGAAATG-
GAGGCTTTTGTA-3′ (upstream) and 5′-TGGTT-
GAGCAGTTTGCTTTG-3′ (downstream). Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) was used as 
an internal control to normalize WIF1 mRNA levels.

Western blot analysis

Total protein was extracted from cells using RIPA 
buffer and protein concentration was determined by us-
ing a bicinchoninic acid assay. Equal amounts of proteins 
were separated by sodium dodecyl sulfate polyacrylamide 
gel electrophoresis and transferred to nitrocellulose mem-
branes (Bio-Rad). The membranes were blocked in 5% 
non-fat milk and then incubated with primary antibodies 
for WIF1 (1:800), survivin, c-myc, CyclinD1 and GAP-
DH (all from Abcam, Cambridge, UK). The membranes 
were further incubated with secondary antibodies (Abcam, 
Cambridge, UK), and detected by chemiluminescence. 
Densitometry analysis of the bands was performed using 
Image-J software with GAPDH as a loading control.

Statistical analysis

The data were presented as the mean± standard devi-
ation (S.D.) and analyzed using SPSS statistical software 
(IBM Corp., Chicago, IL, USA). Comparisons between 
groups were performed using Student’s t-test. The differ-
ence was considered significant for p < 0.05.

RESULTS

WIF1 expression was low in cervical cancer tissues

First, we compared WIF1 expression in cervical cancer 
tissues and adjacent normal cervical tissues by immuno-
histochemistry. For negative control, we could not detect 
WIF1 expression in normal cervical tissues because PBS 
was used instead of WIF1 antibody (Fig. 1A). When we 
used WIF1 antibody, we detected strong nuclear staining 
of WIF1 in normal cervical tissues (Fig. 1B). In contrast, 
we detected weak nuclear staining of WIF1 in cervi-
cal cancer tissues (Fig. 1C). These results indicated that 
WIF1 expression was low in cervical cancer.

WIF1 promoter was methylated in cervical cancer cells

To elucidate how WIF1 is downregulated in cervical 
cancer tissues, we used cervical cancer cell as the model. 
First, we detected the methylation status of the WIF1 
promoter in cervical cancer cells by MSP. Compared 
to normal cervical epithelial cells Ect1, WIF1 promoter 
was methylated in cervical cancer SiHa cells (Fig. 2A). 
RT-PCR showed that WIF1 mRNA levels were signifi-
cantly lower in SiHa cells than in Ect1 cells (Fig. 2B). 

Figure 1. The expression of WIF1 in cervical cancer tissues. 
(A) WIF1 was barely detected in adjacent cervical tissues stained 
with PBS instead of WIF1 antibody as a negative control. (B) WIF1 
was strongly stained in the nuclei of adjacent normal cervical 
cells. (C) WIF1 was weakly stained in the nuclei of cervical squa-
mous carcinoma cells.
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Furthermore, we detected WIF1 protein levels in SiHa 
cells and Ect1 cells (Fig. 2C). The results showed that 
WIF1 protein levels were significantly lower in SiHa cells 
than in Ect1 cells (Fig. 2D). Collectivity, these data in-
dicated that WIF1 promoter was methylated and WIF1 
was downregulated in cervical cancer cells.

AZA upregulated WIF1 expression in cervical cancer 
cells

To examine whether demethylation of the WIF1 pro-
moter can restore WIF1 expression in cervical cancer 
cells, we treated SiHa cells with the demethylation agent 
AZA. Compared to SiHa cells treated with DMSO as 
control, WIF1 mRNA levels were significantly higher in 
SiHa cells treated with AZA. However, the upregulation 
of WIF1 mRNA levels by AZA was abrogated by treat-
ment with WIF1 siRNA (Fig. 3A).

 Next, we examined WIF1 protein levels in SiHa 
cells in different treatment groups (Fig. 3B). Densitom-
etry analysis showed that WIF1 protein levels were sig-
nificantly higher in SiHa cells treated with AZA than 
in cells treated with DMSO as control. However, the 
upregulation of WIF1 protein levels by AZA was abro-
gated by treatment with WIF1 siRNA (Fig. 3C). These 
results confirmed that AZA targeted WIF1 promoter to 
upregulate WIF1 expression in cervical cancer cells.

AZA inhibited malignant behaviors of cervical cancer 
cells

To examine the effects of AZA on cervical cancer cell 
behaviors, we performed flow cytometry and found that 
AZA treatment increased the apoptosis of SiHa cells, 
while the effect of AZA on apoptosis was abrogated 
by WIF1 siRNA (Fig. 4A). Quantitative analysis showed 
that apoptosis percentage was significantly higher in 
SiHa cells treated with AZA than in cells treated with 
DMSO but was significantly lower in SiHa cells treated 
with both AZA and WIF1 siRNA than in cells treated 
with AZA alone (Fig. 4B).

Transwell invasion assay showed that AZA treat-
ment inhibited the invasion of SiHa cells, while the ef-

Figure 2. WIF1 promoter was methylated and WIF1 was down-
regulated in cervical cancer cells. 
(A) MSP analysis of WIF1 promoter in SiHa and Ect1 cells. U: un-
methylated; M: methylated. (B) RT-PCR analysis of WIF1 mRNA 
levels in SiHa and Ect1 cells. (C) Western blot analysis of WIF1 pro-
tein levels in SiHa and Ect1 cells. GAPDH was loading control. (D) 
Densitometry analysis of WIF1 protein levels in SiHa and Ect1 cells. 
Data were expressed as the mean ±  S.D. (n=3). *P<0.05 compared 
to Ect1 cells.

Figure 3. AZA upregulated WIF1 expression in cervical cancer 
cells. 
(A) RT-PCR analysis of WIF1 mRNA levels in SiHa cells treated with 
DMSO, AZA (5-aza-2-deoxycytidine), AZA+ scramble siRNA, AZA 
+ WIF1 siRNA. (B) Western blot analysis of WIF1 protein levels in 
SiHa cells treated with DMSO, AZA, AZA+ scramble siRNA, AZA + 
WIF1 siRNA. GAPDH was loading control. (C) Densitometry analysis 
of WIF1 protein levels in SiHa cells treated with DMSO, AZA, AZA+ 
scramble siRNA, AZA + WIF1 siRNA. Data were expressed as the 
mean ±  S.D. (n=3). *P<0.05 for the AZA group compared to the 
DMSO group. #P<0.05 for AZA + WIF1 siRNA group compared to 
AZA group.

Figure 4. AZA induced the apoptosis and inhibited the invasion of cervical cancer cells. 
(A) Flow cytometry analysis of apoptosis in SiHa cells treated with DMSO, AZA, AZA+ scramble siRNA, AZA + WIF1 siRNA. (B) Quantitative 
analysis of apoptosis percentage in SiHa cells treated with DMSO, AZA, AZA+ scramble siRNA, AZA + WIF1 siRNA. (C) Transwell invasion 
assay of SiHa cells treated with DMSO, AZA, AZA+ scramble siRNA, AZA + WIF1 siRNA. (D) Quantitative analysis of the number of invaded 
SiHa cells treated with DMSO, AZA, AZA+ scramble siRNA, AZA + WIF1 siRNA. Data were expressed as the mean ±  S.D. (n=5). *P<0.05 for 
the AZA group compared to the DMSO group. #P<0.05 for AZA + WIF1 siRNA group compared to AZA group.
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fect of AZA on invasion was abrogated by WIF1 siRNA 
(Fig.  4C). Quantitative analysis showed that the num-
ber of invaded cells was significantly lower in SiHa cells 
treated with AZA than in cells treated with DMSO but 
was significantly higher in SiHa cells treated with both 
AZA and WIF1 siRNA than in cells treated with AZA 
alone (Fig. 4D). Taken together, these results indicated 
that AZA induced the apoptosis and inhibited the inva-
sion of cervical cancer cells.

AZA inhibited the apoptosis of cervical cancer cells via 
the inhibition of the Wnt pathway

To investigate how AZA inhibited the apoptosis of 
cervical cancer cells, we detected protein levels of sur-
vivin, c-myc and cyclinD1, which are Wnt pathway tar-
get genes and regulate cell proliferation and apoptosis 
(Fig.  5A). Densitometry analysis showed that protein 
levels of survivin, c-myc and cyclinD1 were significantly 
lower in SiHa cells treated with AZA than in cells treat-
ed with DMSO as control. However, protein levels of 
survivin, c-myc and cyclinD1 were significantly higher 
in SiHa cells treated with both AZA and WIF1 siRNA 
than in cells treated with AZA alone (Fig. 5B–D).

DISCUSSION

In this study, we demonstrated that WIF1 was down-
regulated in cervical cancer tissues and cells due to the 
methylation of the WIF1 promoter. AZA abrogated 
the methylation of the WIF1 promoter and upregulated 
WIF1 expression. Consequently, AZA inhibited the inva-
sion and induced the apoptosis of cervical cancer cells. 
Furthermore, AZA inhibited the expression of survivin, 
c-myc and cyclinD1, which may be the mechanism by 
which AZA inhibited tapoptosis and promoted the pro-
liferation of cervical cancer cells.

 The development and progression of cervical cancer 
is a complex process that involves both genetic and epi-
genetic mechanisms (Albulescu et al., 2021; Wang et al., 

2021). DNA methylation, especially the methylation of 
tumor suppressor genes, is one of the most important 
types of epigenetic modification that contribute to tumo-
rigenesis (van Leeuwen et al., 2019). Recent studies have 
shown that promoter methylation of WIF1 promoted 
the development of a variety of tumors (Zhang et al., 
2014). However, the role of WIF1 promoter methylation 
in cervical cancer remains unclear.

 Using normal cervical epithelial cells as control, we 
showed that the WIF1 promoter was methylated in SiHa 
cervical cancer cells. Consistently, both mRNA and pro-
tein levels of WIF1 were significantly downregulated in 
SiHa cells compared to normal cervical epithelial cells. 
However, AZA treatment led to the upregulation of 
WIF1 at both mRNA and protein levels, and the effects 
of AZA on WIF1 could be abrogated by WIF1 siRNA. 
Taken together, these data indicate that the downregula-
tion of WIF1 in cervical cancer cells is due to promoter 
methylation.

 Wnt/β-catenin signaling plays an important role in 
tumorigenesis. The activation of Wnt/β-catenin sign-
aling leads to the translocation of β-catenin from the 
cytoplasm into the nuclei where it interacts with tran-
scription factor TCF/LEF to drive the transcription of 
downstream target genes such as survivin, c-myc and 
CyclinD1 (Koushyar et al., 2022). Among a variety of 
targets of Wnt/β-catenin signaling, survivin is a known 
anti-apoptosis protein that promotes cell survival. C-myc 
and CyclinD1 are known to promote cell proliferation 
and cell cycle progression. The upregulation of survivin, 
c-myc and CyclinD1 in SiHa cells treated by AZA may 
explain why the apoptosis percentage was lower in these 
cells compared to control cells treated with DMSO. In 
addition, AZA induced apoptosis of SiHa cell was ab-
rogated by WIF1 siRNA. On the other hand, AZA in-
hibited the invasion of SiHa cells, and SiHa cell invasion 
could be restored after treatment with WIF1 siRNA. 
Notably, cancer cell invasion depends on the action of 
matrix metalloproteinases (MMPs), and MMP9 was re-
cently identified as a target of Wnt/β-catenin signaling 

Figure 5. AZA inhibited the expression of Wnt/β-catenin target genes in cervical cancer cells. 
(A) Western blot analysis of survivin, c-myc and CyclinD1 protein levels in SiHa cells treated with DMSO, AZA, AZA+ scramble siRNA, AZA 
+ WIF1 siRNA. GAPDH was loading control. (B) Densitometry analysis of survivin protein levels in SiHa cells treated with DMSO, AZA, 
AZA+ scramble siRNA, AZA + WIF1 siRNA. (C) Densitometry analysis of c-myc protein levels in SiHa cells treated with DMSO, AZA, AZA+ 
scramble siRNA, AZA + WIF1 siRNA. (D) Densitometry analysis of cyclinD1 protein levels in SiHa cells treated with DMSO, AZA, AZA+ 
scramble siRNA, AZA + WIF1 siRNA. Data were expressed as the mean ±  S.D. (n=3). *P<0.05 for the AZA group compared to the DMSO 
group. #P<0.05 for AZA + WIF1 siRNA group compared to AZA group.
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(Ingraham et al., 2011; Lee et al., 2014; Chen et al., 2021). 
Cervical cancer metastasis remains a big challenge for 
the effective treatment of cervical cancer in the clinic 
(Cheng and Huang, 2021). Further studies are needed 
to identify target genes of Wnt/β-catenin signaling that 
could be regulated by AZA, which could be novel thera-
peutic targets for metastatic cervical cancer.

In conclusion, this study provides evidence that the 
methylation of the WIF1 promoter leads to the down-
regulation of WIF1 and the activation of Wnt/β-catenin 
signaling in cervical cancer. AZA treatment reduced the 
methylation of WIF1 protomer and upregulated WIF1 
expression to inhibit Wnt/β-catenin signaling in cervi-
cal cancer cells. Consequently, AZA induced apoptosis 
and inhibited the invasion of cervical cancer cells, which 
could be rescued by WIF1 siRNA. These findings sug-
gest that WIF1 is a tumor suppressor that is inactivated 
in cervical cancer, and the development of approaches to 
restore WIF1 expression is promising for cervical cancer 
treatment.
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MicroRNA-196-5p targets Derlin-1 to induce autophagy in 
human osteosarcoma cells
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Osteosarcoma is a highly prevalent type of primary bone 
tissues in children and young adolescents. Micro-RNA 
(miR) dysregulation has been linked to osteosarcoma tu-
morigenesis. The role of miR-196-5p was investigated in 
modulating the growth and metastatic behaviour of hu-
man osteosarcoma cells, along with exploring its mecha-
nism of action. As shown by RT-qPCR expression analy-
sis, osteosarcoma cell lines exhibited prominent (P<0.05) 
transcriptional repression of miR-196-5p. The latter was 
thus transiently overexpressed in osteosarcoma cells, 
which resulted in the loss of cell viability and colony 
formation via induction of autophagy. The western blot 
analysis of the autophagy marker proteins revealed that 
the expression of Beclin 1 and LC3B II proteins was in-
duced by miR-196-5p, whereas that of p62 and LC3BI 
was repressed. Moreover, osteosarcoma cells overex-
pressing miR-196-5p showed significantly (P<0.05) lower 
migration and invasion concerning the control osteosar-
coma cells. According to the results of the in-silico analy-
sis, Derlin-1 participates in the regulation of miR-196-5p 
in osteosarcoma, and this prediction has been validated 
using a dual luciferase assay. The results indicated that 
miR-196-5p exerted its molecular role by targeting Der-
lin-1 at the post-transcriptional level. Summing up, the 
study revealed the modulatory potential of miR-196-5p/
Derlin-1 on osteosarcoma cells and provided insights 
into the possible implications for the treatment and 
prognosis of the disease.

Keywords: metastasis, autophagy, miR-196-5p, Derlin-1, osteosar-
coma

Received: 11 November, 2022; revised: 14 March, 2023; accepted:  
22 March, 2023; available on-line: 23 April, 2023

✉e-mail: xujunhua879@163.com
#These two authors contributed equally to this work.
Abbreviations: AO, Acridine orange; DERL1, Derlin 1; DMEM, Dul-
becco’s Modified Eagle Medium; ER, endoplasmic reticulum; ERAD, 
endoplasmic reticulum-associated degradation; HCC, hepatocel-
lular carcinoma; MUT, Mutant type; RIN, RNA integrity number; 
TER94,Transitional endoplasmic reticulum ATPase; TLR4,Toll-like re-
ceptor 4; UTR, untranscribed region; WT, Wild type

INTRODUCTION

Osteosarcoma is the most prevalent bone cancer, 
commonly affecting adolescents and young people (Fer-
guson & Turner, 2018; Sadykova et al., 2020). This dis-
ease has been reported to exhibit a very poor progno-
sis, and in a considerable proportion of the diagnosed 
cases, it metastasizes to the pulmonary tissues (Li et al., 
2020). Together, these factors make osteosarcoma very 
lethal and therefore require the formulation of novel 
and efficient therapeutic measures against osteosarcoma. 

Pertinently, elucidation of the tumorigeneses of osteosar-
coma on a molecular basis is essential to recognise the 
potential prognostic and therapeutic targets against this 
devastating malignancy. The vast majority of localised 
osteosarcomas are treated with surgery, but with the in-
troduction of multiagent chemotherapy regimens there 
has been an increase in survival rate to 70% in patients 
with osteosarcoma (Miwa et al., 2019). Several patients 
and their families have been reported to have undergone 
limb salvage surgery. Most patients, more than 85%, 
choose to salvage a limb rather than have it amputat-
ed (Rougraff et al., 1994). It is also possible to employ 
radiation therapy to aid in the removal of microscopic 
or marginal residual tumours (DeLaney et al., 2005). It 
has been estimated that approximately 70% of cancer 
patients with localized tumors will receive chemothera-
py treatment (Chou et al., 2005). There is a compound 
known as Mifamurtide, which is a liposomal TLR4 ago-
nist that triggers macrophages and monocytes to channel 
the antitumor immune response against cancerous cells 
and inhibit malignant metastasis.

Micro-RNAs (miRs) belong to endogenous non-cod-
ing RNAs ranging in average size from 20–25 nucleo-
tides (Donlic & Hargrove, 2018) that regulate specific 
protein-coding genes, mainly at the post-transcriptional 
level (Loukas et al., 2021). These genes encode proteins 
that are modulated by miRs that bind to 3’-UTRs (un-
transcribed regions) of mRNAs post-transcriptionally via 
the mRNAs’ 3’-UTRs (Abdalla et al., 2020). The miRs 
displayed a vital role in human biology and physiology 
(Catalucci et al., 2009). Interestingly, several microRNAs’ 
deviations from the normal expression levels were linked 
to cancer development, among other disorders (Olson et 
al., 2009). MiRs regulate the proliferation, cell division, 
apoptosis, autophagy, migratory potential, and invasive-
ness of human cancer cells (Gao et al., 2020; Lin et al., 
2017; Ashrafizadeh et al., 2020). Human osteosarcoma 
reportedly also exhibits an aberrant expression of several 
miRs’ and regulates the growth, metastasis, and prolifera-
tion of osteosarcoma cells (Zhou et al., 2018; Salah et al., 
2015).

Currently, miR-196-5p is known to be one of the 
most important functional molecules in immunity and 
cancer development in humans (Huang et al., 2014). Ac-
cording to recent evidence, miR-196-5p may suppress 
the growth of breast cancer and melanoma (Li et al., 
2010; Braig et al., 2010). Additionally, in several studies 
in human cancers like oral and colorectal cancer, miR-
196-5p expression is believed to be involved in oncogen-
esis or tumour suppression, regulating their growth and 
progression (Xin et al., 2019a; Stiegelbauer et al., 2017; 
Maruyama et al., 2018). Evidence suggests that the miR-
196-5p gene appears to be downregulated in certain hu-
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man tumours and acts as a tumour suppressor in regu-
lating tumorigenesis (Zheng et al., 2019b; Lu et al., 2016). 
Although downregulation of miR-196-5p resulting from 
long noncoding RNA sponging has been shown in sur-
face osteosarcoma, its regulatory role has not yet been 
reported (Chen et al., 2019).

 Derlin-1, one of the ATPases in the p97 complex, 
is believed to be involved in ER-associated degradation. 
The function of this enzyme is to retrotranslocate mis-
folded or unfolded proteins into the cytosol for degra-
dation by proteasomes (Klopfleisch et al., 2010). Many 
tumors have overexpressed Derlin-1, which is involved 
in the progression of tumors (Wang et al., 2008; Dong 
et al., 2017). There is evidence that Derlin-1 is expressed 
in several varieties of human carcinomas, and antibod-
ies that target Derlin-1 have been shown to inhibit the 
growth of colon tumours in mice (Tan et al., 2015). In 
a study published by Wang and others in 2008 (Wang et 
al., 2008) it was found that Derlin-1 expression is cor-
related with tumor grade and lymph node metastasis in 
breast cancer. There is, however, little information about 
the biological significance of Derlin-1 in osteosarcoma 
cancer, and the exact relationship between microR-
NA196-5p, which targets Derlin-1 to induce autophagy 
in human osteosarcoma cells, remains unknown. There-
fore, a recent study aimed to investigate the effects of 
miR-196-5p/Derlin-1 pathway at the molecular level in-
volved in osteosarcoma.

MATERIALS AND METHODS

Tissues samples

Fifty five paired osteosarcoma and normal matching 
human tissue samples were obtained from osteosarcoma 
subjects during surgical resection in the Department of 
Orthopedics, Puren Hospital Affiliated to Wuhan Uni-
versity of Science and Technology, Wuhan, China. Two 
pathologists, blind to the study, conducted the pathologi-
cal survey of the excised tissue specimens. The ethics 
committee of our institute approved the study (approval 
No. OR14PUR256/22). Liquid nitrogen was used to 
snap-freeze the specimens, and the latter were stored at 
–80oC until experimentation.

Cell lines

Three different humans (MG-63; ATCC Catalogue 
no.: CRL-1427), (Saos2; ATCC Catalog no.: HTB-85) 
and (HOS; ATCC Catalog no.: CRL-1543) osteosar-
coma cell lines were obtained from the ATCC (Ameri-
can Type Culture Collection, USA) and the hFOB1.19 
(normal osteoblast cell line; Catalog No.: CL-0353) were 
obtained from the Elabscience Biotechnology Inc, USA. 
The culturing of the cell lines was carried out using 
DMEM (Dulbecco’s modified Eagle’s medium) added 
with 10% FBS (fetal bovine serum), penicillin (100 U/
ml) and streptomycin (10 µg/L) in an incubator (5% 
CO2) at room temperature. The lowest passage numbers 
for the cell lines were between 3–5, respectively. Colori-
metric mycoplasma detection assay using PlasmoTest™ 
(Catalog code: rep-pt1, InvivoGen USA) for the visual, 
colorimetric detection of mycoplasma contamination in 
cell cultures was performed. A positive result indicates 
the presence of a cell culture contaminant. The results of 
our tests for mycoplasma contamination in cell cultures 
were negative.

Cell line transfection

As a result of comparing miR-196-5p expression lev-
els in Saos2, MG-63, and HOS cell lines with the normal 
osteoblast cell line, we selected the Saos2 cell line due 
to their relatively significant miR-16-5p expression levels 
(P<0.01).

After reaching 80% confluence, cells were seeded at a 
density of 1 × 104 cells/cm2 into six-well plates. We car-
ried out transient transfection of miRNAs as previous-
ly reported (Xin et al., 2019a). Twenty-four hours after 
seeding, transfection with miR-196-5p mimic (50  nM), 
miR-NC (50 nM), si-NC (50 nM), pcDNA-derlin1 (50 
nM) or si-DERL1 (50 nM) was carried out using Lipo-
fectamine 2000 (Invitrogen, CA, USA) according to the 
manufacturer’s instructions. The presynthesised miR-
196-5p mimics, miR-NC or si-NC (negative control) 
oligos were obtained from the Gene-Pharma Company 
(Suzhou, Jiangsu, China). To construct the Derlin1 ex-
pression plasmid, the mammalian overexpression vector, 
pcDNA3.1, was cloned with the full-length ORF of der-
lin1 (pcDNA-derlin1) to obtain Derlin1 whereas control 
vector-transfected cells were used as the negative con-
trol. As a result of using siRNA Derlin-1 sequences (Oli-
gobio, Beijing, China) and pcDNA3.1-Derlin-1 sequences 
(Oligobio, Beijing, China), we were able to knock down 
or upregulate the expression of Derlin-1.

A Lipofectamine 2000 (5 µl) solution was placed in 
DMEM (250 µl) in the absence of serum and incubat-
ed for 10 minutes at 37°C. Each 5 µl of miR-196-5p 
mimic, miR-NC, pcDNA-derlin1, si-NC, and si-DERL1 
was placed in DMEM (250 µl) in the absence of serum. 
Following incubation for 10 minutes, the diluted miR-
196-5p mimic, miR-NC, pcDNA-derlin1, si-NC, and 
si-DERL1 was gently mixed with diluted Lipofectamine 
2000, and then incubated at room temperature for 
30  minutes. The cells were washed twice in PBS (phos-
phate buffered saline) after the old medium was re-
moved from the 6-well plate. To each well containing 
cells and medium, 500 µl of the complexes were added 
before the plate was gently rocked to mix the solution. 
A 24-hour incubation period was conducted at 37°C in 
a CO2 incubator to test for the expression of transgenes 
in the cells.

Extraction and quantitative RT-qPCR of RNA

Microfluidics-based Agilent Bioanalyzers (Agilent 
Technologies Co. Ltd., Beijing, China) classify RNA 
samples according to their integrity using RNA Integrity 
Numbers (RIN) ranging from 1 to 10. The RIN value 
above 8.0 indicates intact, high-quality RNA samples, the 
value between 5.0 and 8.0 indicates moderately degrad-
ed samples, and the value below 5.0 indicates degraded 
samples (Padhi et al., 2018). It is typically recommended 
to use RNA samples that have RIN values above 5.0 in 
order to ensure a reliable measurement of gene expres-
sion by RT-qPCR.

Table 1. Primers used in real-time polymerase chain reaction

Primers Sequence (5’-3’) Size (bp)

miR196-5p 5’-TAGGTAGTTTCCTGTTGTTGGG-3’
178

5’-GCGAGCACAGAATTAATACGAC-3’

derlin 1 5’-TCGGACATCGGAGACTGGTT-3’
186

5’-AGCCAGTAATCACGATGCAAA-3’

GADPH 5’-CTTCTACAATGAGCTGCGTG-3’
156

5’-TCATGATTGAGTCAGTCAGG-3’

905



Vol. 70 						      315MicroRNA-196-5p  targets Derlin-1

TRIzol reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.) was used according to the manufacturer’s instruc-
tions to isolate total RNA from the cells. The expression 
of mRNA of a cell was detected by a real-time PCR sys-
tem, which used SYBR Green (Roche Diagnostics, Man-
nheim, Germany), with two micrograms of total RNA. 
The cDNA was synthesized with a Transcriptor cDNA 
Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, 
USA). In order to normalize the expression of the target 
gene mRNA, GAPDH expression was used as an en-
dogenous control. The inverse logarithms of the ∆∆Ct 
levels are used to calculate the relative levels of miR-
196-5p. The primer sequence information is listed in 
Table 1. The specific method is described in the earlier 
study (Jhan et al., 2022).

CCK-8 assays

A 96-well plate was used to plate the cells (3×104 cells) 
into each of the 96 wells after they had been transfected. 
After culture of cells for 0, 12, 24, 48, or 96 h at 37°C, 
the addition of CCK-8 reagent (10 µl, Solarbio Life Sci-
ence, Beijing, China) was transferred to each well in ac-
cordance with the manufacturer’s guidelines. The incuba-
tion was extended at 37°C for 3 h, and finally, in order 
to measure the absorbance of the wells at 470 nm, the 
microplate reader (Agilent Bioscience Co. Ltd, Hang-
zhou China) was utilized to measure the absorbance of 
each well at 0 h and at intervals of 24 h until 96 h post-
transfection (Xin et al., 2019b).

Colony formation assay

Proliferation of cells was also determined by colony 
formation assays (Wang et al., 2018). The transfected 
Saos2 cells (2.5×104  cells in each well) were plated in a 
six-well plate. During the 17 days of culture, fresh me-
dium was changed every day during incubation and cells 
were incubated at room temperature after 96 hours of 
culture. The colonies formed were washed with PBS 
and paraformaldehyde (4%) fixed at 37°C for 15 min. 
A crystal violet stain of 0.25% was applied to the colo-
nies at 37°C for 15 minutes. The percent colony number 
(for colonies with > 50 cells) was analysed by two inde-
pendent researchers (blind) counted under a bright-field 
microscope with a low-resolution bright field micro-
scope (Olympus, Tokyo, Japan). Image of each plate was 
scanned using colony counting software (ImageJ, USA)

Analysis of apoptosis in cells by flow cytometry

The FITC-Annexin V Apoptosis Detection Kit (4A 
Biotech, Nanjing, China) was used to measure cell apop-
tosis according to the instructions provided by the man-
ufacturer (Badhai et al., 2009). Briefly, 24 h after trans-
fection with 50 nM miR-NC, miR-196-5p mimic and 
pcDNA-derlin1, the medium was then removed, and the 
cells were incubated in serum-free medium for 24  hours 
after removal of the medium. After digestion with 
trypsin, the cells were washed twice in cold phosphate 
buffer saline, centrifuged for five minutes at 1200  rpm, 
and resuspended in phosphate buffer saline (100 µl). The 
cells were then resuspended in phosphate buffer saline. 
Incubation was carried out in the dark at room tempera-
ture in the presence of 5 µl of FITC-labelled Annexin 
V and PI. We used flow cytometry to analyze apopto-
sis five minutes after adding 400 µl of phosphate buffer 
saline. FlowJo software (Tree Star, Ashland, USA) was 
used to analyse the data in this study.

The Annexin V/PI assay was developed to differenti-
ate between live and apoptotic cells, but it can also be 
used to differentiate between apoptotic subpopulations 
of cells which are in an early or late stage of apoptosis 
(i.e., healthy cells: (Annexin-/PI-), early apoptotic cells: 
Annexin V+/PI-), late apoptotic cells: (Annexin V+/
PI+), necrotic/dead cells: Annexin V-/PI+). Hence, for 
the same miR-196-5p treated Saos2 cells, we first re-
moved any cells having a negative value before perform-
ing further analyses. We analyzed a total of 10 000 cells 
per measurement.

Acridine orange (AO) autophagy staining

The acidic vesicles formed during autophagy were vis-
ualized with the help of the acridine orange staining pro-
tocol (Pierzyńska-Mach et al., 2014). In brief, the trans-
fected Saos2 cancer cells were placed at 5 × 104 in each 
well of 12-well plate. A 24-hour culture at 37°C was 
carried out on the cells. After that, the cells were col-
lected, washed with phosphate buffer saline and stained 
with 0.5% acridine orange (AO). We then removed the 
acridine orange from the cells, washed them rapidly with 
fresh medium, and examined them under a fluorescence 
microscope (Leica, Germany). The imaging conditions 
were AO-excitation 448 nm, emission 470–550 nm 
(monomers)and 580–650 nm (stacks); the scanning speed 
was 7 000 Hz. The cover slip with the live cells were 
mounted on custom stainless-steel holders. The sample 
temperature was maintained at 37°C. ImageJ software 
(Rasband, WS. ImageJ) was used to perform basic image 
processing and analysis.

The accumulation of acrylidine orange in acidic au-
tophagosomes was detected by fluorescence microscope 
equipped with a digital camera. The presence of cells 
with intense red staining indicated that autophagy oc-
curred in these cells.

Western blot

To lyse the cells, ice-cold RIPA lysis buffer (CW-
BIO, Beijing) was used after the cells were transfected 
for 48  hours and the total protein concentration of the 
transfected Saos2 cells was detected using a BCA Protein 
Assay Kit (Beyotime, Shanghai, China). Subsequently, 
20 μg of protein of each sample was separated by 10% 
SDS-PAGE gel (Bio-Rad Laboratories Co., Ltd. Shang-
hai, China) and then transferred onto the PVDF mem-
branes (Millipore, USA). Primary antibodies anti-Beclin1 
(Cat#11306-1-AP, Proteintech Group Inc., Rosemont, 
IL, USA; dilution 1:1000), anti-p62 (Cat#18420-1-AP, 
Proteintech Group Inc. USA; dilution 1:6000), anti-
LC3BI/II (Cat# ABC929, Sigma Aldrich, USA; dilution 
1:800), anti-Derlin-1 (Cat#SAB4200148, Sigma Aldrich, 
USA; dilution 1:2000) were added to the PVDF mem-
brane in blocking solution (10% fat-free milk in TBST 
(Tris buffered saline/Tween-20), followed by washing 
three times with TBST and incubated for 3 h at 37°C. 
Next, PVDF membranes were incubated for two hours 
with goat anti-rabbit HRP-conjugated secondary antibod-
ies (Proteintech Group Inc., dilution 1:7 000) at room 
temperature. Chemiluminescent fluid (GE Healthcare 
Life Sciences, UK) was applied to cover the membranes 
after they were washed. A chemiluminescence analyzer 
(Biotech Co., Ltd., Beijing) was used to detect and pho-
tograph the bands. Quantity One software was used to 
quantify protein bands by densitometry. In order to cor-
rect for the differences in loading between the groups, 
the volume per group was divided by the volume of 
normalized β-actin for each group. A normalization pro-
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cedure was then conducted to determine the differences 
between each group and the control group. Based on 
the control data, the results were presented as a percent-
age (Xin et al., 2019a).

Assays of Migration and invasion

It was examined whether miR-196-5p mimics or 
miR-NC transfected into Saos2 cells could affect mi-
grating and invading cells within the chambers using 
the Transwell chamber and wound healing assays, re-
spectively. Approximately 2 × 105  transfected cells were 
placed in each of six wells of a six-well plate to per-
form the migration assay. Post 24 h cell culturing, the 
cell surface was scraped by a 200 μl pipette tip. The 
wound was imaged with the aid of a light microscope. 
Upon incubation at room temperature for 24 hours, 
the wound was again visualised and the percent wound 
closure was analysed using Image J software. For the 
Transwell chamber invasion assay, 5 × 104  transfected 
cells suspended in 250 μl of serum-free culture medium 
were added to the Matrigel-coated upper chamber of 
a 24-well Transwell plate. DMEM with 10% FBS (650 
μl) was placed in the bottom of the cell culture cham-
ber. We fixed and stained the invaded cells in methanol 
with 0.2% crystal violet after 24 hours of incubation 
at 37°C. An inverted microscope (Olympus, Tokyo, 
Japan) was used to visualize the cells. Based on the 
number of cells counted, two independent researchers 
(blind) were able to calculate the percentage of cells 
that invaded seven random fields under the microscope 
(Xin et al., 2019b).

miR-196-5p target analysis and dual luciferase assay

In silico analysis was conducted to predict the in-
teraction between miR-196-5p and Derlin-1 3’-UTR 
using TargetScan online (http://www.targetscan.org/
vert_72/). The prediction was validated using a dual 
luciferase assay (Promega, USA) and Microplate Lumi-
nometer (BioTek, USA). In an earlier study, the specific 
method was described (Jhan et al., 2022). Briefly, Der-
lin-1 3′-UTR with wild-type miR binding site (derlin1-
WT) or mutant miR binding site (Derlin-1-MUT) was 
first cloned in the pmir-GLO luciferase reporter vec-
tor. Next, Saos2 cells were co-transfected with 1 ng/
µl concentrations of reporter vectors (WT or MUT) 
and 2.5 μg of miR-196-5p mimics or miR-NC with the 
help of Lipofectamine 3000. To quantify the luciferase 
activity of the cells, host cells were isolated, washed, 
and trypsinized before being assayed with the dual lu-
ciferase assay to determine their luciferase activity 48 
hours after transfection as directed by the manufacturer 
following the instructions.

Statistical analysis

Each experiment was presented at least three times 
independently in order to obtain the best results. Data 
were shown as means ±  S.D. GraphPad version 9.0 
was run to accomplish the statistical analysis. A Stu-
dent’s t test was used to assess the significance of dif-
ferences between the two treatment groups, assum-
ing that the data were normally distributed. One-way 
ANOVA was used to compare the values of the ex-
perimental and control groups. A multiple comparison 
test was performed between the groups using Tukey’s 
multiple comparison test. A P-value less than 0.05 was 
considered statistically significant.

RESULTS

MiR-196-5p expression is repressed in osteosarcoma

To gain insight into the miR-196-5p expression pat-
tern in osteosarcoma, quantitative RT-qPCR was per-
formed. Interestingly, osteosarcoma tissue specimens 
displayed a remarkably lower (P<0.05) miR-196-5p 
transcript (P<0.05) compared to the normal tissues 
(Fig.  1A). Expression analysis was also performed from 
three different osteosarcoma cell lines (MG-63, Saos2, 
and HOS) with reference to normal osteoblast cell lines. 
The miR-196-5p expression was shown to be substan-
tially (P<0.05) reduced compared to that of normal cells 
(Fig.  1B). Additionally, miR-196-5p expression was con-
siderably (P<0.01) low in Saos2 cells compared to MG-
63 and HOS cell lines. Therefore, we selected Saos2 
cell lines for transfection. Thus, the results indicate that 
miR-196-5p is markedly reduced in osteosarcoma, sug-
gesting its possible involvement in its growth and pro-

Figure 1. Over-expression of miR-196-5p in osteosarcoma cells 
declined their viability, in vitro. 
(A) Relative transcript levels of miR-196-5p in osteosarcoma and 
normal matching human tissues. (B) Relative expression analy-
sis of miR-196-5p from Saos2, HOS, MG-63 cell lines and with re-
spect to hFOB1 normal osteoblast cell line. (C) qRT-PCR based 
confirmation of miR-196-5p over-expression in miR-196-5p mimics 
transfected Saos2 osteosarcoma cells with reference to respective 
miR-NC transfected negative control cells. (D) Viability analysis at 
various intervals of miR-196-5p mimics and miR-NC transfection 
in Saos2 cancer cells of in vitro culturing. (E) Colony formation as-
say of Saos2 cells transfected with miR-196-5p mimics or miR-NC. 
Each experiment was conducted using three independent biologi-
cal replicates (*P<0.05 vs. control group, #P<0.01 vs. MG-63 and 
HOS cells)
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gression. The Saos2 cell line was therefore used to de-
termine whether miR-196-5p acts in the development of 
osteosarcoma.

miR-196-5p inhibited osteosarcoma cell growth

To induce miR-196-5p overexpression in Saos2 can-
cer cells, miR-196-5p mimics were transfected into the 
cells. The results of RT-qPCR displayed that miR-196-
5p mimics transfected Saos2 cancer cells expressed ~8-
fold miR-196-5p transcript levels relative to miR-NC 
transfected Saos2 cells (Fig. 1C). To analyze the effect of 
miR-196-5p overexpression on Saos2 host cell viability, a 
CCK-8 assay was carried out. The findings revealed that 
miR-196-5p overexpressing Saos2 cells showed mark-

edly lower (P<0.05) in vitro viability (P<0.05) compared 
to negative control cells in different cultures (Fig. 1D). 
Again, colony formation of Saos2 cells overexpressing 
miR-196-5p was remarkably lower (P<0.05) comparative-
ly to normal cells (Fig. 1E). Colony formation of Saos2 
cancer cells overexpressing miR-196-5p was only 32% 
of that of control cells. As a result of these findings, it 
might be speculated that miR-196-5p has a growth-in-
hibitory function in osteosarcomas.

miR196-59-induced apoptosis in Saos2 cells

We evaluated the changes in apoptosis using Annexin/
PI staining. The results showed that miR-196-5p trans-
fection significantly (P<0.01) increased in the percentage 

Figure 2. Effect of miR-196-5p overexpression on the rate of apoptosis. 
(A) Analysis of flow cytometry results of Saos2 cells transfected with miR-196-5p mimics or miR-NC. (B) Rate of apoptosis (%) in Saos2 
cells transfected with miR-196-5p mimics or miR-NC. Significant change in the percentage rate of apoptotic cells (**P<0.01) observed 
from the representative images of apoptotic cells. Cell percentages were calculated based on three independent flow cytometry experi-
ments. Q1 represents death cells, Q2 represents the late apoptosis cells, Q3 represents the normal or live cells, Q4 represents the early 
apoptosis cells. The statistical result of apoptosis rate (B), which equals to the rate of late apoptosis cells (Q2) plus the rate of early apop-
tosis cells (Q4) plus the rate of necrotic or dead cells (Q1) respectively.

Figure 3. Osteosarcoma cells exhibited restrained motility in vitro by miR-196-5p up-regulation. 
(A) The wound-healing assay was used to investigate the migration patterns of Saos2 osteosarcoma cells that had been overexpressed 
with miR-196-5p mimics or miR-NC. (B) Transwell chamber invasion assay of Saos2 osteosarcoma cells transfected with miR-196-5p mim-
ics or miR-NC. Each experiment was conducted using three independent biological replicates (*P<0.05). 
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Figure 4. miR-196-5p over-expression promoted the ability of osteosarcoma cells to undergo autophagy. 
(A) Detection of autophagosomes by acridine orange staining in Saos2 cancer cells transfected with miR-196-5p mimics or miR-NC.  
(B) Quantification of autophagosomes (percent of autophagic cells) with miR-196-5p mimics or miR-NC. (C) Western blot analysis of LC3B 
I & II, p62 and Beclin 1 proteins from Saos2 osteosarcoma cells transfected with miR-196-5p mimics or miR-NC. The experiments were 
performed using three independent biological replicates.

Figure 5. Derlin-1 is functionally targeted by miR-196-5p in osteosarcoma. 
(A) In silico analysis of miR-196-5p with Derlin-1 3’-UTR. (B) miR-196-5p site-specific interaction with Derlin-1 3’-UTR was assessed using a 
dual luciferase assay. (C) qRT-PCR expression analysis of Derlin-1 from normal human and osteosarcoma cells. (D) Relative transcript lev-
els analyses of Derlin-1 from Saos2, HOS and MG-63 cell lines relative to hFOB1 normal osteoblast cell line. (E) Western blotting of Der-
lin-1 miR-196-5p mimics or miR-NC expressing Saos2 cancer cells. (F) CCK-8 assay for the viability analysis of Saos2 cells transfected with 
si-Derlin-1 or si-NC at different intervals of in vitro culturing. (G) Viability analysis of Saos2 cells transfected with miR-NC, miR-NC+pcDNA, 
miR-196-5p mimics or miR-196-5p mimics + pcDNA or miR-196-5p mimics+pcDNA-Derlin-1 at different intervals of in vitro culturing. (H) 
A Pearson correlation analysis was performed on OS tissues to determine the correlation between miR-196-5p and Derlin-1. Each experi-
ment was conducted using three independent biological replicates (*P<0.05; **P<0.01).
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rate of apoptosis in Saos2 cells (Fig. 2A) compared to 
negative control (miR-NC). These findings indicate that 
the miR-196-5p overexpression showed substantial in-
crease in the rate of apoptosis in Saos2 cells (Fig. 2B). 
Collectively, these results suggest that miR-196-5p over-
expression induces triggering cell death in Saos2 cells. 
In total, 9989 cells were recovered in miR-NC control 
group, which contained 94.45% live or normal cells 
(Q3), 2.9% early apoptotic cells (Q4), 2.47% late apop-
totic cells (Q2) and 0.18% necrotic or dead cells (Q1). 
Out of 9972 total cells recovered in miR-196-5p treated 
Saos2 cells, 33.38% live cells (Q3), 30.66% early apop-
totic cells (Q4), 31.83% late apoptotic cells (Q2) and 
4.13% necrotic or dead cells (Q1).

miR-196-5p restrained migration and invasion of 
osteosarcoma cells

Whether miR-196-5p also regulates the migratory abil-
ity and invasiveness of osteosarcoma cells, the effect of 
miR-196-5p overexpression was visualized on the migra-
tion and invasion of Saos2 sarcoma cells. The results 
showed that Saos2 cells over-expressing miR-196-5p mi-
grated at remarkably (P<0.05) reduced rates (P<0.05), as 
evidenced by the percent wound closure being markedly 
lower compared to control cells (Fig. 3A). Furthermore, 
miR-196-5p overexpression in osteosarcoma cells signifi-
cantly inhibited in vitro invasion considerably (P<0.05), 
and it was shown that percent cell invasion was reduced 
to less than 20% relative to that of negative control os-
teosarcoma cells. Thus, the results suggest that miR-196-
5p has an antimetastatic regulatory role in osteosarcoma 
(Fig. 3B).

Osteosarcoma cells overexpressing miR-196-5p 
exhibited induction of autophagy

To assess whether the reduction in the replication 
of the Saos2 cancer cell overexpressing miR-196-5p re-
sulted from the induction of cell autophagy, acridine 
orange (AO) staining was performed, followed by fluo-
rescent microscopy. Cancer cells overexpressing miR-
196-5p were shown to accumulate AO stain indicative of 
the possession of acidic autophagosomes (Fig. 4A). The 
western blot analysis of the autophagy marker proteins 
revealed that LC3B II and Beclin 1 expression levels 
were significantly elevated (P<0.01), whereas p62 lev-
els were significantly decreased (P<0.01), indicating that 
miR-196-5p stimulated autophagy (Fig. 4B). Taken to-
gether, our findings demonstrated that miR-196-5p over-
expression induces apoptosis through autophagy-related 
proteins (Beclin 1, p62, LC3B) in osteosarcoma cells.

miR-196-5p functionally targets Derlin-1 in 
osteosarcoma

A comprehensive in silico analysis of miR-196-5p was 
performed to predict the specific molecular target of 
miR-196-5p in osteosarcoma. Derlin-1 was recognized as 
the probable target of miR-196-5p in osteosarcoma, and 
this miRNA binds to a precise site within the untran-
scribed region (3’-UTR) of Derlin-1 mRNA (Fig.  5A) 
corresponding to the seed region of miR-196-5p. Tar-
getScan identified Derlin-1 as a possible target of miR-
196-5p with the indicated target sites. Consequently, we 
assumed that miR-196-5p was regulating Derlin-1 in 
Saso2 cells.

Further study results revealed that overexpression of 
miR196-3p could significantly reduce the level of 3′-UTR 
activity of Derlin-1, which was in contrast to that detect-

ed for mutant Derlin-1 3′-UTR activity (Fig. 5B). Fur-
thermore, the results of the luciferase reporter assay re-
vealed that aberrant cells were identified, which showed 
that the activity of luciferase in Saos2 cells decreased 
significantly (P<0.01) only after the miR-196-5p mimics 
were co-transfected with luciferase plasmids containing 
the 3’-UTR of Derlin-1 with native binding sites. Moreo-
ver, the gene expression of Derlin-1 was shown to be 
considerably increased (P<0.05; Fig. 5C) in osteosarcoma 
cell lines, negatively correlating with that of miR-196-
5p expression (Fig. 1A), thus substantially linked with 
tumor progression. A significant increase in Derlin-1 
mRNA and protein levels was also observed in Saos2 
cells (Fig.  D, P<0.05). According to our findings, miR-
196-5p targets Derlin-1 by direct binding to predicted 
sites in the 3′-UTR of Derlin-1 mRNA. The results of 
our luciferase reporter assay support the hypothesis that 
miR-196-5p targets the Derlin-1 gene. Again, the expres-
sion of the Derlin-1 protein was shown to be repressed 
in miR-196-5p overexpressing Saos2 cancer cells, which 
provides further insight into post-transcriptional down-
regulation of Derlin1 by miR-196-5p in osteosarcoma 
(Fig. 5E).

Furthermore, it was shown that the effect of miR-196-
5p on Saos2 cell migration, invasion, and proliferation 
was modulated by Derlin-1. The CCK-8 assay showed 
that Derlin-1 silencing mimicked the antiproliferative ef-
fects of miR-196-5p overexpression, suggesting that the 
latter could be exerting its role in osteosarcoma through 
post-transcriptional repression of Derlin-1 (Fig.  5F). 
Besides, Saos2 cancer cells over-expressing Derlin-1 

Figure 6. Model showing the molecular mechanism of miR-196-
5p/derlin1 axis in osteosarcoma. 
miR-196-5p is synthesized and binds to the 3’-UTR of Derlin-1 
through the RISC complex. This binding blocks Derlin-1 transla-
tion eventually leading to autophagy mediated inhibition of cell 
proliferation.
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did not show proliferative decline when miR-196-5p 
was overexpressed (Fig. 5G). However, these findings 
were not noticed between the groups: miR-NC vs. miR-
NC+pcDNA & miR-196-5p mimics vs. miR-196-5p 
mimics+pcDNA (P>0.05). Nevertheless, we observed 
significant difference in the effects of miR-196-5p over-
expression suppressed by Derlin-1 between the groups 
(P<0.01): miR-196-5p mimics vs. miR-196-5p+pcDNA 
– Derlin 1 and miR-196-5p mimics+pcDNA vs. miR-
196-5p mimics+pcDNA-Derlin 1. The results reveal that 
miR-196-5p targets Derlin-1 for its post-transcriptional 
repression to exert its functional role in osteosarcoma 
(Fig. 6). These findings are consistent with our earlier 
demonstration about the results of the luciferase reporter 
assay and the published results on pcDNA (Zhang et al., 
2021). The molecular basis of the antiproliferative effects 
of miR-196-5p overexpression that mediates through the 
decrease in the expression of Derlin-1 in Saos2 osteo-
sarcoma cells remains unclear and needs further inves-
tigation. However, our findings confirmed that miRNA 
(si-Derlin-1) was silenced in Saos2 cells, thus decreasing 
the expression levels of Derlin-1. Based on the results of 
these experiments, we were able to confirm our predic-
tions and suggest that miR-196-5p might regulate Der-
lin-1 to offer its antiproliferative effects. Consequently, 
miR-196-5p and Derlin-1 showed a significant correla-
tion in OS tissues, demonstrating the effects of miR-196-
5p on cell growth, metastasis, and apoptosis (Fig.  5H).

DISCUSSION

Numerous studies have suggested that miRs might 
emerge as potential molecular markers in cancer diagno-
sis and therapy (Iacona & Lutz, 2019). The exact mecha-
nisms by which miRNA regulate tumorigenesis remain 
unclear, despite several miRNAs found to be downregu-
lated in tissues and cells (Wang et al., 2018). It is pos-
sible, however, that miR-196 suppresses tumour growth 
in breast cancer and melanoma (Braig et al., 2010; Li et 
al., 2010). Additionally, in several studies in human can-
cers like oral and colorectal cancer, miR-196-5p expres-
sion is believed to be involved in oncogenesis or tumor 
suppression, regulating their growth and progression 
(Xin et al., 2019a; Stiegelbauer et al., 2017; Maruyama et 
al., 2018). Therefore, the present study was planned to 
show that miR-196-5p could be useful for treating os-
teosarcoma due to its potential efficacy. Our findings 
showed that miR-196-5p overexpression inhibited OS 
cell proliferation, colony formation, and invasion by in-
ducing autophagy, signifying that miR-196-5p functions 
as a tumour suppressor of osteosarcoma progression 
(Fig. 1). Similar results from a study were reported, but 
using a different miRNA in osteosarcoma, showing that 
overexpression of miR-423-5p suppressed osteosarcoma 
invasion, colony formation, and proliferation, decreasing 
STMN1 expression. In osteosarcoma, miR-423-5p ap-
pears to act as a tumour suppressor gene (Wang et al., 
2018). Another study supporting our findings found that 
miR-196-5p overexpression worsened HCC (hepatocel-
lular carcinoma) cell proliferation and metastasis in vitro 
and in vivo (Zheng et al., 2019a). Similarly to the results 
of our study, recent research demonstrated that overex-
pression of miR-196b-5p inhibited proliferation, migra-
tion and invasion (Wharton’s umbilical cord) by targeting 
Cdkn1b (Meyer et al., 2018).

Autophagy and apoptosis are interrelated processes 
whose outcomes depend on both cell type and environ-
mental factors. It has been described that autophagy can 

antagonize apoptosis, but can also act as an agonist (Fan 
& Zong, 2012). Despite this, autophagy can induce cell 
death regardless of apoptosis. Consequently, we found a 
statistically significant difference in the percentage rate 
of apoptosis of Saos2 cells overexpressing miR-196-5p 
measured using the FITC-Annexin V Apoptosis Detec-
tion Method (Fig. 2). Therefore, we believe that miR-
196-5p overexpression increases the percentage rate of 
apoptosis by down-regulation of Derlin-1 in Saos2 os-
teosarcoma cells. However, the exact molecular mecha-
nisms underlying the cytotoxic mechanism of miR-196-
5p–induced apoptosis remained unclear and warrants 
further investigation. However, miR-196-5p expression 
has been reported to be markedly reduced markedly 
under hypoxic conditions, and overexpression of this 
miRNA reversed HCC effects of hypoxia on the prolif-
eration and invasion (hepatocellular carcinoma) (Zheng et 
al., 2019b). Consequently, additional studies are needed 
to understand the molecular mechanisms of overexpres-
sion of miR-196-5p and hypoxic conditions in Saos2 cell 
lines.

Derlin-1 is upregulated in various human cancers, 
such as lung, colon, and breast cancer, and activates on-
cogenic pathways in the body (Dong et al., 2017; Wang 
et al., 2008; Dong et al., 2013). Derlin-1 overexpression 
has been linked to aggressive phenotypes in breast, 
pancreatic, and lung cancers (Dong et al., 2017). There 
is, however, no evidence of its involvement in human 
osteosarcoma. The results of our study demonstrated 
that osteosarcoma cells and tissues expressed low levels 
of miR-196-5p. Similar to our study findings, a report 
showed that miR-423-5p overexpression was decreased 
in osteosarcoma tissues and osteosarcoma (MG-63, 
SAOS-2, U2OS and SOSP-9607) cell lines (Wang et al., 
2018).

However, the effect of the overexpression of miR-
196-5p targeting Derlin-1 is still unknown in osteosar-
coma. Our results found that the expression of Derlin-1 
was upregulated in osteosarcoma tissues and cell lines. 
The results of the present study revealed that Derlin-1 is 
a direct target gene of miR-196-5p in osteosarcoma cells. 
According to this report, miR-196-5p directly regulates 
Derlin-1 expression in Saos2 cells, and modifying Der-
lin-1 expression reverses miR-196-5p overexpression/in-
hibition of Saos2 cell proliferation and metastasis. Based 
on the results of this study, it appears that the miR-196-
5p/Derlin-1 axis is a key pathway that regulates the pro-
gression of osteosarcomas (Zheng et al., 2019a). It is in 
agreement with a study which demonstrated that miR-
196-5p targets HMGA2 thus regulating hepatocellular 
carcinoma progression involving miR-196-5p/HMGA2 
axis as a key pathway (Zheng et al., 2019a). Addition-
ally, a study found that miR-30b inhibited breast cancer 
progression and metastasis by targeting Derlin-1 in vitro, 
similar to our results.

The autophagy and apoptosis pathways are usually 
impaired in malignant cells, resulting in the lengthen-
ing of their survival (Jain et al., 2013). Autophagy is an 
intrinsic process which clears off cell debris and assists 
in maintaining normal cell behaviour (Chua et al., 2022). 
Our findings clearly indicated that miR-196-5p targets 
the expression of Derlin-1 and significantly altered the 
autophagy-related proteins (Beclin 1, p62, and LC3B II; 
Fig. 3) that demonstrate an increase of autophagosomes 
formation through increased levels of LC3-II, confirm-
ing the increased autophagy formation in Saos2 cells 
(Murugan & Amaravadi, 2016; Ji et al., 2015). The re-
sults were further confirmed by the decreased expression 
of the autophagic flux-related protein p62 with increa-
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sed autophagy (Murugan & Amaravadi, 2016). In light 
of these results, we hypothesized that miR196-p targets 
Derlin-1 to induce autophagosome formation in Saos2 
cells. Our results demonstrated that the anticancer ef-
fects resulting from miR-196-5p overexpression are ris-
ing from the promotion of autophagy in osteosarcoma 
cells which suggests the beneficial activity of miR-196-5p 
against human osteosarcoma. Furthermore, our findings 
were supported by a study demonstrating that Derlin-1 
expression was elevated in most nonsmall lung cancer 
cell lines, and silencing Derlin-1 mRNA suppressed au-
tophagic flux in A549 cells that induce autophagy (Cai et 
al., 2022). Thus, targeting autophagy will be an important 
consideration in developing novel strategies for cancer 
therapy (Fan & Zong, 2012).

In the current study, Derlin-1 was post-transcription-
ally regulated (repressed) by miR-196-5p, and the former 
was confirmed to act as a mediator of miR-196-5p role 
in osteosarcoma. Down-regulation of miR-196-5p would 
mitigate Derlin-1 silencing at the post-transcriptional 
level, culminating in Derlin-1 upregulation. The latter, 
with its established oncogenic function, could be one of 
the crucial elicitors for osteosarcoma tumorigenesis. Our 
findings further clarified the involvement of the interac-
tional interplay of miR-196-5p with Derlin-1 to control 
the progress and subsequent progression of human os-
teosarcoma. As a consequence, it is speculated that Der-
lin-1 is involved in miR-196-5p-mediated proliferation, 
invasion, and colony formation in osteosarcoma (Saos2) 
cell lines. The results of our research showed that miR-
196-5p inhibited the expression of Derlin-1 in osteosar-
coma, thus acting as a tumor suppressor gene. However, 
further studies are warranted to investigate the potential 
molecular mechanisms underlying its biological effects 
involving the miR-196-5p/Derlin-1 axis in the regulation 
of osteosarcoma progression.

However, it is speculated that the cause of the mark-
edly overexpression of miR-196-5p with a decrease in 
Derlin-1 expression in Saos2 cells in the present study 
emphasises inhibition of the unfolded protein response 
(UPR). In addition, the removal of misfolded proteins 
is crucial for normal cellular functioning. Derlin-1 is a 
component of the p97 ATPase complex and has been 
shown to play a deciding role in the elimination of mis-
folded / unfolded proteins by regulating the ER-mediat-
ed degradation response and retrotranslocation of abnor-
mal cellular proteins from the lumen of the endoplasmic 
reticulum (ER) towards the cytosol for degradation by 
the proteasome complex (Katiyar et al., 2005).

The accumulation of misfolded proteins in the ER, a 
sign of disrupted ERAD (endoplasmic reticulum-associ-
ated degradation), supports the notion that Derlin-1 acts 
in the retro-translocation process. It is clear from the 
fact that loss of Derlin-1 results in lethality that ER ho-
meostasis is crucial for the survival of animals. The re-
sults of these studies suggest that Derlin-1 and its associ-
ated retrotranslocation machinery (such as the TER94/
Derlin-1 complex) are limited without ER stress. ER 
homeostasis is restored by synthesising additional Der-
lin-1 and complexing it with existing retro-translocation 
machinery (Liang et al., 2014).

Overexpression of Derlin-1 causes increased stress 
in the ER, with the activation of apoptosis-triggering 
signals. When moderate ER stress is present, Derlin-1 
levels that were induced by low levels of ER stress are 
likely to retrotranslocate misfolded proteins. Severe or 
chronic ER stress induces Derlin-1 expression, result-
ing in a population of Derlin-1. It is well recognised 
that Derlin-1 binds to retrotranslocation components to 

restore homeostasis to the ER. However, an unbound 
Derlin-1 would lead to a worsening of ER stress, ensur-
ing the triggering of pro-apoptotic signals (Liang et al., 
2014).

A cell with irreparable ER stress may exhibit a high 
level of unbound Derlin-1 due to the need to balance 
proapoptotic and cytoprotective functions during UPR 
induced by ER stress-induced UPR. It is possible that 
Derlin-1 serves as a sensor for irreparable ER stress in 
cells. A prolonged ER stress appears to increase the lev-
els of unbound Derlin-1 in cells, suggesting that UPR 
upregulates Derlin-1 (Liang et al., 2014). Although there 
is still a lack of knowledge about the exact mechanism 
by which excessive Derlin-1 induces UPR and apoptosis 
in cells, but we provide the evidence that comprises the 
effects of miR-196-5p overexpression targeting Derlin-1 
involving autophagic processes. On the other hand, it is 
possible that there is an additional microenvironmental 
factor that induces cellular stress in tumor cells, such as 
a lack of interaction with the extracellular matrix, or di-
minishing contact between the cells, in addition to ER-
stress (Klopfleisch et al., 2010). However, further detailed 
molecular investigations will be needed identifying fac-
tors that interact with miR-196-5p overexpression to de-
fine the mechanism that involves Derlin-1-dependent cy-
totoxicity for the treatment and subsequent progression 
of human osteosarcoma.

LIMITATIONS OF THE STUDY

However, interpretation of the results described above 
should take into account some potential limitations.

First, we used a single Saos2 cell line for the func-
tional experiments. It is because Saso2 showed a higher 
invasive ability employing miR-196-5p than other used 
cell lines (MG-63, HOS) in our preliminary study.

Second, although our data found that miR-196-5p 
overexpression could be beneficial in the treatment of 
osteosarcoma by inhibiting Derlin-1 expression through 
autophagic processes, but to validate the specificity of 
miR-196-5p, it is imperative to investigate the use of 
miR-196-5p inhibitors to reverse the anticancer effects 
of miR-196-5p/Derlin-1 axis on cell growth and osteo-
sarcoma metastasis.

Third, our data presented and confirmed the au-
tophagic mechanisms involved in the effects of the 
miR-196-5p/Derlin-1 pathways on osteosarcoma, but it 
is fundamental to investigate further the effects of the 
miR-196-5p/Derlin-1 axis using autophagic inhibitors 
and different cell lines.

Fourth, although our findings showed the effects of 
miR-196-5p overexpression on apoptosis and autophagic 
processes, but further studies are warranted to investi-
gate the cell cycle proteins involved in the processes of 
apoptosis and autophagy.

A fifth reason is that we were only able to examine 
Derlin-1 and miR-196-5p expression levels in a limited 
number of tissue samples to compare the differences be-
tween the different tumor specimens.

The sixth aspect is that further studies are required to 
clarify the molecular mechanisms underlying the relation-
ship between the miR196/Derlin-1 axis and ER stress 
associated with UPR.

Lastly, in-vitro results were not supported by in-vivo ex-
periments.
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CONCLUSION

The current findings revealed that miR-196-5p over-
expression leads to suppression of cell migration and 
invasion by direct targeting of Derlin-1 in Saos2 cells. 
Transient overexpression of miR-196-5p in Saos2 cancer 
cells inhibited cell growth by inducing autophagy in vitro. 
In Sao2 cells, miR-196-5p overexpression could inversely 
regulate Derlin-1 expression, suggesting that miR-196-5p 
acts as a tumor suppressor by binding to Derlin-1. Der-
lin-1 showed a functional post-transcriptional modulato-
ry effect of miR-196-5p overexpression in osteosarcoma. 
Thus, the findings explored the regulatory miR-196-5p/
Derlin-1 axis in controlling the proliferation, move-
ment, and invasion of osteosarcoma cells. Our findings 
suggested that Derlin-1 may be useful in predicting the 
prognosis and identifying potential therapeutic targets in 
osteosarcoma.
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Wilforol A inhibits human glioma cell proliferation and 
deactivates the PI3K/AKT signaling pathway
Zhihan Wang, Li Ren, Hao Xu, Zilong Wei and Hongjun Zeng✉

Department of Neurosurgery, Pudong Hospital Affiliated to Fudan University, Shanghai, China

Objectives: To study the anti-proliferation activity of wil-
forol A against glioma cells and its possible molecular 
mechanisms. Methods: Human glioma cell lines U118 
MG and A172, human tracheal epithelial cells (TECs) and 
astrocytes (HAs) were exposed to various concentrations 
of wilforol A and evaluated for viability, apoptosis, and 
levels of proteins using WST-8 assay, flow cytometry 
and Western blot analysis, respectively. Results: Wilforol 
A inhibited the growth of U118 MG and A172 cells, but 
not TECs and HAs, in a concentration-dependent man-
ner and the estimated IC50 were 6 to 11 μM after 4 h-
exposure. Apoptosis was induced at an apoptotic rate 
of about 40% at 100 μM in U118 MG and A172 cells, 
but the rates were less than 3% in TECs and HAs. Co-
exposure to caspase inhibitor Z-VAD-fmk significantly 
reduced wilforol A-induced apoptosis. Wilforol A treat-
ment also reduced the colony formation ability of U118 
MG cells and triggered a significant increase in ROS pro-
duction. Elevated levels  of pro-apoptotic proteins p53, 
Bax and cleaved caspase 3 and reduced level of the 
anti-apoptotic protein Bcl-2 were observed in glioma 
cells exposed to wilforol A. The expression of PI3K and 
p-Akt genes in the PI3K/AKT pathways were significantly 
downregulated in glioma cells  treated with wilforol A. 
Conclusions: Wilforol A inhibits the growth of glioma 
cells, reduces the levels of proteins in the P13K/Akt sig-
nal transduction pathways and increases the levels of 
pro-apoptotic proteins.
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P13K/Akt signaling pathways
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INTRODUCTION

Gliomas are the most common tumors with extremely 
broad range of clinical behaviors in the central nerve 
systems of children and adolescents, although the defini-
tive cell of origin of gliomas still remains elusive (Cahill 
& Turcan, 2018; Sturm et al., 2017). Gliomas are char-
acterized based on histologic and molecular data into 
several entities including diffuse gliomas (astrocytoma, 
oligodendroglioma and glioblastoma) and low-grade glio-
mas (angiocentric glioma, pilocytic astrocytoma and sub-

ependymal giant cell astrocytoma). Genomic profiling of 
certain gliomas is necessary to define the histologic sub-
typing and proper use of prognostic and predictive bio-
markers for treatment (Ferris et al., 2017; Reifenberger 
et al., 2017). Early and rational use of drugs that effec-
tively inhibit the proliferation of glioma cells is impor-
tant to obtain a good prognosis for patients (Morshed 
et al., 2019). However, a significant portion of gliomas 
develop over a short period of time and progress rap-
idly into WHO grade III or IV high-grade gliomas. De-
spite all therapeutic efforts, gliomas remain largely incur-
able. Current treatment of gliomas relies on surgery in 
combination with chemotherapy and/or radiotherapy. 
However, many tumors show a high resistance to these 
interventions, and recurrences are very frequent since 
conventional therapies do not take into full account the 
unique molecular features of different subtypes of glio-
mas (Ghotme et al., 2017). Several new therapies have 
been proposed to better manage the cancer, including 
immunotherapy that is able to penetrate the blood-brain 
barrier  to deliver drugs to lymphatics with some promis-
ing results (Hanaei et al., 2018; Xu et al., 2020), use of 
IL15Rα-IL15-armed oncolytic poxviruses in combination 
with adoptive T-cell therapy, rapamycin, and celecoxib 
(Xu et al., 2020). In addition, several new strategies have 
been explored to treat glioma. For example, gene thera-
py based on lipid nanoparticles as non-viral vectors has 
been attempted to deliver genes across the blood-brain 
barrier to reach the  glioma  cell target (Luiz et al., 2021) 
and ketogenic diets are suggested to induce ketosis to 
target the glycolytic phenotype to halt the progression of 
lower grade tumors to more aggressive subtypes (Poff et 
al., 2019).

In the past decades, there have been growing inter-
est in exploring natural medicinal plants and their bioac-
tive molecules for potential anti-tumor activity, both  in 
vitro  and  in vivo (Li et al., 2019; Weng & Goel, 2022). 
Tripterine, also known as celastrol, is an active ingredi-
ent isolated from a vine plant Tripterygium wilfordii. It has 
been proven to have therapeutic effect on inflamma-
tory response and tumors, including hepatoma, multiple 
myeloma, breast cancer, cervical cancer, prostate cancer 
and leukemia (Chen et al., 2018b; Li et al., 2021; Yang 
et al., 2021). Using network pharmacology-based strategy, 
several components from T. wilfordii have been found 
to impact a number of signaling pathways, such as the 
Toll-like receptor signaling pathway, NF-kappa B signal-
ing pathway and HIF-1 signaling pathway in acute my-
eloid leukemia (Fang et al., 2020). Tripterine suppresses 
the malignancy of breast cancer by upregulating miR-184 
(Wang, 2021)  and inhibits cell proliferation by increas-
ing the level of Bax in pancreatic cancer cells (Chen et 
al., 2022). Studies also show that tripterine promotes 
autophagy and apoptosis via the ROS/JNK and AKT/
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mTOR signaling pathways in glioma cell lines U251, 
U87-MG and C6 (Liu et al., 2019) and blocks the PI3K/
AKT/mTOR signaling pathway to suppress vasculogenic 
mimicry formation and angiogenesis (Zhu et al., 2020). 
On the other hand, wilforol A, a triterpenoid and analog 
of celastrol from the same plant, has not been character-
ized for its anticancer activity.

The purpose of this study was to investigate the ef-
fect of wilforol A on proliferation of cancer cells and its 
possible molecular mechanisms underlying the anticancer 
activity using glioma cell lines U118 and A172.

MATERIALS AND METHODS

Cell lines

Two human glioma cell lines U118 MG, A172, and 
human tracheal epithelial cells (PCS-300-013, TECs) 
were purchased from American Type Collection Center 
(ATCC), USA, and cultured in Eagle’s minimum es-
sential medium (EMEM) containing 10% fetal bovine 
serum (FBS) at 37°C in 5% CO2. Cells were digested 
with 0.25% trypsin for 3 min when reaching 80–90% 
confluence, pelleted by centrifugation at 25°C and sub-
cultured in fresh EMEM medium with 10% FBS un-
der the same culture conditions. Human astrocytes 
(HAs) were purchased from iXCells (San Diego, CA, 
USA) and grown in astrocyte medium (cat no. 10HU-
035, iXCells) at 37°C in 5% CO2. Adenovirus with and 
without the Akt gene (AD00306Z) were purchased 
from Creative Biogene, USA, and used to infect cells 
at 1×1010 PFU/ml according to the supplier’s protocols 
to generate Akt-overexpressing cells.

Cell viability assay

The viability of cells was measured using Cell Count-
ing Kit 8 (WST-8, Abcam, USA) based on the supplier’s 
instructions. Wilforol A purchased from TargetMol, MA, 
USA, was dissolved in 1% DMSO (molecular biology 
grade, Sigma, USA) as stock solution. Cells were seeded 
in the wells of 24-well black culture plates at the den-
sity of 1×104 per well in 100 µl EMEM medium and 
cultured at 37°C in a 5% CO2 incubator. After incuba-
tion for 24 h, 100 µl EMEM medium containing vari-
ous concentrations of wilforol A and 0.2% DMSO was 
added to each well and cells were cultured at 37ºC in 
a 5% CO2 incubator for another 4 h. EMEM medium 
containing 0.2% DMSO was used as control. Cells were 
then added with 20 µl WST-8 solution and incubated in 
the dark at 37°C for 2 h. The absorbance at 450 nm was 
measured using a plate reader. The experiments were in-
dependently repeated three times and all samples were 
tested in triplicate.

Soft agar assay

Soft agar assays were performed to assess the colony 
formation ability as described previously (Horibata et 
al., 2015). Briefly, U118MG cells (5×106cells/ml) were 
suspended gently in 0.6% type VII agarose that was 
maintained at 42°C and prepared in EMEM medium 
supplemented with 10% FBS and 1% penicillin/strep-
tomycin. The cells were poured to the bottom of 60-
mm dishes to form a bottom layer over 1.2% agar. Af-
ter being solidified at 25°C for 30 min, the plates were 
sealed and were placed into a humidified incubator for 
culture at 37°C. Two weeks later, the colonies were 
stained overnight with 200 μl of 0.1% crystal violet per 

well at 37°C. The stained colonies were analyzed using 
a colony counter.

Flow cytometry

After exposure to wilforol A for 4 h, cells (5×106) 
were pelleted by centrifugation at 1000 rpm at 25°C for 
10 min and resuspended in 500 μl PBS. For assessment 
of apoptosis, the cells were washed twice with 500 μl 
PBS, added with 10 μl Annexin V and propidium io-
dide (PI) from Annexin V-DY-634 PI Apoptosis Stain-
ing/Detection Kit (Abcam) to stain the cells according 
to the manufacturer’s instructions. For assessment of 
autophagy, cells were stained with autophagy probes in 
Autophagy Assay Red Detection Kit (cat. no. APO010B, 
Biorad, USA) according to the manufacturer’s instruc-
tions. For determination of necrotic cells, GFP-CER-
TIFIED Necrosis detection kit (cat. no. ENZ5100225, 
Enzo Life Sciences, Thermo Fisher, USA) was used to 
detect necrotic cells with the FL 3 channel as instructed 
by the manufacturer. The stained cells were loaded and 
analyzed on a NovoCyte flow cytometer (Agilent, USA). 
The quantitation of cells was calculated by the built-in 
CellQuest software. To assess the effect of caspase in-
hibitor, 50 μm of Z-VAD-fmk (Alexis Biochemicals, San 
Diego, CA) was added to the culture medium. For reac-
tive oxygen species (ROS) analysis, cells were exposed to 
wilforol A for 4 h and stained with DCFH-DA (cat. no. 
S0033S, Beyotime, Beijing, China) in serum-free medium 
(after 1:1000 dilution) at the final concentration of 10 
μmol/L. After incubation at 37°C for 20 min, cells were 
washed three times with serum-free medium to remove 
recessive DCFH-DA and loaded to the cytometer for 
analysis according to the supplier’s protocols. The ex-
periments were independently repeated three times and 
all samples were tested in triplicate.

Western blot

After exposure to wilforol A for 4 h, cells (5×106) 
were pelleted by centrifugation at 1000 rpm at 25°C for 
10 min and were lysed in RIPA buffer (Thermo Fisher 
Scientific, USA) that contains protease inhibitors cock-
tail to minimize protein degradation. Proteins in the 
lysates were quantitated using BCA kit (Thermo Fisher 
Scientific) according to manufacturer’s instructions. After 
denaturing by boiling at 100°C for 5 min, the proteins 
were loaded onto 12% polyacrylamide gels, separated 
by electrophoresis and transferred to PVDF membranes 
(Millipore, USA). The proteins of interest were detected 
by incubating with primary antibodies against p53 (cat. 
no. AF7671), Bax (cat. no. AF1270), Bcl-2 (cat. no. 
AF0060), cleaved caspase 3 (cat. no. AF1213), PI3K 
(cat. no. AF1549, specific for subunit p110α), Akt (cat. 
no. AF0045), p-Akt (Ser473) (cat. no. AA329), p-Akt 
(Thr308) (cat. no. AA331) and β-actin (cat. no. AF5001) 
(all from Beyotime) and secondary antibody (goat anti-
human IgG H&L (HRP) (cat. no. ab97161, Abcam). The 
immunoreactive bands were captured using Chemi Doc 
XRS plus chemiluminescence imaging system (Bio-Rad, 
USA) after visualization with a chemiluminescence kit 
(Thermo Fisher Scientific). The gray values of the bands 
on the blots were determined using Quantity One soft-
ware.

Statistical analysis

All data were shown as means ± standard error of 
the mean (SEM) obtained from three independent ex-
periments. Statistical comparisons among groups were 
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assessed using one-way analysis of variance (ANOVA). 
A  value of P < 0.05 was considered statistically signifi-
cant.

RESULTS

Wilforol A reduces the viability of glioma cells

We first tested the effect of wilforol A on the viability 
of glioma cell lines U118 MG and A172 using WST-8 
assays. After 4 h exposure to wilforol A, the viability of 
cells in both cell lines began to decline at 1 μM wilforol 
A and decreased from over 95% in controls to 8% in 
U118MG and 5% in A172 at 100 μM wilforol A, indi-
cating that wilforol A is potently toxic to glioma cells 
and the viability reduction is concentration-dependent 
(Fig. 1). The IC50 for U118 MG and A172 were estimat-
ed to be 11 and 6 μM, respectively, suggesting that A172 
is more sensitive to wilforol A. Furthermore, we tested if 
non-glioma cells could be inhibited by wilforol A within 
the concentration range using TECs and HAs. No inhi-
bition was observed up to 100 μM wilforol A (Fig. 1), 
suggesting that wilforol A is more toxic to glioma cells.

Figure 1. Viability of U118MG cells, A172 cells, tracheal epithe-
lial cells and human astrocytes after exposure to Wilforol A for 
4 h. 
The viability was measured with the cell Counting Kit 8 (WST-8). 
1x104 cells/well were seeded cultured overnight in a black wall 24-
well plate. Cells were treated with diluted Wilforol A for 4 hours. 
The absorbance was measured at 460 nm using a plate reader. 
The experiments were independently repeated three times. One-
way ANOVA was used to analyze the differences. ** and *** de-
note <0.01, and 0.001, respectively, compared to control.

Figure 2. Apoptosis (A), autophagy and necrosis (B) of U118MG and A172 cells after exposure to wilforol A (A) and Z-VAD-fmk (C) for 
4 h. 
The apoptosis, autophagy and necrosis were measured with Annexin V- DY-634 PI Apoptosis Staining / Detection Kit, Autophagy Assay 
Red Detection Kit and GFP-CERTIFIED Necrosis detection kit. Cells (5x106) were seeded overnight in a black wall 24-well plate and were 
treated with diluted Wilforol A and 50 μM Z-VAD-fmk for 4 hours. The treated cells were stained with relevant probes and analyzed on 
NovoCyte flow cytometer. Left panel: representative flow cytometry results; right panel: statistical results of apoptosis. The experiments 
were independently repeated three times. One-way ANOVA was used to analyze the differences. ** and *** denote <0.01, and 0.001, re-
spectively, compared to control.
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Wilforol A increases apoptosis, but not autophagy and 
necrosis in glioma cells

Apoptosis is one of the most important mechanisms 
leading to cell death after exposure to various cytotoxic 
agents. We therefore analyzed the apoptosis of U118MG 
and A172 cells after 4 h exposure to wilforol A at differ-
ent concentrations using flow cytometry. Cells with both 
early and later apoptosis were detected after exposure 
to wilforol A, although the majority was later apoptosis 
at all of the tested concentration levels (Fig. 2A). After 
exposure to 100 μM wilforol A, over 95% of apoptotic 
cells were later apoptotic (Fig. 2A). Analysis showed that 

in both cell lines the total apoptotic rates increased from 
less than 5% to around 40% as the concentration of wil-
forol A increased from 1 μM to 100 μM (Fig. 2A). Simi-
lar to viability reduction, A172 cells had slightly more 
apoptotic cells than U118MG cells at the same wilforol 
A concentrations (Fig. 2A). On the other hand, no in-
crease in apoptosis was observed in TECs and HAs after 
exposure to up to 100 μM wilforol A as compared to 
the controls (Fig. 2A). Autophagy and necrosis are also 
important pathways leading to cell death, and were as-
sessed in U118 MG after exposure to wilforol A. The 
data showed that there was no significant change in 
autophagic and necrotic cells as compared to the unex-
posed cells (Fig. 2B).

To further confirm that apoptosis pathway is involved 
in the observed viability reduction, U118MG cells were 
treated with caspase inhibitor Z-VAD-fmk. The results 
showed that this treatment partially reduced wilforol A-
induced apoptosis, suggesting that caspase is likely in-
volved in the induced apoptosis (Fig. 2C).

Figure 3. Colony formation and ROS production of U118MG af-
ter exposure to wilforol A for 4 h. 
U118MG cells were suspended 0.6% agarose prepared in EMEM 
medium. The cells were poured to the bottom of 60-mm dishes 
and cultured at 37°C for weeks. The colonies were stained with 
0.1% crystal violet and analyzed. (A) left panel: colony formation 
in soft-agar, right panel: number of colonies. (B) U118MG cells 
(5x105cells/ml) were incubated with 100 μM wilforol A for 4 h and 
reacted with DCFH-DA in serum-free medium. After incubated at 
37°C for 20 m, cells were loaded to the cytometer for analysis ac-
cording to supplier’s protocols. A, left panel: flow cytometry re-
sults, right panel: fluorescence density. The experiments were in-
dependently repeated three times. One-way ANOVA was used to 
analyze the differences. *** denotes <0.001, compared to control.

Figure 4. Expression of apoptosis-related proteins in U118MG 
and A172 cells after exposure to Wilforol A for 4 h. 
U118MG and A172 (5x106) were seeded overnight in a black wall 
24-well plate. Cells were treated with diluted Wilforol A for 4 
hours. The treated cells were harvested, and total proteins were 
extract using RIPA buffer and separated on 12% SDS-PAGE. Pro-
teins of interest were detected with relevant antibodies and visu-
alized with a chemiluminescence kit. Upper panel: representative 
Western blots; lower panel: statistical results of protein expres-
sions. The experiments were independently repeated three times. 
One-way ANOVA was used to analyze the differences. *, ** and 
***  denote <0.05, 0.01, and 0.001, respectively, compared to con-
trol.

Figure 5. Levels of the PI3K/AKT signaling pathway proteins 
(A) in U118MG and A172 cells, viability of Akt-overexpressing 
U118MG cells (B) and levels of the Akt (C) after exposure to Wil-
forol A for 4 h. 
U118MG and A172 (5x106), or U118MG infected with Akt over-
expression vector were seeded overnight in a black wall 24-well 
plate. Cells were treated with diluted Wilforol A for 4 hours. The 
treated cells were harvested, and total proteins were extract us-
ing RIPA buffer and separated on 12% SDS-PAGE. Proteins of in-
terest were detected with relevant antibodies and visualized with 
a chemiluminescence kit. The viability was measured with the 
cell Counting Kit 8 (WST-8). 1x104 cells/well were seeded cultured 
overnight in a black wall 24-well plate. Cells were treated with di-
luted Wilforol A for 4 hours. The absorbance was measured at 460 
nm using a plate reader. A, Upper panel: representative Western 
blots; lower panel: statistical results of protein contents. B, results 
of viability assays; C, Upper panel: representative Western blots; 
lower panel: statistical results of protein levels. The experiments 
were independently repeated three times. One-way ANOVA was 
used to analyze the differences. *, ** and *** denote <0.05, 0.01, 
and 0.001, respectively, compared to control.
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Wilforol A reduces colony formation ability and triggers 
ROS production in glioma cells

To further assess the cytotoxicity of wilforol A to 
glioma cells, the colony formation ability of U118MG 
was assessed using soft-agar assays. The results showed 
that after treatment with wilforol A, the colony for-
mation ability of U118MG was significantly reduced 
(Fig.  3A) and ROS production was significantly in-
creased (Fig.  3B).

Effect of wilforol A on the level of apoptosis-related 
proteins

Western blot analyses showed the levels of apoptosis-
related proteins p53, Bax and cleaved caspase 3 were in-
creased, while Bcl-2 level was reduced in both cell lines 
after exposure to wilforol A (Fig. 4). Statistical analysis 
showed that the changes in the levels of these proteins 
were wilforol A-concentration-dependent and the great-
est changes in the levels occurred at the highest wilforol 
A concentration (Fig. 4). While the changes in the pro-
tein levels in the two cell lines showed similar trends in 
response to wilforol A exposure, there were more in-
creases in the levels of cleaved caspase 3 and higher p53 
level in U118MG than in A172 cells, while Bax increased 
more in A172 than in U118MG cells (Fig. 4).

Effect of wilforol A on levels of PI3K/Akt signaling 
pathway proteins

PI3K/AKT signaling pathway plays a very important 
role in cancer and the epithelial-mesenchymal transition 
(EMT) (Xu et al., 2015). Western blot analyses showed 
that the production of PI3K/Akt signaling pathway pro-
tein PI3K, Akt and p-Akt (both p-Akt (Ser473) and p-
Akt (Thr308)) was all downregulated after U118MG and 
A172 cells exposure to wilforol A and the decreases were 
concentration-dependent, although the downregulation 
of Akt was not as large as other proteins and was not 
concentration-dependent in A172 cells (Fig. 5). To con-
sider the contribution of Akt in wilforol A-induced cell 
death, U118 MG overexpressing Akt was assessed for 
its sensitivity to wilforol A. Compared with U118 MG 
and U118 MG infected with an empty vector, U118 MG 
overexpressing Akt had significantly higher level Akt and 
p-Akt (both p-Akt (Ser473) and p-Akt (Thr308)) and 
higher viability, suggesting the Akt pathway is at least 
partially involved in the wilforol A-induced cell death 
(Fig. 5B and C).

DISCUSSION

Wilforol A is a pentacyclic triterpenoid with the for-
mula C29H38O5 and is one of the main active ingredi-
ents extracted from the medicinal plant T. wilfordii. Our 
experimental data indicated that wilforol A is potently 
and preferentially toxic to glioma cells with a IC50 be-
tween 6 and 11 μM in U118MG and A172. It gener-
ates apoptosis, ROS; upregulates the production of ap-
optosis-related proteins and downregulates the levels of 
PI3K/AKT signaling pathway proteins, suggesting that 
more studies are warranted to investigate the anticancer 
activity of this compound and to explore its potential as 
candidate drug for cancer therapy.

Several molecules have been isolated from T. wilfordii 
that processes anticancer activity. For example, celastrol 
and triptolide are terpenes purified from T. wilfordii and 
have been demonstrated to be inhibitory to various can-
cer cells, such as promyelocytic leukemia, T cell lympho-

ma and hepatocellular carcinoma cell (Chan et al., 2001; 
Meng et al., 2011), cervical cancer cell (Kim et al., 2010) 
and head and neck cancer cells (Cai et al., 2021). Howev-
er, wilforol A, which is an analog of these terpenes with 
structural similarity to celastrol, has not been sufficiently 
characterized for its activity against cancer, although it 
is recorded to have inhibitory activity against MIA-
PaCa2  cells (hypotriploid human pancreatic cancer cells, 
IC50=3 μM) and A549 cells  (adenocarcinomic human al-
veolar basal epithelial cells, IC50=3 μM) after 72 h ex-
posure (https://pubchem.ncbi.nlm.nih.gov/compound/
Wilforol-A#section=Biological-Test-Results). Our experi-
mental data showed that wilforol A  has a IC50 of 6 to 
11 μM for glioma cell lines A172 and U118 MG after 
4 h exposure, but is not inhibitory to TECs and HAs, 
suggesting that there are differences in the toxicity of 
the compound to cell lines. It is also likely that the IC50 
would change over the exposure time, with longer ex-
posure generating smaller IC50. Previously, it was report-
ed that the IC50 of triptolide and celastrol are 0.21 and 
2.58 μM for glioma cell line SHG44 after 48 h exposure 
(Zhou et al., 2002). The difference in the response of cell 
lines to wilforol A might be attributed to their different 
cellular and molecular characteristics, such as cell mem-
brane permeability and metabolic activity, because these 
cells were derived from different patients. After expo-
sure to wilforol A, the colony formation ability of U118 
MG was significantly reduced. Triptolide also inhibits the 
colony formation of breast cell lines MCF-7 and BT-20, 
stomach cancer cell lines MKN-45, MKN-7, and KA-
TO-III, and promyelocytic leukemia cell line HL-60 (Wei 
& Adachi, 1991), implying that wilforol A  may have an-
ticancer activity against a broad range of cancers due to 
its structure similarity to celastrol and triptolide.

Several mechanisms have been proposed with regard 
to the inhibitory effect of these T. wilfordii compounds. 
For example, celastrol and triptolide may inhibit leuke-
mia cell proliferation by inducing apoptosis and down-
regulating NF-κB activity and miR-16-1 (Chan et al., 
2001; Meng et al., 2011). In cervical cancer cells caspase-
dependent, mitochondria-mediated apoptosis results in 
loss of cell viability (Kim et al., 2010)  and in head and 
neck cancer gasdermin E-mediated pyroptosis is induced 
after suppressing mitochondrial hexokinase-ΙΙ (Cai et al., 
2021). They not only directly induce apoptosis in can-
cer cells but also enhance apoptosis induced by tumor 
necrosis factor and downregulate the expression of in-
hibitors of apoptosis proteins (IAPs), such as IAP1 and 
IAP2 (Lee et al., 1999). Similarly, apoptosis was observed 
in our experiments in both cell lines after the cells were 
exposed to wilforol A and increased as wilforol A con-
centration increases. Furthermore, exposure to caspase 
inhibitor Z-VAD-fmk reduced apoptosis induced by wil-
forol A as previously reported (Arita et al., 2000; Yang 
et al., 2003), indicating that apoptosis is likely one of the 
pathways leading to the inhibition of cell proliferation. 
Analysis showed that the pro-apoptotic proteins such as 
p53, Bax and cleaved caspase 3 were upregulated while 
the anti-apoptotic protein Bcl-2 was downregulated after 
wilforol A treatment. Also, these regulations are concen-
tration-dependent and have similar trends in both cell 
lines, suggesting that similar apoptosis mechanisms are 
motivated after wilforol A treatment. Apoptosis is a very 
complex process in which the activation of caspase fam-
ily genes plays an important role (Christgen et al., 2020). 
Caspase 9 is a key protease in the endogenous apoptotic 
pathway at the top of caspase-cascade  system that leads 
to the activation of caspase 3 to generate cleaved cas-
pase 3, apoptosis and cell death (Nagata, 2018). How-
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ever, since the apoptotic cells at the highest wilforol A 
concentration is about 40%, which is much less than the 
percentages of inviable cells determined by WST-8 as-
says, which were over 90%. The difference in cell death 
rate could be attributed to other causes of cell death, 
such as necrosis, pyroptosis and autophagy. In mice, 
celastrol acts as a nuclear receptor subfamily 4 group A 
member 1 (NR4A1) agonist and may induce autophagy 
in a Nur77-dependent manner (Hu et al., 2017). How-
ever, our assessment showed that both autophagic and 
necrotic cells were not changed after exposure to wil-
forol A, suggesting that there might be other pathways 
of cell death that are involved in the wilforol A-induced 
cell injury, which needs to be identified to better under-
stand the mechanisms underlying the anticancer activity 
of wilforol A (D’Arcy, 2019).

To further elucidate the mechanisms underlying the 
anticancer activity, we profiled the expression of proteins 
in the PI3K/AKT pathway, which is one of the most 
important signaling pathways that are crucial to many 
aspects of cell growth and survival (Porta et al., 2014) 
and is often activated in various human cancers (Aoki & 
Fujishita, 2017), including gliomas (Li et al., 2016). Akt 
may be activated to p-Akt by PI3K to promote or sup-
press a number of downstream molecules such as Bad, 
caspases, NF-κB, mTOR and eNOS to play a leading 
role in regulating tumor development (Xia & Xu, 2015). 
In addition, Akt can also activate nuclear transcriptional 
factors NF-κB to promote the expression of anti-apop-
tosis genes, such as c-Yaps and Bcl-2 that improve the 
survival and suppress apoptosis of tumor cells (Feng et 
al., 2018). Furthermore, potentiated Akt and p-Akt have 
protective effect against cardiomyopathy (Zeng et al., 
2017). Our results showed that PI3K, Akt and p-Akt 
(phosphorylated at Ser473 or Thr308) are all downreg-
ulated in a concentration-dependent manner after the 
two cell lines were treated with wilforol A, although the 
downregulation of Akt is lower as compared to the oth-
er proteins and is not strictly concentration-dependent in 
A172 cells, suggesting that wilforol A might impact ap-
optosis in glioma cells through the PI3K/AKT signaling 
pathway. The reduction of total Akt might be attributed 
to reduced cell viability, which leads to lower metabolic 
activity. Furthermore, U118 MG overexpressing Akt1 
was found less sensitive to wilforol A. This is consistent 
with previous finding that Akt overexpression decreases 
the chemosensitivity of gastric cancer cells to cisplatin 
(Zhang et al., 2013), confirming that PI3K/AKT path-
way is likely involved in wilforol A-induced cell death. 
However, a number of pathways and mechanisms might 
be involved in the control of viability. For instance, 
silencing FAM19A5 in the FAM19A5/S1PR1 signal-
ing  pathway significantly reduces the viability of mantle 
cell lymphoma (Wang, 2021), indirubin suppresses the 
viability of ovarian cancer cell through the STAT3 sign-
aling pathway (Chen et al., 2018a) and rhein induces cell 
death in hepaRG cells through the upregulation of pro-
teins in the apoptotic pathways (You et al., 2018). It is 
therefore essential to profile more signaling  pathways to 
gain comprehensive understanding of wilforol A-induced 
cell death.

Although our data show that wilforol A suppresses 
the growth of glioma cells and induces apoptosis, it is 
unclear whether wilforol A exerts its biological activity 
from outside or inside of the cells, and if from inside of 
the cells, how the molecule enters the cells. Exposure of 
glioma cells to wilforol A generated increased ROS pro-
duction, suggesting that it is likely that wilforol A exerts 
its biological activity from inside of the cells, because 

mitochondria are major sites for ROS synthesis (Lucia et 
al., 1997). However, more studies investigating cell mem-
brane integrity, membrane potential changes and perme-
ability are needed to understand the site of action of 
wilforol A. NR4A1 is mentioned as a target for wilforol 
A (https://pubchem.ncbi.nlm.nih.gov/compound/Wil-
forol-A#section=Biological-Test-Results). However, it is 
unclear whether the binding of wilforol A to NR4A1 re-
sults in the inhibition of cell growth. Previously, ectopic 
expression of NR4A1 was shown to enhance tumorigen-
esis by breast cancer cells (Guo et al., 2021) and it may 
be possible that the binding of wilforol A to NR4A1 
may deactivate NR4A1, resulting in reduced tumorigen-
esis. Furthermore, T. wilfordii is known to cause various 
adverse effects leading to leukopenia, gastrointestinal re-
actions, menstrual disorders and liver dysfunction when 
administered as crude extracts (Zhang et al., 2016). How-
ever, whether purified wilforol A has adverse effects is 
largely unknown, and more studies are needed to further 
define the safety profiles and efficacy of this compound 
in in vitro and in vivo models.

Taken together, our experimental data have dem-
onstrated that wilforol A has antiproliferative activity 
against glioma cells. It deactivates the P13K/Akt signal 
transduction pathways, leading to reduced p-Akt expres-
sion and upregulated expression of pro-apoptosis genes, 
which might be responsible for increased apoptosis, and 
subsequently reduced proliferation of glioma cells.
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Objective:  To investigate the effects of resveratrol on 
multiple organ injury and energy metabolism and its 
possible mechanism in preeclampsia model. Methods:  A 
total of 45 clean-grade female adults Sprague Dawley 
(SD) rats (weight 270–320 g) were randomly divided into 
three groups: a control group, preeclampsia group (PE), 
and Preeclampsia with resveratrol treatment group (RE). 
Preeclampsia was induced in rats by administering 200 
mg/kg/day L-NAME. Expression levels of TNF-α and IL-6 
in the lungs and kidney tissues were analysed by ELISA, 
while the activity of superoxide dismutase (SOD) and 
malondialdehyde (MDA) was determined by biochemical 
assays. The levels of lactic acid and pyruvate were de-
tected using biochemical assays, while the epinephrine 
level in the kidney and heart tissues was determined 
by the ELISA method. Reverse transcription polymerase 
chain reaction and the western blotting were used to de-
tect the expression of pyruvate dehydrogenase kinase 4 
(PDK4) in the myocardial tissues. Results:  We found that 
resveratrol treatment inhibited the levels of IL-6, TNF-α, 
and MDA in the lungs and kidney tissues, while the SOD 
activity was increased. Treatment with resveratrol re-
duced the levels of lactic acid, pyruvate, and epineph-
rine in the kidney and heart tissues. Furthermore, res-
veratrol treatment significantly increases the expression 
of PDK4 myocardial tissues in RE group compared to PE 
group. Conclusion:  Resveratrol may inhibit the release 
of tissue inflammatory factors, regulate the body’s en-
ergy metabolism, and ultimately protect tissue damage 
caused during Preeclampsia.

Key words: preeclampsia, multiple organ injury, resveratrol, inflam-
matory factors, proteinuria
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INTRODUCTION

Pregnancy is associated with many complications like 
polycystic ovarian syndrome (PCOS), Dysmenorrhea and 
Preeclampsia. Among them, Preeclampsia is a very fa-
tal and multifactorial disorder and is strongly associated 
with other entities such as hypertension and proteinu-
ria that can occur within 20 weeks of gestation (Ding 
et al., 2017). According to the World Health Organiza-
tion (WHO), only 10% of pregnant women suffer from 
preeclampsia but the mortality rate associated with the 
disease can be as high as involving one-seventh of the 
affected women (Say et al., 2014). The pathogenesis of 
preeclampsia associated with pregnancy is due to limited 
perfusion of the placenta causing hypoxia and subse-
quently apoptosis. The affected placenta in turn causes 
an increased oxidative stress, leading to the release of 
the various inflammatory mediators and anti-angiogen-
ic proteins (Roberts & Escudero, 2012). The increased 
blood pressure demands the need for application of 
anti-hypertensive drugs, namely Labetalol, Nifedipine 
and Hydralazine. Compared to other drugs, Nifedepine 
is safer due to less side effects related to the maternal 
or fetal development (including control of arterial pres-
sure and maintenance of urine output) (Zuo et al., 2021; 
Childress & Katz, 1994). Antihypertensive drugs are 
effective, but some adjuncts can provide additional ef-
fects. There are expectations from adjuncts to modify 
the destructive processes in the body. Among the ad-
juncts, resveratrol (potent inhibitor of the nuclear factor 
kappa B-NF-κB) could prove to be an adjunct to current 
therapy of preeclampsia. It was found that RE has the 
capacity to lower the blood pressure along with several 
other beneficial effects related to promotion of healing 
and modulation of inflammatory mechanisms (Novako-
vic et al., 2022).

The origin of resveratrol is purely natural as it is 
found exclusively in selected products such as red wine, 
grapes, peanuts, and in limited types of plants. In 1939, 
RE was extracted for the first time from Veratrumgran-
diflorum and was later, found in dried roots of Polygonum 
cuspidatum. Initially, resveratrol was utilized for the treat-
ment of injuries but later used for to manage various 
cardiovascular diseases (Novakovic et al., 2022). Resvera-
trol was initially used to treat injuries but later was also 
utilized for the management of the cardiovascular diseas-
es (Novakovic et al., 2022). Resveratrol has the capabil-
ity to repress the p38-Mitogen-Activated Protein Kinase 
(MAPK)/NF-κB pathway and produce several Reactive 
Oxygen Species (ROS) such as anti-angiogenic molecule 
(FMS-like tyrosine kinase 1 and sFlt-1) through which, it 
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mediates anti-inflammatory and anti-oxidative stress ac-
tivities (Zuo et al., 2021; Novakovic et al., 2022).

The evidence present in the past literature shows that 
resveratrol can also suppress various factors such as 
Transforming growth factor (TGF-β), Matrix metallo-
proteinases (MMP), Cyclic oxygenase (COX-2), Tumour 
necrosis factor (TNF-α), Interleukins (IL-1β and IL-6), 
and Intercellular Cell Adhesion Molecule (ICAM-1). The 
effects of resveratrol can be broadly classified into two 
major mechanisms. The first one is the p50/p65 mecha-
nism that controls the signaling cascade IKKBα/I κBα 
and activator protein-1 complex of MAPK/ERK/p38/c-
Jun N-terminal kinase  (JNK) (Wang et al., 2017). Second 
mechanism is the inhibition of the p65 subunit translo-
cation but it is based on the experimental model of hep-
atocarcinogenesis. Basically, resveratrol leads to decrease 
in two processes namely – phosphorylation (both IκB 
and normal) and acetylation (Chavez et al., 2008). Fur-
ther reduction of IκB phosphorylation leads to variation 
in p65 protein levels, causing resveratrol-induced apop-
tosis.  Resveratrol also mediate mi-RNAs by suppressing 
miR-21 expression and inhibition of the NF-κB.

Studies have shown some beneficial effects of res-
veratrol in complicated pregnancies associated with ges-
tational diabetes, malnutrition/obesity, any teratogen ex-
posure or placental insufficiency) (Zielinsky & Busato, 
2013). It resulted in improvement of sub-optimal fetal 
development.  Even in the treatment of polycystic ovari-
an syndrome, this product is providing synergistic effects 
with metformin through via SIRT1 and AMPK activa-
tion (Pan et al., 2016). It is probably the inherent prop-
erties of RE (including the anti-inflammatory and anti-
cancerous capability) which enable it to be a treatment 
modality for endometriosis. It was found that resveratrol 
has the potential to discourage the process of invasion, 
adhesion, and angiogenesis of endometria-related lesions, 
thereby, slowing the process of inflammation and oxida-
tive stress (Vian et al., 2018). Even with the involvement 
of eutopic endometrial stromal cells, resveratrol could 
definitely, cause several valuable effects by altering the 
gene expression and inhibiting the insulin-like growth 
factor (IGF-1) and hepatocyte growth factor (HGF) (Ta-
guchi et al., 2016).

The inhibitory effects of resveratrol can prove to be a 
useful tool for the management of cancers and chronic 
diseases. Like in diabetes mellitus type 1, resveratrol has 
been shown to attenuate testicular apoptosis while in 
terms of respiratory diseases, there is inhibition of  LPS-
induced inhibition on SIRT1 expression (Novakovic et 
al., 2022; Pan et al., 2016). In addition to them, there is 
repression of activation effects of LPS on MAPKs and 
NF-κB activation also.  Due to the inhibition of inflam-
matory responses leading to a complete perfusion, the 
healing of kidney is also promoted.  Colorectal cancer 
is another example associated with  induction of apop-
tosis and resveratrol provides suppression of NF-κB 
activation and finally relief to the devastating condition 
(Chavez et al., 2008). Similarly for Thyroid and breast 
cancer, resveratrol shows marked improvement by inhib-
iting the NF-κB/p65 signaling in which levels of IL-6 
and Cyclooxygenase (COX-20) are also affected. Lastly, 
it induces pancreatic apoptosis so it is also proven to be 
helpful in prevention of pancreatic cancer.

The NF-κB plays a mighty part during the treatment 
of preeclampsia by exhibiting the inflammatory factors. 
The benefits of resveratrol along with proven clinical 
studies are useful in managing many clinical problems. 
These can range from chronic diseases like Diabetes 
mellitus, Respiratory diseases, Hypertension, Reproduc-

tive problems and lastly, various types of cancers. It 
has both modulatory and attenuated effects. No doubt 
we have a variety of medications for all of the above 
mentioned critical conditions, yet the beneficial effects of 
resveratrol cannot be matched easily. Hence, resveratrol 
can be assumed to be a good adjunct for the prevention 
of complications and therapies of the human diseases in-
cluding preeclampsia. The present study aims to explore 
the possible role of resveratrol in inhibiting multiple or-
gan injury in preeclampsia rat model.

MATERIAL AND METHODS

Animal preparation and grouping

A total of 45 healthy female adults Sprague Daw-
ley (SD) rats (weight 270–320 g and aged 2–3 months) 
and were provided by the Experimental Animal Center 
of the Shanghai Jiao Tong University (China). The ani-
mals were maintained in fully ventilated rooms with free 
access to pellet diet and fresh water. The photoperiod 
used for keeping animals was 12 h day and 12 h night 
cycle. Standard institutional ethical guidelines were fol-
lowed in performing various experimental procedures 
on the rats. The rats were divided into three groups: the 
control group (n=15), Preeclampsia group (PE) (n=15), 
and Preeclampsia with Resveratrol treatment (RE) group 
(n=15). The animals received humane care in compli-
ance with the principles of laboratory animal care.

Induction of the animal model

To induce preeclampsia, nitric oxide synthase (NOS) 
inhibitor namely N(gamma)-nitro-L-arginine methyl ester 
(L-NAME) (obtained from Sigma-Aldrich) at the dose 
of 200 mg/kg/day was administered to the rats. Res-
veratrol, dissolved in distilled water were given to rats 
at the doses of 20 mg/kg/day orally by oral gavage for 
4 weeks. Systolic blood pressure (SBP) was monitored 
continuously through the experimental period by using 
a blood pressure recorder using tail-cuff method. The 
protein level in urine (proteinuria) was measured by the 
Coomassie blue method.

After completion of experimental periods, rats were 
sacrificed using pentobarbital sodium anesthesia. The liv-
ers, kidneys and hearts were collected rapidly and pre-
pared for mRNA and protein extraction.

TNF-α, IL-6, MDA, and SOD detection

In accordance with the instructions on the operating 
kits, enzyme-linked immunoassay (ELISA) (SOLARBIO, 
China) was used to detect TNF-α and IL-6 in the kid-
ney and myocardial tissues, the xanthine oxidase method 
(Sun et al., 1988) was used to detect the content and ac-
tivity of SOD, and the thiobarbiturates method (Draper 
et al., 1993) was used to determine the MDA content. 
The SOD and MDA content in the lung and kidney 
tissues were calculated according to the formula and 
Coomassie Brilliant Blue detect protein content.

Detection of lactic acid, pyruvate, and epinephrine 
levels

In accordance with the instructions on the operating 
kits, biochemical methods were used to detect lactic acid 
and pyruvate levels, and ELISA was used to detect epi-
nephrine levels in the heart and kidney tissues.
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Reverse transcription polymerase chain reaction (RT-
PCR)

RNA from tissues were obtained using TRIzol meth-
od and then reversed to cDNA with RT Kit. Quanti-
tative PCR was carried out using SYBRGreen (Takara) 
with appropriate primers designed by Primer 5.0 ac-
cording to the conditions, including an initial step of 
10 minute in 95°C, and then 40 cycles of amplification, 
which includes 10 s in 95°C, 20 s in 55°C and 25 s in 
72°C. Quantification was determined by 2−ΔΔCT (Livak & 
Schmittgen, 2001). The internal control used was GAP-
DH.

Western blot

The tissue was treated with RIPA lysis buffer for the 
isolation of total cellular proteins. Following, the protein 
concentrations were determined with Bradford method. 
From each sample, 45 µg of proteins were loaded and 
run on SDS-PAGE gels which were processed for blot-
ting to PVDF membranes followed by exposure to pri-
mary and secondary antibodies and finally the protein 
bands of interest were visualized with the help of effi-
cient chemilumniscence reagent. Primary antibodies were 
directed against PDK4. The GAPDH gene was used as 
internal control. Primary antibody treatment was fol-
lowed by secondary antibody treatment overnight at 4oC. 
Finally, enhanced chemiluminescence (ECL) reagent was 
used to detect the protein signals.

Statistical analysis

Values presented in the study are the mean of three 
biological replicates ± S.D., calculated from atleast three 
experimental replicas. ANOVA, Student’s t-test and 
Duncan’s test were used to estimate the significance of 
the statistical difference between two/among many data 
points. The at p<0.05 was considered as statistically sig-
nificant difference.

RESULTS

Resveratrol Ameliorated Hypertension and Proteinuria 
in Preeclampsia group (PRE)

The control group (saline) exhibited stable SBP 
throughout experimental period. However, in the PRE 
rats, we observed significantly increased SBP. Interest-
ingly, in (RE) group, a reverse effect was observed com-
pared to the PE group.

Furthermore, the PRE group exhibited enhanced pro-
teinuria, a clinical marker of renal malfunction) associ-
ated with PRE compared to control group. Interestingly, 
in (RE) group, a reverse effect on proteinuria was ob-
served compared to the PE group.

TNF-α and IL-6 expression level

The expression of the inflammatory factor TNF-α in 
the kidney and myocardial tissues was lower in the con-
trol group than in the other two groups. The TNF-α ex-
pression in the kidney and myocardial tissues in the (PE) 
group increased significantly and was significantly lower 
in the (RE) group than in the LPS group (P<0.05). The 
concentration of IL-6 was higher in the (PE) than in the 
control group (P<0.05), but the administration of Res-
veratrol downregulated IL-6 production (P<0.05; see 
Fig.  1).

MDA and SOD levels

When compared with the control group, the MDA 
level was higher (P<0.05), and the SOD level was sig-
nificantly lower in the (PE) group (P<0.05). When com-
pared with the (PE) group, the MDA level was signifi-
cantly lower (P<0.05), and the SOD level was higher in 
the (RE) group (P>0.05) (see Fig. 2).

Lactic acid, pyruvate, and epinephrine expression in the 
heart and kidney tissues

In order to study the effect of Resveratrol on organ 
metabolic damage induced by preeclampsia, the lactic 
acid, pyruvate, and epinephrine levels were measured in 
the heart and kidney tissues.

Lactic acid expression: The lactic acid level in the 
PE group was significantly higher than the control group 
(P<0.05), but there was no significant difference in this 
level between the RE group and the control group.

Pyruvate expression: The pyruvate level in the PE 
group was significantly higher than the control group 

Figure 1. The expression of TNF-α and IL-6 in the lung and kid-
ney tissues of rats. 
*P<0.05 for comparison with the corresponding tissue of the con-
trol group, and #P<0.05 for comparison with the corresponding 
tissue of the preeclampsia group.

Figure 2. Malondialdehyde and superoxide dismutase levels in 
the lung and kidney tissues of rats.
*P<0.05 for comparison with the corresponding tissue of the con-
trol group, and #P<0.05 for comparison with the corresponding 
tissue of the preeclampsia group.
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(P<0.05), but administration of Resveratrol downregu-
lated the pyruvate level (P<0.05).

Epinephrine expression: The epinephrine level in 
the PE group was significantly higher than the control 
group (P<0.05), but administration of Resveratrol down-
regulated the pyruvate level (P<0.05; see Fig. 3).

PDK4 expression in the heart tissue
The mRNA and protein expression levels of PDK4 

were highest in the PE group compared to control. It 
was significantly lowered in the RE group than in the 
PE group (P<0.05; see Fig. 4).

DISCUSSION

In the present study, the effects of Resveratrol on 
inflammatory cytokines and the energy metabolism dis-
order were evaluated in a preeclampsia rat model. We 
observed that Resveratrol had protective effects, as evi-
denced by the suppression of the expression and release 
of inflammatory cytokines and the regulation of energy 
metabolic indicators in preeclampsia rats.

Systemic inflammation plays a key role in the occur-
rence and development of multiple organ injury (Menden 
et al., 2015). Endotoxin activates macrophages and mono-
cytes, leading to an inflammatory cascade in which large 
quantities of inflammatory mediators, such as interleukins 
and TNF-α, are produced and released. Inflammatory me-
diators cause damage to alveolar epithelial cells, pulmonary 
capillary epithelial cells, and renal endothelial cells, leading 
to the progression of injury. Several cytokines have been 
implicated in the pathogenesis of preeclampsia (Conrad 
& Benyo, 1997). TNF-α is an important initiating factor 
that mediates endotoxic shock, systemic inflammatory 
response syndrome, and organ injury (Susantitaphong et 
al., 2013). TNF-α damages lysosomes; causes enzymes to 
leak; promotes the migration of leukocytes to the site of 
inflammation; induces endothelial cells and macrophages 
to synthesize and release IL-1, IL-6, IL-8, superoxide, and 
lysosome; and promotes inflammation, the metabolism of 
arachidonic acid, the production of lipid mediators, and 
the formation of microthrombosis, which lead to lung and 
kidney damage. IL-6 is also an important inflammatory 
factor that is secreted in large quantities in the lungs and 
blood of patients with multiple organ injury. IL-6 levels in 
patients with multiple organ injury are significantly higher 
than in healthy people and can reflect the degree of lung 
tissue damage. IL-6 participates in the differentiation and 
infiltration of macrophages, which can induce the produc-
tion of adhesion molecules by activating the expression of 
complement and C-reactive protein, vascular endothelial 
cells, and lymphocytes and participate in the acute phase 
response of lung and kidney injury (Hattar et al., 2001). 
Therefore, inhibiting the production of cytokines is an 
effective means of treating inflammatory diseases. This 
study showed that during preeclampsia, a significant in-
crease in the levels of TNF-α and IL-6 in lung and kidney 
tissues, and Resveratrol can reduce multiple organ dys-
function caused by preeclampsia by reducing the levels of 
the pro-inflammatory factors TNF-α and IL-6.

At the onset and during the development of preeclamp-
sia, redox damage caused by oxygen free radicals is one of 
the important causes of multiple organ dysfunction (Gupte 
& Wagh, 2014). In preeclampsia, many oxygen free radicals 
attack the polyunsaturated fatty acids in the biofilm, trigger-
ing lipid peroxidation and forming a large quantity of the li-
pid peroxidation product MDA. MDA is lipid peroxide and 
a marker of oxidative stress and antioxidant status. MDA 
levels can reflect the severity of the attack of oxygen free 
radicals on the body. SOD is a natural scavenger of oxy-
gen free radicals in organisms and can scavenge superoxide 
anions and free radicals to protect cells from damage. SOD 
levels can indirectly reflect the body’s ability to scavenge 
oxygen free radicals, and maintains body’s oxidation and 
antioxidant balance. The combined detection of SOD and 
MDA can accurately reflect the oxidative stress state and 
represent the degree of tissue damage.

This study found that when compared with the con-
trol group, MDA levels in the lung and kidney tissues 
of the Preeclampsia group (PR) group were significantly 
higher and SOD levels were significantly lower, suggest-
ing that Preeclampsia caused oxidative stress damage to 
these tissues. Resveratrol can increase SOD levels and 
reduce MDA levels, suggesting that Resveratrol can re-
duce the production of oxygen free radicals, improve 
the body’s antioxidant capacity, and inhibit the oxidative 
stress damage caused by Preeclampsia.

Hyperlactic acidemia is considered to be a sign of ox-
ygen debt, systemic hypoxia, and anaerobic metabolism. 
Elevated lactic acid levels represent an energy metabo-
lism disorder, and decreased levels of lactic acid signify 

Figure 3. Lactic acid, pyruvate, and epinephrine expression in 
the heart and kidney tissues of rats. 
*P<0.05 for comparison with the corresponding tissue of the con-
trol group, and #P<0.05 for comparison with the corresponding 
tissue of the preeclampsia group.

Figure 4. Pyruvate dehydrogenase kinase 4 expression in the 
myocardial tissue of rats. 
*P<0.05 for comparison with the corresponding tissue of the con-
trol group, and #P<0.05 for comparison with the corresponding 
tissue of the preeclampsia group.
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an improvement in tissue hypoxia and energy metabo-
lism (Husain et al., 2003). Pyruvate is the direct and sole 
precursor of lactic acid, the end product of glycolysis, 
and the starter of the tricarboxylic acid cycle. Elevated 
pyruvate levels may be a consequence of reduced oxy-
gen delivery (ischemic hypoxia) and reflect mitochondri-
al dysfunction (Hajjej et al., 2017). Both lactic acid and 
pyruvate are the products of glucose metabolism and ab-
normalities can reflect a disorder in energy metabolism.

Myocardial dysfunction is a common complication of 
Preeclampsia (Melchiorre et al., 2012). PDK4 is a key en-
zyme that regulates the pyruvate dehydrogenase complex 
(PDC). In some cases, the overexpression of PDK4 can 
lead to PDC inactivation, mitochondrial dysfunction, and 
negative health consequences (Jeon et al., 2021). Energy 
metabolism disorder is one of the important causes of 
myocardial damage in Preeclampsia (Hu et al., 2022). 
This study found that when compared with the con-
trol group, the lactic acid and pyruvate levels and the 
PDK4 gene and protein expression in the myocardial tis-
sue were significantly higher in the Preeclampsia group, 
which suggests that Preeclampsia leads to increased an-
aerobic glycolysis in the heart and kidney tissues, caus-
es glucose metabolism disorders, and results in the ac-
cumulation of lactic acid and pyruvate, which aggravate 
heart and kidney dysfunction. The results demonstrated 
that Resveratrol downregulated the excessive expression 
of the PDK4 and reduced the content of lactic acid 
and pyruvate in the heart and kidney tissues. Therefore, 
Resveratrol can reduce heart and kidney dysfunction in-
duced by preeclampsia by regulating energy metabolism.

In the present study, we deduced that Resveratrol 
could decrease the exaggerated inflammatory response 
during preeclampsia conditions. Therefore, Resveratrol 
may be advantageous as a potential therapeutic agent for 
patients with preeclampsia.

CONCLUSIONS

In summary, Resveratrol can protect against multiple 
organ injury caused by preeclampsia by reducing the ex-
pression of anti-inflammatory cytokines and through the 
anti-oxidative stress pathway. Resveratrol can also inhibit 
the body’s stress response, improve energy metabolism, 
and protect the heart tissue from preeclampsia. There-
fore, Resveratrol is worthy of further investigation as a 
potential intervention strategy for preeclampsia in preec-
lampsia. Further studies are required to elucidate the 
precise mechanism of its protective action.

Declarations

Conflict of interest. The authors declare no conflict 
of interest.

REFERENCES

Chavez E, Reyes-Gordillo K, Segovia J, Shibayama M, Tsutsumi V, 
Vergara P, Moreno MG, Muriel P (2008) Resveratrol prevents fi-
brosis, NF-kappaB activation and TGF-beta increases induced by 
chronic CCl4 treatment in rats. J Appl Toxicol 28: 35–43. https://
doi.org/10.1002/jat.1249

Childress CH, Katz VL (1994) Nifedipine and its indications in ob-
stetrics and gynecology. Obstet Gynecol 83: 616–624. https://doi.
org/10.1097/00006250-199404000-00024

Conrad KP, Benyo DF (1997) Placental cytokines and the pathogen-
esis of preeclampsia. Am J Reprod Immunol 37: 240–249. https://doi.
org/10.1111/j.1600-0897.1997.tb00222.x

Ding J, Kang Y, Fan Y, Chen Q (2017) Efficacy of resveratrol to sup-
plement oral nifedipine treatment in pregnancy-induced preeclamp-
sia. Endocr Connect 6: 595–600. https://doi.org/10.1530/EC-17-0130

Draper HH, Squires EJ, Mahmoodi H, Wu J, Agarwal S, Hadley M 
(1993) A comparative evaluation of thiobarbituric acid methods 
for the determination of malondialdehyde in biological materials. 
Free Radic Biol Med 15: 353–363. https://doi.org/10.1016/0891-
5849(93)90035-s

Gupte S, Wagh G (2014) Preeclampsia-eclampsia. J Obstet Gynaecol India 
64: 4–13. https://doi.org/10.1007/s13224-014-0502-y

Hajjej Z, Meddeb B, Sellami W, Labbene I, Morelli A, Ferjani M (2017) 
Effects of levosimendan on cellular metabolic alterations in patients 
with septic shock: a randomized controlled pilot study. Shock 48: 
307–312. https://doi.org/10.1097/SHK.0000000000000851

Hattar K, Fink L, Fietzner K, Himmel B, Grimminger F, Seeger W, 
Sibelius U (2001) Cell density regulates neutrophil IL-8 synthesis: 
role of IL-1 receptor antagonist and soluble TNF receptors. J Immu-
nol 166: 6287–6293. https://doi.org/10.4049/jimmunol.166.10.6287

Hu M, Li J, Baker PN, Tong C (2022) Revisiting preeclampsia: a meta-
bolic disorder of the placenta. FEBS J 289: 336–354. https://doi.
org/10.1111/febs.15745

Husain FA, Martin MJ, Mullenix PS, Steele SR, Elliott DC (2003) 
Serum lactate and base deficit as predictors of mortality and mor-
bidity. Am J Surg 185: 485–491. https://doi.org/10.1016/s0002-
9610(03)00044-8

Jeon JH, Thoudam T, Choi EJ, Kim MJ, Harris RA, Lee IK (2021) 
Loss of metabolic flexibility as a result of overexpression of pyru-
vate dehydrogenase kinases in muscle, liver and the immune sys-
tem: Therapeutic targets in metabolic diseases. J Diabetes Investig 12: 
21–31. https://doi.org/10.1111/jdi.13345

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2(-Delta Delta 
C(T)) Method. Methods 25: 402–408. https://doi.org/10.1006/
meth.2001.1262

Melchiorre K, Sutherland GR, Watt-Coote I, Liberati M, Thilaganathan 
B (2012) Severe myocardial impairment and chamber dysfunction in 
preterm preeclampsia. Hypertens Pregnancy 31: 454–471. https://doi.or
g/10.3109/10641955.2012.697951

Menden H, Welak S, Cossette S, Ramchandran R, Sampath V (2015) 
Lipopolysaccharide (LPS)-mediated angiopoietin-2-dependent au-
tocrine angiogenesis is regulated by NADPH oxidase 2 (Nox2) in 
human pulmonary microvascular endothelial cells. J Biol Chem 290: 
5449–5461. https://doi.org/10.1074/jbc.M114.600692

Novakovic R, Rajkovic J, Gostimirovic M, Gojkovic-Bukarica L, Radu-
novic N (2022) Resveratrol and Reproductive Health. Life (Basel) 12: 
294. https://doi.org/10.3390/life12020294.

Pan W, Yu H, Huang S, Zhu P (2016) Resveratrol protects against 
TNF-alpha-induced injury in human umbilical endothelial cells 
through promoting sirtuin-1-induced repression of NF-KB and p38 
MAPK. PloS One 11: e0147034. https://doi.org/10.1371/journal.
pone.0147034

Roberts JM, Escudero C (2012) The placenta in preeclampsia. Pregnancy 
Hypertens 2: 72–83. https://doi.org/10.1016/j.preghy.2012.01.001.

Say L, Chou D, Gemmill A, Tuncalp O, Moller AB, Daniels J, Gul-
mezoglu AM, Temmerman M, Alkema L (2014) Global causes of 
maternal death: a WHO systematic analysis. Lancet Glob Health 2: 
e323–e333. https://doi.org/10.1016/S2214-109X(14)70227-X

Sun Y, Oberley LW, Li Y (1988) A simple method for clinical assay of 
superoxide dismutase. Clin Chem 34: 497–500. PMID: 3349599

Susantitaphong P, Perianayagam MC, Tighiouart H, Liangos O, Bon-
ventre JV, Jaber BL (2013) Tumor necrosis factor alpha promoter 
polymorphism and severity of acute kidney injury. Nephron Clin Pract 
123: 67–73. https://doi.org/10.1159/000351684

Taguchi A, Koga K, Kawana K, Makabe T, Sue F, Miyashita M, 
Yoshida M, Urata Y, Izumi G, Tkamura M, Harada M, Hirata T, 
Hirota Y, Wada-Hiraike O, Fujii T, Osuga Y (2016) Resveratrol en-
hances apoptosis in endometriotic stromal cells. Am J Reprod Immu-
nol 75: 486–492. https://doi.org/10.1111/aji.12489

Vian I, Zielinsky P, Zílio AM, Schaun MI, Brum C, Lampert KV, De 
Ávila N, Baldissera G, Klanovicz TM, Zenki K, Zurita-Peralta J, 
Olszewski A, Piccoli A Jr, Nicoloso LH, Sulis N, Van Der Sand L, 
Markoski M (2018) Increase of prostaglandin E2 in the reversal of 
fetal ductal constriction after polyphenol restriction. Ultrasound Ob-
stet Gynecol 52: 617–622. https://doi.org/10.1002/uog.18974

Wang N, Mao L, Yang L, Zou J, Liu K, Liu M, Zhang H, Xiao X, 
Wang K (2017) Resveratrol protects against early polymicrobial 
sepsis-induced acute kidney injury through inhibiting endoplasmic 
reticulum stress-activated NF-kappaB pathway. Oncotarget 8: 36449–
36461. https://doi.org/10.18632/oncotarget.16860

Zielinsky P, Busato S (2013) Prenatal effects of maternal consump-
tion of polyphenol-rich foods in late pregnancy upon fetal ductus 
arteriosus. Birth Defects Res C Embryo Today 99: 256–274. https://doi.
org/10.1002/bdrc.21051

Zuo Q, Zou Y, Huang S, Wang T, Xu Y, Zhang T, Zhang M, Ge Z, 
Jiang Z (2021) Aspirin reduces sFlt-1-mediated apoptosis of tropho-
blast cells in preeclampsia. Mol Hum Reprod 27: gaaa089. https://doi.
org/10.1093/molehr/gaaa089

926

https://doi.org/10.1002/jat.1249
https://doi.org/10.1002/jat.1249
https://doi.org/10.1097/00006250-199404000-00024
https://doi.org/10.1097/00006250-199404000-00024
https://doi.org/10.1111/j.1600-0897.1997.tb00222.x
https://doi.org/10.1111/j.1600-0897.1997.tb00222.x
https://doi.org/10.1530/EC-17-0130
https://doi.org/10.1016/0891-5849(93)90035-s
https://doi.org/10.1016/0891-5849(93)90035-s
https://doi.org/10.1007/s13224-014-0502-y
https://doi.org/10.1097/SHK.0000000000000851
https://doi.org/10.4049/jimmunol.166.10.6287
https://doi.org/10.1111/febs.15745
https://doi.org/10.1111/febs.15745
https://doi.org/10.1016/s0002-9610(03)00044-8
https://doi.org/10.1016/s0002-9610(03)00044-8
https://doi.org/10.1111/jdi.13345
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.3109/10641955.2012.697951
https://doi.org/10.3109/10641955.2012.697951
https://doi.org/10.1074/jbc.M114.600692
https://doi.org/10.3390/life12020294
https://doi.org/10.1371/journal.pone.0147034
https://doi.org/10.1371/journal.pone.0147034
https://doi.org/10.1016/j.preghy.2012.01.001
https://doi.org/10.1016/S2214-109X(14)70227-X
https://doi.org/10.1159/000351684
https://doi.org/10.1111/aji.12489
https://doi.org/10.1002/uog.18974
https://doi.org/10.18632/oncotarget.16860
https://doi.org/10.1002/bdrc.21051
https://doi.org/10.1002/bdrc.21051
https://doi.org/10.1093/molehr/gaaa089
https://doi.org/10.1093/molehr/gaaa089


Regular paper

Lipid disorders before and after successful liver transplantation
Damian Gojowy1, Joanna Urbaniec-Stompor1, Joanna Adamusik1, Gabriela Wójcik1,  
Henryk Karkoszka1, Robert Krol2, Andrzej Wiecek1 and Marcin Adamczak1✉

1Department of Nephrology, Transplantation and Internal Medicine, Medical University of Silesia, Katowice, Poland; 2Department of General, 
Vascular and Transplant Surgery, Medical University of Silesia, Katowice, Poland

Introduction: Liver transplantation (LTx) is the only suc-
cessful treatment for end-stage liver disease. The results 
of liver transplantation depend not only on graft sur-
vival but may be also affected by superimposed cardio-
vascular morbidities. The aim of this retrospective study 
was to assess the prevalence of lipid disorders as one 
of the important cardiovascular risk factors in patients 
before and after successful LTx. Material and Meth-
ods: One hundred eleven patients who underwent liver 
transplantation because of liver cirrhosis and survived 
at least 2 years with functioning graft between Novem-
ber 2005 and May 2014 were included in this retrospec-
tive analysis. The mean age of the patients at the time 
of liver transplantation was 49.7±12.2 years. The preva-
lence of dyslipidemia was assessed before and two years 
after liver transplantation. This was analyzed in relation 
to the etiology of liver disease, including alcohol toxicity, 
viral or autoimmune diseases. Results: The prevalence 
of hypertriglyceridemia before and after LTx was 13.5% 
and 40.5%, respectively (P<0.001). Similarly, hypercho-
lesterolemia was noted in 17.1% and 51.4% respectively 
(P<0.001). The annual incidence of hypertriglyceridemia 
and hypercholesterolemia during the first two years af-
ter LTx was 16.2% and 20.7%, respectively. The preva-
lence of hypertriglyceridemia (18.5% vs 66.7%, P<0.001) 
and hypercholesterolemia (29.6% vs 70.0%, P=0.002) 
was significantly lower in patients with the autoimmune 
cause of liver cirrhosis in comparison to patients with 
the alcoholic liver disease. Conclusions: The prevalence 
of dyslipidemia is increased after liver transplantation. 
The prevalence of dyslipidemia may be related to the 
cause of liver injury before LTx.

Keywords: dyslipidemia, hypertriglyceridemia, hypercholester-
olemia, cardiovascular risk factors, liver transplantation

Received: 17 February, 2023; revised: 20 November, 2023; accepted: 
20 November, 2023; available on-line: 03 December, 2023

✉e-mail: madamczak1@op.pl
Acknowledgements of Financial Support: This work was support-
ed by the Medical University of Silesia in Katowice, Poland (PCN-1-
117/N/O/K).
Abbreviations: BMI, body mass index; MELD, Model of End-Stage 
Liver Disease; LTx, liver transplantation

INTRODUCTION

Liver transplantation is the only successful method 
for the treatment of end-stage liver disease. In the last 
decade in Poland, about 300 patients underwent liver 
transplantation every year (Poltransplant, 2022). The 
most common indications for liver transplantation in our 
population included end-stage liver disease caused by in-
fectious hepatitis, autoimmune or alcoholic liver disease. 

Despite decreasing the risk of early graft failure, due to 
improving surgical techniques and immunosuppressive 
therapy, in the last three decades, long-time survival in 
liver transplant recipients has not substantially improved 
(Rana et al., 2019). Therefore currently transplant com-
munity focus has shifted to maximizing long-term sur-
vival after transplantation. The results of liver transplan-
tation not only depend on graft survival but may be 
affected by superimposed cardiovascular morbidities. It 
has been shown that cardiovascular diseases are one of 
the most frequent causes of premature death in patients 
after liver transplantation (Berenguer et al., 2002; Watt et 
al., 2010). Current immunosuppressive drugs are very ef-
fective in preventing acute rejection of transplanted or-
gans. However, it is well-recognized that some of these 
drugs, like tacrolimus or steroids, result in increased rates 
of hypertension, diabetes, and dyslipidemia (Gojowy 
et al., 2016). Watt et al., in long-term follow-up of liver 
transplant recipients, have shown that some well-known 
cardiovascular risk factors like hypertension or diabetes 
mellitus may be directly or indirectly involved in prema-
ture death in patients who survive one year after liver 
transplantation (Watt et al., 2010). According to this ob-
servation, routine screening of cardiovascular risk factors 
seems to be an essential component of comprehensive 
post-transplant care for these patients. Population studies 
in Poland have shown that cardiovascular risk factors are 
common and hypercholesterolemia is present in 61.1-
64.3% of the Polish adult population (Zdrojewski et al., 
2013; Stepniak et al., 2016; Niklas et al., 2018; Rutkowski 
et al., 2020).

The current paper presents the results of a retrospec-
tive study which aimed to assess the prevalence of lipid 
disorders before and after successful liver transplanta-
tion.

MATERIAL AND METHODS

This retrospective, single-center study involved 111 
patients (47 female, 64 male) aged 49.7±12.2 years who 
underwent liver transplantation because of liver cirrho-
sis in years 2005 to 2014 in the Department of Gen-
eral, Vascular and Transplant Surgery of the Medical 
University of Silesia in Katowice, Poland and who sur-
vived with functioning transplanted liver for at least 24 
months. Patients who died or had liver re-transplantation 
before 24 months of observation were not included in 
the analysis. All transplantations were performed using 
cadaveric organs. After transplantation, patients were fol-
lowed up in the Transplantation Outpatient Clinic of the 
Department of Nephrology, Transplantation and Internal 
Medicine Medical University of Silesia in Katowice, Po-
land. The median MELD score at the time of qualifica-
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tion for liver transplantation was 14.0 (9.0;19.1). A ret-
rospective analysis of the patients’ medical history was 
performed.

In all patients, serum concentrations of total choles-
terol and triglycerides, as well as doses and concentra-
tions of immunosuppressive drugs were analyzed. Hy-
pertriglyceridemia was diagnosed when triglycerides se-
rum concentration was ≥1.7 mmol/L (150 mg/dL) or 
triglycerides-lowering treatment (i.e. one of the fibrates) 
was used. In such patients triglycerides serum concen-
tration ≥1.7 mmol/L (150 mg/dL) was documented 
before initiation of this therapy. Hypercholesterolemia 
was defined as a total serum cholesterol concentration 
was ≥5.0  mmol/L (190 mg/dL) or cholesterol-lowering 
pharmacological treatment was used (i.e. one of statins 
or fibrates). In such patients, serum cholesterol con-
centration ≥5.0 mmol/L (190 mg/dL) was documented 
before initiation of this therapy. Because of the retro-
spective character of the current study due to the lack 
of data, the analysis of serum cholesterol fractions was 
not possible. Prevalence of lipid disorders was assessed a 
short time before liver transplantation (up to 6 months 
before the procedure) and two years after transplanta-
tion. Moreover, the annual incidence of these abnormali-
ties during the first two years after liver transplantation 
was analyzed.

Etiology of liver disease

Thirty-seven patients had viral hepatitis as a cause of 
liver failure (among them, 28 patients suffered from hep-
atitis C, and 9 from hepatitis B infection); alcoholic liver 
disease was a cause of liver failure in 30 patients; au-
toimmune diseases in 27 patients (among them primary 
sclerosing cholangitis – 11 patients, autoimmune hepa-
titis – 9 patients, primary biliary cirrhosis – 5 patients, 
autoimmune hepatitis and primary sclerosing cholangitis 
overlapping syndrome – 2 patients) and others (17 cas-
es).

Immunosuppressive treatment

Two years after liver transplantation, 90% of studied 
patients were treated with calcineurin inhibitors. Ninety-
one patients (82% of all studied patients) received tac-
rolimus, and 9 patients (8% of all studied patients) re-
ceived cyclosporine A. Eleven patients (10% of the stud-
ied patients) were treated with everolimus. Prednisone 
was used in 102 patients (92% of the studied patients), 
mainly in the dose of 5–15 mg/day. Thirty-seven pa-
tients (33% of the studied patients) were treated with 
mycophenolates. In three patients within 24 months af-
ter liver transplantation, the acute rejection of the trans-
planted liver was diagnosed only by clinical manifesta-
tion and treated with a high dose of intravenous meth-
ylprednisolone. None of these patients had a biopsy of 
the transplanted liver. In another two patients, it was 
necessary to transiently increase the prednisone dose to 
60  mg/day in the early period after liver transplantation.

Statistical analysis

Statistical analysis was done using the Statistica 13.3 
software (StatSoft). The Shapiro-Wilk test was used to 
determine the normality of distribution. Mann-Whitney 
U, chi-square tests, and Spearman’s rank correlation were 
used in this study. The level of statistical significance is 
α=0.05. Results were presented as a mean and standard 
deviation for the parametric distribution of variables and 

as a median with an interquartile range for the non-para-
metric distribution of variables.

Ethics

Because of the retrospective character of the study, 
ethics committee consent was not required.

RESULTS

Hypertriglyceridemia before liver transplantation was 
found in 13.5% of patients. The prevalence of hyper-
triglyceridemia two years after liver transplantation was 
significantly higher – 40.5% (36.2% in females, 43.8% in 
males) (P<0.001). The annual incidence of new-onset hy-
pertriglyceridemia in the first two years after liver trans-
plantation was 16.2%. It has been shown a significant 
positive correlation between serum triglycerides concen-
tration and the age of liver transplant recipients (R=0.27, 
P=0.003). Serum total cholesterol concentration was ele-
vated above the normal range in 17% of patients before 
liver transplantation. After liver transplantation in 57 
(51.4%) patients (51.0% of females, 51.6% of males) hy-
percholesterolemia was found (P<0.001) (Table 1). The 
annual incidence of new-onset hypercholesterolemia in 
the first two years after liver transplantation was 20.7%. 
It has been shown a correlation between serum total 
cholesterol concentration and the age of liver transplant 
recipients (R=0.25, P=0.008).

There was no significant correlation between MELD 
score before LTx and serum triglycerides and total cho-
lesterol serum concentration before and 24 months af-
ter LTx. There were also no significant differences in 
MELD score before LTx between patients with and 
without diagnosis of any type of dyslipidemias before 
and 24 months after LTx.

Before LTx, none of the patients were treated with 
lipid-lowering therapy. Only 7 patients were treated with 
lipid-lowering therapy two years after LTx (3 received 
statins, 3 received fibrates, and one patient was treated 
with both drugs from the above-mentioned group of 
agents). Patients were not treated with other lipid-low-
ering drugs (i.e. ezetimibe). Hypercholesterolemia was 
diagnosed in three patients with normal serum total cho-
lesterol concentration at the time of examination (i.e. 
2  years after LTx) treated with lipid-lowering therapy (1 
with statin and 2 with fibrates). Hypertriglyceridemia was 
diagnosed in one patient with normal triglycerides serum 
concentration at the time of examination (i.e. 2 years af-
ter LTx) treated with fenofibrate.

Immunosuppressive drugs and lipid disorders

Our study showed no significant differences in the 
prevalence of hypertriglyceridemia in patients treated 
with tacrolimus, cyclosporine A, and everolimus (40%, 
33%, and 55%, respectively). There was a significant 
difference in the prevalence of hypercholesterolemia 
in patients treated with everolimus, tacrolimus and cy-
closporine (91%, 45%, and 66%, respectively, P=0.01; 
everolimus vs. tacrolimus P=0.002). Prevalence of hy-
percholesterolemia and hypertriglyceridemia in patients 
treated and not treated with mycophenolates was 46% 
vs. 54% and 35% vs. 43%, respectively (differences in the 
above-mentioned prevalence were not significant).

There were no significant correlations between se-
rum total cholesterol as well as triglycerides concentra-
tion and blood tacrolimus concentration (Figs 1 and 2), 
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as well as mycophenolate and prednisone dose in liver 
transplant recipients.

Etiology of liver failure and lipid disorders

In an additional analysis, patients were divided into 
three groups - alcohol, viral and autoimmune diseases. 
Patients with the autoimmune disease were character-
ized by a significantly lower prevalence of hypercholes-
terolemia than patients with alcoholic disease of the na-
tive liver (29.6% vs. 70.0%, P=0.002). There was also a 
significantly higher prevalence of hypertriglyceridemia in 
patients with alcoholic liver disease than in patients with 
an autoimmune background (66.6% vs. 18.5%, P<0.001). 
The annual incidence of new-onset hypertriglyceridemia 
(9.3%, 13.5%, 30.0%; P=0.001; autoimmune vs. alcohol 
– P=0.001, viral vs. alcohol P=0.006) and new-onset hy-
percholesterolemia (13.0%, 20.3%, 28.3%; P=0.06; auto-
immune vs. alcohol – P=0.01), were in autoimmune, viral 
and alcoholic liver disease, respectively (Table 2).

There was a correlation between triglycerides serum 
concentration and body weight as well as triglycerides 
serum concentration and BMI in 24 months after liver 
transplantation (R=0.34, P<0.001 and R=0.32, P<0.001, 
respectively). There was also a correlation between gain 
of body mass as well as gain of BMI before and 24 

months after liver transplantation and triglycerides serum 
concentration 24 months after LTx (R=0.22, P=0.02 and 
R=0.20, P=0.03, respectively). There was also a trend of 
correlation between total cholesterol serum concentra-
tion and body weight (R=0.19, P=0.05) and a correla-
tion between total cholesterol serum concentration and 
BMI in 24 months after liver transplantation (R=0.20, 
P=0.03). There was also a trend of correlation between 
gain of body mass as well as gain of BMI before and 
24 months after liver transplantation and total choles-
terol serum concentration 24 months after LTx (R=0.16, 
P=0.09 and R=0.17, P=0.08, respectively). Patients with 
hypertriglyceridemia had higher BMI in comparison with 
patients without that disorder (28.1±5.4 vs 26.2±4.1  kg/
m2; P=0.03). There was no significant difference in 
BMI in patients with and without hypercholesterolemia 
(27.6±5.0 vs 26.3±4.5 kg/m2).

DISCUSSION

The prevalence of lipid disorders increased over a 
2-year survey of patients undergoing liver transplantation 
at our facility. According to available data prevalence of 
dyslipidemia in liver transplant recipients varies widely 
among studies, and it is present in 14–71% of patients 

Table 1. Prevalence of lipid disorders before and after liver transplantation

Before liver transplantation After liver transplantation

All (n=111) Male (n=64) Female (n=47) All (n=111) Male (n=64) Female (n=47)

Hypercholesterolemia 19 (17%) 7 (11%) 12 (25%) 55 (51%)* 33 (52%) 24 (51%)

Hypertriglyceridemia 15 (14%) 6 (9%) 9 (19%) 45 (41%)* 28 (44%) 17 (36%)

*P<0.001 vs before liver transplantation

Table 2. Lipid disorders prevalence and etiology of liver cirrhosis

Cardiovascular risk factor (24 months after LTx) Autoimmune (n=27) Viral (n=37) Alcoholic (n=30) P-value

Hypercholesterolemia 8 (30%) 20 (54%) 21 (70%)
P=0.05*

P=0.02+

NSX

Hypertriglyceridemia 5 (19%) 15 (41%) 20 (67%)
NS*

P<0.001+

P=0.03X

*autoimmune vs. viral; +autoimmune vs. alcoholic; Xviral vs. alcoholic

Figure 1. Tacrolimus blood concentration and triglycerides se-
rum concentration 24 months after liver transplantation.

Figure 2. Tacrolimus blood concentration and total cholesterol 
serum concentration 24 months after liver transplantation.
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(Clart et al., 1996; Gisbert et al., 1997; Kallwitz et al., 
2012; Niklas et al., 2018). In the current study, 51.4% of 
patients presented hypercholesterolemia two years after 
liver transplantation. It is less than in the general adult 
Polish population (results of NATPOL 2011 61.1% and 
WOBASZ II – 64.3% studies) (Zdrojewki et al., 2013; 
Rutkowski et al., 2020). An opposite tendency is in the 
case of hypertriglyceridemia. In patients after liver trans-
plantation hypertriglyceridemia is present in 40.5%. It is 
more frequent than in the general adult Polish popula-
tion (21% – results of NATPOL 2011 study) (Zdro-
jewski et al., 2013). Results of previous studies suggest 
that hypertriglyceridemia is even more common during 
the first year after liver transplantation than in long-term 
observation (Clark et al., 1997, Gisbert et al., 1997). An 
important risk factor for developing hypertriglyceridemia 
after LTx is kidney dysfunction and greater body weight 
gain after LTx (Gispert et al., 1997). The prevalence of 
studied lipid abnormalities was significantly lower be-
fore liver transplantation – hypercholesterolemia 17.1% 
vs. 51.4% and hypertriglyceridemia 13.5% vs. 40.5%. This 
might be influenced by malnutrition in patients with 
end-stage liver disease qualified for liver transplantation. 
An observational study of 165 liver transplant recipients 
showed that living liver donation was related to a bet-
ter lipid profile (lower triglycerides and higher HDL se-
rum concentrations) two years after transplantation (Chu 
et al., 2017). In the current study, all transplanted livers 
were received from cadavers.

Dyslipidemia and immunosuppressive drugs

Dyslipidemia is a well-known complication associated 
with using steroids, tacrolimus, or everolimus.

Steroid therapy is a well-known risk factor for devel-
oping lipid disorders (Fatourou et al., 2019). Some obser-
vational studies suggest that withdrawal of steroids in the 
long term after liver transplantation may decrease serum 
cholesterol concentration (Punch et al., 1995; Stegall et 
al., 1997; Trouillot et al., 1999; Everson et al., 1999).

The effect of immunosuppressive therapy with cal-
cineurin inhibitors (cyclosporine A or tacrolimus) may 
also induce lipid abnormalities (Clart et al., 1996; Stegall et 
al., 1997; Fatourou et al., 2019). Results of previous stud-
ies suggest that treatment with both calcineurin inhibi-
tors predisposes to hyperglyceridemia. It has been shown 
that combined cyclosporine A and sirolimus therapy in-
crease the risk of hypertriglyceridemia in liver transplant 
recipients (Trotter et al. 2001). Canzanello et al. suggest 
that the risk of hypertriglyceridemia in patients treated 
with cyclosporine A is higher than in patients treated 
with tacrolimus [Canzanell et al. 1997). Another study 
by Dehghani et al. presents opposite findings (Dehghani 
et al., 2007). In the observational study of 116 Spanish 
liver transplant recipients, Fernandez-Miranda et al. have 
shown a slight association between cyclosporine A and 
hypercholesterolemia in patients after LTx (odds ratio: 
1.02; 95% CI: 1.00–1.03; P=0.01) (Fernandez-Miranda et 
al., 2002). Because of the low number of patients treated 
with cyclosporine A in the current study, such an analy-
sis was impossible to perform. Orlando et al., in the in-
terventional study of 42 liver transplant recipients with 
chronic toxicity of calcineurin inhibitors have shown that 
conversion of calcineurin inhibitors for mycophenolate 
leads to serum total cholesterol and triglycerides concen-
tration reduction (Orlando et al., 2007).

It has been shown that treatment with mTOR inhib-
itors (everolimus or sirolimus) is associated with devel-
oping hypercholesterolemia in renal transplant recipients 

(Groth et al., 1999). Randomized trials have shown that 
immunosuppressive conversion from calcineurin inhibi-
tors to mTOR inhibitors in a short time after liver trans-
plantation increases total cholesterol and LDL-cholester-
ol concentration (Masetti et al., 2010; Fischer et al., 2012, 
De Simone et al., 2012; Teperman et al., 2013). Only one 
of these trials (with modification for everolimus and 
low tacrolimus dose regimen) has shown an additional 
increase in serum triglyceride concentration and an in-
crease in HDL-cholesterol concentration (De Simone et 
al., 2012). Interestingly, the previously cited study has 
shown a hypertriglyceridemic effect of mTOR inhibitor 
on liver transplant recipients only in combination with 
cyclosporine A (Trotter et al., 2001). Also, in patients 
long time after liver transplantation, the conversion from 
calcineurin inhibitor regimen to mTOR inhibitor increas-
es the rate of hypercholesterolemia (Shenoy et al., 2007; 
De Simeone et al., 2009; Abdelmalek et al., 2012). The 
current study’s results align with the above data – the 
prevalence of hypercholesterolemia in patients treated 
with everolimus is higher.

A case-control analysis of 13 liver transplant recipients 
who withdrew all immunosuppressive drugs long-term 
after liver transplantation showed lower LDL-cholester-
ol concentration in patients within immunosuppressive 
therapy than in 22 patients who stayed with immunosup-
pressive treatment (Duizendstra et al., 2019).

García-Pajares and others (Garcia-Pajares et al., 2016) 
in an observational study of 204 Spanish liver transplant 
recipients have shown that hypertriglyceridemia in the 
first year after liver transplantation is an important risk 
factor for the development of metabolic syndrome in 
the next 5 years.

The current study also analyzed the impact of liver 
cirrhosis’s etiology on dyslipidemia’s prevalence. In pa-
tients with an autoimmune background of liver cirrhosis, 
the prevalence of hypertriglyceridemia and hypercholes-
terolemia was lower. This may be due to a younger age 
at liver failure diagnosis and a generally healthier lifestyle. 
Patients with an alcohol abuse history seem less likely to 
be on a healthy diet and their physical activity is presum-
ably lower. This leads to an increased risk of diabetes 
mellitus and atherosclerosis.

In the current study, it has been shown that the prev-
alence of dyslipidemia increases after liver transplanta-
tion in comparison to the pre-transplant results. More-
over, hypertriglyceridemia is more frequent in a liver 
transplant recipient than in the general adult Polish pop-
ulation. Dyslipidemia is a risk factor for cardiovascular 
diseases, which are currently the most common causes 
of death in these patients (Watt et al., 2010; Rana et al., 
2019). Available data suggest that the consequence of 
the increased occurrence of cardiovascular risk factors is 
overall survival reduction after liver transplantation (Watt 
et al., 2010).

Treatment with hypolipidemic drugs

Patients qualified for liver transplantation mostly had 
end-stage liver disease, where statins were contraindi-
cated, therefore in most patients with dyslipidemias,only 
diet was recommended. In the past usage of hypolipid-
emic drugs in our center was limited. The safety and ef-
fectivity of statins after liver transplantation in previous 
years have not been well established. Nowadays there are 
some data suggesting the advantages of statin therapy for 
cardiovascular outcome and decreased risk of hepatocel-
lular cancer recurrence after liver transplantation and us-
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age of statins after LTx is more common (Becchetti et 
al., 2022; Kim et al., 2023).

Limitations

The presented study has some limitations because the 
retrospective nature of the study does not allow for es-
tablishinga cause-and-effect relationship between the eti-
ology of liver failure and the incidence of dyslipidemia.

CONCLUSIONS

Our study has documented that the prevalence of dys-
lipidemia might increase after liver transplantation. Fur-
ther research will be needed to assess if these changes 
result in associated cardiovascular mortality or morbidity. 
As these risk factors may be associated with cardiovas-
cular disease that may limit survival, formalized efforts 
should be made to modify these risk factors and im-
prove the long-term survival of patients undergoing liver 
transplantation. The incidence of lipid disorders in pa-
tients after LTx is related to the etiology of liver cirrho-
sis before liver transplantation.
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A recent Pairwise meta-analysis confirmed that circular 
RNA AGFG1 (circAGFG1) is abnormally highly expressed 
in breast cancer (BC) and may be associated with death 
risk. The purpose of this study was to elucidate the bi-
ological role of circAGFG1 in BC and to explore its po-
tential downstream molecular mechanisms. CircAGFG1, 
miR-653-5p and YWHAE expression in BC tissues and 
cells were analyzed by RT-qPCR or western blot. Gene 
expression was regulated by transfection of plasmids or 
oligonucleotides and the biological behaviors of BC cells 
were analyzed by a series of assays. The ring structure of 
circAGFG1 was analyzed by RNase R and actinomycin D 
treatment. Dual luciferase reporter assay and RNA-pull 
down were used to verify the targeting relationship of 
circAGFG1 and downstream factors. A nude mouse xen-
ograft experiment was performed to verify the effect of 
circAGFG1 on cancer cells in vivo. The results showed 
that circAGFG1 and YWHAE were highly expressed in BC 
while miR-653-5p was lowly expressed. Both circAGFG1 
and YWHAE had a targeting relationship with miR-653-
5p. Knockdown of circAGFG1 inhibited BC cell prolifera-
tion, invasion, migration, and glycolysis. The inhibitory 
effect of circAGFG1 knockdown on BC was reversed by 
silencing miR-653-5p. The inhibitory effect of overex-
pression of miR-653-5p on malignant behaviors of BC 
cells was reversed by overexpression of YWHAE. Knock-
down of circAGFG1 inhibited tumor growth in vivo. Tak-
en together, these data suggest that circAGFG1 acts as a 
sponge for miR-653-5p to mediate YWHAE expression to 
promote the malignant behaviors of BC.
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INTRODUCTION

Breast cancer (BC) is a malignant tumor in the mam-
mary gland epithelial tissue, which seriously threatens 
the survival and health of women worldwide (Wang et 
al.,  2021). Surgery, endocrine therapy, chemotherapy, ra-
diotherapy and targeted therapy are applicable for BC 
treatment to reduce the mortality rate (Li et al.,  2021). 
However, due to high recurrence and easy metastasis, 
patients’ prognosis is still poor, and the mortality rate is 
still high (Xie et al.,  2021). Hence, an in-depth study of 

the latent molecular mechanisms of BC is crucial to pro-
vide new and effective therapeutic targets.

Circular RNAs (circRNAs) are a cluster of closed 
circular RNAs (Li et al.,  2019). A study has shown that 
circRNAs are available to control gene expression and 
the biological behavior of cancer cells (Wu et al.,  2019). 
Meanwhile, multiple circRNAs have been revealed to 
take part in regulating BC progression (Zhang et al., 
2021; Qi et al., 2021; Cui et al., 2021). CircAGFG1 is a 
novel circRNA that has been confirmed to be elevated 
in BC and may be implicated in the diagnosis and prog-
nosis of BC (Ma et al.,  2021). However, it is unclear 
whether circAGFG1 affects the biological behavior of 
BC cells.

circRNAs can perform as competing endogenous 
RNAs (ceRNAs) for microRNAs (miRNAs) to control 
downstream targets (Chu et al.,  2021). In the light of the 
ceRNA theory, it predicted a miRNA (miR-653-5p) asso-
ciated with circAGFG1. Recently, miR-653-5p has been 
tested to involve diversified cancers, such as non-small 
cell lung cancer (Han et al.,  2019) and gastric cancer (Li 
et al.,  2021). However, it is necessary to further elucidate 
other downstream target genes regulated by miR-653-5p 
in BC.

YWHAE, also known as 14-3-3ε, is a member of the 
YWHA protein family (Wu et al.,  2021). YWHAE which 
is extensively expressed in most cancers is a transcription 
factor [(Li et al., 2021). Previous studies have shown that 
YWHAE is elevated in BC and can motivate the pro-
liferation, metastasis and chemotherapy of BC cells, and 
may become a latent therapeutic target for BC (Leal et 
al., 2016; Cimino et al., 2008; Park et al., 2019).

This study hypothesized that circAGFG1 might indi-
rectly regulate YWHAE expression by adsorbing miR-
653-5p to participate in BC cell biological behaviors. 
Our aim was to explore the biological function of cir-
cAGFG1 in BC and to elucidate its downstream under-
lying mechanisms.

MATERIALS AND METHODS

Clinical tissue specimens

From January 2018 to January 2020, BC tissues and 
adjacent normal tissues (2–5 cm from the tumor) of 
60 patients (aged 47.5±11.4 years) who underwent tu-
mor resection at The First Affiliated Hospital of Kun-
ming Medical University were harvested. All tissues were 
stored at –80°C. Approval of this study was obtained 
from the Ethics Committee of The First Affiliated Hos-
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pital of Kunming Medical University and written in-
formed consent was collected from all participants.

Cell culture and transfection

Normal human breast cells (MCF-10A) and human 
BC cell lines (MDA-MB-231, MCF-7, SK-BR-3 and 
MDA-MB-157) were bought from ATCC (VA, USA). 
The cells were cultivated in Roswell Park Memorial In-
stitute-1640 (31800, Solarbio, China) containing 10% fe-
tal bovine serum at 37°C, and 5% CO2. MDA-MB-231 
cells were chosen as an auxiliary study object because 
they had the greatest difference in expression (Yang et 
al., 2019).

Specific short hairpin RNAs against circAGFG1, miR-
653-5p mimic/inhibitor, and corresponding NCs were 
gained from Genepharma (Shanghai, China). Lentivirus-
negative vector, YWHAE and circAGFG1 lentiviral over-
expression vectors were purchased from GeneCopoeia. 
MDA-MB-231 and MDA-MB-157 cells were transferred 
to a 6-well plate (1×105 cells/mL) and cultured for 24 
h. Cell transfection was conducted using Lipofectamine® 
2000 (Invitrogen, USA) (Gong et al.,  2021). 48 h after 
transfection, the transfection efficiency was evaluated by 
reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR) and Western blot.

Ribonuclease R (RNase R) and actinomycin D

To test RNase R resistance, total RNA (2 μg) from 
MDA-MB-231 cells was collected and incubated with 3 
U/μg RNase-R (07250, Epicentre Technologies, USA) 
at 37°C for 30 min. Actinomycin D experiment: MDA-
MB-231 cells were treated with 2 mg/mL actinomycin D 
(129,935, Millipore, USA) to block transcription. Then, 
cellular RNA was obtained to measure circAGFG1 and 
AGFG1 expression by RT-qPCR.

Subcellular localization analysis

Cytoplasmic and nuclear RNAs of MDA-MB-231 cells 
were isolated using the PARIS Kit (Invitrogen). Then, 
circAGFG1 in cytoplasmic RNA and nuclear RNA was 
checked by RT-qPCR. U6 and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) were applied as nuclear 
and cytoplasmic controls, respectively.

RT-qPCR

Total RNA was extracted from BC tissues and cells 
using Trizol reagent (Invitrogen) PrimeScript RT rea-
gent kit (Takara, Tokyo, Japan) and miRNA First Strand 
Synthesis kit (Takara, Japan) were employed for reverse 
transcription of circRNA/mRNA and miRNA, respec-
tively. RT-qPCR was performed with SYBR Green kit 
(Thermo Fisher Scientific, MA, USA) and Mx3005P 
QPCR system (Agilent Technologies, Santa Clara, CA, 
USA). U6 and GAPDH were employed as internal con-
trols for miRNA and mRNA/circRNA, respectively (Ma 
et al.,  2021). The primer sequences were manifested in 
Table 1. The relative expression of genes was analyzed 
by 2-ΔΔCt.

Western blot

Total protein from cells and tissues was extracted 
with 500 μL radio-immunoprecipitation assay lysis buff-
er (Beyotime). An equal amount of protein (20 μg) was 
separated by 8% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (Solarbio) and transferred to a poly-
vinylidene fluoride membrane (Invitrogen). After be-

ing blocked with 5% skim milk, the membrane was 
incubated with primary antibodies YWHAB (8312, Cell 
Signaling Technology, 1:1000), glucose transporter type1 
(GLUT1; ab652, 1:1000), matrix metalloproteinase-9 
(MMP9; ab38898, 1:1000), B cell lymphoma 2-associ-
ated X (Bax; ab32503, 1: 1000, all Abcam), and GAP-
DH (60004-1-Ig, 1:1000, Proteintech) overnight at 4°C. 
Horseradish peroxidase-conjugated goat anti-rabbit sec-
ondary antibody immunoglobulin G (1:1000, ab181236, 
Abcam) was added for incubation for 2 h. The signals 
were visualized by an enhanced chemiluminescence kit 
(34080, Thermo Fisher Scientific) and analyzed by Im-
ageJ software. Three biological replicates of the experi-
ment were performed.

Cell Counting Kit -8 (CCK-8)

MDA-MB-231 and MDA-MB-157 cells after trans-
fection were seeded in 96-well plates (1×104 cells/well). 
At designated time points (0, 24, 48 h), 10 μL CCK-8 
reagent (Dojindo, Kumamoto, Japan) was added to each 
well. Optical density values at 450 nm were recorded af-
ter 2 h on a microplate reader (PerkinElmer, USA).

Colony formation assay

MDA-MB-231 and MDA-MB-157 cells after transfec-
tion were seeded in 6-well plates for 14 d, fixed in 4% 
paraformaldehyde (Beyotime), stained with 0.1% crystal 
violet (Beyotime) for 2 h, and counted.

Flow cytometry

Apoptosis rates of transfected MDA-MB-231 and 
MDA-MB-157 cells were analyzed by Annexin V-Flu-
orescein isothiocyanate (FITC) propidium iodide (PI) 
apoptosis kit (BD Biosciences). Briefly, cells were resus-
pended in 1 × binding buffer (500 μl) and mixed with 
5  μl Annexin V-FITC and 5 μl PI in the dark for 15 
min. Finally, the percentage of apoptotic cells was evalu-
ated by a flow cytometer (FACS Calibur).

Transwell migration and invasion analysis

MDA-MB-231 and MDA-MB-157 cells were placed in 
a serum-free medium at a density of 5×104 cells/well, 
and the medium containing 10% fetal bovine serum (In-
vitrogen) was added to the bottom chamber. Then after 
24 h, cells were fixed with methanol for 30 min, stained 
with 0.1% crystal violet, and viewed in an inverted mi-

Table 1. Primer sequence

Genes Primer sequence (5’-3’)

CircAGFG1
F: 5’-CCAGTTGTAGGTCGTTCTCAAG-3’

R: 5’-TCACCCTGTGTGGTGGAT-3’

miR-653-5p
F: 5’-GCCGAGGTGTTGAAACAATC-3’

R: 5’- TGGTGTCGTGGAGTCG -3’

YWHAE
F: 5’-GGATACGCTGAGTGAAGAAAGC-3’

R: 5’-TATTCTGCTCTTCACCGTCACC-3’

U6
F: 5’-CTCGCTTCGGCAGCACA-3’

R: 5’-AACGCTTCACGAATTTGCGT-3’

GAPDH
F: 5’-TCCCATCACCATCTTCCA-3’

R: 5’-CATCACGCCACAGTTTTCC-3’

F, forward; R, reverse
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croscope (Tycom, Switzerland, magnification ×100). For 
invasion assays, cells (1×106 cells/well) were placed in 
the upper chamber (Costar) coated with a matrix (BD 
Bioscience) (Wan et al., 2021).

Glycolysis test

MDA-MB-231 and MDA-MB-157 cells (1×105 cells/
well) after transfection were seeded in 12-well plates. Af-
ter 48 h of transfection, glucose consumption, and lac-
tate production, the ADP/ATP ratio were tested using a 
glucose detection kit (Sigma-Aldrich), a lactate detection 
kit (BioVision, Milpitas, CA, USA), and a carrier sensor 
ADP/ATP ratio detection kit (BioVision), respectively 
(Xie et al., 2021).

The luciferase activity assay

MDA-MB-231 cells were plated on 6-well plates and 
then co-transfected with the luciferase reporters pRL-
TK-CircAGFG1/YWHAE-WT 3-UTR or pRL-TK-Cir-
cAGFG1/YWHAE-MUT 3-UTR (Promega), and miR-
653-5p mimic or mimic-NC using Lipofectamine®2000 
(Invitrogen). After 48-h incubation, luciferase activity 
was measured using a dual luciferase reporter gene kit 
(Promega) (Wu et al., 2021).

RNA-pull down assay

Biotin-labeled miR-653-5p (Bio-miR-653-5p) probe 
and control probe (Bio-NC) were gained from Ribo-
Bio. After transfection with Bio-NC or Bio-miR-653-5p, 
MDA-MB-231 cells were lysed after 48 h and incubated 
with Dynabeads M-280 Streptavidin (Invitrogen) at 4°C 
for 2 h. The RNA complexes on the beads were washed 
and the enrichment of circAGFG1 and YWHAE was 
tested by RT-qPCR.

In vivo tumor growth assay

Twelve BALB/c male nude mice (5 weeks old, body 
weight of 15–20 g) were purchased from Vital River 

(Beijing, China). MDA-MB-231 cells (5×106 cells/mouse) 
with or without stable knockdown of circAGFG1 were 
injected subcutaneously into each mouse (6 per group). 
Tumor volume was calculated in the light of the formula 
0.5×length×width2 and measured every 3 d. After 23 d, 
the mice were euthanized. Tumor tissues were excised 
for further analysis. This study was permitted by the 
Animal Research Committee of The First Affiliated Hos-
pital of Kunming Medical University (Ding et al., 2021).

Immunohistochemistry (IHC) analysis

After being fixed in 10% formalin (Beyotime), the 
tumor tissues were embedded in paraffin and dissected. 
Primary antibodies Ki67 (ab15580, 1:5000, Abcam, Cam-
bridge, UK) and MMP9 (ab76003, 1:1000, Abcam) were 

Figure 1. CircAGFG1 is elevated in BC
(A) RT-qPCR detection of circAGFG1 in normal and tumor tissues. 
(B) Kaplan-Meier analysis of survival prognosis of BC patients. (C) 
RT-qPCR detection of circAGFG1 expression in four BC cell lines 
(MDA-MB-231, MCF-7, SK-BR-3, and MDA-MB-157) and normal 
breast cell line (MCF-10A) (D/E) The ring structure of circAGFG1 
was determined by RNase R and Act D methods. (F) The subcel-
lular localization of circAGFG1 in MDA-MB-231 cells. Measurement 
data were clarified as mean ± S.D. (N=3); *P<0.05.

Table 2. The link of circAGFG1 and clinicopathological features of BC patients

Characteristic Cases CircAGFG1 expression
P

n=60 Reduction (n=30) Elevation (n=30)

Age (years)

0.512<50 27 12 15

≥50 33 18 15

Tumor size

0.0357*<2cm 35 19 16

≥2cm 25 11 14

TNM

0.0157*I/II 29 19 10

II/IV 31 11 20

Lymph node metastasis

0.0076*Negative 25 17 8

Positive 35 13 22

Distant metastasis

0.0257*No 50 30 20

Yes 10 0 10
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incubated at 4°C overnight, followed by the secondary 
antibody (ab205718, 1:5000, Abcam) overnight. After 
treatment with 3,3’-diaminobenzidine staining (Sangon 
Biotech, Shanghai, China), the sections were counter-
stained with hematoxylin (Beyotime) and examined with 
a fluorescence microscope (Leica, Wetzlar, Germany).

Statistical analysis

All experiments in this study were biologically rep-
licated at least three times. SPSS 21.0 (SPSS, Inc, Chi-
cago, IL, USA) statistical software was applied for 
analysis of the data. After the Kolmogorov-Smirnov 
test, the data were normally distributed and expressed 
as mean ± standard deviation (S.D.). The two-group 
comparison was done by t-test, while the multiple-
group comparison was performed by one-way analy-
sis of variance (ANOVA) and Fisher’s least significant 
difference t-test (LSD-t). The chi-square test was used 

to analyze the correlation between circAGFG1 and 
the clinicopathological data of patients and Kaplan-
Meier analysis to examine the relationship between 
circAGFG1 and patients’ survival P<0.05 was consid-
ered statistically significant.

RESULTS

CircAGFG1 is elevated in BC

Firstly, the circAGFG1 expression pattern in BC 
was detected by RT-qPCR. CircAGFG1 expression 
was higher in BC tissues compared with normal tis-
sues (Fig. 1A). The link between circAGFG1 and clin-
icopathological characteristics of BC patients was then 
analyzed. The elevation of circAGFG1 was associated 
with tumor-node-metastasis stage, tumor size, lymph 

Figure 2. circAGAP1 regulates BC cell proliferation, invasion and 
migration, glycolysis and apoptosis
sh-circAGFG1 was transfected into MDA-MB-231 and MDA-MB-157 
cells. (A) RT-qPCR detection of circAGFG1 knockdown or overex-
pression transfection efficiency. (B/C) Cell proliferation activity 
was tested by the CCK-8 method and colony formation assay. (D) 
Cell apoptosis detected by flow cytometry. (G) Transwell assay to 
measure cell migration and invasion. (F–H) glucose consumption, 
lactate production, and cellular ATP/ADP ratio. I. Western blot de-
tection of GLUT1, Bax, and MMP9. Measurement data were clari-
fied as mean ± S.D. (N=3); *P<0.05.

Figure 3. CircAGFG1 acts as a sponge of miR-653-5p
(A) The binding sites between circAGFG1 and miR-653-5p on the 
starbase. (B) RT-qPCR detection of transfection efficiency of miR-
653-5p mimic. (C–D) Luciferase activity assay and RNA-pull down 
assay to evaluate the interaction between circAGFG1 and miR-
653-5p. (E–F) RT-qPCR to examine miR-653-5p in BC tissues and 
cells. (G) Pearson correlation analysis to evaluate the correlation 
between miR-653-5p and circAGFG1. (H) RT-qPCR detection of 
miR-653-5p expression after transfection of sh-circAGFG1. Meas-
urement data were clarified as mean ± S.D. (N=3); *P<0.05.
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node metastasis and distant metastasis, but not with 
age (Table 2). Kaplan-Meier survival analysis clarified 
that the elevation of circAGFG1 was associated with 
worse overall survival (Fig.  1B).

CircAGFG1 expression was higher in all BC cell 
lines (MDA-MB-231, MCF-7, SK-BR-3, and MDA-
MB-157) than in normal cells (MCF-10A) (Fig. 1C). 
Among them, MDA-MB-231 cells and MDA-MB-157 
cells with the highest CircAGFG1 expression were se-
lected for follow-up experiments. The circular struc-
ture of circAGFG1 was confirmed by RNase R and 
actinomycin D experiments, and it came out that 
circAGFG1 was resistant to RNase R digestion and 
was more stable than linear AGFG1 mRNA, and ac-
tinomycin D did not affect the stability of circAGFG1 
(Fig. 1D, E). Furthermore, subcellular localization 
analysis clarified that circAGFG1 was majorly distrib-
uted in the cytoplasm of MDA-MB-231 cells (Fig. 1F).

The above data suggest circAGFG1 is stably elevat-
ed in BC and may take part in BC progression.

Repressing circAGFG1 restrains MDA-MB-231 cell 
biological behaviors and glycolysis

To figure out circAGFG1’s biological function in BC, 
circAGFG1 was silenced in MDA-MB-231 and MDA-
MB-157 cells. CircAGFG1 knockdown efficiency was 
shown in Fig. 2A. CCK-8 and colony formation ex-
periments showed that the knockdown of circAGFG1 
inhibited the proliferation ability of BC cells (Fig. 2B, 
C). Flow cytometry showed that the knockdown of cir-
cAGFG1 promoted apoptosis in cells (Fig. 2D). Tran-
swell experiments demonstrated that the knockdown of 
circAGFG1 increased the migratory and invasive abili-

ties of cells (Fig. 2E). Most fast-growing malignant cells 
have active glycolysis and gain more energy through 
glycolysis (Zhang et al.,  2022). Next, the effect of cir-
cAGFG1 on glycolysis was explored. It was examined 
that knockdown of circAGFG1 inhibited cellular glucose 
consumption, lactate production and ATP/ADP ratio 
(Fig. 2F-H). Western blot detected that knockdown of 
circAGFG1 suppressed the protein expression of MMP9 
and GLUT1 and promoted the protein expression of 
Bax (Fig. 2I). The above data indicated that knockdown 
of circAGFG1 refrains BC cell biological functions and 
glycolysis.

CircAGFG1 performs as a sponge for miR-653-5p

circAGFG1 can target miRNAs to regulate BC pro-
gression (Qi et al.,  2015), so a bioinformatics website 

Figure 4. Repression of miR-653-5p reverses the effects of cir-
cAGFG1 knockdown on BC cells
sh-circAGFG1 and miR-653-5p inhibitor were co-transfected into 
MDA-MB-231 and MDA-MB-157 cells. (A) The transfection efficien-
cy of sh-circAGFG1 and miR-653-5p inhibitor detected by RT-qPCR. 
(B–C) Cell proliferation activity detected by the CCK-8 method 
and colony formation assay. (D) Apoptosis rate detected by flow 
cytometry. (E) Transwell detection of cell migration and invasion. 
(F–H) Glucose consumption, lactate production, and cellular ATP/
ADP ratio. (I) Western blot detection of GLUT1, Bax, and MMP9. 
Measurement data were clarified as mean ± S.D. (N=3); *P<0.05.

Figure 5. YWHAE is a functional target of miR-653-5p in BC cells
(A) Binding sites of YWHAE with miR-653-5p. (B–C) The luciferase 
activity assay and RNA-pull down assay to evaluate the interac-
tion between YWHAE and miR-653-5p. (D–E) mRNA expression 
of YWHAE in BC tissues and adjacent normal tissues detected by 
RT-qPCR and western blot. (F–G) YWHAE expression in four BC 
cell lines (MDA-MB-231, MCF-7, SK-BR-3 and MDA-MB-157) and a 
normal breast cell line (MCF-10A) detected by RT-qPCR and west-
ern blot. (H–I) The correlation among YWHAE, miR-653-5p, and 
circAGFG1 evaluated by Pearson correlation analysis. (J) Western 
blot detection of YWHAE expression after transfection of sh-Cir-
cAGFG1 or miR-653-5p mimic. Measurement data were clarified as 
mean ± S.D. (N=3); *P<0.05.
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(https://starbase.sysu.edu.cn) was utilized to predict the 
target miRNAs of circAGFG1. In Fig. 3A, miR-653-5p 
had a targeted binding site for circAGFG1. miR-653-5p 
mimic elevated miR-653-5p expression in MDA-MB-231 
cells (Fig. 3B). Dual luciferase reporter gene test results 
showed that miR-653-5p mimic restrained the luciferase 
activity of circAGFG1-WT, but not that of circAG-
FG1-MUT (Fig. 3C). RNA-pull down assay found that 
miR-653-5p could specifically combine with circAGFG1 
(Fig.  3D). Meanwhile, miR-653-5p expression was re-
duced in BC tissues and cells (Fig. 3E, F). Clinical cor-
relation analysis found that miR-653-5p was negatively 
linked with circAGFG1 expression (Fig. 3G). RT-qPCR 
found that depression of circAGFG1 enhanced miR-
653-5p expression in MDA-MB-231 cells (Fig. 3H).

All in all, miR-653-5p is regulated by circAGFG1.

Repression of miR-653-5p reverses the effects of 
silencing circAGFG1 on BC cells

To further study the role of CircAGFG1 in regulat-
ing the expression of miR-653-5p in BC, rescue experi-
ments were executed. The promotion of miR-653-5p by 
sh-CircAGFG1 was reversed by miR-653-5p inhibitor 
(Fig. 4A). Colony formation and CCK-8 experiments 
showed that miR-653-5p inhibitor eliminated the inhibi-
tion of sh-circAGFG1 on cell proliferation (Fig. 4B, C). 
Flow cytometry showed that the proapoptotic effect of 
sh-circAGFG1 was reversed by miR-653-5p inhibitor 
(Fig. 4D). Transwell assay showed that sh-circAGFG1 
inhibited cell invasion and migration, while miR-653-5p 
inhibitor prevented this change (Fig. 4E). Detection of 
glycolysis-related indicators showed that sh-circAGFG1 
reduced glucose consumption, lactate production, and 
ATP/ADP ratio, but this phenomenon was reversed by 
miR-653-5p inhibitor (Fig. 4F–H). In addition, sh-cir-

cAGFG1 inhibited MMP9 and GLUT1 expression and 
promoted Bax expression, while miR-653-5p inhibitor 
blocked these protein changes (Fig. 4I).

The above data suggest that circAGFG1 affects BC 
cell progression via targeting miR-653-5p.

YWHAE is a functional target of miR-653-5p in BC cells

Bioinformatics analysis on https://starbase.sysu.edu.cn 
found the multiple complementary binding sites in miR-
653-5p and YWHAE (Fig. 5A). It turned out that miR-
653-5p mimic effectively suppressed the luciferase activ-
ity of YWHAE-WT 3’UTR (Fig. 5B). Verified by RNA-
pull down assay, YWHAE could specifically combine 
with miR-653-5p (Fig. 5C). The elevation of YWHAE 
expression was discovered in BC tissues and cells (Fig. 
5D-G). Clinical correlation analysis found that YWHAE 
expression was positively linked with circAGFG1 expres-
sion and negatively associated with miR-653-5p expres-
sion (Fig. 5H, I). Furthermore, in MDA-MB-231 cells, 
down-regulation of circAGFG1 or enhancement of miR-
653-5p reduced YWHAE expression (Fig. 5J).

The above data indicate that YWHAE is the down-
stream gene of miR-653-5p.

Elevation of miR-653-5p depresses BC cell effects via 
targeting YWHAE

For further investigating the link between miR-653-5p 
and YWHAE, a functional rescue experiment was per-
formed. YWHAE expression was significantly increased 
after transfection of the YWHAE overexpression vec-
tor, and the inhibitory effect of miR-653-5p mimic on 
YWHAE was reversed by the YWHAE overexpression 
vector (Fig. 6A, B). CCK-8 and colony formation experi-
ments showed that the inhibitory effect of overexpres-
sion of miR-653-5p on cell proliferation was reversed by 
overexpression of YWHAE (Fig. 6C, D). In addition, the 
promoting effect of overexpression of miR-653-5p on ap-
optosis was reversed by overexpression of YWHAE (Fig. 

Figure 6. Elevation of miR-653-5p restrains BC cell effect via tar-
geting YWHAE
miR-653-5p mimic and YWHAE overexpression vector were co-
transfected into MDA-MB-231 and MDA-MB-157 cells. (A–B) RT-
qPCR and Western blot examination of YWHAE in MDA-MB-231 
cells. (C–D) Cell proliferation activity was detected by the CCK-8 
method and colony formation assay. (E) Cell apoptosis rate tested 
by flow cytometry. (F) Transwell detection of cell migration and 
invasion. (G–I) Glucose consumption, lactate production, and cel-
lular ATP/ADP ratio. (J) Western blot detection of GLUT1, Bax, and 
MMP9. Measurement data were clarified as mean ± S.D. (N=3); 
*P<0.05.

Figure 7. Deletion of circAGFG1 restrains tumorigenesis in vivo
(A) Changes in tumor volume in mice. (B) The tumor weight of 
mice was detected after 23 days. (C) RT-qPCR to test circAGFG1 
and miR-653-5p in tumor tissues. (D) Western blot to test YWHAE 
in tumor tissue. (E) Ki67 and MMP9 in tumor tissue detected by 
IHC. Measurement data were clarified as mean ± S.D. (n=6); 
*P<0.05.
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6E). Transwell experiments showed that overexpression 
of miR-653-5p inhibited cell invasion and migration, but 
overexpression of YWHAE prevented this phenomenon 
(Fig. 6F). Commercial kit results showed that the inhibi-
tory effects of overexpression of miR-653-5p on cellular 
glucose consumption, lactate production, and ATP/ADP 
ratio were reversed by overexpression of YWHAE (Fig. 
6G–I). Western blot showed that overexpression of miR-
653-5p inhibited the expression of MMP9, GLUT1 and 
promoted the expression of Bax, and overexpression of 
YWHAE reversed the changes of these proteins (Fig. 6J).

The above data suggest that miR-653-5p affects BC 
cell progression by targeting YWHAE.

CircAGFG1 knockdown restrains tumor growth in vivo

To determine whether circAGFG1 silencing restrained 
tumor growth in vivo, sh-NC or sh-CircAGFG1-transfect-
ed MDA-MB-231 cells were implanted into nude mice. 
sh-CircAGFG1 reduced the tumor volume and weight 
of mice (Fig. 7A, B). Meanwhile, circAGFG1 knock-
down suppressed circAGFG1 and YWHAE expression 
in tumor tissues, while elevated miR-653-5p expression 
(Fig. 7C, D). IHC analysis illustrated that repression of 
circAGFG1 repressed Ki67 and MMP9 expression in tu-
mor tissues (Fig. 7E). All in all, it is suggested that cir-
cAGFG1 knockdown restrains BC tumor growth in vivo.

DISCUSSION

BC is an extremely familiar cancer worldwide and a mo-
mentous cause of death in women. Its high morbidity, high 
recurrence rate and unpleasing prognosis are the main rea-
sons of patient death. Hence, in-depth studies of the mo-
lecular mechanisms of BC are urgently needed to confirm 
effective targets for BC therapy. With the in-depth research 
on regulatory mechanism in cancer, the study direction has 
gradually shifted from coding RNA to ncRNAs. BC de-
velopment is complexly controlled by diversified ncRNAs, 
including circRNAs, and miRNAs (Liu et al.,  2021). In the 
research, it was discovered for the first time that circAG-
FG1 combined with miR-653-5p, which targeted YWHAE, 
thereby facilitating MDA-MB-231 cell biological behaviors 
and glycolysis in vitro and accelerating tumor growth in vivo.

CircAGFG1 has been confirmed to be elevated in 
BC and may be implicated in BC patients’ diagnosis 
and prognosis. A study has shown that circRNAs are 
more stable in tissues and exosomes compared with tra-
ditional linear RNAs (He et al.,  2021). Likewise, in the 
research, circAGFG1 expression was elevated in BC, 
was not easily degraded by RNase R and was abundantly 
exhibited in the cytoplasm. In addition, this study also 
found that circAGFG1 elevation was associated with 
poor pathological features and prognosis of BC pa-
tients. CircAGFG1 expression is enhanced in various 
cancers like esophageal cancer (Fu et al.,  2021), cervical 
cancer, and triple-negative BC (Zhang et al.,  2021), and 
repressing its expression can restrain the malignant pro-
gression of cancer. In the research, the knockdown of 
circAGFG1 restrained BC cell biological behaviors and 
glycolysis, and depressed tumor growth in vivo. This sug-
gests that circAGFG1 may offer a therapeutic target for 
BC. It has been reported that cells can secrete circRNAs 
through exosomes to regulate tumor growth and metas-
tasis. As exampled, in BC, has_circ_0000615 is packaged 
by exosomes and transported into the circulating blood 
(Mashouri et al.,  2019). Therefore, subsequent studies 
need to detect BC cell exosomes to detect the role of 
circAGFG1.

CircRNAs perform as ceRNAs to interact miRNAs. 
Through bioinformatics analysis, it was found that Cir-
cAGFG1 can sponge various miRNAs. Among these 
miRNAs, miR-653-5p was selected as circAGFG1’s 
target in the research. Elevation of miR-653-5p re-
frains the proliferation and migration of melanoma (Liu 
et al.,  2020), together with the proliferation of cervical 
cancer cells (Wu et al.,  2020). MiR-653-5p’s functions in 
BC have been initially clarified, and this miRNA is lowly 
expressed in BC and has anti-tumor effects. In the re-
search, miR-653-5p expression was inhibited in BC. Fur-
thermore, miR-653-5p inhibitor could partially suppress 
the effects of circAGFG1 silencing on BC cells.

YWHAE acts as a transcription factor to activate or 
depress the transcription of target genes. For example, 
targeting YWHAE to activate apoptotic signaling can 
suppress cutaneous squamous cell carcinoma (Holmes et 
al.,  2021). Previous studies have shown that YWHAE is 
elevated in BC and motivates the metastasis and chemo-
therapy of BC cells, and may become a latent therapeu-
tic target for BC. However, the mechanism by which 
the circAGFG1/miR-653-5p/YWHAE axis affects BC 
has not been investigated. In the research, it was also 
found that YWHAE expression was elevated in BC. In 
addition, it was originally discovered that YWHAE was a 
downstream gene of miR-653-5p. Meanwhile, YWHAE 
can integrate multiple signaling pathways by interact-
ing with different proteins in cancer progression (Ou 
et al.,  2021). In addition, YWHAE-NUTM2 has been 
reported to deregulate both v-raf-leukemia viral onco-
gene 1/v-Raf murine sarcoma viral oncogene homolog 
B and Hippo pathways, resulting in elevation of cyclin 
D1, which accelerates the progression of high-grade en-
dometrial stromal sarcoma. Therefore, it was speculated 
that YWHAE might interact with NUTM2 protein to 
integrate signaling pathways, and then participate in the 
progression of BC, which needs to be further explored 
in follow-up studies.

Notably, circAGFG1 can affect MMP9, GLUT1, and 
Bax expression in BC cells by targeting and regulating 
the miR-653-5p/YWHAE axis. MMP9 can degrade ma-
trix proteins, destroy extracellular matrix, and promote 
tumor cell invasion and metastasis (Augoff et al.,  2022). 
In addition, high GLUT1 expression is associated with 
metabolic reprogramming of tumor cells, including in-
creased glucose uptake, lactic acid production, and acidi-
fied microenvironment (Pezzuto et al.,  2020). Bax activa-
tion can increase the permeability of the mitochondrial 
outer membrane and release apoptosis signaling mol-
ecules such as cytochrome C in mitochondria, thus in-
ducing apoptosis (Edlich et al.,  2018). In this study, we 
speculate that circAGFG1’s function in promoting BC 
cell invasion and migration is significantly related to the 
increased expression of MMP9. In addition, circAGFG1 
can increase the glycolytic capacity of BC cells by pro-
moting GLUT1 expression, which will provide powerful 
energy for the proliferation and metastasis of BC cells. 
The inhibitory effect of circAGFG1 on Bax may reduce 
the permeability of the mitochondrial membrane of BC 
cells, thereby preventing the release of apoptosis signal-
ing molecules, which will help to reduce the apoptosis 
rate of cancer cells.

However, this study is limited in that the effect of 
circAGFG1 in multiple models of each BC subtype re-
quires further investigation. In addition, the mechanism 
of YWHAE regulating BC remains to be further ex-
plored. Future multicenter trials are required to illustrate 
circAGFG1’s function in BC.
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CONCLUSION

Taken together, this study demonstrates that circAG-
FG1 targeted regulation of YWHAE expression via act-
ing as a sponge of miR-653-5p, thereby promoting BC 
progression. CircAGFG1/miR-653-5p/YWHAE axis 
may offer as a latent therapeutic target for BC.
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Downregulation of circular RNA 00091761 protects against 
heart failure after myocardial infarction via  
microRNA-335-3p/ ASCL4 axis
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Our research tended to explore the biological roles and 
expression status of circ_00091761 in HF after MI. The 
hypoxia reoxygenation (H/R) injured H9c2 cells model 
was constructed to simulate HF after MI. The expression 
of circ_0091761 was examined in H/R injured H9c2 cells 
by qRT-PCR. Then, the effect of circ_0091761 expres-
sion on the proliferation of H/R injured H9c2 cells was 
evaluated by CCK-8 along with TUNEL assay. Secretion 
of lactate dehydrogenase (LDH), reactive oxygen spe-
cies (ROS), Fe2+, glutathione (GSH), and malondialde-
hyde (MDA) was measured to evaluate cell ferroptosis 
of H/R injured H9c2 cells, along with protein levels of 
glutathione peroxidase 4 (GPX4), solute carrier fam-
ily 7 member 11 (SLC7A11), and transferrin receptor 
protein (TFRC). Luciferase reporter as well as RNA pull-
down assays revealed the binding relationship between 
miR-335-3p and circ_0091761 or ASCL4. Circ_0091761 
was upregulated in H/R injured H9c2 cells. Knockdown 
of circ_0091761 promoted cell proliferation and sup-
pressed ferroptosis of H/R injured H9c2 cells. Interest-
ingly, circ_0091761 sponges miR-335-3p to upregulate 
acyl-CoA synthetase long-chain family member 4 (ACSL4) 
expression. miR-335-3p inhibitor attenuated the effects 
of circ_0091761 knockdown on cell proliferation and fer-
roptosis in H/R injured H9c2 cells. Additionally, upregu-
lated ACSL4 abrogated elevated miR-335-3p-induced ef-
fects on H/R injured H9c2 cells. Circ_0091761 inhibited 
cell proliferation and accelerated ferroptosis of H/R in-
jured H9c2 cells by sponging miR-335-3p to upregulated 
TFRC axis. Therefore, Inhibition of circ_0091761 may pro-
tect against HF after MI.

Keywords: heart failure, myocardial infarction, circ_0091761, miR-
335-3p, ASCL4
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INTRODUCTION

Heart failure (HF) is an acute decompensation of car-
diac function under various causes. The etiology and 
inducement of HF are complex and diverse. The ne-
crosis of myocardial cells caused by acute ischemia and 
hypoxia of the coronary artery during myocardial infarc-
tion (MI) is the main cause of HF and also one of the 
common causes of acute decompensation of HF (Bahit 
et al., 2018; Orrem et al., 2018). HF after MI seriously 
endangers the life and health of patients. Early accurate 
judgment will greatly benefit the treatment and prognosis 
of the disease.

In recent years, a new type of programmed death, 
named ferroptosis, is found to play an essential role in 
diverse disorders (Xie et al., 2016). Because of the dys-
function of oxidative metabolism of the cell membrane 
phospholipids, biofilm polyunsaturated fatty acids (PU-
FAs) lipid peroxidation occurs reduced glutathione 
(GSH) in cells will not be able to return the excess of 
harmful lipid hydroperoxide as harmless fatty alcohols, 
free iron ion mediated Fenton reaction catalyzed the ac-
cumulation of lipid free radicals within the cell leads to 
cell ferroptosis (Cao & Dixon, 2016). Accumulated evi-
dence demonstrates that ferroptosis participates in HF 
after MI (Hu et al., 2021). However, the specific mecha-
nism needs to be further researched to clarify.

Circular RNAs (circRNAs) are a class of non-coding 
RNAs (ncRNAs) which can regulate the expression of 
several key genes by combining with microRNAs (miR-
NAs) or other molecules (Meng et al., 2017; Ashwal-Fluss 
et al., 2014; Zhang et al., 2017). Most circRNAs show 
miRNA binding capabilities, and are identified as miRNA 
sponges and enhance downstream gene expression by 
sponging miRNA (Li et al., 2019). Recently, researchers 
found the significance of circRNAs in regulating cell func-
tions and disease processes (Meng et al., 2017; Ashwal-
Fluss et al., 2014; Zhang et al., 2017). Furthermore, grow-
ing evidence shows that circRNA has the potential to be-
come a promising biomarker for diagnosis and therapeutic 
targets of HF after MI (Devaux et al., 2017; Altesha et al., 
2019). For instance, through the ceRNA mechanism, the 
circHipk3 accelerates cardiac regeneration after MI via the 
miR-133a-CTGF axis (Si et al., 2020).

CircRNA_0001654, circRNA_0091761, circR-
NA_0405624, and circRNA_0406698 have been identified 
to be obviously upregulated in MI (Zhao et al., 2020)., and 
circRNA_0091761 expressions were demonstrated to be 
the most significant difference in H/R injured H9c2 cells. 

Vol. 70, No 3/2023
509–516

https://doi.org/10.18388/abp.2020_6404

941

mailto:drzhaolin@hotmail.com
https://doi.org/10.18388/abp.2017_


510											           2023Q. Wei and others

Therefore, this study aimed to further explore the specific 
mechanism of circRNA_0091761 in HF after MI in vitro.

MATERIALS AND METHODS

Materials

H9c2 rat cardiomyoblast cell line (American Type 
Culture Collection, USA). Primary antibodies and in-
ternal reference protein (Abcam Company, USA): anti-
GPX4 (ab125066, 1: 1000), anti-SLC7A11 (ab175186, 1: 
3000), and anti-TFR1 (ab214039, 1: 1000). anti-GAPDH 
(ab8245,1: 1000). HRP labeled anti-rabbit secondary anti-
body (Beyotime Biotech, China). Plasmids for cell trans-
fection (Gibco, USA): si-circ_0091761 1#, si-circ_0091761 
2#, miR-335-3p mimic, miR-335-3p inhibitor, oe-ACL4, 
and their negative controls. Polybrene and purinomycin 
(Sigma, USA). Lipofectamine 3000 and the reverse tran-
scription kit (Invitrogen, USA). Fetal bovine serum (FBS; 
Biological Industries, USA). PrimeScript™ RT-PCR Kit 
(Vazyme Biotech, China). TRIzol reagent (Invitrogen, 
USA), Nanodrop 2000 spectrophotometer (Mettler To-
ledo, China). RIPA lysate (Beyotime, China). Primer se-
quences for circ_0091761, miR-335-3p, and all mRNAs 
were designed by RiboBio (Guangzhou, China). RNase R 
treatment (Genesee, Guangzhou, China). miRNeasy Mini 
Kit (QIAGEN, Dusseldorf, Germany). Actinomycin D 
(Merk, USA). SuperScript First-Strand Synthesis Kit (In-
vitrogen, USA). LDH Cytotoxicity Assay Kit (Beyotime, 
China). Spectrophotometer (Thermo Fisher, USA). Oxida-
tion-sensitive fluorescent probe DCFH-DA (Sigma, USA). 
Iron Assay Kit (ab83366, Abcam, USA). Glutathione 
Assay Kit (CS0260; Sigma, USA). Malondialdehyde Kit 
(ab118970, Abcam, USA). Cell counting kit 8 (CCK-8; 
Beyotime, China). TUNEL detection kit (ab66110, Ab-
cam, USA). Microscope (Nikon, Japan). BCA kit (Sigma, 
USA). PVDF membranes (Bio-Rad, USA). Dual-Lucif-
erase Reporter Assay kit (K801-200; BioVision Tech, San 
Francisco, USA). Pierce™ Magnetic RNA-Protein Pull-
Down Kit (Thermo Fisher, Waltham, MA, USA).

Cell culture

H9c2 cells were cultured using a DMEM medium 
containing 10% FBS and 1% penicillin/streptomycin, 
and placed in an incubator (5% CO2, 37°C). Then, the 
hypoxia-reoxygenation (H/R) injured H9c2 cells model 
was conducted to mimic HF after MI. H9c2 cells were 
incubated in a hypoxic environment (95% N2 and 5% 
CO2) at 37°C for 3 h. Then, DMEM free of FBS was 
added to H9c2 cells in a standard incubator for 4 h.

qRT-PCR

qRT-PCR was performed to measure the mRNA 
levels of circRNA_0001654, circRNA_0091761, cir-
cRNA_0405624, circRNA_0406698, miR-335-3p, and 
ACSL4. Firstly, TRIzol was used to isolate RNA of H/R 
injured H9c2 cells, and RNA concentration was analyzed 
using a spectrophotometer. M-MLV was used to synthe-
size cDNA through reverse transcription. qRT-PCR was 
conducted with the PrimeScript™ RT-PCR Kit. GAP-
DH and U6 were used as reference genes. Relative gene 
expression was calculated through the 2−ΔΔCt method.

Stability detection of circular RNA

RNase R treatment is mainly used for circRNA iden-
tification and stability detection (Xiao MS & Wilusz 

JE, 2019). 5 μg total RNA extracted from H/R injured 
H9c2 cells were digested by RNase R enzyme. The cir-
cRNA_0091761 and the linear type mRNA levels were 
detected by qRT-PCR with 2 μg/mL actinomycin D for 
0, 4, 8, 12, and 24 h.

Detection of lactate dehydrogenase (LDH) activity

H9c2 cells were seeded in 96-well plates and cultured 
in a medium containing LDH reagent for 0.5 h to meas-
ure LDH release according to the LDH kit procedure, 
which was provided by Nanjing Jiangcheng Bioengineer-
ing Institute (Nanjing, China).

Detection of reactive oxygen species (ROS) activity

H9c2 cells were treated with DCFH-DA (10 μmol/L) 
for 0.5 h at 37°C. Then, the fluorescence intensity of each 
group was detected under a fluorescence microscope (488 
nm excitation wavelength, 525 nm emission wavelength).

Detection of Fe2+ content

After H9c2 cells were lysed, the Fe2+ level of cells in 
each group was detected according to the procedure of 
the Fe2+ detection kit, which was provided by Nanjing 
Jiangcheng Bioengineering Institute (Nanjing, China).

Detection of glutathione (GSH)content

After H9c2 cells were lysed, the GSH level of cells 
in each group was detected according to the procedure 
of the GSH Assay Kit, which was provided by Nanjing 
Jiangcheng Bioengineering Institute (Nanjing, China).

Detection of malondialdehyde (MDA)

After H9c2 cells were lysed, the MDA level of cells 
in each group was detected according to the procedure 
of the MDA Kit, which was provided by Nanjing Ji-
angcheng Bioengineering Institute (Nanjing, China).

Cell viability assay

Cell counting kit 8 (Beyotime, Shanghai, China) has 
been used to evaluate the cell viability of H9C2 cells of 
each group. Cells were collected and seeded into a 96-well 
plate after successful transfection. Afterwards, cell viability 
was detected using a microplate under the absorbance of 
450 nm after a supplement of CCK-8 reagents.

TUNEL assay

H9c2 cell death was measured by a TUNEL detection 
kit according to the instructions of the manual (Beyo-
time). The H/R injured H9c2 cells were observed under 
a microscope.

Western blotting assay

Ferroptosis-related proteins including glutathione per-
oxidase 4 (GPX4), solute carrier family 7 member 11 
(SLC7A11), and transferrin receptor protein (TFRC) were 
measured in H9c2 cells of each group. Total protein was 
extracted from the H9c2 cells by RIPA buffer, and deter-
mined with the BCA kit. Subsequently, proteins were isolat-
ed with 12% SDS-PAGE gel and were moved onto PVDF 
membranes. Then the membranes were blocked with 5% 
defatted milk for 2 h and then incubated with primary an-
tibodies overnight at 4°C. Immune complexes were then 
incubated with secondary antibody. Finally, the ECL chemi-
luminescence method was used to detect the expression of 
each protein. All experiments were repeated three times.
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Dual-luciferase reporter assay

According to the reported methods, circR-
NA_0091761 as well as ACSL4 recombinant pyratinase 
reporter plasmids containing the binding sequence of 
miR-335-3p and regroup plasmids containing the abrupt 
change of binding sequence were constructed. H9c2 cells 
(1×105/well) seeded in a 12-well plate were transfected 
with 1.5  μg recombinant luciferase reporter plasmid, 100 
nmol/L miR-335-3p mimic and 10 ng PRL-TK (internal 
reference plasmid) for 24 h, the intensity of firefly lucif-
erin and renal luciferin were measured.

RNA pull-down assay

500 μg streptavidin magnetic beads combined with a 
200 pmol biotin labeled miR-335-3p mimic were added to 
the RNA extracted from the H9c2 cells. The complexes 
were gently mixed at room temperature and incubated for 
30 min. After eluting buffer was added, the pulled RNA 
complex was then collected. The circRNA_0091761 and 
ASCL4 level was quantitatively analyzed by qRT-PCR.

Statistical analysis

Data were analyzed with GraphPad Prism version 
8.3 and presented as mean ± SD. Student’s t-test (two 
groups), as well as one-way ANOVA (multiple groups), 
were applied for difference analysis. A P value less than 
0.05 was deemed statistically significant.

RESULTS

Circ_0091761 is highly expressed in H/R injured H9c2 
cells

Expression of 4 circRNAs which have been identified 
to be highly expressed in MI was detected in H/R in-
jured H9c2 cells, among which circ_0091761 was obvi-
ously highly expressed (Fig. 1A). The results of RNase R 
treatment indicated that the expression level of the linear 
group was substantially lower than that in circ_0091761 
group (Fig. 1B). Meanwhile, circ_0091761 showed more 
stable mRNA expression compared with a linear group 
(Fig. 1C). The level of GSH in H/R injured and RSL3 
treated H9c2 cells was notably decreased and increased 
in Ferrostatin-1 group; however, LDH, ROS, Fe2+, as 
well as MDA levels were notably elevated by H/R injury 
and RSL3 and reduced by Ferrostatin-1 (Fig. 1D–I).

Inhibition of circ_0091761 promotes cell viability and 
inhibited ferroptosis of H/R injured H9c2 cells.

The expression of circ_0091761 was decreased after 
small interference RNA was transfected into H/R injured 
H9c2 cells. Circ_0091761 declined more significantly in 
group si-circ_0091761 1#, which was used in subsequent 
experiments (Fig. 2A). Knockdown of circ_0091761 no-
tably improved cell viability (Fig. 2B), and suppressed 

Figure 1. Expression levels of circ_0091761 in H/R injured H9c2 cells.
(A) The expression of 4 circRNAs in H/R injured H9c2 cells measured by qRT-PCR, *p<0.05, **p<0.01, ***p<0.001. (B) qRT-PCR analyses for 
the expression of circ_0091761 and linear one in H/R injured H9c2 cells after RNaseR treatment, ***p<0.001. (C) qRT-PCR analyses for the 
expression of circ_0091761 and linear one in H/R injured H9c2 cells at the indicated time after treatment with Actinomycin D, **p<0.01. 
(D) The expression of circ_0091761 in H/R injured H9c2 cells measured by qRT-PCR, *p<0.05, **p<0.01, compared with the control group; 
##p<0.01, compared with the H/R group. (E) The LDH, (F) ROS, (G) Fe2+, (H) GSH, and (I) MDA levels in H/R injured and RSL3 treated H9c2 
cells, **p<0.01, compared with the control group; #p<0.05, ##p<0.01, compared with the H/R group.
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Figure 2. Inhibition of circ_0091761 promoted cell proliferation and inhibited ferroptosis of H/R injured H9c2 cells.
(A) Circ_0091761 expression levels were detected by qRT-PCR in H9c2 cells after transfection, *p<0.05, **p<0.01, compared with the si-na 
group. (B) CCK-8 assay was applied for cell viability detection, **p<0.01, compared with the control group; ##p<0.01, compared with the 
H/R+ si-NC group. (C–G) Levels of LDH, ROS, Fe2+, GSH, and MDA in H/R injured H9c2 cells after transfection, **p<0.01, compared with 
the control group; ##p<0.01, compared with the H/R+ si-NC group. (H) Images and quantized bar chart of TUNEL stained cells, **p<0.01, 
compared with the control group; ##p<0.01, compared with the H/R+ si-NC group. (I) Expression of GPX4, SLC7A11, and TFR1 proteins 
detected by western blotting.

Figure 3. Circ_0091761 served as a miRNA sponge for miR-335-3p
(A) The binding sites between miR-335-3p and circ_0091761. (B) Luciferase assay of H9c2 cells co-trasfected with mutated miR-335-3p 
minic and a luciferase vector containing circ_0091761-3’UTR-wt or mutant constructs with mutated miRNA binding sites, **p<0.01. (C) 
RNA pull-down assay revealed the enrichment of circ_0091761 on biotin-miR-335-3p, **p<0.01, compared with the biotin-NC group. (D–E) 
qRT-PCR analysis for the expression of miR-335-3p, **p<0.01.
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cell death (Fig. 2H). Simultaneously, LDH, ROS, Fe2+, 
and MDA concentrations were declined while secretion 
of GSH was induced after circ_0091761 was silenced 
(Fig. 2C–G). Furthermore, ferroptosis-related proteins 
were detected. H/R injury decreased the GPX4 as well 
as SLC7A11 expression and increased the expression of 
TFR1, which were reversed by si- circ_0091761 signifi-
cantly (Fig. 2I).

Circ_0091761 can bind with miR-335-3p

Potential interactions between circRNAs and miRNAs 
were evaluated using a Circular RNA Interactome on-
line database (https://circinteractome.irp.nia.nih.gov/), 
and miR-335-3p was expected to bind with circ_0091761 
(Fig. 3A). The luciferase activity reporter results dem-
onstrated that luciferase-labeled miR-335-3p mimic and 
wild-type circ_0091761 co-transfection groups were de-
creased compared to that of the NC mimic (Fig. 3B). 
Furthermore, circ_0091761 was primarily enriched in the 
biotin-miR-335-3p group analyzed by RNA pull-down 
assay (Fig. 3C). Inhibition of circ_0091761 upregulated 
the expression of miR-335-3p (Fig. 3D). Furthermore, 
miR-335-3p was lowly expressed in H/R injured H9c2 
cells (Fig. 3E).

Suppression of miR-335-3p reverses the effects of 
circ_0091761 on cell viability and ferroptosis in H/R 
injured H9c2 cells

miR-335-3p expression was downregulated by miR-
335-3p inhibitor and upregulated by miR-335-3p mimic, 
suggesting that H/R injured H9c2 cells were successful-
ly transfected (Fig. 4A). miR-335-3p inhibitor obviously 
switched the effects of si-circ_0091761 on cell prolifera-
tion (Fig. 4B) as well as cell death (Fig. 4H). Furthermore, 
inhibited miR-335-3p alleviated the effects of downregu-
lated circ_0091761 on the secretion of LDH, ROS, Fe2+, 
MDA, and GSH (Fig. 4C-G) and the expression levels of 
GPX4, SLC7A11, and TFR1 proteins (Fig.  4I).

miR-335-3p directly targets ACSL4

TargetScan7.2 online database algorithm (http://www.
targetscan.org/mmu_72/) was used to predict potential 
downstream targets of miR-335-3p and we identified 
ACSL4 as the potential candidate (Fig. 5A). Luciferase 
activity, as well as RNA pull-down assays further con-
firmed the binding relationship between miR-335-3p and 
ACSL4 (Fig. 5B and 5C). Furthermore, ASCL4 expres-
sion was negatively regulated by miR-335-3p (Fig. 5D). 

Figure 4. Suppression of miR-335-3p reversed the effects of circ_0091761 on cell proliferation and ferroptosis in H/R injured H9c2 
cells.
(A) miR-335-3p expression levels were detected by qRT-PCR in H9c2 cells after transfection, **p<0.01, compared with the NC inhibitor 
group; ##p<0.01, compared with the NC mimic group. (B) CCK-8 assay was applied for cell viability detection, **p<0.01, compared with the 
control group; ##p<0.01, compared with the H/R+ si-circ_0091761+ NC inhibitor group. (C–G) Levels of LDH, ROS, Fe2+, GSH, and MDA in 
H/R injured H9c2 cells after transfection, **p<0.01, compared with the control group; ##p<0.01, compared with the H/R+ si-circ_0091761+ 
NC inhibitor group. (H) Images and quantized bar chart of TUNEL stained cells, **p<0.01, compared with the control group; ##p<0.01, 
compared with the H/R+ si-circ_0091761+ NC inhibitor group. (I) Expression of GPX4, SLC7A11, and TFR1 proteins detected by western 
blotting.
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Figure 5. miR-335-3p directly targeted ACSL4.
(A) Bioinformatics predicted the binding sites between miR-335-3p and ASCL4. (B) Dual-luciferase reporter assay was conducted to con-
firm the association between ASCL4 and miR-335-3p, **p<0.01. (C) RNA pull-down assay revealed the enrichment of ASCL4 on biotin-miR-
335-3p, **p<0.01, compared with the biotin-NC group. (D–E) qRT-PCR analysis for the expression of ASCL4, **p<0.01.

Figure 6. Overexpression of ACSL4 inhibited the effects of upregulated miR-335-3p.
(A) ACSL4 expression levels were detected by qRT-PCR in H9c2 cells after transfection, **p<0.01. (B) CCK-8 assay was applied for cell vi-
ability detection, **p<0.01, compared with the control group; #p<0.05, compared with the H/R+ mimic+ OE-NC group. (C–G) Levels of 
LDH, ROS, Fe2+, GSH, and MDA in H/R injured H9c2 cells after transfection, **p<0.01, compared with the control group; #p<0.05, ##p<0.01, 
compared with the H/R+ mimic+ OE-NC group. (H) Images and quantized bar chart of TUNEL stained cells, **p<0.01, compared with the 
control group; #p<0.05, compared with the H/R+ mimic+ OE-NC group. (I) Expression of GPX4, SLC7A11, and TFR1 proteins detected by 
western blotting.
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Besides, ACSL4 was remarkably highly expressed in 
H/R injured H9c2 cells (Fig. 5E).

Overexpression of ACSL4 inhibits the effects of 
upregulated miR-335-3p

As indicated in Fig. 6A, ACSL4 was significantly 
highly expressed after transfection. Compared with miR-
335-3p-overexpressing cells, co-transfection with miR-
335-3p and ACSL4 vectors significantly suppressed cell 
viability (Fig. 6B) and facilitated ferroptosis (Fig. 6C–I).

DISCUSSION

HF is a common complication of MI. MI combined 
with HF is a clinically acute severe disease with high 
mortality. There is clinical value in identifying markers 
that can be obtained early and interpreted easily. Our 
study suggested that inhibition of circ_0091761 pro-
tected HF after MI by upheaving miR-335-3p to inhibit 
ACSL4 in vitro.

Accumulating studies have shown that ferroptosis 
plays a crucial role in the progression of cardiac dysfunc-
tion after MI (Park TJ et al., 2019). In the mouse MI 
model, GPX4 is downregulated and heme oxygenase 1 
(Hmox1) is upregulated in myocardial cells to degrade 
heme and release free iron, leading to mitochondrial dys-
function and ferroptosis. In addition, inhibition of GPX4 
transcription in isolated H9c2 cells and neonatal mouse 
ventricular myocytes resulted in the accumulation of li-
pid hydroperoxides leading to cell ferroptosis (Park et al., 
2019, Li et al., 2019; Fang et al., 2019). These results sug-
gest that ferroptosis is an important pathophysiological 
change of cardiac function injury after MI. What’s more, 
ferroptosis participates in the occurrence and develop-
ment of HF (Fang et al., 2020; Vegter et al., 2016). Inhib-
iting ferroptosis can reduce cardiomyocyte hypertrophy, 
improve ventricular dilation, and enhance the function 
of myocardial dilation and contraction (Fang et al., 2020). 
In vitro cardiomyocytes pretreated with isoproterenol 
could inhibit the expression of GPX4 and ferritin heavy 
chain 1, increase the lipid hydroperoxide, and lead to 
ferroptosis in cardiomyocytes (Park et al., 2019; Fang et 
al., 2020). Antagonizing ferroptosis can effectively slow 
down the process of HF (Fang et al., 2019; Friedmann et 
al., 2014; Li et al., 2020). Ferroptosis inhibitor can effec-
tively inhibit the increase of free iron and lipid peroxi-
dation in cardiomyocytes and reduce ferroptosis induced 
by isoproterenol (Fang et al., 2019; Zou et al., 2020).

Previous studies have shown that the Fenton reac-
tion of ferrous iron in a labile iron pool (LIP) can pro-
duce a large number of ROS (Sui et al., 2018). When the 
production of ROS exceeds the compensatory limit of 
GSH/GPX4, PUFAs containing arachidonic acid and 
adrenal acid are easily peroxidized and accumulated by 
ROS, leading to ferroptosis in cells (Yang et al., 2016). In 
other words, GSH/GPX4 can inhibit lipid peroxidation 
in the cell membrane, thus inhibiting ferroptosis in cells. 
However, a large amount of studies have discovered new 
pathways that inhibit cell iron death during GSH/GPX4 
inactivation. It was found that the N-terminus of Fer-
rastatin-1 was mystoacylated to promote the recruitment 
of coenzyme Q10 to the cell membrane, reducing it to 
a reduced coenzyme, and inhibiting ferroptosis in cells 
(Bersuker et al., 2019). The antagonistic effect of FSP1 
on ferroptosis was independent of GSH/GPX4 (Doll 
et al., 2019). In addition, the metabolites of guanosine 
triphosphate hydrolase 1 (GCH-1), tetrahydrobiopterin 
and dihydrobiopterin (BH4/BH2), can selectively inhibit 

the peroxidation of membrane polyunsaturated fatty ac-
ids containing two acyl-tail, and GCH1 can promote the 
production of coenzyme Q10 and inhibit cell ferropto-
sis in collaboration with FSP1 (Kraft et al., 2020). These 
studies also found a range of genes that suppress lipid 
peroxidation in the absence of GPX4, providing new di-
rections for future research. At present, the research on 
the regulation factors of iron death is still insufficient 
and needs further exploration.

Circ_0091761 is a newfound circRNA with a sliced 
length of 709bp, located on the X chromosome. Zhao 
et al collected blood samples of coronary arteries of MI 
patients as well as healthy controls, the intersection re-
sults of multiple bioinformatics analysis data showed 
that 4 dysregulated circRNAs (circRNA_0001654, circR-
NA_0091761, circRNA_0405624, and circRNA_0406698) 
may be associated with the regulation of MI process 
(Zhao et al., 2020). In the present research, our data sug-
gested that circRNA_0091761 was the highest expressed 
circRNA identified in H/R injured H9c2 cells, and was 
further elevated by ferroptosis inducer RSL3 whereas 
downregulated by ferroptosis inhibitor Ferrastatin-1, sug-
gesting that upregulation of circ_0091761 may be associ-
ated with ferroptosis in H/R injured H9c2 cells. Subse-
quently, inhibition of circ_0091761 promoted cell viability 
and suppressed ferroptosis of H/R injured H9c2 cells, 
demonstrating that circ_0091761 may protect against HF 
after MI by suppressing ferroptosis in vitro, which was in 
line with previous studies (Fang et al., 2020).

Recently, various studies have reported that miRNAs 
play essential roles in cardiovascular diseases (Vegter et 
al., 2016). For instance, the downregulation of miR-221-
3p and miR-222-3p promoted myocardial fibrosis of HF 
(Verjans et al., 2018). In MI studies, miRNA-21 treatment 
of cardiomyocytes and endothelial cells significantly sup-
pressed apoptosis and significantly improved cardiac func-
tion (Song et al., 2019). In this study, we hypothesized 
that circRNA_0091761 might bind certain miRNAs to 
regulate HF after MI. Our data indicated that miR-335-
3p has a specific binding effect with circRNA_0091761. 
Further functional experiments confirmed that miR-335-
3p inhibitor could effectively reduce the proliferation pro-
motion and ferroptosis inhibition effects of suppressed 
circrNA_0091761 on H/R injured H9c2 cells. All results 
confirmed that circRNA_0091761 can regulate the expres-
sion of related genes by binding miR-335-3p and play a 
role in inhibiting ferroptosis and thus HF progression.

ACSL4 drives ferroptosis by oxidizing cell membrane 
phospholipids, whichhave been recognized to be a typical 
marker of ferroptosis (Doll et al., 2017; Song et al., 2019). 
The ectonucleotide pyrophosphatase-phosphodiesterase 2 
(ENPP2)/ lysophosphatidic acid (LPA) protected myocar-
dial cells from erastin induced ferroptosis by regulating the 
expression of GPX4, ACSL4 and Nrf2 (Bai et al., 2018). 
Our finding demonstrated that ACSL4 was a downstream 
gene of miR-335-3p, and overexpression ACSL4 obvi-
ously revealed miR-335-3p mimicked induced effects on 
cell viability as well as ferroptosis. Thence, on the basis of 
these findings, we concluded that circ_0091761 promoted 
ferroptosis in H/R injured H9c2 cells via binding with 
miR-335-3p to upregulate ACSL4.

CONCLUSION

The findings of the present study indicated that 
circ_0091761 functioned as a ceRNA to regulate ACSL4 
expression by sponging miR-335-3p to regulate HF af-
ter the MI process in vitro. Therefore, inhibition of 
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circ_0091761 may be a potential target for protection 
against HF after MI.
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Ubiquitin-specific protease 1 (USP1) is an important 
deubiquitinating enzyme (DUB) involved in the main-
tenance of genome integrity, cell cycle, and cell ho-
meostasis. USP1 overexpression is a characteristic 
feature of various cancers, correlating with a poor 
prognosis. The review summarizes the recent knowl-
edge in understanding the role of deubiquitinase 
USP1 in the stabilization of oncoproteins and tumor 
suppressors, as a critical event in cancer develop-
ment and progression. The putative mechanisms of 
USP1 involvement in some prevalent human cancers 
are discussed. The numerous data demonstrate that 
inhibition of USP1 suppresses the proliferation and 
viability of malignant cells, sensitizes them to radia-
tion and increases their sensitivity to various chemo- 
therapeutic agents, which opens up new opportunities 
for combined therapy of malignant neoplasms.
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INTRODUCTION

Deubiquitinating enzymes (DUB) are proteases that 
regulate ubiquitin dynamics by selectively cleaving mono- 
or polyubiquitin from protein substrates (Henning et al., 
2021; Caba et al., 2022). The deubiquitination is crucial 
for maintaining the stability of target proteins, and in 
the absence of proteolytic load on proteasome it af-
fects the activity of substrates, cellular localization, in-
teractions with other proteins, activation or silencing of 
gene expression, and the functioning of signaling path-
ways (Snyder et al., 2021; Tu et al. 2022; Estavoyer et 
al., 2022 Trulsson et al., 2022). More than 500 protease 
genes have been identified in the human genome, about 
100 of which belong to DUBs (Bonacci & Emanuele, 
2021). Based on the homology of the active site, DUBs 

are classified into six families: ubiquitin-specific proteas-
es (USPs), ubiquitin carboxy-terminal hydrolases (UCHs), 
ovarian tumor proteases (OTUs), the Machado–Joseph 
disease proteases (MJDs), motif-interacting with ubiqui-
tin-containing novel DUB family (MINDYs) and JAB1/
PAB1/MPN (JAMMs). The first five families (USPs, 
UCHs, OTUs, MJDs, MINDYs) are cysteine ​​proteases, 
while the JAMMs family belongs to metalloproteases 
(Mullard et al., 2021; Lei et al., 2021a; Caba et al., 2022). 
The largest family among DUBs is USPs. Members of 
the USPs family have a conserved structural organization 
consisting of three subdomains, namely the “thumb” 
and “palm” with a catalytic site between them and the 
“fingers” that provide interaction with ubiquitin on sub-
strates (Fraile et al., 2012; Snyder et al., 2021). Sometimes 
USPs have additional domains, such as ubiquitin-binding 
zinc finger domain, ubiquitin-interacting motifs and ubiq-
uitin-associated, etc. (Du et al., 2019; Yang et al., 2019).

The physiological role of DUB is to ensure the ho-
meostasis of critical cell functions, including genome sta-
bility, gene expression, cell cycle progression, prolifera-
tion, stem cell differentiation, chromosome segregation, 
growth factor signaling, redox regulation, endocytosis, 
apoptosis, etc. Deregulation of functional activity and 
expression of DUB correlates with neurodegenerative 
and immune diseases, development and progression of 
cancer (Jerabkova et al., 2020; Wang et al., 2022; Tu et al., 
2022; Liu et al., 2022). The growing interest in DUBs as 
markers of oncogenic transformation and new therapeu-
tic targets for cancer treatment seems to be justified.

The most studied DUB to date is ubiquitin-specific 
protease 1 (USP1). Quite often, DUB expression is al-
tered in many cancers (Poondla et al., 2019; Lai et al., 
2020). Hyperexpression of USP1 is observed in glioma, 
osteosarcoma, leukemia, hepatocellular carcinoma, gastric 
cancer, breast cancer, ovarian cancer, prostate cancer, 
colorectal cancer, etc., being associated with low patient 
survival and malignant neoplasm progression (Williams et 
al., 2011; Xu et al., 2019; Ma et al., 2019b; Kuang et al., 
2021; Liao et al., 2021a; Liang et al., 2022; Li et al., 2021; 
Chen et al., 2022).

Recently, many breakthroughs have been made in 
elucidating the role of USP1 as an important regulator 
of basic cellular processes including metabolism, 
proliferation, and apoptosis. Ensuring the balance 
between ubiquitination and deubiquitination, USP1 is 
critical for maintaining the integrity of signaling networks, 
the proper performance of functions controlled in a 
spatio-temporal mode, and the homeostasis of the cell 
as a whole. The impairment of this balance could be im-
portant for tumorigenesis and cancer progression (Cui 
et al., 2020; Meng et al., 2022; Sun et al., 2022). USP 1 
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could be a valuable diagnostic marker in various types 
of cancer. USP1 is directly involved in tumorigenesis by 
regulating the stability of oncoproteins or tumor sup-
pressors (Sonego et al., 2019; Coleman et al., 2022; Song 
et al., 2022). Finally, USP1 ability to modulate the level 
of oncoproteins accumulating in cancer cells makes it an 
attractive therapeutic target for cancer treatment.

THE STRUCTURE AND FUNCTION OF USP1

USP1 belongs to the most numerous and diverse 
USPs of the DUB family (Cruz et al., 2021). The protein 
was first identified in 1998 as part of the Human Ge-
nome project by a group of scientists from Japan (Fu-
jiwara et al., 1998). The USP1 gene is localized to the 
p31.3-p32.1 band of chromosome 1. The USP1 protein 
consists of 785 amino acid residues with a predicted mo-
lecular weight of 88.2 kDa. In the structure of USP1, 
there is a typical DUB conserved USP domain, which 
consists of a N-terminal Cys box motif with a C90 cata-
lytic residue and a C-terminal His box motif with H593 
and D751 catalytic residues. (Fig. 1A). It is believed that 
these three amino acids form the so-called catalytic triad, 
which actually forms the catalytic core of DUB (Yu et 
al., 2017; Woo et al., 2022). The catalytic domain of the 
USP1 protein is one of the largest in the USPs family 
due to additional insertions (Bishop et al., 2016). The first 
additional insert L1 (within 227-433 amino acid residues) 
located between box 2 and 3 is able to enhance USP1 

activity due to natural affinity to DNA and allosteric ac-
tivation after binding of UAF1 (Dharadhar et al., 2021). 
Within L1 there are phosphorylation sites, including the 
most studied S313, nuclear localization signals (NLSs) 
and a degradation motif (degron). A second additional 
L2 insert (between amino acid residues 602-744) is locat-
ed between boxes 5 and 6 and includes an autocleavage 
site (G670-G671). The third smallest L3 insert is located 
between 465-483 amino acid residues. It is believed that 
L1 and L3 insertions together are able to cause autoin-
hibition that could be reversed by binding to UAF1 co-
factor. Co-deletion of L1 and L3 leads to hyperactivation 
of USP1, while deletion of the L2 or L3 insert does not 
affect its enzymatic activity (Dharadhar et al., 2021).

The database “Catalog of somatic mutations in cancer” 
(COSMIC) contains information on dozens of mutations 
in USP1 (Fig. 1B), among which 51% are missense substi-
tutions, 12% are synonymous substitutions, slightly more 
than 7% are frameshift deletions, and 4% are nonsense 
substitutions. It is known that mutation of any of the 
C90, H593 or D751 amino acid residues significantly re-
duces the catalytic activity of the USP1 protein. While the 
functional effect of the vast majority of mutations has not 
been fully elucidated, about forty different mutations have 
been detected in various types of cancer.

For the first time, as a critical regulator of genome 
integrity, USP1 was described in Fanconi anemia, where 
its functions are realized by FANCD2 deubiquitination 
(Nijman et al., 2005). It is believed that USP1 in complex 
with the cofactor UAF1 moves along the replication fork 

Figure 1. USP1: structure and mutations. 
A – USP1 domain organization. B – Distribution of different mutation types for USP1. The COSMIC database was used to analyze the mu-
tation distribution for USP1. C – A breakdown of the observed substitution mutations in USP1.
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and deubiquitinates its partner proteins (Lim et al., 2018; 
Dharadhar et al., 2021). DNA-dependent metalloprotease 
Spartan can cause USP1 molecule to be removed from 
DNA acting selectively only on catalytically active forms 
of USP1, while minimally affecting mutants with changes 
in the autocleavage domain. This defines a new role of 
USP1 autocleavage in its increased retention on DNA. 
Spartan does not specifically act on protease sequenc-
es, cleaving substrates mainly in unstructured regions 
near lysine, arginine, and serine residues (Coleman et al., 
2022). The preferential association of Spartan with ubiq-
uitin-modified proliferating cell nuclear antigen (PCNA) 
protects against PCNA deubiquitylation by USP1 and fa-
cilitates the access of polymerase responsible for a trans-
lesion DNA synthesis to the replication fork (Juhasz et 
al., 2012). These facts highlight the role of USP1 auto-
cleavage regulation as one of the components maintain-
ing the steady function of DNA replication machinery 
and genome integrity (Coleman et al., 2022).

It is also known that USP1 participates in the regu-
lation of centrosome duplication, therefore, a violation 

of its activity causes the formation of an abnormal mi-
totic spindle, amplification of centrosomes, incorrect 
segregation of chromosomes, which leads to aneuploi-
dy, instability of the genome, thus creating prerequisites 
for oncogenic transformation of cells (Jung et al., 2016; 
Twest et al., 2017). Today, a wide range of USP1 cel-
lular substrates is known, the dynamic balance between 
the activity of DAB and ubiquitin E3 ligase underlies the 
modulation of protein degradation and localization, the 
formation of protein-protein interactions, gene expres-
sion, activation and deactivation of signaling pathways, 
ensures homeostasis and the performance of critical cell 
functions, such as metabolism, proliferation and cell 
differentiation, autophagy, apoptosis.

USP1/UAF1 PROTEIN COMPLEX

The catalytic activity of USP1 is dramatically increased 
in complex with the USP1 cofactor-associated protein 1 
(UAF1), also known as protein 48, or WDR48 (Yu et al., 

Figure 2. Localization of USP1 and the mechanism of its interaction with the UAF1 cofactor. 
A – schematic representation of the location of motifs in the USP1 protein, which determine its localization and interaction with the 
UAF1 cofactor, B – domain organization of the UAF1 cofactor, a representation of the motifs responsible for the interaction with USP1, 
C – USP1 is a nuclear protein that colocalizes with the Bcr-Abl oncoprotein in CML cells. In cells treated with ML323 inhibitor, which acts 
on the protein complex USP1/UAF1, USP1 is localized exclusively in the cytoplasm, which indicates that only its activated form enters the 
nucleus in a complex with a protein cofactor.
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2017; Arkinson et al., 2018). The UAF1 protein contains 
eight WD40 repeats, seven of which have a β-propeller 
structure, the eighth repeat belongs to the so-called aux-
iliary domain. WD40 repeats are localized to the N-ter-
minal domain of UAF1, which binds to USP1 and other 
substrate proteins, including USP12 and USP46. Dele-
tion of 2–4 repeats of WD40 disrupts the formation of 
the USP1/UAF1 protein complex, and deletion of the 
8th repeat and the adjoining region causes impairment of 
function of the UAF1 cofactor itself, which is believed 
to be a consequence of disruption of its tertiary struc-
ture. At the C-terminus of UAF1, a SUMO-like domain 
is located with two subdomains. Deletions in the prox-
imal part of the C-domain do not affect the formation 
of the USP1/UAF1 protein complex (Yang et al., 2011; 
Goncalves et al., 2017; Rennie et al., 2022). Villamil et al. 
suggested that USP1 is activated by the UAF1 cofactor 
via modulation of the conformation of the active site of 
DAB, while changes due to remodeling of the ubiqui-
tin-binding site are unlikely (Villamil et al., 2012). The al-
tered UAF1 expression has critical consequences; in par-
ticular, UAF1 deficiency causes the death of mice in the 
embryonic period (Arkinson et al., 2018). The formation 
of a protein complex involves joint subcellular localiza-
tion of partner proteins, however, USP1 belongs to nu-
clear proteins, while UAF1 is localized mainly in the cy-
toplasm. It is assumed that the USP1/UAF1 complex is 
formed in the cytoplasm and subsequently imported into 
the nucleus due to the NLS region of the USP1 protein 
(Yu et al., 2017). There are contradictory data regarding 
the mechanisms of formation of the USP1/UAF1 pro-
tein complex. Villamil and others (Villamil et al., 2012) 
showed that the site between 235-408 amino acid res-
idues on the USP1 protein is responsible for cofactor 
binding. On the other hand, García-Santisteban and 
others indicated that USP1 binds to its cofactor due to 
the site within 420–520 amino acid residues (Fig. 2A, B) 
(García-Santisteban et al., 2013; Yu et al., 2017). Current-
ly, it is not completely clear, which of two USP1 sites is 
responsible for binding to UAF1 or whether both sites 
are involved under different physiological conditions.

PHOSPHORYLATION OF USP1

Phosphorylation is an important post-translational 
modification that can stabilize proteins, increase or de-
crease their abundance in the cell, influence their activ-
ity, localization, interaction with other protein substrates 
(Wang et al., 2021). Extensive phosphoproteomic stud-
ies found that the activity of the vast majority of hu-
man USPs is regulated by phosphorylation (Villamil et 
al., 2012). Phosphorylation at the Ser313 site may be 
one of the ways of regulating the level of USP1 during 
the cell cycle, preventing its degradation during mitosis. 
(Cotto-Rios et al., 2011). Villamil and others (Villamil et 
al., 2012) showed that phosphorylation of USP1 at the 
Ser313 site is one of the conditions for the formation 
of the USP1/UAF1 protein complex, while protein 
phosphatase treatment can lead to its inactivation. Nev-
ertheless, Olazabal-Herrero and others (Olazabal-Herre-
ro et al., 2015) found that the mutant USP1, which is 
not phosphorylated at the Ser313 site, is also able to 
interact with UAF1. In addition, the formation of the 
USP1/UAF1 protein complex does not depend on the 
two other known sites, Ser42 and Ser67 (Villamil et al., 
2012). Phosphorylation of USP1 at S42 and S331 is a 
prerequisite for Snail interaction and deubiquitination, 
which promotes platinum resistance and metastatic pro-

gression in ovarian cancer. In turn, under the influence 
of phosphatases, the level of interaction between Snail/
USP1 proteins decreases (Sonego et al., 2019). Phosphor-
ylated forms of USP1 at tyrosine sites were detected in 
Bcr-Abl-positive chronic myeloid leukemia cells. USP1 
is believed to be phosphorylated by interaction with the 
oncoprotein Bcr-Abl, which has uncontrolled tyrosine ki-
nase activity, leading to deregulation of downstream sig-
naling pathways and disease progression (Antonenko & 
Telegeev, 2020).

Taking into account the role of phosphorylation in 
USP1 activation, one may suggest that the inhibition of 
protein kinases that phosphorylate USP1 may impair its 
functional activity. In fact, we have observed that in CML 
cells treated with imatinib, the level of colocalization of 
USP1 and Bcr-Abl is significantly reduced, while part of 
the USP1 protein remains in the cytoplasm, which may 
indicate a lack of deubiquitinase activity (Antonenko S., 
unpublished data). It has been also shown that tyrosine 
kinase inhibitors reduce the expression of USP47 in 
CML cells, which can be potentially relevant to other 
USPs, including USP1 (Lei et al., 2021b).

SUBCELLULAR LOCALIZATION OF USP1

Subcellular localization is a key for the realization of 
enzymatic activity by any protein, as it ensures the exe-
cution of a whole complex of intricately connected path-
ways and processes within and between different com-
partments (Garapati et al., 2020). A change in subcellular 
localization can affect the catalytic activity of a protein, 
disrupt its physiological functions, protein-protein inter-
actions, downstream signaling pathways, which creates 
prerequisites for the development of inflammatory and 
neurodegenerative diseases, malignant neoplasms (Wang 
& Wang, 2021; Garapati et al., 2021). USP1 belongs to 
nuclear proteins. Three NLS sites in USP1 are respon-
sible for its nuclear transport. The first sequence, which 
is between 14–37 amino acid residues, has a weak NLS 
and ensures uniform distribution of USP1 in the nucle-
us and cytoplasm. The second region of the NLS, locat-
ed within 266–287 amino acid residues, ensures almost 
complete movement to the nucleus, the third region of 
the NLS within the range of 298–321 amino acid res-
idues, provides a clear, but less marked relocation. In 
the physiological context, the two NLS signals (266–
287), (298–321) are the main motifs of USP1 nuclear-
cytoplasmic localization, while the third motif does not 
have a critical role. It is believed that USP1 and UAF1 
form a complex in the cytoplasm, which subsequently 
translocates to the nucleus thanks to defined NLS (266–
287), (298–321) motifs (Garcia-Santisteban, et al., 2012). 
The nuclear export signal (NES), located within amino 
acid residues 141-159 of USP1, may mediate the inter-
action with the export receptor CRM1, although the  ul-
timate physiological significance of this sequence has not 
been established yet (Fig. 2A) (García-Santisteban et al., 
2013). We have demonstrated that in CML cells treat-
ed with ML323 inhibitor USP1 remains in cytoplasm 
suggesting that only the activated form of DUB in a 
complex with the UAF1 cofactor can enter the nucleus 
(Fig.  2C) (Antonenko & Telegeev, 2020).

DEGRADATION OF USP1

USP1 level in cells is regulated by its proteasomal deg-
radation. The degradation motif (degron) ensures APC/
CCdh1-dependent degradation of USP1 in the G1 phase 
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of the cell cycle (García-Santisteban et al., 2013). Сalpain 
(CAPNS1) stabilizes USP1 by activating Cdk5, which in 
turn inhibits cdh1 and consequent USP1 proteolysis. It 
is believed that the region of interaction with CAPNS1 
is located at the N-terminus of the USP1 protein; muta-
tions in this region, in particular the Leu-to-Gly substitu-
tion in amino acid 12, dramatically destabilize the DUB 
(Cataldo et al., 2013). During mitosis, proteolytic degrada-
tion of the USP1 protein can be regulated by phosphor-
ylation of the Ser313 site, which leads to the masking 
of the degradation motif and impairment of proteolysis. 
The USP1 level is significantly reduced in cells exposed 
to genotoxic agents (in particular, such as UV) due to 
autocleavage at the Gly670-Gly671 internal motif (Cot-
to-Rios et al., 2011). The autocleavage of USP1 leads to 
the formation of two protein fragments, namely the ami-
no-terminal USP1NT or N-terminal fragment (residues 
1–671) and the shorter carboxyl-terminal USP1CT or 
C-terminal fragment (residues 672–785), which are subse-
quently subjected to proteasomal degradation (Piatkov et 
al., 2012). It is believed that USP1 fragments may retain 
their enzymatic activity because they continue to form 
complexes with the UAF1 cofactor until their complete 
destruction. Destruction of the N-terminal fragment oc-
curs at the expense of the C-terminal degron, which is 
recognized and eliminated by DesCEND pathway with 
recognition of unusual C-termini by the ubiquitin ligase 
CRL2. The smaller C-terminal fragment is destroyed by 
the Arg/N-terminal rule pathway through deamidation 
of its destabilizing N-terminal Gln24 residue (Piatkov et 
al., 2012; Coleman et al., 2022).

Four missense mutations G667A, L669P, K673T, 
A676T are known within the USP1 autocleavage site. 
Only the L669P mutation reduces protein cleavage, due 
to conformational changes of the protein impairing ac-
cess to the cleavage site. USP1 autocleavage shows that 
the balance of USP1 autocleavage can be disrupted by 
a cancer-associated mutation (Olazabal-Herrero et al., 
2015). USP1 activity is reversibly inactivated in response 
to stress and the accumulation of reactive oxygen spe-
cies (ROS) in the cell due to the oxidation of the cat-
alytic cysteine (Cotto-Rios et al., 2012). The mechanism 
of DUB inactivation involves disruption of isopeptide 
cleavage but without affecting affinity to ubiquitin (Lee 
et al., 2013). Disruption of USP1 enzymatic activity as a 
result of ROS bursts causes accumulation of Ub-PCNA 
during S-phase, while the effect is negligible during G0 
or G1. The accumulation of Ub-PCNA is also observed 
under the influence of UV irradiation, which leads to the 
destruction of USP1 (Cotto-Rios et al., 2012; Coleman et 
al., 2022).

USP1 IN THE DEVELOPMENT AND PROGRESSION OF 
CANCER

Since ubiquitination and deubiquitination are suggested 
to be essential regulators of basic cell functions, the im-
pairment of the coordination in this network is inevita-
bly associated with the characteristic features of cancer 
cells. In fact, a vast number of data demonstrate the 
altered expression of one or another DUBs in can-
cer. Currently, such data are available for more than 
40 USPs including USP1, USP2, USP4, USP7, USP9X, 
USP10, USP11, USP12, USP13, USP14, USP15, USP19, 
USP22, USP26, USP29, USP33, USP39, USP42, USP44, 
USP46 and USP51. For example, USP2, USP3, USP4, 
USP7, USP10, USP29, and USP42 regulate the tumor 
suppressor protein p53. While USP7, USP10, USP29 and 

USP42 stabilize the level of p53, USP2 and USP4, on 
the contrary, contribute to its proteosomal degradation 
due to the stabilization of E3 ligase. A number of 
DUBs (USP4, USP11, USP13, USP15, USP28, USP51) 
contribute to metastasis. For USP4, USP11, USP15, this 
is possible by altering the level of ubiquitination of the 
TGFβ receptor, which promotes TGFβ (transforming 
growth factor β) signaling and invasiveness of malignant 
cells. The functioning of DUBs is an essential component 
of cell cycle progression (USP1, USP2, USP3, USP7, 
USP17, USP22, USP39), DNA damage repair (USP1, 
USP3, USP4, USP7, USP9х, USP11, USP20, USP21, 
USP34, USP51), chromatin remodeling (USP7, USP11, 
USP16, USP21) (Pal et al., 2014; Gorrepati et al., 2018; 
Poondla et al., 2019; Cruz et al., 2021; Guo et al., 2022). 
The list of the DUBs whose expression is deregulated in 
cancer is continuously expanding.

USP1 is a prime example of DUBs modulating the 
expression level of oncoprotein. Such an aspect is of 
particular interest from the point of cancer pathogenesis 
and antitumor therapy.

An expanding number of findings suggest the im-
portant role of USP1 in pathogenesis of various cancers 
via diverse mechanisms. The dynamic balance between 
USP1 and ubiquitin E3 ligase underlying the modulation 
of the activity, degradation and localization of proteins 
contributes to maintaining homeostasis and controlling 
the critical functions in cell. Overexpression of USP1 
facilitates the development of metastatic phenotype as 
well as chemo- and radioresistance of cancer cells. Be-
sides the expression upregulation, the fact of mutations 
in DUB genes demonstrated in several human cancers 
provides further evidence in the support of the putative 
involvement of these enzymes in the development and 
progression of various malignancies.

The USP1 activity is important for controlling expres-
sion of several proteins related to oncogenesis and can-
cer progression. Among them are SIK2, MMP-2, GSK-
3β, Bcl-2, Stat3, cyclin E1, Notch1, Wnt-1, and cyclin 
A1. Moreover, deubiquitination stabilizes the level of 
both oncoproteins and tumor growth suppressors such 
as EZH2, CHEK, TAZ, PHLPP1, Bcr-Abl, Aurora B, 
BCAT2, TBLR1, RPS16, c-Kit, KPNA2, KDM4A, ERα, 
SIX1, Snail, and ID1/ID2/ID3 impairing their intracel-
lular balance (Table 1).

USP1 overexpression is characteristic of various types 
of cancer. According to GEPIA data from The Can-
cer Genome Atlas and the Genotype Tissue Expression 
databases, the highest level of USP1 expression is ob-
served in cervical squamous cell carcinoma and endo-
cervical adenocarcinoma, and it also significantly exceeds 
expression compared to normal tissue samples in breast 
invasive carcinoma, sarcoma, cholangiocarcinoma, colon 
adenocarcinoma, diffuse large B-cell lymphoma, esopha-
geal carcinoma, glioblastoma multiforme, head and neck 
squamous cell carcinoma, brain lower grade glioma, rec-
tum adenocarcinoma, thyroid carcinoma, etc. (Fig. 3). 
Changes in USP gene expression in cancer cells can be 
caused by various mechanisms, such as DNA repair de-
fects, activation of signaling pathways, post-translational 
modifications, etc. A characteristic feature of increased 
USP1 expression for various types of cancer is a vio-
lation of cell homeostasis, proliferation, and apoptosis, 
which can be realized due to the stabilization of ID1, 
ID2, and ID3 proteins or FANCD2, as a key regulator 
of genome stability. siRNA knockdown or pharmacolog-
ical inhibition of USP1 reduces proliferative activity and 
cell migration, promotes the onset of apoptosis and res-
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toration of sensitivity to antitumor therapy (Das et al., 
2015; Gong et al., 2021; Rennie et al., 2022).

USP1-mediated stabilization of inhibitors of DNA 
binding and cell differentiation (ID proteins family) has 
been reported in many cancers (glioma, osteosarcoma, 
B-cell acute lymphoblastic leukemia, multiple myeloma, 
esophageal squamous cell carcinoma, gastric cancer, etc.). 
The disrupted functional activity of ID proteins is asso-

ciated with deregulation of cell proliferation, metastasis, 
and apoptosis impairment. Moreover, the inhibition of 
USP1 deubiquitination activity diminishes proliferation 
and colony-forming activity of cancer cells, decreases 
their metastatic ability and restores the sensitivity to an-
ticancer drugs. The findings suggesting the putative role 
of USP1 targeting in future design of therapeutic modal-

Тable 1. The putative role of USP1 in different forms of cancer.

Cancer Known pathways affected The role USP1 in the pathogenesis of the cancer References

Glioma PDGF-E2F-USP1-ID2
β-catenin-USP1-EZH2
USP1-CHEK1
USP1-ID1

Support for cell survival of the proneural subtype of 
glioblastoma.
Promotion of tumorigenesis.
Survival support.
GSCs and resistance to treatment.
Reduction of NgR1 promoting myelin-related infiltration

Rahme et al., 2016;
Ma et al., 2019a;
Lee et al., 2016;
Lee et al., 2016

Osteosarcoma USP1-ID1/ID2/ID3
USP1-TAZ

Suppression of osteoblast differentiation,
increased proliferation, invasiveness, metastasis.
Violation of the Hippo signaling pathway, increased 
proliferation and migration of malignant cells.

Williams et al., 
2011
Yuan et al., 2022

Non-small cell lung car-
cinoma

USP1-PHLPP1-Akt Disease progression.
Unregulated proliferation of cancer cells.

Zhiqiang et al., 
2012

B-cell acute lymphoblastic 
leukemia

USP1-ID1- AKT Support for cell growth and viability.
Disease progression.
Suppression of cell apoptosis.

Kuang et al., 2021

T-cell acute
lymphoblastic leukemia

USP1-Aurora B Promotion of chemoresistance of T-ALL cells. Promotion 
of cell invasion. Inhibition of glucocorticoid receptor 
expression and apoptosis.

Gong et al., 2021

Multiple myeloma USP1-ID-Notch-Sox2 Promotion of cell viability and resistance to bortezomib 
treatment. Enhances cell growth and inhibits apoptosis 
through the activation of caspase-3, caspase-8, and 
caspase-9.

Das et al., 2017

Chronic myeloid leukemia USP1-Bcr-Abl Stabilization of the Bcr-Abl oncoprotein level in cells as 
one of the conditions for disease progression.

Antonenko & Tele-
geev, 2020

Esophageal squamous cell 
carcinoma

D1/CDK4/CDK6 Maintenance of esophageal cancer cell viability and 
colony formation.
Promotion of genetic stability of cells.

Sun et al., 2022

Stomach cancer USP1-ID2 Promotes proliferation, metastasis, epithelial-mesenchy-
mal transition of gastric cancer cells.

Li et al., 2021

Pancreatic ductal adeno-
carcinoma

USP1-BCAT2 Promotes cell proliferation, the formation of ductal 
clones in pancreatic adenocarcinoma cells.

Li et al., 2022b

Hepatocellular carcinoma USP1-TBLR1
USP1-RPS16-Twist1/Snail
USP1-c-Kit

Promotes the survival of circulating tumor cells, promo-
tes metastasis.
Supports cell proliferation and metastasis.
Decreased overall patient survival.
Resistance to treatment with lenvatinib.

Li et al., 2020
Liao et al., 2021b
Chen et al., 2022

Breast cancer USP1-KPNA2
USP1-ERα
USP1-TAZ

Correlates with a poor prognosis for patients, promotes 
metastatic progression of breast cancer cells.
Supports breast cancer cell proliferation and invasion 
via estrogen signaling.
Promotes the proliferation and migration of malignant 
cells in triple-negative breast cancer.

Ma et al., 2019a
Niu et al., 2020
Mussell et al., 2020

Prostate cancer USP1-KDM4A-AR-c-Myc
GRP75-USP1-SIX1

Promotes the proliferation and survival of prostate 
cancer cells.
Supports the growth and proliferation of prostate can-
cer cells. Associated with a poor prognosis for patients. 
Promotes cell resistance to AR-targeted therapy.

Cui et al., 2020
Liao et al., 2021a,
Liao et al., 2022

Colorectal cancer Upregulation of Bcl-2, 
Mcl1, A1, D1, E1 cyclins 
and DNA-repair related 
substrates FANCD2 and 
ID1

Associated with short overall patient survival. Promotes 
the growth and survival of colorectal cancer cells, resi-
stance to radio- and chemotherapy.

Xu et al., 2019

Ovarian cancer ATM/ATR-USP1-Snail Facilitates resistance to platinum treatment and promo-
tes metastasis.

Sonego et al., 2019
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ities for cancer treatment are considered below for vari-
ous forms of malignancies.

USP1 in glioma

The functioning of more than 20 ubiquitin-specific 
proteases, including USP1, is associated with the pro-
gression of glioma. USP1 expression is upregulated 
in glioma, in particular in glioblastoma stem-initiating 
cells (CD133+ or CD15+) cells that are associated with 
clonogenic activity of malignant cells and radioresis-
tance. The involvement of USP1 in glioma progression 
could be related to stabilization of ID1 and CHEK1 
proteins, which promotes cell survival, while genetic 
or pharmacological inhibition of USP1 reduced tumor 
growth in experimental models and sensitized tumors 
to chemotherapeutic agents. The expression level of 
USP1 significantly increases upon inhibition of IRE-
1α, the most evolutionarily conserved resident protein 
of the endoplasmic reticulum membrane. Thus, USP1 
responds to endoplasmic reticulum stress and hypoxia, 
potentially contributing to the regulation of cell apop-
tosis and proliferation (Minchenko et al., 2016). A crit-
ical factor in glioma progression and recurrence is the 
high infiltrative capacity of glioma stem cells caused 
by a decrease in the level of NgR1, negatively regulat-
ed through the USP1/ID1 signaling pathway. Pharma-
cological inhibition of USP1 with pimozide correlates 
with increased NgR1 expression and decreased infiltra-
tion capacity of glioma cells (Lee et al., 2016; Liang et 
al., 2022). USP1 expression in proneural glioblastoma 
cells is PDGF-dependent. PDGF upregulates the ex-
pression of E2F transcription factors that directly bind 
to and activate USP1, which in turn stabilizes the in-
hibitor of DNA binding 2 (ID2). Thus, activation of 
the PDGF–E2F–USP1–ID2 signaling pathway is cru-
cial for glioma cell survival and may be considered as a 
valuable therapeutic strategy in proneural glioblastoma 
(Rahme et al., 2016).

USP1 in osteosarcoma

IDs proteins are also involved in progression of os-
teosarcoma. In osteosarcoma cells, USP1 stabilizes IDs, 
particularly ID1, ID2, and ID3, through its deubiquiti-
nating activity, and directly interacts with and deubiquiti-
nates TAZ, leading to disruption of the Hippo signaling 
pathway. In fact, overexpression of USP1 was found in 
26 out of 30 osteosarcoma samples as compared to nor-
mal bone tissues. Interestingly, USP1 stabilizes TAZ also 
in breast cancer, which promotes the proliferation and 
migration of malignant cells. Suppression of USP1 de-
stabilizes ID proteins, disrupts osteoblast differentiation, 
negatively affects cell growth, colony formation, and me-
tastasis (Williams et al., 2011; Liu et al., 2016; Mussell et 
al., 2020; Yuan et al., 2022).

USP1 in non-small cell lung carcinoma

In non-small cell lung carcinoma cells (NSCLC), 
USP1 forms a protein complex with the negative Akt 
regulator protein PHLPP1, deubiquitinates and stabi-
lizes it. Knockdown of USP1 leads to rapid accumula-
tion of ubiquitinated PHLPP1 and reduced its half-life, 
which is a trigger for Akt1 phosphorylation and disease 
progression. USP1 expression in non-small cell lung car-
cinoma cells is regulated by PXN and ITGB4. Current 
data on USP1 expression in lung cancer are somewhat 
controversial. Zhiqiang and others (Zhiqiang et al., 2012) 
claim that the level of USP1 protein in non-small cell 
lung carcinoma is reduced, in particular in A549, H157, 
H2126, and H1770 cell lines, while its overexpression 
suppresses the growth of lung cancer cells and promotes 
cell death. Nevertheless, García-Santisteban and others 
(García-Santisteban et al., 2012) demonstrated the higher 
USP1 mRNA levels in a panel of 20 NSCLC cell lines 
as well as in NSCLC tumor samples compared with 
normal tissue supporting the association of USP1 over-
expression with NSCLC. At the same time, Chen and 
colleagues (Chen et al., 2011) identified the USP1/UAF1 

Figure 3. USP1 expression in normal samples (grey box) and tumor samples (red box) from patients with cancer compiled by GEPIA 
data from The Cancer Genome Atlas and the Genotype Tissue Expression databases. 
ACC – adrenocortical carcinoma, BLCA – bladder urothelial carcinoma, BRCA – breast invasive carcinoma, CESC – cervical squamous cell 
carcinoma and endocervical adenocarcinoma, CHOL – cholangiocarcinoma, COAD – colon adenocarcinoma, DLBC – diffuse large B-cell 
lymphoma, ESCA – esophageal carcinoma, GBM – glioblastoma multiforme, HNSC – head and neck squamous cell carcinoma, KICH – 
kidney chromophobe carcinoma, KIRC – renal clear cell carcinoma, KIRP – renal papillary cell carcinoma, LAML – acute myeloid leuke-
mia, LGG – low grade glioma, LIHC – hepatocellular carcinoma, LUAD – lung adenocarcinoma, LUSC – lung squamous cell carcinoma, 
MESO – mesothelioma, OV – ovarian serous cystadenocarcinoma, PAAD – pancreatic adenocarcinoma, PCPG – pheochromocytoma and 
paraganglioma, PRAD – prostate adenocarcinoma, READ – rectal adenocarcinoma, SARC – sarcoma, SKCM – cutaneous melanoma, STAD 
– stomach adenocarcinoma, TGCT – testicular germ cell tumors, THCA – thyroid carcinoma, THYM – thymoma, UCEC – uterine corpus 
endometrial carcinoma, UCS – uterine carcinosarcoma, UVM – uveal melanoma
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protein complex as a promising therapeutic target and 
talked about the feasibility of using the inhibitors, pi-
mozide and GW7647, to reduce its activity. They found 
that USP1/UAF1 inhibitors sensitize cisplatin-resistant  
NSCLC cells to cisplatin. The therapeutic potential of 
using USP1/UAF1 protein complex inhibitors lies in 
their synergistic action with cisplatin reducing chemo-
resistance and inhibiting proliferation of NSCLC cells 
(Chen et al., 2011; Mohanty et al., 2020).

USP1 in B-cell acute lymphoblastic leukemia

In B-cell acute lymphoblastic leukemia (B-ALL), over-
expression of USP1 promotes the progression of malig-
nant disease through the ID1/AKT signaling pathway. 
Genetic and pharmacological inhibition of USP1 cor-
relates with downregulation of ID1 and results in addi-
tional inactivation of the PI3K/AKT signaling pathway. 
In addition, inhibition of the deubiquitinating functions 
of USP1 by SJB3-019A induces G2/M cell cycle arrest 
in B-ALL cells (Kuang et al., 2021).

USP1 in T-cell acute lymphoblastic leukemia

In T-cell acute lymphoblastic leukemia (T-ALL), high 
expression of USP1 is associated with the development 
of chemoresistance and a poor prognosis for patients. 
USP1 contributes to the chemoresistance of T-ALL 
cells by interacting with and deubiquitinating Aurora B, 
a key cell cycle regulator that ensures correct chromo-
some segregation and normal mitosis, its dysfunction is 
associated with tumorigenesis in many types of cancer, 
including solid tumors and hematological malignancies 
(Du et al., 2021). USP1 overexpression in T-ALL cells is 
mediated by ALKBH5, a member of the well-conserved 
AlkB family of non-heme Fe(II)/α-KG-dependent 
dioxygenases, which mediates the repair of N-alkylated 
nucleobases by oxidative demethylation and is involved 
in the regulation of proliferation, migration, and 
apoptosis. ALKBH5 reduces m6A levels and stabilizes 
USP1 mRNA transcript, whereas ALKBH5 inhibition 
significantly reduces USP1 and Aurora B levels. m6A 
(N6-methyladenosine) is a reversible and most common 
type of mRNA modification characteristic of many 
biological processes including tumorigenesis (Huo et al., 
2021). Blocking USP1 restores sensitivity of T-ALL cells 
to dexamethasone in vitro and in vivo, by facilitating 
the expression of the glucocorticoid receptor, promotes 
cell apoptosis and suppresses cell invasion (Gong et al., 
2021).

USP1 in multiple myeloma

In multiple myeloma patients, a high level of USP1 
expression is an unfavorable prognostic factor associated 
with poor survival. Blocking the deubiquitinating activity 
of USP1 by SJB3-019A (a synthetic inhibitor that targets 
USP1 in an irreversible manner with high selectivity for 
other deubiquitinases) causes a series of important func-
tional events, reducing the viability of myeloma cells, 
inhibiting their growth, triggering apoptosis through the 
activation of caspase-3, caspase-8, and caspase-9, and 
overcoming resistance to bortezomib, a first-in-class se-
lective and reversible 26S proteasome inhibitor with an-
tiproliferative and antitumor activity (Das et al., 2017; 
Robak et al., 2019).

USP1 in chronic myeloid leukemia

In chronic myeloid leukemia (CML) cells, USP1 in-
teracts with the Bcr-Abl oncoprotein via its PH domain 

with the formation of the Bcr-Abl/USP1 nuclear com-
plex. Bcr-Abl has constitutive tyrosine kinase activity and 
thus uncontrollably phosphorylates its protein partners, 
suggesting that oncoprotein interactions may deregulate 
USP1 activity by overactivating the enzyme. It was es-
tablished that pharmacological inhibition of the USP1/
UAF1 complex by ML323 causes a decrease in the Bcr-
Abl level in CML cells. It is believed that USP1 deubiq-
uitinates Bcr-Abl, preventing its proteolysis, and leading 
to the Bcr-Abl accumulation (Antonenko et al., 2016; 
Antonenko & Telegeev, 2020).

USP1 in esophageal squamous cell carcinoma

In esophageal squamous cell carcinoma cells, USP1 
activity is associated with high levels of c-Myc, cyclin 
D1, CDK4, and CDK6 proteins, while pharmacological 
inhibition of USP1 by ML323 significantly affects the vi-
ability of malignant cells by blocking cell cycle traverse 
in G0/G1, interfering with the ability to form colonies 
and inducing apoptosis by p53-Noxa. Inhibition of the 
deubiquitinating activity of USP1 causes the accumula-
tion of DNA damage and promotes the development of 
protective autophagy (Sun et al., 2022).

USP1 in stomach cancer

In gastric cancer cells, USP1 stabilizes ID2 expression 
by its deubiquitination. Overexpression of USP1 pro-
motes metastasis and correlates with low survival rates, 
while knockdown of USP1 suppresses proliferation, mi-
gration, invasion, and epithelial-mesenchymal transition 
of gastric cancer cells (Li et al., 2021; Meng et al., 2022).

USP1 in pancreatic ductal adenocarcinoma

Pancreatic ductal adenocarcinoma (PDAC) is the most 
common neoplastic disease of the pancreas, for the de-
velopment of which BCAT2-mediated branched-chain 
amino acid (BCAA) catabolism is critical. A key role of 
USP1 in PDAC development is its ability to regulate 
BCAT2 levels in cells through its deubiquitinating activ-
ity. In turn, the level of USP1 increases under the influ-
ence of BCAA through the GCN2-eIF2α signaling path-
way. Inhibition of the deubiquitinating activity of USP1 
reduces cell proliferation and pancreatic tumor growth 
in an orthotopic transplant in mice, suggesting USP1-
BCAT2-BCAA signaling pathway as a potential target 
for PDAC therapy (Li et al., 2022b).

USP1 in hepatocellular carcinoma

USP1 overexpression together with the cofactor 
UAF1 is a poor prognostic factor for survival of hepato-
cellular carcinoma (HCC) patients. A high level of USP1 
promotes metastasis and survival of circulating tumor 
cells (CTCs) due to deubiquitination and stabilization of 
transducin β-like 1 X-linked receptor 1 (TBLR1), which 
is a critical regulator of Wnt (Li et al., 2020). USP1 inter-
acts with 37 ribosomal proteins (RPs), including RPS4X, 
RPS18, and RPS16, among which the USP1/RPS16 
protein complex plays a key role in HCC progression. 
The binding of USP1 to RPS16 occurs at its C-terminal 
domain (401–785 aa). USP1 prevents proteasomal deg-
radation of RPS16 by deubiquitination at the K48 site. 
The USP1-RPS16-Twist1/Snail signaling pathway is be-
lieved to be involved in cell proliferation and metasta-
sis in HCC. In addition, USP1 stabilizes c-kit tyrosine 
kinase, which is upregulated or overexpressed in HCC. 
Inhibition of USP1 activity increases the sensitivity of 
HCC cells to lenvatinib treatment by regulating the ex-
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pression of c-Kit, and also causes a decrease in the ex-
pression of PCNA, cyclin D1, cyclin E1, RPS16, Nanog, 
Sox2, c-Myc and is accompanied by decreased cancer 
stemness, including sphere formation ability. Lenvatinib 
is a multi-targeted tyrosine kinase inhibitor with angio-
genic, antitumor, and immunomodulatory effects target-
ing VEGF receptors (VEGFR) and fibroblast growth 
factor (FGF) receptors (FGFR), platelet-derived growth 
factor receptor alpha (PDGFRα), KIT, and RET (Zhong 
et al., 2021). Restoration of cell sensitivity to doxorubi-
cin after USP1 inhibition is associated with ubiquitina-
tion of PCNA, which promotes its proteolysis. PCNA 
is an important factor in DNA replication and repair, 
chromatin remodeling, cell cycle regulation, and can be 
used as a marker of tumor aggressiveness (Zhao et al., 
2020; Liao et al., 2021b; Chen et al., 2022; Lu et al., 2022).

USP1 in breast cancer

Elevated expression of USP1 in human breast can-
cer (BC) cells compared with normal breast tissue cor-
relates with poor patient prognosis, promotes metastasis 
and disease progression through increased expression of 
a number of pro-metastatic genes, and stabilization of 
KPNA2 by its deubiquitination. KPNA2 is an important 
member of the karyopherin family, which plays a cen-
tral role in nucleocytoplasmic transport and is overex-
pressed in malignant neoplasms. In addition, due to its 
deubiquitinating activity, USP1 regulates ERα and thus 
affects cell proliferation and invasion via estrogen signal-
ing. In triple-negative BC, which is the most aggressive 
BC form, USP1 interacts with and deubiquitinates TAZ 
(WWTR1), which promotes the proliferation and migra-
tion of malignant cells. Inhibition of the USP1 function-
al activity causes a decrease in the level and inhibition of 
the activity of KPNA2, ERα, TAZ proteins, disrupts cell 
proliferation and migration, suppressing BC metastases 
and preventing the progression of the disease (Ma et al., 
2019a; Mussell et al., 2020; Niu et al., 2020).

USP1 in prostate cancer

Proliferation and survival of prostate cancer cells is 
regulated by the USP1/KDM4A/AR-c-Myc signaling 
pathway. A critical event in its activation is the increased 
expression of USP1, which regulates the stability of KD-
M4A through K48-linked deubiquitination. Inhibition of 
USP1 activity significantly reduces cell proliferation and 
enhances the response of cells to enzalutamide, a sec-
ond-generation androgen receptor (AR) antagonist. How-
ever, the USP1/KDM4A/AR-c-Myc signaling pathway 
is not the only one involving USP1 in prostate cancer 
cells. USP1, through deubiquitination, stabilizes the em-
bryonic development transcription factor SIX1 in USP1/
SIX1 complex with GRP75 chaperone. High expression 
of SIX1is associated with a poor prognosis for prostate 
cancer patients. Blocking the activity of the GRP75-
USP1-SIX1 protein complex using SNS-032 inhibits the 
growth and proliferation of prostate cancer cells, and 
also restores the sensitivity of cells to AR-targeted ther-
apy (Cui et al., 2020; Liao et al., 2021a; Liao et al., 2022)

USP1 in colorectal cancer

A high level of USP1 expression is associated with the 
proliferation and survival of colorectal cancer cells and 
promotes resistance to radio- and chemotherapy. The 
properties of USP1 are realized due to its effect on the 
expression of anti-apoptotic proteins Bcl-2, Mcl1, cyclins 
A1, D1, E1 and DNA-repair related substrates FANCD2 

and ID1. Knockdown of USP1 causes cell arrest in the 
G2/M phase and induces colorectal cancer cell death. 
Pharmacological inhibition of USP1 using ML323 signifi-
cantly increases the sensitivity of colorectal cancer cells 
to DNA-targeting chemotherapy drugs, enhancing in 
particular, the cytotoxic effect of doxorubicin, PARP in-
hibitor (Olaparib), topoisomerase I and II inhibitors, and 
DNA-binding agent etoposide (Xu et al., 2019).

USP1 in ovarian cancer

Inhibition of USP1 opens new opportunities to over-
come platinum resistance in ovarian cancer. A critical 
event in ovarian cancer initiation is the phosphorylation 
of USP1 by ATM and ATR, which triggers the interac-
tion and deubiquitination of Snail. Stabilization of Snail 
by USP1 correlates with the development of platinum 
resistance and metastasis, while knockout or pharmaco-
logical inhibition of USP1 restores platinum sensitivity 
(Sonego et al., 2019).

USP1 INHIBITORS

The first identified inhibitors of the USP1/UAF1 pro-
tein complex were pimozide and GW7647. Pimozide 
belongs to the approved antipsychotic drugs, but its 
pharmacological properties are not limited to the neuro-
leptic function and it demonstrates an antitumor effect 
in various types of cancer, including glioma, osteosarco-
ma, melanoma, myeloproliferative neoplasms, lung can-
cer, hepatocellular carcinoma, pancreatic cancer, breast 
cancer, colorectal cancer, prostate cancer, ovarian can-
cer, etc. (Dakir et al., 2018; Kim et al., 2020; Cui et al., 
2020; Ranjan et al., 2020; Vlachos et al., 2021; Li et al., 
2022a). The ability to suppress the USP1/UAF1 protein 
complex is one of the key mechanisms of the effect on 
malignant cells. Pimozide and GW7647 belong to revers-
ible inhibitors and are characterized by moderate Pub-
Chem promiscuity with hit rates of 9.5% and 11.4%, 
respectively. Both inhibitors bind outside the active site 
of USP1, which is thought to disrupt the protein-pro-
tein interaction between USP1 and the cofactor UAF1. 
Despite good cellular inhibition of the USP1/UAF1 pro-
tein complex, pimozide and GW7647 are able to show 
activity against unrelated targets. (USP7 for pimozide 
and USP2, USP7, USP12/USP46 for GW7647) (Ta-
ble 2). Laboratory studies, which included kidney and 
liver function tests, showed non-toxicity of intraperito-
neal GW6471 at a dose of 20 mg/kg for mice (Chen et 
al., 2011; Dexheimer et al., 2014; Gonçalves et al., 2019; 
LaPlante et al., 2021; Morishita et al., 2022; Orozco et al., 
2022; Ler et al., 2022). Another known USP1 inhibitor 
is the compound SJB2-043, which causes downregulation 
of ID2 and ID3 proteins, growth inhibition and apopto-
sis, and blocks pancreatic β-cell apoptosis by inhibiting 
the DNA damage response (Mistry et al., 2013; Gorrepati 
et al., 2018; Chen et al., 2021). Inhibitor C527 promotes 
dose-dependent degradation of ID1 in osteosarcoma 
cells. The mechanisms of action of inhibitors SJB2-043 
and C527 have currently been studied in vitro. Com-
pounds flupenthixol and trifluoperazine belong to the 
group of antipsychotic drugs, which are widely used in 
medical practice for the treatment of mental disorders, in 
particular schizophrenia, neuroses with anxiety and fear 
phenomena. Flupenthixol and trifluoperazine have suf-
ficient selectivity for human DUB, however, the mech-
anisms of their inhibitory effect on USP1 are currently 
insufficiently studied. Rottlerin is an irreversible inhibitor 
of USP1/UAF1 with poor selectivity for other DUBs, 
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in particular it is able to bind to USP2, USP7, USP8, 
USP46, etc. Rottlerin is well tolerated when administered 
orally or intraperitoneally to mice and does not cause 
side effects (Chen et al., 2011; Lee et al., 2016; Ma et al., 
2018; Xia et al., 2019; Chen et al., 2021). ML323, the po-
tent nanomolecular inhibitor of USP1/UAF1 complex, 
has excellent selective ability. The mechanism of ML323 
inhibitory effect consists in replacing part of the hydro-
phobic core of USP1, conformational changes of the 
secondary structure lead to rearrangements in the active 
center and inhibition of USP1 activity. ML323 belongs 
to reversible inhibitors, being 5-10-fold more active 
than C527 (Dexheimer et al., 2014; Rennie et al., 2022). 
ML323 has shown good antitumor activity in various 
cancers, including esophageal squamous cell carcinoma, 
pancreatic ductal adenocarcinoma, chronic myeloid leu-
kemia, breast cancer, colorectal cancer, etc. ML323 re-
duces DNA repair, increases the sensitivity of cells to 
cisplatin in osteosarcoma and non-small cell lung can-
cer. It is promising to use ML323 in combination with 
compounds that damage DNA, in particular cisplatin, to 
enhance the cytotoxicity of anticancer drugs. ML323 has 
low cytotoxicity in vitro. In mice ML323 inhibited osteo-
sarcoma progression in the absence of significant cyto-
toxicity. (Dexheimer et al., 2014; Yu et al., 2017; Song et 
al., 2022). In 2021, there were reports of a new com-
pound, KSQ-4279, capable of highly selectively inhibit-
ing the activity of USP1 and leading to the accumula-
tion of its monoubiquitinated substrate proteins. Under 
in vitro conditions, KSQ-4279 performed well in ovarian 
and triple-negative breast cancer xenograft models, caus-
ing dose-dependent inhibition of tumor growth and tu-
mor regression in models insensitive to PARP inhibitors 
(Shenker et al., 2021). To date, in the available literature 
there are no reports on the study of KSQ-4279 in vivo.

CONCLUSIONS

In malignant cells, there are mechanisms to suppress 
the degradation of oncoproteins, in which DUBs play a 

key role. The imbalance between ubiquitination and deu-
biquitination is a critical event contributing to the accu-
mulation of oncoproteins in the cell and preventing their 
degradation. Plenty of current research focus on the 
identification of DUBs associated with different aspects 
of oncogenesis. Study of their cellular localization, inter-
actions with target proteins and substrate specificity is of 
importance for developing selective inhibitors and im-
plementing a new cancer treatment strategy. USP1 as an 
important member of the DUB family with a wide range 
of cellular substrates is involved in ensuring genetic sta-
bility and cell homeostasis. Deregulation of its expres-
sion and deubiquitinating activity is revealed in various 
malignant neoplasms. Recent studies suggest a non-ge-
nomic mechanism of protein stabilization mediated by 
USP1 activity allowing for controlling expression of 
target genes that play a key role in cancer development 
and progression. USP1 overexpression is a hallmark of 
a number of cancers including glioma, osteosarcoma, 
B-cell and T-cell acute lymphoblastic leukemia, hepato-
cellular carcinoma, gastric, breast, ovarian, prostate, and 
colorectal cancers, which correlates with poor survival 
and unfavorable prognosis. Further studies will help un-
derstand the relationship between USP1 expression pro-
files and cancer, opening up new possibilities for using 
USP1 as a tumor marker for early detection, staging, and 
individualized therapy of malignant neoplasms. Inhibition 
of USP1 in vitro sensitizes cancer cells to radiation and 
increases their sensitivity to various chemotherapeutic 
agents, so targeting the USP1/UAF1 complex may be of 
great benefit in overcoming resistance and widening the 
use of combination therapy for cancer. The key function 
of USP1 in the regulation of the substrate ubiquitination 
allows modulating the level of specific proteins includ-
ing those contributing to the development of malignant 
neoplasms.

Despite tremendous progress achieved in the past de-
cade in studying the roles of DUBs in cellular events 
resulting in malignant transformation, many important 
questions have not yet been clarified. The exact roles of 

Table 2. Selectivity of inhibitors to different USPs.

Compound USPs References

USP1/UAF1 USP2 USP5 USP7 USP8 USP46/
UAF1

Pimozide + – – + – – Chen et al., 2011;
Dexheimer et al., 2014

GW7647 + + – + – + Dexheimer et al., 2014;
Gonçalves et al., 2019

SJB2-043 + not tested not tested not tested not tested not tested Mistry et al., 2013

C527 + – + – – + Mistry et al., 2013;
Rennie et al., 2022

Flupenthixol + – – + + – Chen et al., 2011

Trifluoperazine + – – + – – Chen et al., 2011

Rottlerin + + + + + + Chen et al., 2011

ML323 + – – – – – Dexheimer et al., 2014;
Rennie et al., 2022

KSQ-4279 + not tested not tested not tested not tested not tested Shenker et al., 2021
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different DUBs vary in different forms of cancer and 
the specific substrates that are ubiquitinated. Moreover, 
their roles in different cells and tissues of varying histo-
genesis or different metabolic conditions may not be the 
same. One should also be aware that DUBs interact with 
an array of enzymes that sometimes act oppositely defin-
ing the fate of cancer cells. The increasing specificity of 
the substances disrupting or enhancing specific interac-
tions of DUBs with their substrates could be promising 
in search of more efficient therapeutic strategies.

Although we have a long way to go before the trans-
lation of the experimental research into the clinical prac-
tice, undoubtedly, DUBs represent putative therapeutic 
targets for the development of a new strategy for cancer 
treatment by modulating the levels and the activities of 
oncoproteins in cancer cell.
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Diabetes mellitus can be accompanied by a variety of 
complications. The purpose of the present study was to 
characterize the Rictor/mTOR complex 2 (mTORC2)/Akt/
glucose transporter 4 (GLUT4) pathway and its effects on 
energy metabolism in the gastric smooth muscle of dia-
betic rats. Diabetes was induced in rats using streptozo-
tocin and their phenotype was compared with untreated 
rats. The relationship between gastric motility and ener-
gy metabolism was analyzed by comparing the contrac-
tion and ATP metabolism of muscle strips. Western blot-
ting was used to detect the expression of key proteins 
in the pathway. The diabetic rats demonstrated less fre-
quent and less powerful gastric smooth muscle contrac-
tions. The concentrations of ADP, AMP, and ATP, and 
the energy charge in gastric smooth muscle changed in 
different periods of diabetes, and these changes were 
consistent with changes in mechanistic target of rapa-
mycin (mTOR) protein content. The expression of the 
key intermediates in signal transduction in the Rictor/
mTORC2/Akt/GLUT4 pathway also underwent significant 
changes. Rictor protein expression increased during the 
development of diabetes, but the activation of mTORC2 
did not increase with the increase in Rictor expression. 
GLUT4 translocation is regulated by Akt and its expres-
sion change during the development of diabetes. These 
findings suggest that altered energy metabolism is pre-
sent in gastric smooth muscle that is associated with 
changes in the Rictor/mTORC2/Akt/GLUT4 pathway. Ric-
tor/mTORC2/Akt/GLUT4 pathway may be involved in the 
regulation of energy metabolism in the gastric smooth 
muscle of diabetic rats and the development of diabetic 
gastroparesis.

Keywords: Gastric smooth muscle; Rictor; mTORC2; Akt; Glucose up-
take

Received: 10 April, 2021; revised: 25 August, 2022; accepted: 
01 February, 2023; available on-line: 12 June, 2023

✉e-mail: mhzhang@ybu.edu.cn (M-HZ); xscui@ybu.edu.cn (X-SC)
#Sun Yan and Yu-Rong Zheng contributed equally to this work, 
should be considered co-first authors.
Acknowledgements of Financial Support: This work was sup-
ported by National Natural Science Foundation of China (Funder 
Id: 82060154, 81560142)

INTRODUCTION

Diabetic gastroparesis is a gastric motility disorder 
characterized by delayed gastric emptying. The under-
lying reduction in gastric motility is directly related to 
changes in energy metabolism in gastric smooth muscle 
cells. ATP is the universal energy currency in cells and is 
predominantly generated in mitochondria by the action 

of ATP synthase (Kimoloi, 2018), although glucose can 
also be metabolized via the glycolytic pathway in the cy-
toplasm to generate a small amount of ATP.

Extensive research over the past two decades has es-
tablished a central role for mechanistic target of rapa-
mycin (mTOR) in the regulation of many fundamental 
cell processes, from protein synthesis to autophagy, and 
deregulated mTOR signaling is implicated in the progres-
sion of cancer and diabetes, as well as in the aging pro-
cess (Kleinert et al., 2014). Since mTOR is a protein ki-
nase related to energy metabolism and diabetes, the pu-
tative relationship between mTOR and diabetes should 
be further explored. mTOR is a serine/threonine protein 
kinase and a member of the phosphoinositide 3-kinase 
(PI3K)-related kinase (PIKK) family. It forms the cata-
lytic subunit of two structurally and functionally distinct 
protein complexes: mTOR complex 1 (mTORC1) and 
complex 2 (mTORC2) (Kleinert et al., 2014; Saxton & 
Sabatini, 2017). Each complex has its own unique roles 
but they also interact with each other. mTORC1 is a 
major regulator of protein synthesis and cell growth, 
and comprises three components: mTOR, regulatory 
protein associated with mTOR (Raptor), and mamma-
lian lethal with Sec13 protein 8 (GβL; mLST8) (Kimo-
loi 2018; Hara et al., 2002). Recently, it has been shown 
that mTORC1 senses glucose through more than one 
mechanism (Kimoloi 2018; Kleinert et al., 2014; Zhang 
et al., 2017), and it also responds to intracellular and en-
vironmental stresses that are incompatible with growth, 
such as low ATP concentration. A reduction in cellular 
energy during glucose deprivation activates the stress-
responsive metabolic regulator AMP-activated protein 
kinase (AMPK), which inhibits mTORC1 both indirectly, 
through the phosphorylation and activation of tuber-
ous sclerosis complex 2 (TSC2), and directly, through 
the phosphorylation of Raptor (Kimoloi, 2018; Hara et 
al., 2002; Zhang et al., 2017). Most studies have pointed 
out that mTORC1 is involved in energy metabolism, but 
mTORC2 is rarely studied.

Rictor is essential for the integrity and stability of 
the mTORC2 complex (Kimoloi, 2018; Knudsen et al., 
2020). Low Rictor expression leads to lower SIN1 ex-
pression and vice versa (Hara et al., 2002; Knudsen et al., 
2020). Studies have found that the deletion of Rictor 
gene affects the body’s absorption of glucose. Diabetes 
mellitus is the disorder of glucose absorption and utili-
zation. This suggests that Rictor may play a role in dia-
betes pathogenesis. It has been reported that alterations 
to the mTORC1 signaling pathway in skeletal muscle 
directly affects whole-body energy homeostasis (Mukaida 
et al., 2017). mTORC2 is also a major upstream kinase 
for the Akt Ser473 residue (Kleinert et al., 2014; Mu-
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kaida et al., 2017). The activation of Akt promotes glu-
cose transporter 4 (GLUT4) translocation to the plasma 
membrane, which leads to increases in glucose uptake, 
glucose metabolism, and ATP synthesis (Mukaida et al., 
2017; Cosimo et al., 2019; Hasannejad et al., 2019). At 
the same time, the interaction between mTORC1 and 
mTORC2 may also affect the energy metabolism of the 
body.

Glucose is an important source of energy for muscle 
contraction. Furthermore, normal glucose metabolism is 
essential for the maintenance of good health, and abnor-
mal glucose metabolism can lead to serious health prob-
lems, such as diabetes. Increases in glucose uptake are 
due to translocation of glucose transporters from intra-
cellular storage vesicles in adipocytes and skeletal muscle 
cells to the plasma membrane (Khan & Kamal, 2019). 
GLUT4 is the principal transporter of glucose in muscle 
and fat cells and has a key role in the control of cellular 
glucose metabolism and whole-body energy homeostasis, 
which are strongly linked to type 2 diabetes (Zhao et al., 
2019).

The purpose of the present study was to characterize 
the Rictor/mTORC2/Akt/GLUT4 pathway and its ef-
fects on energy metabolism in the gastric smooth muscle 
of diabetic rats.

MATERIALS AND METHODS

Animals

Forty 8-week-old Sprague-Dawley male rats, weighing 
200 ± 20 g, were housed in single cages at 20–25°C, un-
der a 12-h light/dark cycle, and had free access to food 
and water. All animal experimental procedures were ap-
proved by the Ethics Committee of Yanbian University 
College of Medicine.

Preparation of the animal model

A 0.5% solution of streptozotocin (STZ) (Cat No. 
S0130, SIGMA, USA) was prepared in 0.1 mmol/L cit-
rate buffer (pH 4.0). 40 rats were fasted for 12 hours, 
after which 30 of them were randomly selected, weighed, 
and given a single intraperitoneal injection of STZ at 65 
mg/kg to induce diabetes. The remaining 10 rats were 
intraperitoneally injected with the same dose of citrate 
buffer and comprised a normal control (NC) group. One 
week later, glucose levels were measured in blood taken 
from the tail vein, and rats with glucose concentration 
of ≥16.9 mmol/L were regarded as diabetic. One dia-
betic rat died following the STZ injection; therefore, one 
rat was randomly selected from the control group and 
injected with STZ. Thus, 30 diabetic rats and 9 normal 
rats were studied. The diabetic rats were randomly allo-
cated to 4-week (DM4w), 6-week (DM6w), and 8-week 
(DM8w) endpoints (n=10 rats per group). The NC rats 
were allocated to three groups, with n=3 rats per group, 
and they were sacrificed at 4, 6, and 8 weeks.

Preparation of muscle strips and measurement of 
spontaneous muscular contraction

The rats were euthanized at the determined time 
points. For each individual, the entire stomach was dis-
sected, had its contents removed, and its muscle tis-
sue peeled off. Gastric antrum ring muscle strips were 
dissected and placed vertically in oxygen-saturated 
Krebs’s buffer (NaCl 118 mmol/L, KCl 4.75 mmol/L, 
CaCl2 2.54 mmol/L, KH2PO4 1.2 mmol/L, MgSO4 1.2 

mmol/L, NaHCO3 25 mmol/L, and glucose 10 mmol/L, 
Kermel, TianJing, China) and connected with a tension 
sensor and a RM-6240 multi-channel physiological signal 
recorder (SCCHENGYI, ChengDu, China). Before each 
experiment readout, a load of 1 g was applied to each 
muscle strip for 30 min. After the spontaneous contrac-
tions of the smooth muscle strips stabilized, the num-
ber of muscle contractions every 400 s was recorded as 
the frequency, and the height of the peaks was recorded 
as the amplitude of the muscle contractions. All experi-
ments were repeated independently 8 times.

High-performance liquid chromatography (HPLC)

One hundred milligrams of fresh gastric antrum an-
nular muscle were added at 10 g/mg/mL to 0.4 mol/L 
perchloric acid solution that had been pre-cooled to 4°C, 
and the muscle was homogenized in an ice-bath. The 
supernatant was obtained by centrifugation (10 000 rpm, 
10  min) and its pH was adjusted to 6.5. Twenty micro-
liter samples in triplicates at 4°C and at dilutions of 200, 
100, 50, 20, and 10 mg/L were then subjected to HPLC 
to measure the concentrations of ATP, AMP, and ADP. 
A C18 column (4.6 mm×150 mm, 5 m; Shimadzu, Ja-
pan), a column temperature of 25°C, and a mobile phase 
of 100 mmol/L phosphate buffer (12 mmol/L disodium 
phosphate and 88 mmol/L sodium dihydrogen phos-
phate, pH=6.5) and methanol (99:1 volume ratio) were 
used. The flow rate was 1.0 mL/min and the UV de-
tection wavelength was 254 nm. The energy charge was 
calculated according to the following formula: energy 
charge= (ATP+1/2ADP)/(ATP+ADP+AMP) (Wilbring 
et al., 2013). All experiments were repeated 8 times, in-
dependently.

Western blotting

Western blotting was used to detect protein levels 
of Akt, phospho-Akt Ser473, mTOR, phospho-mTOR 
Ser2481, and Rictor. The circular muscle of the gas-
tric antrum was added to a precooled lysis buffer at 
75–125  μl/g, homogenized, and incubated at 4°C for 
30  min. The lysates were then centrifuged at 14 000 rpm 
for 30 min, the supernatants were obtained, and their 
protein concentration was determined. Samples contain-
ing 60 μg protein were subjected to SDS-PAGE, then 
electrotransferred to PVDF membranes. The mem-
branes were then incubated with anti-Akt (1:1 000, 
Cat No. 9272, Cell Signaling Technology®, Inc., MA, 
USA), phospho-Akt (1:1 000, Cat No. 4060, Cell Signal-
ing Technology®, Inc., MA, USA), mTOR (1:1 000, Cat 
No. 2792, Cell Signaling Technology®, Inc., MA, USA), 
phospho-mTOR Ser 2481 (1:500, SAB4301526, Sigma, 
MO, USA), Rictor (1:1,000, Cat No. 2974, Cell Signaling 
Technology®, Inc., MA, USA), or β-actin (1:500, A5316, 
Sigma, MO, USA) at 4°C overnight. After washing, the 
membranes were incubated with secondary antibody 
(1:1 000, Cat No. 7055, Cell Signaling Technology®, Inc., 
MA, USA) solution, washed, and exposed to a chromo-
genic agent. The expression of the proteins of interest 
was calculated relative to β-actin levels (A5316, Sigma, 
MO, USA).

Western blotting was also used to measure the relative 
expression of GLUT4 protein (rabbit anti-GLUT4 anti-
body, Cat No. ab654, Abcam, Cambridge, UK) in gastric 
antrum teres muscle. The tissue was lysed as described 
above. The supernatant (containing cytoplasmic proteins) 
was added to the cell membrane lysate and the samples 
were mixed and centrifuged. Next, the supernatant (con-
taining cell membrane proteins) was collected and its 
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protein concentration was determined. Samples contain-
ing 60 μg of protein were subjected to SDS-PAGE and 
electrotransfer, as described above. The membranes were 
incubated with the antibody against GLUT4 (1:1,000) at 
4°C overnight, or with or β-actin at (temperature, time), 
a secondary antibody (1:1 000), and a chromogenic agent, 
and the expression of GLUT4 was calculated relative to 
that of β-actin. All experiments were repeated 8 times, 
independently.

Statistical analysis

Statistical analyses were performed with SPSS 19.0 
software, and the figures were made with GraphPad 
Prism5 software (GraphPad Software, San Diego, CA). 
All experiments were repeated at least 8 times. The data 
are expressed as mean ± standard deviation (S.D.). Dif-
ferences between groups were compared using t-test and 
two-way analysis of variance (ANOVA). P<0.05 was 
considered to indicate a significant difference, P<0.01 
was considered to indicate a highly significant difference.

RESULTS

Contraction frequency and amplitude in gastric smooth 
muscle

We evaluated the rate and amplitude of the contrac-
tion of stomach muscle strips from diabetic and normal 
rats (Fig. 1A). The number of muscle contractions dur-
ing 400 s was recorded as the frequency and the height 
of each registered peak was recorded as the amplitude 
of muscle contraction. The frequency of spontaneous 
contractions of gastric smooth muscle was lower in 
DM4w, DM6w, and DM8w groups compared to the NC 

group (P<0.05 or P<0.01). This decrease in contraction 
frequency corresponded to the duration of diabetes: it 
was the lowest in the DM8w group (P<0.01 compared 
to DM6w, Fig. 1B). and both in the DM6w and DM8w 
groups displayed lower frequency than DM4w group 
(both P<0.01). The amplitude of the contractions of 
the gastric smooth muscle was decreased in the DM6w 
and DM8w groups compared to the NC group (both 
P<0.01), and compared to the DM4w group as well 
(both P<0.01). The amplitude of the contractions of the 
gastric smooth muscle was lower in the DM8w group 
than that in the DM6w group (P<0.01, Fig. 1C). Thus, 
the motility of rat gastric smooth muscle decreased with 
the progression of diabetes in the rats.

The concentrations of ATP, ADP, AMP and energy 
charge in gastric smooth muscle

ATP is the basic molecular unit of energy in the body; 
therefore, the amount of ATP present in a tissue and 
the rate of ATP synthesis (ADP/ATP) reflect overall en-
ergy metabolism in the tissue. We measured the concen-
trations of ATP, ADP, and AMP in the gastric smooth 
muscle of rats using HPLC (Fig. 2) and found that the 
concentration of ATP was not affected by diabetes 
(P>0.05). However, ADP concentration was decreased in 
the DM4w group (P<0.01), and increased in the DM6w 
and DM8w groups (both P<0.01) as compared to NC. 
It was also higher in the DM6w and DM8w groups 
than in the DM4w group (both P<0.01), and higher in 
the DM8w group than in the DM6w group (P<0.01, 
Fig.  2A). Therefore, a trend was observed for the ATP 
production (ADP/ATP ratio). The ADP/ATP ratio was 
the lowest in the DM4w group (P<0.05 compared to 
the NC) and the highest in the DM8w group (P<0.01 
compared to the NC). The ADP/ATP ratio was higher 

Figure 1. Amplitude of spontaneous contractions in normal gastric smooth muscle and at each time point during the progression of 
diabetes mellitus. 
(A) Gastric smooth muscle strip motility analysis; (B) The frequency of spontaneous contraction of gastric smooth muscle. (C) The ampli-
tude of the contractions of the gastric smooth muscle. The data are displayed as mean ± S.D.; *P<0.05, **P<0.01.
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Figure 2. Concentrations of ATP, ADP, and AMP (µmol/L) in the gastric smooth muscle of diabetic rats. 
(A) ATP, ADP, and AMP concentrations in control and diabetic rats. (B) ADP/ATP ratio in control and diabetic rats. (C) The energy charge 
in control and diabetic rats. The data are displayed as mean ± S.D.; *P<0.05, **P<0.01.

Figure 3. Protein expression of the key proteins in the Rictor/mTORC2/Akt/GLUT4 pathway in control and diabetic rats. 
(A) Western blot of the key proteins in the Rictor/mTORC2/Akt/GLUT4 pathway in the rat gastric smooth muscle; (B) mTOR expression in 
the rat gastric smooth muscle; (C) Rictor expression in the rat gastric smooth muscle; (D) p-mTOR Ser2481/ mTOR ratio; (E) p-Akt Ser473/ 
Akt ratio; (F) GLUT4 expression in the gastric smooth muscle of control and diabetic rats. The data are displayed as mean ± S.D.; *P<0.05, 
**P<0.01.
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in the DM6w and DM8w than in DM4w (DM8w vs 
DM4w P<0.01, DM6w vs DM4w P<0.01,), and higher 
in DM8w than in DM6w (P<0.01, Fig. 2B). The en-
ergy charge of the gastric smooth muscle was increased 
in DM4w as compared to NC(P<0.05). Conversely, the 
energy charge was decreased in the DM6w and DM8w-
compared to DM4w (P<0.05, P<0.01), and was lower in 
DM8w than in DM6w (P<0.05, Fig. 2C). These results 
suggested that energy metabolism disorder was present 
in the gastric smooth muscle of diabetic rats, leading to 
the impairment of the energy supply to muscle and the 
development of diabetic gastroparesis.

Akt, phospho-Akt Ser473, mTOR, phospho-mTOR 
Ser2481, GLUT4, and Rictor protein expression in 
gastric smooth muscle

We used Western blotting to measure the expres-
sion of the key proteins in the Rictor/mTORC2/Akt/
GLUT4 pathway the in gastric smooth muscle of rats 
in each group (Fig. 3A). mTOR expression in the gas-
tric smooth muscle was decreased in the DM8w group 
compared to NC (P<0.01), DM4w (P<0.05), and DM6w 
(P<0.05) groups (Fig. 3B). Rictor is an important com-
ponent of TORC2 but does not promote the phospho-
rylation of mTOR at Ser2481. Rictor expression in the 
gastric smooth muscle was increased in the DM6w and 
DM8w groups compared to the NC (both P<0.01), and 
DM4w groups (both P<0.01). also It was also higher in 
DM8w than in DM6w (P<0.01, Fig. 3C). The p-mTOR 
Ser2481/mTOR ratio was increased in the DM8w group 
compared to the NC (P<0.01), DM4w (P<0.05), and 
DM6w (P<0.05) groups (Fig. 3D). The p-Akt Ser473/ 
Akt ratio was increased in both DM4w and DM8w 
compared to NC (both P<0.01). Also, the p-Akt Ser473/ 
Akt ratio was lower both in DM6w and DM8w than 
in DM4w (both P<0.01), and lower in DM8w than in 
DM6w (P<0.01, Fig. 3 E). The gastric smooth muscle 
cell surface expression of GLUT4 was increased in both 
DM4w and DM6w groups compared to NC (P<0.01, 
P<0.05). It was also lower in both DM6w and DM8w 
than in DM4 (both P<0.01) and lower in DM8w than 
in DM6w (P<0.05, Fig. 3F). These results suggested that 
the Rictor/mTORC2/Akt/GLUT4 pathway is involved 
in the regulation of energy metabolism in the gastric 
smooth muscle, alters energy supply to muscle, which in 
turn participates in the development of diabetic gastro-
paresis.

DISCUSSION

ATP is the most direct source of body energy, and 
90% of it is produced by mitochondria (Barros & Baeza-
Lehnert, 2019; Marklund et al., 2006; Korchazhkina et al., 
1999). There are two main ways to generate ATP in the 
body: in the anaerobic state, glucose undergoes glycoly-
sis, during which each molecule of glucose is converted 
to pyruvate and two molecules of ATP are produced, 
whereas in the aerobic state, pyruvate is completely me-
tabolized to generate 32 molecules of ATP per molecule 
of glucose. In the present study, we found that in the 
diabetic state, starting from the sixth week following the 
induction of diabetes, there was an obvious reduction in 
gastric motility, which corresponds to the development 
of diabetic gastroparesis. The ATP concentration in the 
muscle did not change significantly with the progression 
of diabetes, but we observed an upward trend for ADP 
and AMP and ATP generation (ADP/ATP ratio),and a 
downward trend for energy charge. Energy charge rep-

resents the number of high-energy phosphate groups 
in the total adenylate system (the total concentration 
of ATP+ADP+AMP), which reflects the energy status 
of the cell. The above results imply deterioration in the 
energy status of the tissue. This may reflect a reduction 
in the aerobic metabolism of glucose because of partial 
replacement by other pathways, mitochondrial damage, 
or other factors. Although the substrate in the muscle 
is sufficient to ensure the conversion of ADP, it cannot 
reverse the trend of reduced synthesis. The specific ex-
planation for this requires further study.

Diabetic gastroparesis has previously been shown to 
develop 6 weeks after the induction of diabetes in rats 
and is accompanied by changes in mTOR pathway 
(Zhang et al., 2017). mTOR is an atypical serine/threo-
nine protein kinase that can integrate various extracellu-
lar signals, such as growth factors, nutrition, and energy 
status to regulate processes such as growth and the cell 
cycle. The mTOR complexes: mTORC1 and mTORC2 
have different structures and functions, and different 
mTOR residues are phosphorylated in each complex 
(Saxton & Sabatini, 2017; Copp et al., 2009; Gnocchi et 
al., 2020). mTOR is activated by phosphorylation at mul-
tiple residues, including Ser2448 and Ser2481 (Saxton & 
Sabatini, 2017; Copp et al., 2009; Vazquez-Martin et al., 
2012). Previous studies have shown that in mTORC1, 
mTOR is phosphorylated at Ser 2448, whereas in 
mTORC2, it is phosphorylated at Ser 2481 (Knudsen et 
al., 2020; Copp et al., 2009; Vazquez-Martin et al., 2012). 
mTORC1 contains rapamycin-sensitive Raptor, MLST8 
a proline-rich Akt substrate of 40 kDa, (PRAS40), and 
DEP domain of mTOR-interacting protein (DEP do-
main-containing mTOR-interacting protein, DEPTOR); 
whereas, mTORC2 contains Rictor and MLST8, neither 
of which is sensitive to rapamycin, and SAPK interact-
ing protein 1 (SIN1) (Saxton & Sabatini, 2017). Thus, 
Raptor and Rictor are characteristic proteins of the 
mTORC1 and mTORC2, respectively. In the present 
study we found that Rictor protein expression increased 
with the progression of diabetes, but mTOR expression 
was decreased at 8 weeks of diabetes. The phosphoryla-
tion of mTOR-Ser2481 requires intact mTORC2 (Knudsen 
et al., 2020), as the autophosphorylation of Ser2481 is pro-
portional to the specific catalytic activity of mTORC2. 
By observing the changes in the p-mTOR Ser2481/mTOR 
ratio, we found that the phosphorylation of mTOR at 
Ser 2481 decreased prior to the development of gastropa-
resis, but increased after the onset of this complication, 
indicating that there are other factors that regulate the 
activation of mTORC2.

Rictor participates in glucose metabolism as an up-
stream effector of Akt, and when Rictor or mTORC2 
is absent, glucose intolerance develops. While mTORC2 
activates Akt, Akt can activate mTORC1 activity via 
Akt-(TSC1/2)-Ras homolog (RheB)-mTORC1, as was 
shown for brain tissue (Saxton & Sabatini, 2017). In an-
other study, it was shown that the expression of Rictor 
in muscle cells is lower in a high-glucose environment 
and that the cells show lower insulin-induced glucose 
uptake, such that the glucose metabolism becomes dis-
rupted (Mukaida et al., 2017). A reduction in Rictor ex-
pression also affects GLUT4 translocation, resulting in 
a reduction in glucose transport and deleterious effects 
on overall glucose and energy metabolism (Mukaida et 
al., 2017; Hasannejad et al., 2019; Khan & Kamal, 2019; 
Zhao et al., 2019). In this study, we found that the phos-
phorylation of Akt at Ser473 in the diabetic state gradu-
ally decreases, despite the increase in mTORC2 expres-
sion, which suggests that mTORC2 is not the dominant 
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regulator of Akt. GLUT4 translocation is mainly regu-
lated by Akt, but Rictor is also required for this process. 
Although GLUT4 translocation is not mainly affected by 
mTORC2, there should be other ways to affect it.

GLUT4 translocation, and therefore glucose uptake by 
muscle cells, is promoted by Akt phosphorylation, but 
GLUT4 translocation decreases with the development of 
gastroparesis. In this study, the translocation of GLUT4 
was found to be increased first and then decreased with 
disease progression. This result implies that in the dia-
betic state, glucose is taken up and used by cells also 
independently of insulin.

One of the limitations of this study is that we did not 
quantify the mRNA expression levels of the key proteins 
in the Rictor/mTORC2/Akt/GLUT4 pathway in the 
gastric smooth muscle of diabetic rats with RT-PCR.

CONCLUSIONS

Our findings documented that during the pathogenesis 
of diabetic gastroparesis, altered energy metabolism was 
present in the gastric smooth muscle of diabetic rats. is 
The change in energy metabolism was associated with 
the changes in protein expression and phosphorylation 
in the Rictor/mTORC2/Akt/Glut4 pathway, suggesting 
that this pathway may be involved in both the regulation 
of energy metabolism in the gastric smooth muscle of 
diabetic rats and in the development of diabetic gastro-
paresis.

Declarations

Conflicts of Interest. The authors declare no conflict 
of interest.

REFERENCES

Barros LF, Baeza-Lehnert F (2019) Perfect energy stability in neurons. 
Aging (Albany NY) 11: 6622–6623. https://doi.org/10.18632/ag-
ing.102257

Copp J, Manning G, Hunter T (2009) TORC-specific phosphorylation 
of mammalian target of rapamycin (mTOR): phospho-Ser2481 is a 
marker for intact mTOR signaling complex 2. Cancer Res 69: 1821–
1827. https://doi.org/10.1158/0008-5472.CAN-08-3014

Cosimo E, Tarafdar A, Moles MW, Holroyd AK, Malik N, Cath-
erwood MA, Hay J, Dunn KM, Macdonald AM, Guichard SM, 
O’Rourke D, Leach MT, Sansom OJ, Cosulich SC, McCaig AM, 
Michie AM (2019) AKT/mTORC2 inhibition activates FOXO1 
function in CLL cells reducing B-Cell receptor-mediated survival. 
Clin Cancer Res 25: 1574–1587. https://doi.org/10.1158/1078-0432.
CCR-18-2036

Gnocchi D, Ellis ECS, Johansson H, Eriksson M, Bruscalupi G, Stef-
fensen KR, Parini P (2020) Diiodothyronines regulate metabolic ho-
meostasis in primary human hepatocytes by modulating mTORC1 
and mTORC2 activity. Mol Cell Endocrinol 499: 110604. https://doi.
org/10.1016/j.mce.2019.110604

Hara K, Maruki Y, Long X, Yoshino K, Oshiro N, Hidayat S, Toku-
naga C, Avruch J, Yonezawa K (2002) Raptor, a binding partner 
of target of rapamycin (TOR), mediates TOR action. Cell 110: 177–
189. https://doi.org/10.1016/s0092-8674(02)00833-4

Hasannejad M, Samsamshariat SZ, Esmaili A, Jahanian-Najafabadi A 
(2019) Klotho induces insulin resistance possibly through interfer-
ence with GLUT4 translocation and activation of Akt, GSK3β, and 
PFKfβ3 in 3T3-L1 adipocyte cells. Res Pharm Sci 14: 369–377. htt-
ps://doi.org/10.4103/1735-5362.263627

Khan S, Kamal MA (2019) Wogonin alleviates hyperglycemia through 
increased glucose entry into cells via AKT/GLUT4 pathway. Curr 
Pharm Des 25: 2602–2606. https://doi.org/10.2174/1381612825666
190722115410

Kleinert M, Sylow L, Fazakerley DJ, Krycer JR, Thomas KC, Oxbøll 
AJ, Jordy AB, Jensen TE, Yang G, Schjerling P, Kiens B, James 
DE, Ruegg MA, Richter EA (2014) Acute mTOR inhibition induc-
es insulin resistance and alters substrate utilization in vivo. Mol Metab 
3: 630–641. https://doi.org/10.1016/j.molmet.2014.06.004

Kimoloi S (2018) Modulation of the de novo purine nucleotide pathway 
as a therapeutic strategy in mitochondrial myopathy. Pharmacol Res 
138: 37–42. https://doi.org/10.1016/j.phrs.2018.09.027

Knudsen JR, Fritzen AM, James DE, Jensen TE, Kleinert M, Rich-
ter EA (2020) Growth factor-dependent and -independent activa-
tion of mTORC2. Trends Endocrinol Metab 31: 13–24. https://doi.
org/10.1016/j.tem.2019.09.005

Korchazhkina O, Wright G, Exley C (1999) No effect of aluminium 
upon the hydrolysis of ATP in the coronary circulation of the iso-
lated working rat heart. J Inorg Biochem 76: 121–126. https://doi.
org/10.1016/s0162-0134(99)00123-3

Marklund N, Salci K, Ronquist G, Hillered L (2006) Energy metabolic 
changes in the early post-injury period following traumatic brain in-
jury in rats. Neurochem Res 31: 1085–1093. https://doi.org/10.1007/
s11064-006-9120-0

Mukaida S, Evans BA, Bengtsson T, Hutchinson DS, Sato M (2017) 
Adrenoceptors promote glucose uptake into adipocytes and muscle 
by an insulin-independent signaling pathway involving mechanistic 
target of rapamycin complex 2. Pharmacol Res 116: 87–92. https://
doi.org/10.1016/j.phrs.2016.12.022

Saxton RA, Sabatini DM (2017) mTOR Signaling in growth, metabo-
lism, and disease. Cell 168: 960–976. https://doi.org/10.1016/j.
cell.2017.02.004

Vazquez-Martin A, Sauri-Nadal T, Menendez OJ, Oliveras-Ferraros C, 
Cufí S, Corominas-Faja B, López-Bonet E, Menendez JA (2012) 
Ser2481-autophosphorylated mTOR colocalizes with chromosomal 
passenger proteins during mammalian cell cytokinesis. Cell Cycle 11: 
4211–4221. https://doi.org/10.4161/cc.22551

Manuel Wilbring, Annette Ebner, Katrin Schoenemann, Michael Knaut, 
Sems Malte Tugtekin, Birgit Zatschler, Thomas Waldow, Konstan-
tin Alexiou, Klaus Matschke, Andreas Deussen (2013) Heparinized 
blood better preserves cellular energy charge and vascular functions 
of intraoperatively stored saphenous vein grafts in comparison to 
isotonic sodium-chloride-solution. Clin Hemorheol Microcirc 55: 445–
455. https://doi.org/10.3233/CH-131781

Zhang MH, Jiang JZ, Cai YL, Piao LH, Jin Z (2017) Significance of 
dynamic changes in gastric smooth muscle cell apoptosis, PI3K-
AKT-mTOR and AMPK-mTOR signaling in a rat model of 
diabetic gastroparesis. Mol Med Rep 16: 1530–1536. https://doi.
org/10.3892/mmr.2017.6764

Zhao P, Tian D, Song G, Ming Q, Liu J, Shen J, Liu QH, Yang X 
(2019) Neferine promotes GLUT4 expression and fusion with the 
plasma membrane to induce glucose uptake in L6 cells. Front Phar-
macol 10: 999. https://doi.org/10.3389/fphar.2019.00999

967

https://doi.org/10.18632/aging.102257
https://doi.org/10.18632/aging.102257
https://doi.org/10.1158/1078-0432.CCR-18-2036
https://doi.org/10.1158/1078-0432.CCR-18-2036
https://doi.org/10.1016/j.mce.2019.110604
https://doi.org/10.1016/j.mce.2019.110604
https://doi.org/10.1016/s0092-8674(02)00833-4
https://doi.org/10.4103/1735-5362.263627
https://doi.org/10.4103/1735-5362.263627
https://doi.org/10.2174/1381612825666190722115410
https://doi.org/10.2174/1381612825666190722115410
https://doi.org/10.1016/j.molmet.2014.06.004
https://doi.org/10.1016/j.phrs.2018.09.027
https://doi.org/10.1016/j.tem.2019.09.005
https://doi.org/10.1016/j.tem.2019.09.005
https://doi.org/10.1016/s0162-0134(99)00123-3
https://doi.org/10.1016/s0162-0134(99)00123-3
https://doi.org/10.1007/s11064-006-9120-0
https://doi.org/10.1007/s11064-006-9120-0
https://doi.org/10.1016/j.phrs.2016.12.022
https://doi.org/10.1016/j.phrs.2016.12.022
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.4161/cc.22551
https://doi.org/10.3233/CH-131781
https://doi.org/10.3892/mmr.2017.6764
https://doi.org/10.3892/mmr.2017.6764
https://doi.org/10.3389/fphar.2019.00999


Regular paper

Circular RNA-AnnexinA7 accelerates cisplatin resistance in non-
small cell lung cancer via modulating microRNA-545-3p  
to mediate Cyclin D1
Jian Yao✉, Hai Yang Zhang, Shuang Gu, Jin Long Zou, Qiang Zhang and Ri Chu Qu
Department of Thoracic Surgery, Jilin Provincial People’s Hospital, Changchun City, Jilin Province, 130021, China

Objective: To explore the mechanism of circular RNA 
(circRNA)-AnnexinA7 (ANXA7) in non-small cell lung 
cancer (NSCLC) cisplatin (DDP) resistance through mi-
croRNA (miR)-545-3p to target Cyclin D1 (CCND1). Meth-
ods: DDP-resistant and non-resistant NSCLC tissues and 
normal tissues were collected. DDP-resistant cells (A549/
DDP and H460/DDP) were constructed. circ-ANXA7, 
miR-545-3p, CCND1, P-Glycoprotein, and glutathione 
S-transferase-π in tissues and cells were measured. Anal-
ysis of circ-ANXA7 ring structure was performed, as well 
as detection of circ-ANXA7 distribution in cells. Cell pro-
liferation was detected by MTT and colony formation as-
say, apoptosis rate was detected by flow cytometry, and 
cell migration and invasion were evaluated by Transwell 
assay. The targeting relationship between circ-ANXA7, 
miR-545-3p and CCND1 was verified. Measurement of tu-
mor volume and quality in mice was performed. Results: 
Circ-ANXA7 and CCND1 were elevated, while miR-545-3p 
was suppressed in DDP-resistant NSCLC tissues and cells. 
Circ-ANXA7 combined with miR-545-3p, which targeted 
CCND1 to expedite A549/DDP cell proliferation, migra-
tion, invasion, DDP resistance, but inhibited cell apopto-
sis. Conclusion: Circ-ANXA7 enhances DDP resistance in 
NSCLC via absorbing miR-545-3p to target CCND1 and 
might be a latent therapeutic target for NSCLC.
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Target binding, A549/cisplatin cells
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INTRODUCTION

Lung cancer (LC) is a malignant tumor with the up-
permost morbidity and mortality in the world (Zhang et 
al., 2021). Non-small cell lung cancer (NSCLC) is an ex-
tremely critical type of LC, taking up about 85% of LC 
cases (Xu et al., 2020). Treatment strategies for NSCLC 
have improved recently, but the 5-year survival rate is 

still greatly reduced by about 10–15% (Xu et al., 2021). 
Cisplatin (DDP) chemotherapy is a first-line anti-cancer 
chemotherapy agent in NSCLC. Nevertheless, patients 
treated with DDP for a long time develop DDP re-
sistance (Wu et al., 2020). As reported, around 63% of 
NSCLC patients have DDP resistance (Ye et al., 2020). 
Consequently, lessening DDP resistance is the crux to 
ameliorating NSCLC patients’ outcomes. This study was 
to comprehend latent mechanisms in NSCLC DDP re-
sistance and identify latent biomarkers, offering brand-
new insights into NSCLC therapy.

Circular RNAs (circRNAs), a non-coding RNA with 
closed continuous loops, have been testified to mediate 
primary or antitumor responses in different cancer treat-
ments (Fan et al., 2021). Notably, numerous circRNAs 
exert critical roles in multiple biological processes of 
NSCLC. For instance, circ_PIP5K1A (Feng et al., 2021), 
circ-RNF121 (Liu et al., 2022) and circ_0076305 (Wang 
et al., 2021) have been reported to be implicated in the 
cancer progression and DDP resistance of NSCLC. Circ-
AnnexinA7 (ANXA7), as a member of circRNA, has 
been reported to expedite lung adenocarcinoma progres-
sion (Wang, 2021). In the preliminary experiment, this 
circRNA was aberrantly modulated in DDP-resistant 
NSCLC tissues. Nevertheless, the latent impact of circ-
ANXA7 on DDP resistance in NSCLC is unknown.

circRNA/miRNA/mRNA regulatory network has 
been adopted to elucidate circRNA’s mechanism in 
multiple biological processes (Xu et al., 2020). Bioinfor-
matics predicted that miR-545-3p was the target of circ-
ANXA7. Recently, miR-545-3p has been reported to 
participate in NSCLC progression. For instance, blocking 
circ_0014130 restrains resistance and malignant behav-
iors of NSCLC cells via modulating miR-545-3p (Du et 
al., 2021). Circ_0072083 knockdown is involved in DPP-
triggered NSCLC tumor inhibition through the miR-545-
3p/CBLL1 axis (Li et al., 2020). Nevertheless, it has not 
been reported that circ-ANXA7, as a competitive endog-
enous RNA, combined with miR-545-3p to participate in 
NSCLC DDP resistance.

Cyclin D1 (CCND1), a recognized cell cycle-as-
sociated protein, exerts a crucial action in cell cycle 
change (Meng et al., 2021). CCND1 is a critical driver 
of malignant transformation and is frequently elevated in 
NSCLC, leading to the aberrant proliferation of NSCLC 
cells (Liu et al., 2020). Notably, modulating CCND1 
can alter DDP-resistant cell malignant phenotype (Ju et 
al., 2020). In this study, it was hypothesized that circ-
ANXA7 might participate in NSCLC DDP resistance via 
miR-545-3p to modulate CCND1.

In this study, 2 DDP-resistant NSCLC cell lines 
(A549/DDP and H460/DDP) were constructed, and 
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circ-ANXA7 was confirmed to modulate DDP-resistant 
NSCLC cell sensitivity and behavior. Additionally, this 
research further elucidated the action of circ-ANXA7/
miR-545-3p/CCND1 axis in DDP resistance and can-
cerization of NSCLC.

MATERIALS AND METHODS

Clinical tissue specimen

90 tissue samples were obtained from the School of 
Medicine, University of Electronic Science and Technol-
ogy of China, including 30 non-tumor tissue samples 
from patients with pulmonary laceration repair (control) 
and 60 NSCLC tissue samples from NSCLC patients 
with radical resection. Patients with progressive disease 
(PD) or postoperative recurrence less than 6 months 
were DDP-resistant, while patients without PD and post-
operative recurrence over 12 months were non-resistant. 
All tissue samples were placed at –80°C. Authorization 
of the study was performed by the Ethics Committee of 
the School of Medicine, University of Electronic Science 
and Technology of China, and written informed consent 
was obtained from all participants.

Cell culture and transfection

NSCLC cell lines (A549 and H460) were purchased 
from American Tissue Culture Collection (Manassas, 
VA), and human bronchial epithelioid cells (HBE-1) 
were from Bena Culture Collection (Beijing, China). Cells 
were cultured in Roswell Park Memorial Institute-1640 
medium (Hyclone, Logan, UT, USA) containing 10% 
fetal bovine serum, 100 U/ml penicillin and 100 mg/
mL streptomycin (Gibco, Carlsbad, CA). DDP-resistant 
cells (A549/DDP and H460/DDP) were established and 
grown in a complete medium replenished with DDP (1 
µg/mL, Sigma-Aldrich, St. Louis, MO) to maintain re-
sistance. All cells were cultured in 5% CO2 at 37°C 
(Pang et al., 2020).

sh-circ-ANXA7, miR-545-3p mimic and inhibitor, 
as well as corresponding negative controls (sh-NC, 
mimic-NC, in-NC) were designed and generated (Ribo 
Biotech, Guangzhou, China). CCND1 overexpression 
plasmid was purchased from ORIGENE, with empty 
plasmid as NC. When cell confluence reached 70% to 
80%, A549/DDP cells were plated into 6-well plates 
(1×105 cells/mL) and cultured for 24 h. Transfection of 
cells was performed using Lipofectamine 3000 (Invit-
rogen) (Hu et al., 2021). Transfection concentrations of 
mimic and inhibitor were 50 nM and 20 nM, respec-
tively, and 1 μg and 2500 ng for sh-circANXA7 and 
CCND1 overexpressed plasmid, respectively. After 48 
h, the transfection efficiency was evaluated by reverse 
transcription quantitative polymerase chain reaction 
(RT-qPCR) or Western blot.

Ribonuclease R and actinomycin D assays

RNase R assay: total RNA (2 µg) from A549 cells 
was incubated with 3 U/μg RNase-R (07250, Epicentre 
Technologies, USA) at 37°C for 30 min. circ-ANXA7 
and ANXA7 mRNA expressions were subsequently de-
termined by RT-qPCR.

Actinomycin D test: Cells were cultured with or with-
out 2 µg/ml actinomycin D (Sigma, USA) and harvested 
at different points in time. Circ-ANXA7 and ANXA7 
mRNA was determined by RT-qPCR (Wu et al., 2020).

Subcellular localization analysis

Cytoplasm RNA and nuclear RNA of cells were iso-
lated using PARIS Kit (Invitrogen). Then, the exami-
nation of circ-ANXA7 in cytoplasm RNA and nuclear 
RNA was implemented by RT-qPCR. U6 and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) were nu-
clear and cytoplasmic controls, respectively.

RT-qPCR

Extraction of total RNA from NSCLC tissues and 
cells was done using Trizol reagent (Invitrogen). Reverse 
transcription of circRNA/mRNA and miRNA was per-
formed with PrimeScript RT reagent Kit and miRNA 
First Strand Synthesis Kit (both Takara, Tokyo, Japan), 
respectively. RT-qPCR was performed with SYBR Green 
kit (Thermo Fisher Scientific, Waltham, MA, USA) and 
Mx3005P qPCR system (Agilent Technologies, Santa 
Clara, CA, USA). U6 and GAPDH were loading controls 
for miRNA and mRNA/circRNA, respectively. Primer 
sequences were presented in Table 1 (Song et al., 2021).

Western blot

Extraction of total protein was done with 500 µL 
Radio-Immunoprecipitation assay lysis buffer (Beyotime, 
China). An equal amount of protein (20 µg) was sepa-
rated by 8% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (Solarbio), electroblotted onto polyvi-
nylidene fluoride membranes (Invitrogen), and blocked 
with 5% skimmed milk, followed by incubation with 
primary antibodies CCND1 (ab134175, Abcam, 1: 1000), 
anti-P-glycoprotein (P-gp) (ab170904, Abcam, 1:3,000), 
glutathione S-transferase π (GST-π) (ab233112, Abcam, 
1:1,000) and GAPDH (1:7,500, ab8245) at 4°C overnight 
and horseradish peroxidase-conjugated goat anti-rabbit 
Immunoglobulin G (IgG) (1:1000, ab181236, Abcam) 
for 2 h. Visualization of the signal was performed with 
an enhanced chemiluminescence kit (34080, Thermo 
Fisher Scientific). Density analysis was performed with 
ImageJ software.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay

A549/DDP cells (5×103/ well) were seeded into 96-
well plates and cultured overnight. MTT reagent (beyo-
time) was added at different time points (0, 24, 48, 72 h) 
and incubated at 37°C for 4 h. Then, 150 µL Dimethyl 
Sulfoxide was added to each well and 10 min later, opti-
cal density at 490 nm was read with a microplate reader 
(PerkinElmer) (Zhu et al., 2021).

Colony formation assay

A549/DDP cells (5×103/well) were seeded in 12-
well plates and cultured for 14 d, during which a fresh 
complete medium was replaced every 3 days and the 
wells were washed twice with PBS. Then, colonies were 
fixed in paraformaldehyde (4%, Beyotime), dyed with 
0.1% crystal violet (Beyotime) for 2 h, and washed with 
ddH2O3 times. The number of colonies was counted un-
der an inverted microscope (Nikon).

Flow cytometry

A549/DDP cells (1×105 cells/well) after DDP treat-
ment were incubated for 48 h. Cell apoptosis was ana-
lyzed by Annexin V-fluorescein isothiocyanate (FITC)/
Propidium iodide (PI) assay kit (BestBio, Shanghai, 
China). In brief, cells were rinsed with cold phosphate-
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buffered saline (PBS) and incubated with 5 μL Annexin 
V-FITC and 5 μL PI for 20 min. Ultimately, the as-
sessment of cell apoptosis was implemented on a flow 
cytometer (FACS Calibur flow cytometer) (Wei et al., 
2021).

Transwell migration and invasion analysis

Transwell assay evaluated A549/DDP cell invasion 
and migration. For migration and invasion measure-
ments, transwell chambers were used without or with 
Matrigel, respectively (Corning, USA). Cells were pre-
pared at 2×106 cells/mL, then 400 μL cell suspension 
was inoculated into the upper chamber containing se-
rum-free medium, and 10% FBS was added to the lower 
chamber. After 24 h of culture, cells in the upper layer 
were removed with cotton swabs, while those in the 
lower layer were fixed with methanol for 30 min, stained 
with 0.1% crystal violet, and counted in five fields under 
a microscope (Swiss taikang, magnification ×100) (Guo 
et al., 2022).

Luciferase activity assay

A549/DDP cells were plated on a 24-well plate. circ-
ANXA7 or CCND1 3’ untranslated region (UTR) (Pro-
mega) containing miR-545-3p wild-type (WT) or mutant-
type (MUT) binding sites was inserted into the pmirG-
LO vector (Promega, Madison, WI), and circ-ANXA7/
CCND1-WT 3’UTR and circ-ANXA7/CCND1-MUT 
3’UTR reporter genes were named. Co-transfection of 
the corresponding luciferase reporter gene with miR-
545-3p mimic or miR-NC was done in A549/DDP cells. 
After 48 h of incubation, the determination of the lu-
ciferase activity was implemented with the luciferase re-
porter gene kit (Promega) (Guo et al., 2022).

RNA immunoprecipitation (RIP) experiment

Anti-Ago2 (ab252812) and anti-IgG (ab109489) anti-
bodies were utilized for detection. In short, cells were ly-
sed with a lysis buffer and then incubated with protein-g 
magnetic beads-conjugated anti-Ago2 or IgG at 40°C for 
6 h. Microbeads were later collected, and binding RNA 
was extracted to examine the enrichment of circ-ANXA7 
and miR-545-3p (Zhang et al., 2021).

In vivo tumor growth test

The tumor formation experiment was conduct-
ed in BALB/c male nude mice (n=24, 6 weeks old, 
weight of 18–20 g, Huafukang, Beijing, China). A549/
DDP cells transfected with sh-Circ-ANXA7, or sh-NC 
(1×107) were injected subcutaneously into the back of 
mice. Mice were divided into four groups: sh-NC+PBS, 
sh-NC+DDP, sh-circ-ANXA7+PBS, and sh-circ-
ANXA7+DDP groups. DDP (5 mg/kg) or PBS was 
injected to measure the tumor volume once a week. Af-
ter 4 weeks, transplanted tumors from euthanized mice 
were weighed. Animal treatments were approved by the 
Animal Research Committee of the School of Medicine, 
University of Electronic Science and Technology of Chi-
na (Shao et al., 2021).

Statistical analysis

Statistical software SPSS 21.0 (SPSS, Inc, Chicago, IL, 
USA) was utilized to analyze data. Kolmogorov-Smirnov 
test checked the normal distribution of data, and the 
results were presented as mean ± standard deviation 
(S.D.). Two-group comparisons were performed using 
ttest. Comparisons among multiple groups were imple-

Figure 1. Circ-ANXA7 is modulated in DDP-resistant NSCLC tissues and cells
(A) RT-qPCR test of circ-ANXA7 in each tissue; (B) RT-qPCR examination of circ-ANXA7 in each cell; (C–D) RNase R and Actinomycin D de-
termination of the stability of circ-ANXA7; (E) RT-qPCR test of the localization of circ-ANXA7 in A549/DDP cells; (F) Kaplan-Meier analysis 
of the survival prognosis of DDP-resistant NSCLC patients. Data were expressed as mean ± S.D. (Number of samples =3). *P<0.05.

Table 1. Primer sequences

Genes Primer sequences (5’–3’)

Circ-ANXA7
F: 5’-GCTATCCCCCAACAGGCTAC-3’

R: 5’-CCTGGTGGGACTCCAAATC-3’

MiR-545-3p
F: 5’-TGCGCTCAGCAAACATTTATTG-3’

R: 5’-CCAGTGCAGGGTCCGAGGTATT-3’

CCND1
F: 5’-AGCTGTGCATCTACACCGAC-3’

R: 5’-GAAATCGTGCGGGGTCATTG-3’

U6
F: 5’-CTCGCTTCGGCAGCACA-3’

R: 5’-AACGCTTCACGAATTTGCGT-3’

GAPDH
F: 5’-TCCCATCACCATCTTCCA-3’

R: 5’-CATCACGCCACAGTTTTCC-3’

Note: F, forward; R, reverse.
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mented with one-way analysis of variance (ANOVA) and 
pairwise comparison after ANOVA analysis was per-
formed using Fisher’s Least Significant Difference t-test. 
Enumeration data were shown as rate or percentage and 
analyzed by Chi-square test. *p<0.05 indicates a signifi-
cant difference.

RESULTS

Circ-ANXA7 expression is modulated in DDP-resistant 
NSCLC tissues and cells

circ-ANXA7 levels in resistant and non-resistant 
NSCLC tissues and normal tissues were tested by RT-
qPCR. Compared with non-resistant NSCLC tissues and 
normal tissues, circ-ANXA7 was elevated in DDP-re-
sistant NSCLC tissues, clarifying that circ-ANXA7 was 
associated with DDP resistance in NSCLC (Fig. 1A). 
Subsequently, analysis of the clinicopathological charac-
teristics was implemented. Table 2 elucidated no differ-
ence in age, tumor size, gender, and metastasis between 
DDP-resistant patients with non-resistant patients. Nev-
ertheless, DDP resistant patients had high levels of circ-
ANXA7, deep invasion, low rate of tumor metastasis, 
and poor differentiation.

Likewise, in normal cells (HBE-1), NSCLC cell lines 
(A549 and H460) and DDP-resistant NSCLC cells 
(A549/DDP and H460/DDP), it was observed that circ-
ANXA7 was the highest in DDP-resistant cells (Fig. 1B). 

RNase R analysis and Act D analysis confirmed the an-
nular characteristics of circ-ANXA7, showing that circ-
ANXA7 was available to resist RNase R detachment, 
and its stability was better than linear ANXA7 mRNA 
(Fig. 1C–D). Additionally, circ-ANXA7 was primarily 
distributed in NSCLC cell cytoplasm (Fig. 1E). Kaplan-
Meier analysis revealed that high circ-ANXA7 was asso-
ciated with unpleasing overall survival in DDP-resistant 
NSCLC patients, as presented in Fig. 1F.

To sum up, circ-ANXA7 was stable and elevated 
in DDP-resistant NSCLC and might be implicated in 
NSCLC DDP resistance.

Repressive circ-ANXA7 gene is available to suppress 
NSCLC’s progression and strengthens DDP’s sensitivity

It was found that A549 cells had stronger DDP resist-
ance (Fig. 2A) than H460 cells, and circANXA7 expres-
sion in A549 and A549/DDP cells was higher than that 
in H460 and H460/DDP cells (Fig. 1B), so A549/DDP 
cells were selected for subsequent studies. As presented 
in Fig. 2B, circ-ANXA7 was repressed in A549/DDP 
cells after transfection with sh-circ-ANXA7. Silence of 
circ-ANXA7 declined DDP IC50 (Fig. 2C). Cell prolif-
eration and apoptosis were subsequently examined, and 
it was found that circ-ANXA7 gene knockout inhibited 
the viability of A549/DDP cells (Fig. 2D–E), while the 
apoptosis rate increased significantly (Fig. 2F). In addi-
tion, Transwell analysis confirmed that circ-ANXA7 si-
lencing effectively blocked A549/DDP cell migration 

Table 2. Clinicopathological characteristics of non-resistant and resistant patients

Characteristic Cases Nonresistant cases (n=30) Resistant cases (n=30) P

Age (year)

0.85960 or less 33 17 16

More than 60 27 13 14

Gender

0.554Male 35 19 16

Female 25 11 14

Circ-ANXA7 level

<0.001***0.5 fold of control or less 27 19 8

More than 0.5 fold of control 33 11 22

Tumor size

0.355Less than 5 cm 32 18 14

5 cm or more 28 12 16

Distant metastasis

0.438No 34 18 16

Yes 26 12 14

Depth of invasion

0.041*N0/N1 26 18 8

N2/N3 34 12 22

Differentiation

0.005**Good/Moderate 31 21 10

Poor 29 9 20

*P<0.05. *P<0.01. ***P<0.001.
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and invasion (Fig. 2G–H). Western blot analysis of drug 
resistance-associated proteins (P-gp and GST-π) was per-
formed, elucidating that P-gp and GST-π in A549/DDP 
cells were lowered after suppressing circ-ANXA7, as 
presented in Fig. 2I.

In general, repressing circ-ANXA7 was available to 
suppress NSCLC progression and strengthened DDP 
sensitivity.

Circ-ANXA7 performs as a sponge for miR-545-3p

To explore the novel mechanism of circ-ANXA7 to 
modulate NSCLC, prediction of the target miRNA of 
circ-ANXA7 was performed on the bioinformatics website 
starBase. circ-ANXA7 and miR-545-3p had complemen-
tary fragments (Fig. 3A). MiR-545-3p in A549/DDP cells 
was elevated after transfecting miR-545-3p mimic (Fig. 
3B). The interaction of miR-545-3p with circ-ANXA7 
was verified. As presented in Fig. 3C, elevated miR-545-
3p constrained the luciferase activity of circ-ANXA7-WT 
3’UTR, but it did not repress that of the mutant construct. 
Circ-ANXA7 and miR-545-3p were abundant in Ago2 an-
tibody-immunoprecipitated RNA complex, but not in IgG 
antibody-immunoprecipitated RNA complex (Fig. 3D). 
Additionally, miR-545-3p expression was downregulated in 
DDP-resistant NSCLC tissues and cells (Fig. 3E–F), and 
clinical correlation analysis found that miR-545-3p was 
negatively associated with circ-ANXA7 in DDP-resistant 
NSCLC tissues (Fig.  3G).

All in all, miR-545-3p could be modulated by circ-
ANXA7.

Suppression of miR-545-3p turns around circ-ANXA7 
knockdown’s influence on NSCLC

To determine the functional regulation of circ-
ANXA7 and miR-545-3p, sh-circ-ANXA7 and in-miR-

545-3p were constructed, and their efficacy was explicitly 
verified in vitro. It was discovered that silence of circ-
ANXA7 elevated miR-545-3p (Fig. 4A). Subsequently, 
sh-circ-ANXA7 in combination with in-miR-545-3p or 
in-NC was transfected into A549/DDP cells. As pre-
sented in Fig. 4B, transfection with in-miR-545-3p de-
clined miR-545-3p expression. MiR-545-3p expression 
was suppressed after sh-circ-ANXA7 was blocked by the 
miR-545-3p inhibitor. Additionally, it was observed that 
silence of circ-ANXA7 declined DDP IC50, but this ef-
fect was suppressed by in-miR-545-3p (Fig. 4C). In the 
meantime, inhibition of cell viability and promotion of 
apoptosis by circ-ANXA7 knockdown could be partially 
reversed by in-miR-545-3p (Fig. 4D–F). Additionally, the 
introduction of in-miR-545-3p was available to eliminate 
silenced circ-ANXA7’s suppression of cell invasion and 
migration (Fig. 4G–H). Reduction in circ-ANXA7 led to 
a decrease in resistance-associated proteins, and this in-
hibition could be mitigated by supplementation with in-
miR-545-3p (Fig. 4I).

In short, circ-ANXA7 modulated NSCLC cell pro-
gression and DDP sensitivity via absorbing miR-545-3p.

MiR-545-3p immediately targets CCND1

As mentioned above, it was attempted to search for 
miR-545-3p’s direct targets. As presented in Fig. 5A, star-
Base predicted the common binding site of miR-545-3p 
and CCND1. In the meantime, miR-545-3p mimic was 
available to weaken the luciferase activity of CCND1-
WT 3’UTR, while no distinct change was presented in 
the luciferase activity of CCND1-MUT 3’UTR (Fig. 5B). 
Additionally, circ-ANXA7 and miR-545-3p were abun-
dant in Ago2 antibody immunoprecipitation but not in 
IgG antibody immunoprecipitation (Fig.  5C). Compared 
with non-resistant and normal tissues, CCND1 in DDP-

Figure 2. Repression of circ-ANXA7 restrains NSCLC progression and strengthens DDP sensitivity
(A) MTT analysis of IC50; (B) RT-qPCR test of sh-circ-ANXA7 transfection efficiency; (C) MTT analysis of IC50 of DDP in A549/DDP cells after 
transfection; (D–E) MTT and colony formation assay detection of cell proliferative activity; (F) Flow cytometry test of cell apoptosis; (G–H) 
Transwell assay test of cell migration and invasion; (I) Western blot detection of drug-resistance associated proteins (P‐GP and GST‐π). 
Data were expressed as mean ± S.D. (Number of samples=3). *P<0.05.
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Figure 3. Circ-ANXA7 performs as a sponge for miR-545-3p
(A) Bioinformatics sites forecast of binding sites of circ-ANXA7 with miR-545-3p; (B) RT-qPCR examination of miR-545-3p mimic transfec-
tion efficiency; (C–D) Luciferase activity assay and RIP assay assessment of the interaction of circ-ANXA7 with miR-545-3p; (E–F) RT-qPCR 
test of miR-545-3p in tissues and cells; (G) Pearson correlation analysis evaluation of the association of miR-545-3p with circ-ANXA7. Data 
were expressed as mean ± S.D. (Number of samples =3). *P<0.05.

Figure 4. Repression of miR-545-3p turns around circ-ANXA7 knockdown’s influence on NSCLC
(A–B) RT-qPCR detection of miR-545-3p in A549/DDP cells after transfection; (C) MTT analysis of IC50 of DDP in A549/DDP cells; (D–E) 
MTT and colony formation assay test of cell proliferative activity; (F) Flow cytometry examination of cell apoptosis; (G–H) Transwell assay 
examination of cell migration and invasion; I. Western blot detection of drug-resistance associated proteins (P‐gp and GST‐π). Data were 
expressed as mean ± S.D. (Number of samples =3). *P<0.05.
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resistant tissues was elevated (Fig. 5D–E). Likewise, 
CCND1 was also elevated in DDP-resistant NSCLC 
cells (Fig. 5F–G). In clinical tissues characterized by 
drug resistance, CCND1 was positively correlated with 
circ-ANXA7 expression and negatively correlated with 
miR-545-3p expression (Fig. 5H-I). In A549/DDP cells, 
downregulation of circ-ANXA7 or overexpression of 
miR-545-3p decreased CCND1 expression (Fig. 5J).

In brief, CCND1 was miR-545-3p’s downstream gene.

Circ-ANXA7 impacts NSCLC progression and DDP 
resistance via miR-545-3p/CCND1 axis

Functional tests were performed considering the as-
sociation of miR-545-3p with circ-ANXA7 or CCND1. 
CCND1 overexpression plasmid strengthened CCND1 
expression in A549/DDP cells (Fig. 6A–B). Then, to 
explain whether CCND1 mediates the effect of circ-
ANXA7 on NSCLC progression and DDP resistance, 
A549/DDP cells were co-transfected with sh-circ-
ANXA7 and CCND1 overexpression plasmid or empty 
plasmid. As presented in Fig. 6A–B, sh-circ-ANXA7 re-
strained CCND1 expression, which was reversed after 
co-transfection with the CCND1 overexpression plasmid. 
Additionally, the upregulation of CCND1 significantly 
restored the inhibitory effect of circ-ANXA7 silencing 
on DDP IC50 and cell viability in A549/DDP cells in vit-
ro (Fig. 6C–E). In the meantime, downregulation of circ-
ANXA7 promoted apoptosis, which was eliminated by 

CCND1 overexpression plasmid (Fig. 6F). Additionally, 
elevating CCND1 restrained sh-circ-ANXA7-mediated 
repression of A549/DDP cell migration and invasion 
(Fig. 6G–H). Additionally, silenced circ-ANXA7-induced 
suppression of P-gp and GST-π was turned around by 
overexpressing CCND1 (Fig. 6I).

In short, circ-ANXA7 modulated NSCLC progression 
and DDP resistance via miR-545-3p/CCND1 axis.

Loss of circ-ANXA7 reduces tumor growth in vivo

After sh-circ-ANXA7 or DDP treatment, tumor vol-
ume and weight were reduced, and sh-circ-ANXA7 and 
DDP treatment were provided with synergistic suppres-
sion (Fig. 7A–B). By examining circ-ANXA7 levels in 
xenografts, sh-Circ-ANXA7 did decrease circ-ANXA7 
expression and promote miR-545-3p levels in excised 
tumors (Fig. 7C). Additionally, loss of circ-ANXA7 re-
pressed CCND1 expression in excised tumors (Fig. 7D–
E).

All in all, loss of circ-ANXA7 interacted with DDP 
therapy, thereby restraining tumor growth in xenograft 
tumor models.

DISCUSSION

Globally, NSCLC is a deadly cancer with elevated 
morbidity and mortality (Cao et al., 2021). DDP is the 
most frequently-adopted chemotherapy drug for the 

Figure 5. CCND1 is the functional target of miR-545-3p
(A) Bioinformatics sites forecast of binding sites of CCND1 with miR-545-3p; (B–C) Luciferase activity assay, and RIP assay evaluation of 
the interaction of CCND1 with miR-545-3p; (D–G) RT-qPCR and Western blot test of CCND1 in tissues and cells; (H–I) Pearson correlation 
analysis assessment of the association of CCND1 with miR-545-3p and circ-ANXA7. (J) Western blot examination of CCND1 after transfec-
tion with sh-circ-ANXA7 or miR-545-3p mimic. Data were expressed as mean ± S.D. (Number of samples =3). *P<0.05..
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treatment of NSCLC (Dong et al., 2019). Nevertheless, 
DDP resistance severely limits its clinical efficacy (Hong 
et al., 2020). Consequently, it was crucial to suppress 
DDP resistance for better treatment of NSCLC patients. 
It is reported that aberrant circRNA impacts NSCLC 
cancerization and chemotherapy resistance (Zhang et al., 
2021). In this study, it was first discovered that repres-

sion of circ-ANXA7 suppressed NSCLC progression and 
strengthened DDP sensitivity. Additionally, this study 
first verified the regulatory network of cir-ANXA7/miR-
545-3p/CCND1.

Research has shown that the covalent closed struc-
ture of circRNAs makes them more stable in eukaryotes 
(Fu et al., 2021). Likewise, the data displayed that circ-

Figure 6. Circ-ANXA7 impacts NSCLC progression and DDP resistance via miR-545-3p/CCND1 axis
(A–B) RT-qPCR and Western blot examination of CCND1 in A549/DDP cells; (C) MTT analysis of IC50 of DDP in A549/DDP cells; (D–E) MTT 
and colony formation assay detection of cell proliferative activity; (F) Flow cytometry test of cell apoptosis; (G–H) Transwell assay test of 
cell migration and invasion; (I) Western blot test of drug-resistance associated proteins (P‐gp and GST‐π). Data were expressed as mean 
±  S.D. (Number of samples =3). *P<0.05.

Figure 7. Loss of circ-ANXA7 lessens tumor growth in vivo
(A) Tumor volume changes of mice in each group; (B) Tumor weight of mice at 4th week; (C) Circ-ANXA7 and miR-545-3p in resected 
tumors; (D–E) CCND1 expression in resected tumors. Data were expressed as mean ± S.D. (Number of samples =3). *P<0.05.
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ANXA7 after RNase R and Actinomycin D treatment 
was more stable than linear ANXA7. circRNAs exert 
critical roles in multiple biological processes of NSCLC 
(Liu et al., 2021). For instance, in DDP-resistant NSCLC 
tissues and cells, circ_PIP5K1A expression is augmented, 
while silencing circ_PIP5K1A is available to restrain can-
cer progression and strengthen DDP sensitivity (Feng 
et al., 2021). Additionally, silencing circ_0076305 ame-
liorates the DDP sensitivity of NSCLC (Wang et al., 
2021). In other words, circRNAs modulate cancer pro-
gression and DDP resistance. This research focused on 
a novel circrNA (Circ-ANXA7) derived from host gene 
ANXA7 chr10 (75138745-75138766). Expression analy-
sis displayed that circ-ANXA7 was elevated in DDP-
resistant NSCLC tissues and cells, clarifying that circ-
ANXA7 might participate in DDP resistance progression 
in NSCLC. As expected, it was discovered that circ-
ANXA7 silencing inhibited the proliferative activity, mi-
gration, invasion, and DDP sensitivity of DDP resistant 
cells, but promoted apoptosis. Overall, the data have il-
lustrated that circ-ANXA7 is a promoter of NSCLC pro-
gression and drug resistance. Nevertheless, circ-ANXA7 
in patients’ serum was not detected in this study. Nota-
bly, a recent report has clarified that exosomes-delivered 
hsa_circ_0014235 expedites DDP resistance and exacer-
bates NSCLC development via mediating miR-520a-5p/
CDK4 pathway (Xu et al., 2020). Consequently, it was 
a necessity to further examine circ-ANXA7 in NSCLC 
clinical serum samples in subsequent studies, which 
might offer novel data support for circ-ANXA7 as a 
promoter of NSCLC resistance.

As reported, the regulatory function of circRNA is 
associated with the miRNA/mRNA signaling network 
(Feng et al., 2021). Notably, it is reported that circRNAs 
participate in various human cancers via effectively tar-
geting miRNA to mediate gene (Liu et al., 2022). For in-
stance, silencing circ_0007385 restrains malignant behav-
ior and DDP resistance of NSCLC cells via miR-519d-
3p/HMGB1 axis (Ye et al., 2020). Circ_0076305 mod-
ulates STAT3 and DDP resistance of NSCLC cells via 
absorbing miR-296-5p as a sponge (Dong et al., 2019). 
Consequently, miR-545-3p was discovered to have a tar-
geted binding site with circ-ANXA7. Foregoing studies 
have elucidated that miR-545-3p is silenced in NSCLC 
and performs as a tumor suppressor gene, restraining 
NSCLC progression and strengthening DDP sensitivity 
(Du et al., 2021; Li, Liu, and Qin 2020). Likewise, in this 
study, it was discovered that miR-545-3p was silenced in 
DDP-resistant NSCLC tissues and cells and performed 
as a tumor suppressor gene. Additionally, it was first dis-
covered that miR-545-3p was competitively adsorbed by 
circ-ANXA7, and upregulating miR-545-3p reversed the 
inhibitory effect of circ-ANXA7 loss on NSCLC pro-
gression and DDP resistance.

miRNAs are available to repress specific proteins af-
ter transcription via combining with the 3’UTR of tar-
get mRNA (Pang et al., 2020). Consequently, the tar-
get genes of miR-545-3p were predicted, and CCND1 
among numerous mRNAs has drawn our attention due 
to its relationship with DDP resistance (Zuo et al., 2021). 
CCND1 performs as a carcinogen in NSCLC, promot-
ing proliferation, migration, invasion, and drug resistance 
of NSCLC cells, and may become a potential therapeutic 
target for NSCLC (Huang et al., 2020; Cui et al., 2020; 
Liu et al., 2020). Nevertheless, the mechanism of circ-
ANXA7/miR-545-3p/CCND1 axis in NSCLC DDP re-
sistance has not been explored. In this research, it was 
testified that elevated CCND1 was presented in DDP-
resistant NSCLC tissues and cells. Additionally, it was 

first discovered that miR-545-3p was implicated in DDP 
resistance in NSCLC via targeting CCND1.

In brief, circ-ANXA7 accelerated DDP resistance in 
NSCLC via the miR-545-3p/CCND1 axis, which might 
offer brand-new insights into the treatment of DDP re-
sistance in NSCLC. Nevertheless, the potential involve-
ment of downstream pathways was not considered in 
this study. In addition, future multicenter and animal 
studies are needed to further elucidate the role of circ-
ANXA7 in DDP resistance in NSCLC.
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Effect of 6-hydroxydopamine increase the glutathione level in 
SH-SY5Y human neuroblastoma cells
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Treatment of human neuroblastoma SH-SY5Y cells with 
a catecholaminergic neurotoxin, 6-hydroxydopamine 
(6-OHDA) is an acknowledged in vitro experimental 
model of Parkinson disease (PD). A decrease in the glu-
tathione content occurs in PD. Higher concentrations of 
6-OHDA lowered the glutathione level in SH-SY5Y cells, 
nonetheless, we and other authors found a consider-
able increase in these cells’ glutathione content after 
24 h treatment with 60 μM 6-OHDA. A synthetic anti-
oxidant, 4-aminotetramethylpiperidine-1-oxyl (4-AT) ex-
erted a similar effect. The aim of the present study was 
to explain this surprising effect by monitoring the time 
course of changes in the levels of reduced (GSH) and 
oxidized glutathione (GSSG), total antioxidant activity 
(TAC) of human neuroblastoma cell SH-SY5Y extracts as 
well as the level of reactive oxygen species and activi-
ties of enzymes of glutathione metabolism after treat-
ment of the cells with 60 µM 6-OHDA and/or 4-AT for 
30 min – 24 h. A transient decrease in the level of GSH 
and TAC of cell extracts, increase in the level of GSSG, 
and decrease in the activities of glutathione peroxidase, 
glutathione reductase, glutathione S-transferase and 
γ-glutamyl-cysteine ligase activities were found followed 
by normalization or overshoot of the GSH level, TAC 
and enzyme activities. Increased activity of γ-glutamyl-
cysteine ligase activity starting after 4-6 h was responsi-
ble for the elevation of the level of GSH and TAC in cells 
treated with 6-OHDA, 4-AT, and both compounds. The 
6-OHDA-induced increase in the GSH content is a result 
of an overcompensatory response. The antioxidant 4-AT 
may be useful for the induction of an increase in the lev-
el of GSH in neural cells, without the negative effect of 
6-OHDA.
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INTRODUCTION

Glutathione (GSH) is the most abundant intracellular 
antioxidant playing a crucial role in the maintenance of 
redox homeostasis in cells, including neurons (Aoyama, 
2021). A decrease in the GSH content was observed in 
the substantia nigra of patients with Parkinson disease 
(PD) and attributed mainly to its reactions with dopa-
mine and its degradation products (Smeyne & Smeyne, 
2013; Bjørklund et al., 2021).

The treatment of human neuroblastoma SH-SY5Y cells 
with 6-hydroxydopamine (6-OHDA) is an acknowledged 
cellular model of PD (Lopes et al., 2010; Tsai et al., 2020; 
Xicoy et al., 2020; Pichla et al., 2020; Elyasi et al., 2021; 
Pichla et al., 2021). 6-Hydroxydopamine induces oxida-
tive stress in the neuroblastoma cells, as demonstrated 
by increased levels of reactive oxygen species (ROS), 
decreased activity of superoxide dismutase and catalase, 
decreased total antioxidant capacity (TAC) as well as 
increased total oxidant status and heightened levels of 
oxidative DNA damage, lipid peroxidation, and protein 
carbonylation (Pichla et al., 2020; Cirmi et al., 2021; Lee 
et al., 2020; Rashidi et al., 2021; Sun et al., 2020; Ko et al., 
2019; Betharia et al., 2019; Hara et al., 2003a; Chen et al., 
2022; Ferak Okkay et al., 2021; Ryu et al., 2013; Zhang et 
al., 2014). Although 6-OHDA is able to cause dopamin-
ergic neurodegeneration in experimental models of PD 
by an oxidative stress-mediated process, the underlying 
molecular mechanism remains unclear. There are diver-
gent data on the effect of 6-OHDA on the GSH level 
in the SH-SY5Y human neuroblastoma cell line. Sun and 
others (Sun et al., 2020) observed about a 50% decrease 
in the GSH content after the treatment of SH-SY5Y 
cells with 80 µM 6-OHDA for 21 h. In turn, Urano and 
others (Urano et al., 2018) found an about 50% decrease 
in the GSH content after 3 h treatment of the SH-SY5Y 
neuroblastoma cell line with 100 µM 6-OHDA. Ko and 
others (Ko et al., 2019) reported an about 40% decrease 
in GSH content, while Jing and others (Jing et al., 2016) 
a 30% decrease in GSH content after 24 h treatment of 
SH-SY5Y cells with 100 µM 6-OHDA. SH-SY5Y cells 
treated with 250 µM 6-OHDA for 24 h showed a de-
crease in the GSH content to about 60% (Cirmi et al., 
2021) and to about 20% of the control value (Rashidi 
et al., 2021). Treatment with 500 µM 6-OHDA for 4 h 
decreased the GSH level by 40% in neuroblastoma cells 
(Barrachina et al., 2003), whereas treatment with 600 µM 
6-OHDA induced a progressive decrease of the GSH 
content in SH-SY5Y cells during 3 h incubation (Miy-
ama et al., 2011).

In contrast, other authors reported increases in the 
GSH content after treatment of SH-SY5Ycells with 
lower concentrations of 6-OHDA. Betharia et al. (2019) 
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observed a 6-fold increase in total glutathione after 24-h 
SH-SY5Y cells treatment with 40 µM 6-OHDA. Tir-
menstein and others (Tirmenstein et al., 2005) found a 
12-fold increase in the GSH concentration after 24 h 
treatment of SH-SY5Ycells with 50 µM 6-OHDA noting 
no change in the GSH: GSSG ratio. We observed no 
change and an about 2.6-fold increase in the GSH con-
tent after 1 h and 24 h treatment of SH-SY5Y human 
neuroblastoma cells with 65 µM 6-OHDA, respectively 
(Pichla et al., 2020).

The level of glutathione seems to be critical for the 
survival of SH-SY5Y cells treated with 6-OHDA since 
a pretreatment with compounds increasing the level of 
glutathione ameliorated the toxicity of 6-OHDA to the 
cells. Pretreatment of SH-SY5Y cells with 3H-1,2-dithi-
ole-3-thione (Jia et al., 2008), t-butyl hydroquinone (Hara 
et al., 2003b), dithiolethiones (Brown et al., 2014, 2016) 
and 3,4-dihydroxybenzalacetone (Gunjima et al., 2014) 
protected the cells against 6-OHDA toxicity; all these 
compounds increased the glutathione content of the 
cells. Buthionine sulfoximine, an inhibitor of glutathione 
synthesis, prevented this effect (Gunjima et al., 2014, 
Brown et al., 2016).

The increase in the GSH content of SH-SY5Y cells 
induced by lower concentrations of 6-OHDA is intrigu-
ing. We decided to study the kinetics of changes in the 
activities of glutathione metabolism enzymes and glu-
tathione levels in order to understand the mechanism of 
alterations in the GSH level evoked by 60 µM 6-OHDA, 
a concentration causing 50% inhibition of cell prolifera-
tion and an over 2-fold increase in the GSH content, 
as found in our previous study (Pichla et al., 2020). We 
observed previously the protection of SH-SY5Y cells by 
nitroxides and nitroxide-containing redox nanoparticles 
from oxidative stress so in this study, we checked also 
the effect of one of the previously employed nitroxides, 
4-amino-(2,2,6,6-tetramethylpiperidine)-1-oxyl (4-amino-
TEMPO, 4-AT), applied alone and in combination with 
6-OHDA on the glutathione metabolism enzymes. The 
concentration of 4-AT of 75 µM was employed; this 
concentration offered significant (ca 50%) protection 
against 6-OHDA (Pichla et al., 2020). Not differentiated 
cells were used, like in the previous study (Pichla et al., 
2020) and in most studies on the effects of 6-OHDA 
on the glutathione level in SH-SY5Y cells. We examined 
also the dynamics of changes in the TAC of SH-SY5Y 
cell extracts and in the level of ROS in the treated cells.

MATERIALS AND METHODS

Materials and equipment

Human neuroblast cell line from neural tissue SH-
SY5Y (CRL-2266) was obtained from the American Cell 
Culture Collection. This cell line was derived from a 
metastatic bone tumor of a 4-year-old cancer patient.

Dulbecco’s Modified Eagle Medium/Nutrient Mixture 
F-12 without phenol red (cat. no. 21041025), Dulbecco’s 
Phosphate Buffered Saline (DPBS) (cat. no. 14040-117), 
and Geltrex™ LDEV-Free Reduced Growth Factor 
Basement Membrane Matrix (cat. no. A1413202) were 
purchased from Thermo Fisher Scientific (Waltham, MA, 
USA). Fetal Bovine Serum (cat. no. S1813), Penicillin-
Streptomycin solution (cat. no. L0022), and Trypsin-
EDTA solution (10×) (cat. no. X0930) were obtained 
from Biowest (Nuaillé, France). Dihydroethidium (DHE) 
(cat. no. 37291), 0.4% Trypan Blue solution (cat. no. 
T8154), 4-amino-TEMPO (4-AT; cat. no. 163945), N-

ethylmaleimide (NEM) (cat. no. E3876), dithiothrei-
tol (DTT) (cat. no. D9760), trichloroacetic acid (TCA) 
(cat. no. T4885), diethylenetriaminepentaacetic acid 
(DTPA), ethylenediamineteraacetic acid (EDTA) (cat. 
no. D1133), L-ascorbic acid (cat. no. A0278), dimethyl 
sulfoxide (DMSO) (cat. no. D2438), o-phtaldialdehyde 
(OPA) (cat. no. P1378), 6-hydroxydopamine hydrobro-
mide (6-OHDA) (cat. no. 162957), Triton X-100 (cat. 
no. X-100), monosodium phosphate (cat nos. 567545), 
disodium phosphate (cat. no. 106580), 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) (cat. no. 
10102946001), potassium persulfate (cat. no. 216224), 
(±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carbox-
ylic acid (Trolox; cat. no. 238813), reduced glutathione 
(GSH) (cat. no. G4251), oxidized glutathione (GSSG) 
(cat. no. G4376), NADPH (cat. no. 10107824001), 
1-chloro-2,4-dinitrobenzene (CDNB) (cat. no. 237329), 
the Folin-Ciocalteu reagent (cat. no. F9252), sodium 
carbonate (cat no. 223530), sodium hydroxide (cat. no. 
S5881), copper sulfate (cat. no. 209198), sodium tar-
trate (cat. no. 217255), bovine serum albumin (cat. no. 
A7030), and methanol (cat. no. 322415) were provided 
by Merck (Poznań, Poland). Hydrochloric acid was pur-
chased from Chempur (Piekary Śląskie, Poland; cat. no. 
115752837). Glutathione Peroxidase Assay Kit was ob-
tained from BioAssay Systems, (Hayward, CA, USA; cat. 
no. EGPX-100). γ-Glutamylcysteine Ligase (GCL) Activ-
ity Assay Kit was from Solarbio Life Sciences (Beijing, 
China; cat. no. BC1210).

Cell culture T25 flasks (cat. no. 156367) were pro-
vided by Thermofisher Scientific (Waltham, MA, USA). 
Transparent 96-well Advanced TCTM culture plates 
(cat. no 655980), black 96-well flat bottom μClear® Ad-
vanced TCTM plates (cat. no. 655986), transparent 96-
well plates (cat. no. 655101), black 96-well flat bottom 
plates (cat. no. 655209) and 24-well cell culture transpar-
ent plates (cat. no. 662160) were obtained from Greiner 
Bio-One (Kremsmünster, Austria). Other sterile cell cul-
ture materials were provided by Nerbe (Winsen, Germa-
ny) or Greiner Bio-One (Kremsmünster, Austria).

4-amino-TEMPO was dissolved in PBS, filtered 
through a 0.22 µm filter before each experiment, and 
diluted in the cell medium. 6-Hydroxydopamine hydro-
bromide was freshly prepared and stabilized with 0.01% 
L-ascorbic acid and filtered using a 0.22 μm syringe filter 
for each experiment. Distilled water was purified using 
a Milli-Q system (Millipore, Bedford, MA, USA). Fluo-
rometric and absorptiometric measurements were per-
formed in a Tecan Infinite 200 PRO multimode reader 
or a Spark multimode microplate reader (Tecan Group 
Ltd., Männedorf, Switzerland). Measurements were per-
formed in nine repetitions (GSH and GSSG content) or 
in triplicate (ROS level, enzyme activities). Transmission 
light microscope observations were done in an inverted 
Olympus CKX53 microscope (OLYMPUS, Tokyo, Ja-
pan).

SH-SY5Y cell culture

SH-SY5Y cells were cultured in DMEM/F12 without 
phenol red (Dulbecco’s Modified Eagle Medium Nutri-
ent Mixture F-12), supplemented with 10% v/v heat-
inactivated fetal bovine serum (hi-FBS) and 1% v/v 
penicillin/streptomycin solution. Cells were maintained 
at 37°C under 5% carbon dioxide and 95% humidity. 
The medium was changed twice a week, and the cells 
were passaged at about 80% confluence. For all studies, 
cells up to 14 passages were used. The morphology was 
examined under an inverted microscope with phase con-

979



Vol. 70 						      459Effect of 6-hydroxydopamine on the glutathione level

trast Zeiss Primo Vert (Oberkochen, Germany).Cell vi-
ability was estimated by the Trypan Blue exclusion test. 
Cells were counted using a Thoma hemocytometer (Ma-
rienfeld Superior, Lauda-Königshofen, Germany).

Cell treatment

Cells were seeded into wells of transparent 96-well 
plates, previously covered with 1% Geltrex™ LDEV-
Free Reduced Growth Factor Basement Membrane 
Matrix, according to the manufacturer’s protocol, at an 
amount of 3.5×104 cells/well in 100 μL culture medium. 
After 48-hour incubation, the medium was gently re-
moved and replaced with 100 µL/well of fresh culture 
medium or culture medium supplemented with adequate 
compounds: 60 µM 6-OHDA, 75 µM 4-AT, or both 
compounds together and placed in an incubator. Al-
ternatively, when more cells were needed, 0.5×106 cells 
were grown in T-25 flasks for 48 h and added with pro-
portionally higher volumes of the medium. After various 
times (30 min, 1 h, 2 h, 4 h, 6 h, 8 h, and 24 h) the 
plates were withdrawn and analyses were performed im-
mediately.

Estimation of the content of reduced and oxidized 
glutathione (GSH and GSSG)

The content of GSH was assayed with OPA using a 
slightly modified method of Senft and others (Senft et 
al., 2000). Briefly, the medium was gently removed and 
cells were washed with 150 μL/well of phosphate-buff-
ered saline (PBS). PBS was gently removed by aspira-
tion. Subsequently, 60 μL/well of freshly prepared cold 
lysis buffer (RQB buffer: 20 mM HCl, 5% TCA, 5 mM 
DTPA, and 10 mM L-ascorbic acid was added; then, the 
plates were shaken at 900 rpm for 5 minutes, and centri-
fuged at 4,000 rpm (5 min, room temperature).

Cell lysates were transferred into two separate black 
96-well plates (“+ NEM’” and “– NEM”) with a black 
bottom in a volume of 25 μL/well. Into the first plate, 
“+NEM”, 4 μL/well of freshly prepared 7.5 mM NEM 
in ice-cold RQB buffer were added. Then, 40 μL/well of 
1 M phosphate buffer, pH 7.0, was pipetted into both 
plates, which were shaken for 5 minutes at 900 rpm. 
Then, 160 μL/well of ice-cold 0.1 M phosphate buffer 
(pH 6.8) and 25 μL/well of newly prepared 0.5% OPA 
in methanol were added into “+NEM” and “–NEM” 
plates. Then, the plates were shaken at 900 rpm for 30 
minutes. Fluorescence was measured with a TECAN 
Spark® multimode plate reader at 355/430 nm. GSH 
concentration was obtained by subtracting the fluores-
cence of the plate without NEM from the fluorescence 
of the NEM-containing plate and the GSH content was 
calculated, respectively, with reference to protein content 
in each well.

To determine the content of GSSG, 100 μL/well of 
the cell lysate was added to the “–DTT” and “+DTT” 
black 96-well plates followed by 4 μL/well of freshly 
prepared 7.5 mM NEM and 40 μL/well of 1 M phos-
phate buffer, pH 7.0. After 5-min shaking, 10 μL of 
10 mM DTT was added to the “+DTT” plate, and the 
plates were incubated for 60 min at room temperature 
with shaking. Then, 80 μL/well of 0.2 M phosphate 
buffer (pH 6.8) and 25 μL/well of newly prepared 0.5% 
OPA were added and the procedure was run as above. 
The fluorescence of “–DTT” plate was subtracted from 
that of the “+DTT” plate and the GSSG content was 
calculated, respectively, with reference to protein content 
in each well.

Estimation of total antioxidant capacity

The cells (5×105) were seeded in T25 flasks and cul-
tured for 48 h; after this time the flask contained about 
106 cells. Then the cells were subjected to respective 
treatments and after 24 h, detached by trypsinization, 
centrifuged (1 000 rpm, 5 min) washed with PBS, centri-
fuged, and added with 500 μL of ice-cold 10 mM TCA 
to lyse the cells and prevent oxidation of cell constituents 
by acidification of the mixture, and frozen at –80°C. Af-
ter thawing, the lysates were centrifuged (5  min, 13,000 
rpm). The total antioxidant activity of the supernatants 
was assayed using a modified ABTS● decolorization as-
say (Kut et al., 2022). Briefly, stock ABTS● solution pre-
pared by oxidation of ABTS solution with potassium 
persulfate was diluted so that absorbance of 200 μin a 
well of a 96-well plate at 734 nm was equal to 1. To 
this solution, 25 μL of the supernatants were added and 
a decrease of absorbance was measured after 1 min and 
after 30 min at room temperature and corrected for the 
ABTS● self-decomposition. Total antioxidant capacity 
was calculated using Trolox with reference to the protein 
content in each well.

Estimation of the level of reactive oxygen species (ROS)

Cells were seeded on black 96-well plates, cultured, 
and treated as described above. 100 μL/well of fresh-
ly prepared DHE working solution in PBS was add-
ed; the final concentration of DHE was 10 μM. The 
fluorescence was measured immediately at 37°C, at 
405/570  nm for 30 min at 1 min intervals. The “area 
under the curve”(sum of the fluorescence values meas-
ured at successive times) was assumed as a measure of 
the level of ROS.

Estimation of glutathione peroxidase activity

The cells were grown in T25 flasks as above, and after 
24 h of the treatments, were detached by trypsinization, 
centrifuged (1 000 rpm, 5 min) washed with PBS, centri-
fuged, and added with 500 μL of ice-cold 20 mM phos-
phate buffer, frozen and thawed. Glutathione peroxidase 
activity was determined in the cell lysates using the En-
zyChrom Glutathione Peroxidase Assay Kit according to 
the manufacturer’s instructions.

Estimation of glutathione reductase activity

Glutathione reductase was assayed by a modification 
of the method of Carlberg and Mannervik (1975). Ali-
quots (50 μL) of lysates prepared as above were pipet-
ted to wells of a transparent 96-well plate, added with 
110 μL of 0.1 M phosphate buffer, pH 7.6, 20 μL of 1 
mM NADPH and 20 μL of 1 mM GSSG. Kinetics of 
absorbance decrease at 340 nm was measured in a plate 
reader at 37°C for 5 min. On the basis of the rate of 
absorbance decrease, the enzyme activity was calculated 
with respect to the protein content of a well.

Estimation of glutathione S-transferase activity

Glutathione S-transferase activity was assayed by a 
modification of the procedure proposed by Habig et al. 
(1974). Cell lysates (50 μL were pipetted to wells of a 
transparent 96-well plate and added with 130 μL of 0.1 
M phosphate buffer, pH 6.5, 10 μL of 20 mM GSH, 
and 10 μL of 20 mM CDNB in ethanol. An increase 
in absorbance at 340 nm was monitored for 10 min at 
room temperature. On the basis of the rate of absorb-
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ance increase, the enzyme activity was calculated with re-
spect to the protein content of a well.

Estimation of γ-glutamyl-cysteine ligase activity

Gamma-glutamyl-cysteine ligase activity was as-
sayed using the γ-Glutamylcysteine Ligase (GCL) Ac-
tivity Assay Kit according to the manufacturer’s in-
structions. The cells were grown in T25 flasks, sub-
jected to the treatments, detached by trypsinization, 
and washed with PBS. They were lysed by sonication 
(3 min on ice) as recommended in the instruction.

Protein assay

Protein content was determined according to Lowry et 
al. (Lowry et al., 1951) using bovine serum albumin as a 
standard.

Statistical analysis

The results are expressed as a percent of values ob-
tained for control (not treated cells) cultured in parallel 
for the same time. The significance of differences be-
tween the control and treated cells was estimated using 
the Student’s “t” test.

RESULTS

The time course of the contents of reduced and 
oxidized glutathione in SH-SY5Y cells treated with 
6-OHDA, the nitroxide 4-AT, and both compounds 
together is shown in Fig. 1. After an initial decrease 
in the GSH content in cells subjected to all treatments 
after 30 min, the GSH content increased progressively 
with respect to control after all treatments. This increase 
reached statistical significance after 6, 8, and 24 h in cells 
treated with 6-OHDA, and after 2, 4, 6, 8, and 24 h in 
cells treated with 4-AT and treated with 6-OHDA and 
4-AT. Changes at the “zero time” with respect to con-
trol observed in cells treated with 6-OHDA were appar-
ently due to the fact that the minimal manipulation of 
the cells till complete stopping the reactions took at least 
a minute; during this time, the reagents applied could re-
act with glutathione and other cell components.

There was an initial small increase in the GSSG con-
tent of the cells treated with 6-OHDA or 4-AT after 30 

min. Then the GSSG level remained constant, except for 
a small decrease for 4-AT-treated cells after 8 hours.

Total antioxidant capacity of cell extracts measured 
by the reduction of the ABTS● radical after 1 min re-
flects mainly the content of “fast” (rapidly reacting) anti-
oxidants while the measurement of the ABTS● reduction 
after 30 min reflects the content of the sum of “fast” 
and “slow” antioxidants (“summary” TAC). The values 
of TAC obtained after 1 min reduction by the cell ex-
tracts were about 67% of the values of TAC obtained 
after 30 min; this percentage was not affected by the 
treatments applied. Changes in TAC of cell extracts 
measured after both 1 min and 30 min were similar to 
those of the GSH content. There was an initial (for the 
0 time) decrease in the content of “fast antioxidants” for 
cells treated with 4-AT and after 30 min for cells treated 
with 6-OHDA and a decrease of the “summary TAC” at 
the 0 time for all types of treatment, maintained after 30 
min in cells treated with 6-OHDA. After 4, 6, 8, and 24 
h the content of “fast” antioxidants increased over the 
control levels in cells treated with 6-OHDA, 4-AT, and 
both compounds, reaching the highest values after 24 h 
for cells treated with 6-OHDA and 6-OHDA plus 4-AT. 
Statistically significant elevation of the “summary TAC” 
was observed after 6, 8 and 24 h for all types of treat-
ment (Fig. 2).

The level of ROS was elevated in cells treated with 
6-OHDA over the entire experiment, after 30 min in 
cells treated with 4-AT, and at the 0 time and after 30 
min and 1 h in cells treated with 6-OHDA and 4-AT si-
multaneously. Later on, the ROS level decreased in cells 
treated with 4-AT after 8 and 24 h, and in cells treat-
ed with 6-OHDA and 4-AT simultaneously after 24  h 
(Fig.  3).

The patterns of changes in the activities of glutathione 
peroxidase (GPx; EC 1.11.1.9) and glutathione reductase 
(GR; EC 1.6.4.2) were similar. Initially, the GPx activ-
ity was decreased in cells treated with 6-OHDA after 30 
min, 1 h, and 2 h, and increased over the control level 
for cells treated with 6-OHDA and with 6-OHDA and 
4-AT simultaneously after 8 h. GR activity decreased af-
ter 30 min for all types of treatment, and after 1 h in 
cells treated with 6-OHDA and 6-OHDA and 4-AT si-
multaneously. Later on, an increase in the GR activity 
was noted, peaking after 6 and 8 h for types of treat-
ment. This increase was maintained after 8 h for cells 

Figure 1. Time course of changes in the GSH and GSSG content of SH-SY5Y cells treated with 50 µM 6-OHDA, 75 µM 4-AT, and both 
compounds together. 
*p≤0.05 vs. control (not treated) cells (Student’s “t” test); n=9.
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treated with 6-OHDA and with 4-AT, coming back to 
control values after 24 h (Fig. 4).

The activities of glutathione S-transferase (GST; 
EC 2.5.1.18) and γ-glutamyl-cysteine ligase (GCL; EC 
6.3.2.2) changed in a similar way though the amplitude 
of changes was greater for the latter enzyme. The activ-
ity of GST was decreased after 30 min in cells treated 

with 6-OHDA, after 0.5 and 1 h for cells treated with 
4-AT and after 30 min, 1 h and 2 h for cells treated 
with 6-OHDA and 4-AT simultaneously. Then its activ-
ity was significantly increased after 8 h in cells treated 
with 4-AT, and after 8 and 24 h in cells treated with 
6-OHDA and 4-AT simultaneously. The activity of GCL 
was decreased after 0.5 h and elevated after 4, 6, 8 and 
24 h in cells treated with 6-OHDA, decreased after 0.5 
h, and increased after 2, 4, 8 and 24 h in cells treated 
with 4-AT, and increased after 6, 8 and 24 h in cells 
treated with 6-OHDA and 4-AT simultaneously (Fig. 5).

DISCUSSION

It was speculated that supplementation with N-acetyl-
cysteine to restore the level of glutathione may inhibit 
the progression of PD (Aaseth et al., 2018; Tardiolo et 
al., 2018). The results of animal experiments are encour-
aging (Tardiolo et al., 2018).

A decrease in the GSH level was observed in SH-
SY5Y cells treated with relatively high concentrations of 
6-OHDA as a cellular model of PD. Interestingly, cell 
treatment with lower concentrations of 6-OHDA in-
duced a profound increase in the cellular GSH content 
(Tirmenstein et al., 2005; Betharia et al., 2019; Pichla et 
al., 2020). Exact comparison of data of various authors 

Figure 2. Time course of changes in the total antioxidant capacity of extracts of SH-SY5Y cells treated with 50 µM 6-OHDA, 75 µM 
4-AT, and both compounds together. 
*p≤0.05 vs. control (not treated) cells (Student’s “t” test); n=3.

Figure 3. Time course of changes in the level of ROS in SH-SY5Y 
cells treated with 50 µM 6-OHDA, 75 µM 4-AT, and both com-
pounds together. 
*p≤0.05 vs. control (not treated) cells (Student’s “t” test); n=3.

Figure 4. Time course of changes in the activities of glutathione peroxidase (GPx) and glutathione reductase (GR) in SH-SY5Y cells 
treated with 50 µM 6-OHDA, 75 µM 4-AT and both compounds together. 
*p≤0.05 vs. control (not treated) cells (Student’s “t” test); n=3.
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may be not easy due to subtle differences in conditions. 
Inter alia, concentrations of the treating agents are usu-
ally reported while a description of exposure conditions 
in the mole per cell metric would be more relevant 
(Doskey et al., 2015; Bartosz et al., 2022). In any case, 
treatment with lower amounts of 6-OHDA induced an 
increase rather than a decrease in the glutathione content 
of SH-SY5Y cells. This phenomenon is intriguing as it 
may point to the ways of elevation of the glutathione 
content in neuronal cells subjected to oxidative stress.

Results of the present study strongly suggest that this 
increase in the GSH content is of adaptive nature and 
is preceded by a transient decrease in the GSH level in 
the cells shortly after the addition of 6-OHDA, 4-AT, 
and both compounds together. There was an initial 
small increase in the content of GSSG in cells treated 
with 6-OHDA and 4-AT alone and, with one exception, 
no significant changes afterward. The lack of significant 
changes in the GSSG level in SH-SY5Y cells challenged 
with a similar concentration of 6-OHDA after 4 h and 
24 h was reported previously (Tirmenstein et al., 2005).

The small increase in the GSSG content being a re-
sult of GSH oxidation after 30 min can contribute to 
but cannot account for the decrease in the GSH con-
tent occurring at this time as the GSSG constituted not 
more than 2% of the total glutathione content in SH-
SY5Y cells. The main reason for the transient decrease 
in the content of GSH is most probably the formation 
of conjugates with products of 6-OHDA oxidation, es-
pecially p-quinone (Izumi et al., 2005). Nitroxides are 
known to oxidize glutathione (Głebska et al., 2003) the 
relatively low decrease in the GSH content and the rela-
tively high increase of the GSSG content in cells treated 
with 4-AT are compatible with the assumption that in 
this case, GSH loss was mainly due to the GSH oxida-
tion by 4-AT. 4-AT is a nitroxide, an antioxidant able 
to decompose superoxide radical anions in a pseudo-su-
peroxide dismutase reaction and to react with other free 
radicals (Lewandowski & Gwozdzinski, 2017; Prescot & 
Bottle, 2017); reactions with free radicals can contribute 
to the GSH loss as well. It is therefore not surprising 
that the loss of the GSH content observed after 30 min 
in cells treated with 6-OHDA and 4-AT together is not 
higher than those observed for cells treated with any of 
these agents alone and the increase of the GSSG content 
observed after this time is even lower than that those 
found after the action of the single compounds. Changes 
in TAC of cell extracts generally coincided with those 

observed for GSH content, in agreement with the view 
that thiols are the main determinants of cellular TAC.

The permanent elevation of the ROS level in cells 
treated with 6-OHDA evidences permanent oxidative 
stress induced by this compound, not counteracted ef-
ficiently by increased levels of GSH and TAC. The ROS 
level was not increased and even decreased by 4-AT at 
longer incubation times. The presence of 4-AT decreased 
the ROS level in cells treated with 6-OHDA, evidencing 
the antioxidant action of this compound.

Cell treatment with 6-OHDA, 4-AT, and both com-
pounds together brought about transient decreases of 
activity of all enzymes of glutathione metabolism stud-
ied, starting at 30 min of incubation and followed by a 
recovery or even an overshoot several hours later. The 
loss of enzyme activity may be due to a non-covalent 
inhibition and (probably mostly) to the damage to enzy-
matic proteins by thiol oxidation (6-OHDA, 4-AT) and 
reactions of free radicals and products of 6-OHDA deg-
radation.

Of particular importance are the changes in the GCL 
activity since it is the rate-limiting enzyme of glutathione 
biosynthesis. The decrease in GCL activity coincided 
with the loss of GSH level, apparently evidencing the in-
ability of the enzyme to secure the normal level of GSH 
consumed at this stage of incubation. The activity of the 
enzyme was restored relatively quickly; later on, an over-
shoot took place lasting until 24 h and apparently was 
responsible for the elevation of GSH content over the 
control level. It was reported previously that exposure of 
SH-SY5Y cells to 6-OHDA results increased the expres-
sion of the Nrf-2-dependent genes coding for the GCL 
modifier and catalytic subunits (Tirmenstein et al., 2005). 
Our results demonstrate that an increase in the activity 
of this enzyme indeed takes place under these conditions 
and leads to an overcompensatory increase in the GSH 
content.

An increase in the expression of increased genes cod-
ing for the GCL modifier and catalytic subunits was re-
ported in SH-SY5Y cells treated with a similar concen-
tration of 6-OHDA (Tirmenstein et al., 2005). Genes 
coding for other enzymes studied (GPx , GR, and GST) 
are also under the control of the Nrf2 transcription fac-
tor (He et al., 2020), which explains the common pattern 
of activation of all enzymes covered by this study. Semi-
quinones and quinones react with the Keap protein and 
activate Nrf2; such products of 6-OHDA metabolism 
are formed in the cells (Kang et al., 2005).

Figure5. Time course of changes in the activities of glutathione S-transferase (GST) and γ-glutamyl-cysteine ligase (GCL) in SH-SY5Y 
cells treated with 50 µM 6-OHDA, 75 µM 4-AT and both compounds together. 
*p≤0.05 vs. control (not treated) cells (Student’s “t” test); n=3.
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4-amino-TEMPO increased the level of GSH and 
TAC, especially after 2-24 h (GSH content) and 4-24 h 
(TAC). Nitroxides can also activate Nrf2 (Greenwald et 
al., 2014), which explains the similar pattern of enzyme 
activation by 6-OHDA and 4-AT. The common mecha-
nism of Nrf2 activation may explain the lack of synergy 
or additivity of the response.

CONCLUSION

Elevation of the level of cellular GSH is apparently 
an adaptive reaction to oxidative stress imposed by 
6-OHDA, occurring if the cell viability is not compro-
mised too strongly and seems to be advantageous for 
the cells. Mounting of the Nrf2 response by 4-AT may 
be of potential therapeutic interest since in PD the level 
of GSH is decreased in substantia nigra and application 
of a nitroxide, which has beneficial antioxidant proper-
ties per se, might be an acceptable way in attempts to in-
crease the level of this key cellular antioxidant.
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NADPH oxidase 4 facilitates progression of chondrosarcoma via 
generation of reactive oxygen species
Zheng Jun✉, Wang Lei, Fang Ce, Ren Wen Tao, Meng Xiang Hui and Qing Ci Nan
Department of Orthopedics, Anhui Provincial Cancer Hospital, China

Nicotinamide adenine dinucleotide phosphate oxi-
dase 4 (NOX4) is an enzyme that regulates reactive 
oxygen species (ROS) generation, and its function in 
the development of chondrosarcoma remains unclear. 
In the present study, we studied NOX4 expression in 
chondrosarcoma by immunochemical examination, 
and analyzed the role of NOX4 in viability and apopto-
sis of human chondrosarcoma cell line SW1353 using 
NOX4 siRNA or NOX4 inhibitor GKT137831. NOX4 level 
significantly increased in tumor compared to that in 
para-carcinoma sample. The levels of NOX4 were posi-
tively correlated with histological grade and Muscu-
loskeletal Tumor Society stage of the patients. NOX4 
level was significantly increased in SW1353 compared 
with that in chondrocytes CHON-001. Knockdown of 
NOX4 or inhibition of NOX4 by GKT137831 both de-
creased generation of ROS, and induced growth inhi-
bition and apoptosis in SW1353, accompanied with 
the activation of caspases (caspase-3, caspase-8 and 
caspses-9), upregulation of Bax, cytochrome C(cyt-c), 
cleaved-PARP and down-regulation of Bcl-2. Moreo-
ver, NOX4 siRNA and GKT137831 decreased the ex-
pression of p-Akt, p-ERK and p-p65 in SW1353 cells. 
In an in vivo study, NOX4 shRNA transfected SW1353 
have shown impaired growth ability compared to the 
SW1353 when they were injected into the nude mice. 
Meanwhile, GKT137831 induced growth inhibition and 
apoptosis in SW1353 xenograft animals, together with 
increased expression of Bax, cyt-c, cleaved-PARP, and 
decreased expression of Bcl-2, p-Akt, p-ERK and p-p65. 
NOX4 plays a positive role in the development of 
chondrosarcoma and could serve as a promising tar-
get against chondrosarcoma clinically.

Keywords: NADPH oxidase 4, chondrosarcoma, oxidative stress, reac-
tive oxygen species, growth, apoptosis
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INTRODUTCTION

Chondrosarcoma is a primary bone cancer with di-
verse morphological features and clinical behavior. 
Chondrosarcoma takes up about 20% of all primary 
malignant tumors of the bone and may occur at any 
age between 10 and 80 years old (MacDonald et al., 
2019). Although chondrosarcomas typically arise from 
cartilage or cartilaginous precursors within bone, they 
may occasionally develop within soft tissues through-

out the body. At present, clinical treatment options 
(chemotherapy or radiation treatment) are labeled with 
poor response and unsatisfied effect, making a chal-
lenge to the management of chondrosarcomas (Mac-
Donald et al., 2019; Lee et al., 2012; Gelderblom et al., 
2008). Due to absence of effective adjuvant therapy, 
mesenchymal malignancy has a poor prognosis.

Complicated biochemical processes involved in ma-
lignant tumor formation and development provide a 
lot of promising therapeutic targets and strategies. 
One of these strategies is to inhibit oxidative stress, 
as oxidative stress produced reactive oxygen species 
(ROS) is served as a stimulus for tumor angiogenesis 
(Klaunig, 2018; Ratliff et al., 2016). Oxidative stress is 
the cellular state in which levels of ROS override an-
tioxidant defense of the cell. ROS is an oxygen-based 
chemical intermediate with high reactivity. Under 
physiological condition, ROS level is tightly regulated 
through action of various scavenging and antioxidant 
systems to mediate the normal activity of cellular sign-
aling pathways (Ratliff et al., 2016). However, abnor-
mally elevated ROS production that exceeds scaveng-
ing capacity of the antioxidant system has linked to 
pathobiology of many diseases. Many reports (Chen et 
al., 2020; Chen et al., 2020; Lee et al., 2019) have sup-
ported that ROS play a positive role in the prevention 
of tumor programmed cell death and promotion of 
immortalization, metastasis, and other tumor features.

Nicotinamide adenine dinucleotide phosphate (NA-
DPH) oxidase (NOX) produces superoxide anion and 
other ROS from molecular oxygen throughout the 
body. NOX transfers electrons from NADPH, they 
react with oxygen to form superoxide, which is usu-
ally rapidly converted to hydrogen peroxide (Ratliff et 
al., 2016; Bedard & Krause, 2007). Therefore, NOX 
is a major component of oxidative stress system. At 
present, several members have been discovered and 
identified in the family of NOX, including NOX1, 
NOX2, NOX4, NOX5, etc. (Bedard & Krause, 2007). 
NOX4 is the sole NOX isoform present in human 
primary chondrocytes (Drevet et al., 2018). Several re-
ports confirmed the positive role of NOX4 in bone 
and cartilage homeostasis associated diseases (Drevet 
et al., 2018; Wegner & Haudenschild, 2020). Moreo-
ver, NOX4 was involved in advanced glycation end-
products-induced degradation of articular extracellular 
matrix (Lei et al., 2019). However, NOX4’s biological 
effect in the development of chondrosarcoma is still 
unclear. Therefore, the aim of the present study was 
to disclose NOX4’s role in the development of chon-
drosarcoma, and meanwhile to evaluate effectiveness 
of targeted NOX4 in the prevention of chondrosar-
coma.
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MATERIAL AND METHODS

Clinical specimens

The present study was approved by the Ethics Com-
mittee of Anhui provincial Cancer Hospital and con-
ducted along with the ethical standards of the Helsinki 
Declaration of 1975, as revised in the year 2000. A total 
of 40 patients with conventional chondrosarcoma were 
recruited into current study between 2019 and 2020 at 
Anhui provincial Cancer Hospital. Informed consents 
were obtained from all enrolled patients. None of the 
enrolled patients received radiotherapy or chemotherapy 
prior to surgery. A total of 80 samples (cancer and adja-
cent normal tissues) were obtained. Specimens were fro-
zen in liquid nitrogen after resection and stored at -80°C 
until use.

Cells lines and culture

Human cancer cell lines

Human chondrosarcoma cell line SW1353 and chon-
drocytes cell line CHON-001 were obtained from the 
American Type Culture Collection (Manassas, VA, USA). 
All cells were conventionally maintained in Dulbecco’s 
modified Eagle medium (DMEM) supplemented with 
10% fetal bovine serum, 100 U/ml penicillin and 100 
μg/ml streptomycin, and routinely cultured in a humidi-
fied incubator at 37°C supplemented with 5% CO2.

Transfection of cells

siRNAs against NOX4 and control siRNA were pur-
chased from Gene Pharma (Shanghai, China). SW1353 
cells were transfected with siRNAs using Lipofectamine 
2000 (Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s instruction. Briefly, the special NOX4 
siRNA (40 nM) or non-binding control siRNA (40 nM) 
was transfected into SW1353 cells and cultured for 12h. 
After 12 h, the transfection medium was removed and 
2 ml DMEM without FBS was added to recover cell 
growth for 24 h. The NOX4 siRNA sequences were 
sence 5’-CCAUGUGCCGAACACUCUUTT-3’ and 
antisence 5’-AAGAGUGUUCGGCACAUGGTT-3’ 
(Genepharma, Shanghai, China). Moreover, for stable 
transfection of shRNA in vivo, pGIPZ-lentiviral shRNA 
vectors targeting NOX4 gene and control vector were 
purchased from Open Biosystems (Thermo Fisher Sci-
entific, Inc. Waltham, MA, USA), pGIPZ cloning vector 
contains a puromycin-resistant gene. Briefly, the nucleo-
tide sequences were as follows: shNox4, 5′-GCATG-
GTGGTGGTGCTATTCC-3′; and shNC, 5′-TTCTC-
CGAACGTGTCACGT-3′. To generate lentiviral par-
ticles, HEK-293-T cells were transiently transfected 
with 4 mg pLKO.1 lentiviral vector (Sigma) containing 
shNOX4 or sh nontargeting control (Sigma) plus 4 mg 
of pCMVDR8.91 and 1.0 mg of pMD.2G plasmids us-
ing transfection reagent Lipofectamine 2000. SW1353 
cells were transduced with lentiviral particles plus 0.4 
mg/mL polybrene (Sigma) and infected overnight, and 
the selection of transfected cells was done by adding 
0.75 mg/mL puromycin (Sigma).

Cell Viability Assay

Cell viability was analyzed using MTT assay. Brief-
ly, 5×103 cells of SW1353 were seeded into 96-well 
plates and incubated with 1 μM cisplatin (Sigma Al-
drich, St. Louis, MO, USA), 5 μM N-Acetyl-L-cysteine 

(NAC, Sigma Aldrich, St. Louis, MO, USA) and 1 μM 
GKT137831 (Med Chem Express, Shanghai, China) for 
96  h. At the end of culture, DMSO was added to dis-
solve the formazan crystals. Absorbance was detected at 
a wavelength of 570 nm by a microplate reader (BioTek, 
Winooski, VT, USA). Percentages of cell viability (%) 
were determined by comparing with the untreated con-
trol.

Apoptosis assay

Cells (5×104/well) were treated with NOX4 siRNA 
for 48  h. Quantitative assessment of apoptotic cells 
was assessed by Annexin V/PI dual dying, as reported 
previously (Chen et al., 2020). Briefly, at the end of the 
study, the cells were centrifuged at 1500 rpm for 5 min, 
washed twice with PBS, and resuspended in 0.5 mL 
binding buffer containing 1 µg/mL propidium iodide 
(PI) and 0.025 µg/mL annexin V-FITC (BD Biosciences, 
CA, USA). Finally, apoptotic cells were analyzed by us-
ing FACScan and the CellQuest program (Becton Dick-
inson, Lincoln Park, NJ, USA).

Measurement of caspases activities

Cells were seeded on 6-well plates (5×105 cells/well) 
and treated with1μM GKT137831 for 48h or transfect-
ed by siRNA NOX4 for 48h. Caspase-3, caspase-8, and 
caspase-9 activities were measured using commercial col-
orimetric assay kits (Beyotime, Haimen, China) according 
to the protocol provided by the manufacturer.

Measurement of intracellular ROS

Intracellular levels of ROS were determined using the 
fluorescent probe 2’,7’-Dichlorodihydrofluorescein di-
acetate (DCFH-DA) (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA). The cells were treated with NOX4 
siRNA for 48 h, and then were centrifuged, suspended 
in PBS, and loaded with 20 µM DCFH-DA at 37oC for 
30 min. Fluorescence intensity of the formed DCF was 
analyzed by flow cytometry (Beckman Coulter, Fullerton, 
CA, USA). Similarly, ROS levels in the grown tumor 
were measured as described previously, based on the 
oxidation of DCFH-DA. ROS formation was quantified 
from a DCF standard curve, and data are expressed as 
pmol DCF formed/min/mg protein.

Western blot analysis

Western blotting analysis was performed to semi-
quantitatively measure targeted proteins. In brief, the cel-
lular or tissue lysates were prepared, and protein concen-
trations were determined using a bicinchoninic acid assay 
kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA). 
Cell lysates were separated by 10% SDS-PAGE and 
transferred to polyvinylidene fluoride membranes. Blots 
were blocked with 4% BSA for 1 h at room tempera-
ture and then incubated with antibodies against NOX4 
(1:1000, Abcam, Cambridge, MA, USA), Bax (1:1000, 
Abcam, Cambridge, MA, USA), Bcl-2 (1:1000, Abcam, 
Cambridge, MA, USA), cytochrome c (cyt-c, 1:1000, Ab-
cam, Cambridge, MA, USA), cleaved poly ADP-ribose 
polymerase (PARP, 1:1000, Abcam, Cambridge, MA, 
USA), phosphorylated Akt (p-Akt, 1:1000, Abcam, Cam-
bridge, MA, USA), Akt (Akt, 1:1500, Abcam, Cambridge, 
MA, USA), p-ERK (1:1000, Abcam, Cambridge, MA, 
USA), ERK (1:1500, Abcam, Cambridge, MA, USA), 
p-p65 (1:1000, Abcam, Cambridge, MA, USA), and 
p65 (1:1000, Abcam, Cambridge, MA, USA). After be-
ing washed three times, the blots were incubated with 
peroxidase-conjugated secondary antibody for 1 h at 
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room temperature, and finally, the bands were visualized 
by enhanced chemiluminescence gel imaging system, and 
semi-quantitatively analyzed by Image J software.

In vivo tumor xenograft study

The present animal study was approved by animals’ 
care and use of ethics committee of Anhui provincial 
Cancer Hospital and carried out in accordance with the 
U.K. Animals (Scientific Procedures) Act, 1986 and asso-
ciated guidelines. Male BALB/c nude mice (6 weeks old) 
were purchased from the Beijing Vital River Laboratory 
Animal Technology Co., Ltd. (Beijing, China). Animals 
were housed in a temperature-controlled room with a 
12 h light/12 h dark cycle and provided with autoclaved 
chow and water ad libitum. SW1353 cells or shRNA 
transfected SW1353 cells (5×106 cells in 100μl) were in-
jected subcutaneously into the flanks of nude mice, and 
tumors were allowed to develop for 14 days until they 
reached a size of approximately 100 mm3. Animals were 
divided into control group, cisplatin group (5 mg/kg, in-
tragastric administration), GKT137831 group (50 mg/kg, 
intragastric administration), shRNA control group and 
NOX4 shRNA group. The mice were treated with ve-
hicle or medicine for 14 days. The volume of implanted 
tumor of mice was measured twice a week with a cali-
per, using the formula (width2×length)/2. At the end of 
the study, all mice were killed, and the tumors were sur-
gically excised, weighed and stored for further use.

Immunohistochemistry detection

Immunohistochemical (IHC) staining of tissue sec-
tions were performed using the manufacturer’s standard 
protocols (Beyotime, Haimen, China). Briefly, sections 
were deparaffinized, and hydrated in a graded alcohol se-
ries. The protein reacted with antibody of NOX4 over-
night at 4°C. Finally, the slides were incubated for 5 min 
with chromogen 3,3′-diaminobenzidine tetrahydrochlo-
ride. The level of NOX4 was analyzed by a pathologist 
according to the positive staining area.

Statistical analysis

The data are represented as the mean ± standard 
deviation. Statistical analysis between groups was per-
formed using one-way analysis of variance and Dunnett’s 

tests (SPSS15.0, SPSS Inc., Chicago, IL, USA). Differ-
ences were considered statistically significant at P<0.05.

RESULTS

NOX4 overexpressed in chondrosarcoma

As shown in Table 1 and Fig. 1, 40 pairs of chon-
drosarcoma specimens were collected, and NOX4 ex-
pression in the tumor sites was detected and compared 
with that in para-carcinoma sites via IHC assay. The data 
in Fig.  1 has shown that NOX4 expression was signifi-
cantly increased in the tumor tissue compared with those 
in the para-carcinoma (P<0.01). NOX4 was lightly ex-
pressed in the cytoplasm and nuclei of para-carcinoma 
sample, however, high staining was observed in the cy-
toplasm and nuclei of most tumor samples. We analyzed 
clinicopathologic parameters of the patients and then 
divided them into two groups based on the NOX4 ex-
pression. The result is summarized in Table 1. Briefly, it 
was interesting to find that NOX4 levels were correlated 
with histological grade and MSTS stage in patients.

Figure 1. Representative images of NOX4 immunohistochemical 
staining of patients with conventional chondrosarcoma. 
Numerous positive cytoplasmic NOX4 staining was observed in 
the tumor samples, but not in the para-carcinoma samples. Re-
sults are expressed as the mean ± S.D. **P<0.01 compared with 
tumor samples.

Table 1. Association between clinicopathologic parameters and NOX4 levels in chondrosarcoma

Characteristics
Numbers

P value
NOX4 high NOX4 low

Age (years)
> or= 40
<40

12
8

11
9 > 0.05

Gender
Male
Female

9
11

13
7

> 0.05

Anatomical Location
Limb bone
Axial bone

14
6

10
10

> 0.05

Histological Grade
Well/moderate
Poor

16
4

7
13

<0.01

MSTS Stage
IA + IB
IIA + IIB

5
15

14
6

<0.01

P<0.05 statistically significant difference; Musculoskeletal Tumor Society: MSTS
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NOX4 mediated viability and apoptosis of 
chondrosarcoma cell line SW1353

Expression of NOX4 was measured in chondrosarco-
ma cell line SW1353 and chondrocytes cell line CHON-

001. Figure 2A has shown that NOX4 expression was 
significantly higher in SW1353 than in CHON-001 cells. 
We used antioxidants NAC and NOX4 specific inhibi-
tor GKT137831 to verify the effect of NOX4 on cell 
viability. The data in Fig. 2B has shown that SW1353 vi-

Figure 2. Depletion of NOX4 inhibits chondrosarcoma cell line SW1353 viability.
(A) NOX4 levels in cell line SW1353 and chondrocytes CHON-001 were evaluated by western blotting,**P<0.01 compared with CHON-001 
group; (B) SW1353 was treated with 5μM NAC, 1μM GKT137831 and 1μM cisplatin for 96h. The viability of cells was determined by MTT 
assay; (C) NOX4 was knockdown in SW1353 by siRNA interference; (D) ROS generation of SW1353 (D1), siRNA control (D2) and siRNA 
NOX4 (D3) was measured by FACS analysis using DCFH-DA, and results were shown in D4; (E) Viability of NOX4 silenced SW1353 was 
determined by MTT assay; (F) Apoptosis of NOX4 siRNA transfected cells were detected by propidium iodide/annexin V-FITC dual dying. 
F1: SW1353; F2: siRNA control; F3: siRNA NOX4; Results are expressed as the mean ± S.D. **P<0.01 compared with siRNA control group.

Figure 3. Depletion and inhibition of NOX4 mediates activation of Caspases and expression of apoptotic related proteins.
(A) SW1353 were treated with 1 μM GKT137831 or transfected by NOX4 siRNA for 48 h, and expression of apoptotic related proteins 
was evaluated by western blotting analysis; (B) caspases activities were measured by commercial kits. Results are expressed as the mean 
±  S.D. **P<0.01 compared with control group; #P<0.05, ##P<0.01 compared with siRNA control group.
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ability was inhibited by GKT137831 as well as NAC in a 
time-dependent manner. To further disclose bio-function 
and effect of NOX4 on cells viability, NOX4 knock-
down cell model was developed in SW1353, and changes 
in the expression of NOX4 and ROS generation were 
verified by western blotting and flow cytometry analysis 
(Fig.  2C–2D, P<0.01). As seen in Fig. 2E–2F, cell via-
bility and apoptotic death in the NOX4 depletion group 
was significantly attenuated and enhanced, respectively, 
compared with the control group (P<0.01).

Blocked or silenced NOX4 activated apoptotic related 
pathway in SW1353

ROS mediates activation of apoptotic related pro-
teins (Bedard & Krause, 2007). Therefore, we measured 
the change in the expression of cyt-c and Bcl-2 family 
proteins. As shown in Fig. 3A, NOX4 knockdown by 
NOX4 siRNA or functional inhibition by GKT137831 
greatly increased cytosolic cyt-c, Bax and cleaved-PARP 
compared with that in the control group. On the other 
hand, treatment of the cells with GKT137831 or siRNA 
NOX4 decreased level of Bcl-2 (P<0.01). Moreover, we 
have observed NOX4 siRNA and GKT137831 greatly 
increased activity of caspases family members (caspase-3, 
caspase-8 and caspase-9) as well.

Blocked or silenced NOX4 inhibited activation of pro-
survival proteins in SW1353

Pro-survival protein Akt, ERK and NF-κB are medi-
ated by ROS as well (Coso et al., 2012). Therefore, we 
further measured the change in expression of p-Akt, 
Akt, p-ERK, ERK, p-p65 and p65 by western blot 
analysis. As shown in Fig. 4A, the group that received 
NOX4 siRNA or GKT137831 showed decreased ratios 
of p-Akt/Akt and p-ERK/ERK compared with con-
trol group (P<0.01). Moreover, as can be seen from 
the results present in Fig. 4B, p-p65/p65 was mark-
edly decreased in cells that received NOX4 siRNA or 
GKT137831 (P<0.01). Therefore, it is suggested that 
NOX4 mediated SW1353 apoptosis may occur through 
the regulation of pro-survival proteins.

Blocked or silenced NOX4 effectively inhibited 
growth of chondrosarcoma in vivo

On the basis of NOX4 mediated pro-apoptotic effect 
in vitro, we further verified whether blocking or silenc-
ing NOX4 could possess an anti-chondrosarcoma action. 
As shown in Fig. 5A–B, in mice injected with NOX4 
shRNA transfected cells, the tumor size and weight 
were significantly smaller than that of shRNA control 
group (P<0.01). Moreover, in the mice treated with 
GKT137831 or positive drug Cisplatin, the tumor size 
and weight were significantly smaller than that of control 
group as well (P<0.01). Further ex vivo analysis of tumors 
excised from mice was conducted (Fig. 5C–D), and we 
confirmed that NOX4 expression and ROS produc-
tion were effectively reduced by treatment with NOX4 
shRNA or GKT137831 (P<0.01). As seen in Fig.  6, 
increased expression of Cyt-c, Bax, cleaved-PARP and 
decreased level of Bcl-2 were shown in GKT137831/ 
NOX4shRNA groups compared with control group 
(P<0.01). Moreover, we found that p-Akt/Akt, p-ERK/
ERK and p-p65/p65 ratios in GKT137831/NOX4 shR-
NA groups were remarkably decreased compared with 
control group (P<0.01).

DISCUSSION

In recent years, more and more investigations focus 
on tumor prevention based on inhibiting oxidative stress 
(Klaunig, 2018). Recent investigations have implicated 
various NOX isoforms in pathological processes of ma-
lignant tumor. For instance, it has been reported that 
up-regulated NOX1 expression in gallbladder cancer as-
sociated fibroblasts predicts a poor prognosis (Wang et 
al., 2019), and NOX2 expressed in endosomes promotes 
cell proliferation and prostate tumour development (Har-
rison et al., 2018). However, little is known about the 
role of NOX in the development of chondrosarcoma. In 
previous studies (Drevet et al., 2018; Wegner & Hauden-
schild, 2020; Lei et al., 2019), it has been reported that 
among 7 NADPH oxidases expressed in humans, NOX4 
is the sole isoform present in human primary chondro-

Figure 4. Depletion and inhibition of NOX4 decrease the expression of pro-survival proteins.
SW1353 was treated with 1 μM GKT137831 or transfected by NOX4 siRNA for 48 h. Pro-survival protein p-Akt, Akt, p-ERK, ERK (A), p-p65 
and p65 (B) were evaluated by western blotting analysis. Results are expressed as the mean ± S.D. **P<0.01 compared with control 
group; ##P<0.01 compared with siRNA control group.
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cytes. Moreover, NOX4 has been involved in the deg-
radation of articular extracellular matrix. Therefore, we 
suspect that NOX4 plays an important biological effect 
in the development of chondrosarcoma.

In the present study, we collected clinical samples 
from chondrosarcoma patients who received surgical 
operation and found that the NOX4 expression signifi-
cantly increased in tumor compared with those in para-
carcinoma samples. To the best of our knowledge, this 
was the first time to semi-quantitatively analyze NOX4 
in chondrosarcoma. Further study was conducted to 

investigate the effect of NOX4 inhibitor on viabil-
ity of SW1353. In previous studies, diphenylene iodo-
nium (DPI) has been extensively used to inhibit activ-
ity of NOX4 because of its powerful inhibition (Yao et 
al., 2017; Hwang et al., 2020). However, several studies 
(Rand & Li, 1993; Castro et al., 2009) found that DPI is 
a non-selective NOX4 inhibitor with mild inhibition on 
nitric oxide synthase and xanthine oxidase. GKT137831 
is a specific inhibitor of NOX4 with high selectivity. 
Therefore, we used GKT137831 to treat SW1353. In 
the current study, GKT137831 induced an inhibitory ef-

Figure 5. Depletion or inhibition of NOX4 abolishes growth of chondrosarcoma xenografts in mice. 
Nude mice bearing tumor xenografts were injected intraperitoneally with vehicle or GKT137831. (A–B) Tumor volumes and weight were 
measured; (C) ROS levels were measured based on the oxidation of DCFH-DA to DCF in the tumor samples; (D) Immunostaining detec-
tion was used to examine NOX4, in which D1 represent control mice, D2 represent GKT137831 treated mice; D3 represent shRNA control 
mice and D4 represent NOX4 shRNA treated mice. Results are expressed as the mean ± S.D. **P<0.01 compared with control group; 
##P<0.01 compared with shRNA control group.

Figure 6. Depletion or inhibition of NOX4 mediates activation of apoptotic related proteins in vivo. 
Protein in the tumor was examined by western blotting assay. Results are expressed as the mean ± S.D. **P<0.01 compared with control 
group; ##P<0.01 compared with shRNA control group.
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fect on viability of SW1353 in a time-dependent man-
ner and has shown a similar effect to that of positive 
medicine cisplatin. Additionally, to identify the potential 
role of NOX4 in the viability of chondrosarcoma cells, 
we transfected SW1353 with NOX4 siRNA and then 
validated transfection efficiency by western blotting and 
ROS generation. Our results revealed that prevention of 
NOX4 induced a significant increase in the proliferation 
inhibition and apoptosis of the cells. More importantly, 
animal studies demonstrated that NOX4 knockdown or 
function inhibition by GKT137831 significantly impaired 
growth of the tumor. In line with previous reports re-
garding the role of NOX4 in the development of malig-
nant tumors (Tang et al., 2018; Li et al., 2014), NOX4 is 
a promising pharmacological target for chondrosarcoma 
prevention.

NOX4 generated ROS has a close relationship with 
intrinsic apoptosis pathway (Coso et al., 2012). In brief, 
the status of intrinsic pathway is governed by interplay 
between pro- and anti-apoptosis members of the Bcl-2 
family, including Bcl-2 and Bax. They keep cell death 
in check by restraining the pro-apoptotic protein Bax, 
which are the final arbiters of cell death. When activated, 
Bax triggers mitochondrial damage, allowing release of 
cyt-c and caspases activation (Franklin et al., 2011; Jen-
drossek et al., 2012). Here, we found that NOX4 knock-
down by siNRA intervene, or function inhibited by 
GKT137831 significantly activate mitochondrial related 
apoptosis pathway, which was evidenced by increased 
expression of Bax, cyt-c, decreased level of Bcl-2, and 
activation of caspase-3, caspase-8 and caspase-9. In 
agreement with these observations, we noted similar re-
sults in vivo as well.

Some second messengers (such as protein kinases) 
and the third messenger are well known downstream of 
ROS. The first one is Akt, and it is a serine threonine 
kinase that mediates various biological functions, such as 
cell proliferation, survival, glucose metabolism, protein 
synthesis, genome stability, and inhibition of apoptosis 
in response to different growth factors and extracellular 
stimuli. Akt inactivates pro-apoptotic proteins (Bcl-2 an-
tagonist of cell death and procaspase-9) to block apopto-
sis (Shariati & Meric-Bernstam, 2019; Downward, 2004). 
The second one is ERK. RAS-RAF-MEK-ERK pathway 
is the most well-studied of the mitogen-activated protein 
kinase cascades and is critical for cell proliferation, dif-
ferentiation, and survival. Activation of receptor tyrosine 
kinases by growth factors and extracellular signals results 
in sequential activation of RAS, RAF, MEK, and finally 
ERK, which activates numerous transcription factors 
and facilitates oncogenesis in the case of aberrant path-
way activation (Asati et al., 2016; Barbosa et al., 2021). 
The third one is NF-κB p65, and it is a ubiquitous tran-
scription factor that mediates cytoplasmic/nuclear sign-
aling pathway and regulates gene expression of various 
cytokines, cytokine receptors, which affected cell pro-
liferation, differentiation, migration, and angiogenesis in 
tumor cells (Soleimani et al., 2020). To disclose underly-
ing mechanism involved in the NOX4 mediated apop-
tosis of chondrosarcoma cells, we focused on the effect 
of blocking NOX4 on activity of Akt, ERK as well as 
NF-κB. Here, we showed that NOX4 knockdown or 
functional inhibition both induced decreased levels of p-
Akt, p-ERK and p-p65 in vivo and in vitro. These results, 
together with impaired tumorigenic capacity of NOX4-
silenced SW1353 in mice, suggest that NOX4 acts as a 
growth promoter in chondrosarcoma.

CONCLUSIONS

Our results suggest that NOX4 mediates prolifera-
tion and apoptosis of chondrosarcoma cells. Moreover, 
inhibition of NOX4 induced tumor growth may be via 
activation of intrinsic apoptosis pathway and regulation 
of pro-survival factors Akt, ERK and NF-κB. NOX4 is 
a novel and promising target for the drug development 
against chondrosarcoma.
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Context: Oxidative stress is an important factor for vitreomacular interface

disease development in a theoretical model.

Purpose: The aim of the study was to evaluate the correlation between

oxidative stress in the human epiretinal membrane (ERM) and retinal

morphological changes.

Material and methods: The study included patients scheduled for vitrectomy

with epiretinal membrane removal. LogMAR best corrected visual acuity was

assessed and optical coherence tomography was performed. Patients were

divided into three groups: Type 1 – epiretinal membrane with premacular

fibrosis; type 2 – epiretinal membrane with co-existing layer hole; and type

3 – ERM with co-existing full-thickness macular hole. During vitrectomy,

epiretinal membranes were collected. Total oxidant status was determined

by an automated colorimetric method in homogenates of

epiretinal membrane.

Statistical analysis: The Mann-Whitney U test, Kruskal-Wallis test and

Spearman linear correlation analysis were used. Statistical significance was

set with a level of α = 0.05.

Results: Twenty-one Caucasian women (60%) and 14men (40%) were included

in the study. The average age of participants was 74.7 years (95% CI:

71.13–75.45). The mean best corrected visual acuity LogMAR value in the

group was 0.8 (95% CI: 0.9–0.7). The mean ratio of total oxidant status to

protein level in the collected samples was 0.161 (95% CI: 0.08–0.23) µmol/mg

of protein. No correlation was found between total oxidant status and the

degree of morphological retinal changes.

Conclusion: The study found no significant correlation between the

level of oxidative stress in epiretinal membrane and retinal morphological

changes.
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Introduction

Epiretinal membrane (ERM) is a disease occurring

predominantly among patients over 50 years old. It may

originate from disorders such as retinal tear, branch or central

retinal vein occlusion, and diabetic retinopathy. However, it may

also occur without a known reason, and then is termed

idiopathic. Previously published data on ERM prevalence in

ethnic and age groups vary in the range 2%–29% (Stevenson

et al., 2016; Bu et al., 2014; Xiao et al., 2017).

Idiopathic ERM typically consists of a cellular part on the

vitreous chamber side and a layer of extracellular matrix (Bu

et al., 2014). The exact etiology of ERM is unknown. The cellular

layer is mainly composed of retinal glial cells, which have

probably migrated to its surface through microdamage of the

internal limiting membrane, secondary to posterior vitreous

detachment (PVD). Vitreous cortex hyalocytes are the second

significant group of cells remaining on the internal limiting

membrane (ILM) surface in the course of PVD. Moreover, the

presence of macrophages and fibroblasts is found. Myofibroblasts

are an important cellular ingredient, originating through the

differentiation of glial cells or hyalocytes. They are responsible

for formation of a significant part of the ERM extracellular

matrix and in further stages for its contraction (Chen and

Lee, 2008; Snead et al., 2004; Smiddy et al., 1989).

Another theory of ERM formation is the RPE cells migration

through hidden breaks into the inner retina. However, there is

currently no direct evidence to support this theory (Wang et al.,

2015). Next possible theory suggests that other cell types, such as

glial cells, may transform into RPE cells. These GFAP-positive

cells could originate from hyalocytes or Müller cells (Bringmann

and Wiedemann, 2009; Zhao et al., 2013).

Cellophane maculopathy is the early, asymptomatic stage of

idiopathic ERMwhere the retinal architecture is not considerably

affected. In advanced stages the growth and shrinkage of

membranes result in retinal fold formation, its swelling, and

retinoschisis, and can lead to the formation of holes. The

condition is described as macular pucker or premacular

fibrosis (Xiao et al., 2017). The coexistence of ERM and

lamellar or full-thickness holes may be related to oxidative

stress (Chen and Lee, 2008).

Metabolic processes allowing for the correct functioning of

cells are largely based on oxidation reactions. They naturally

result in the creation of the reactive oxygen species (ROS) which

play a crucial role in numerous physiological processes such as

the functioning of the immune system, cellular growth,

proliferation, differentiation or apoptosis (Wert et al., 2018).

An excess of ROS has a highly toxic impact on cells. Thus, its

production is balanced predominantly by the activity of anti-

oxidation mechanisms. The natural system designed to balance

the toxic influence of free oxygen radicals is based on a system of

a dozen enzymes. An excess of these reactive oxygen species may

be reduced by two anti-oxidation systems, enzymatic and non-

enzymatic (Wert et al., 2018; Beyazyıldız et al., 2013; Erel, 2005;

Altinisik et al., 2018).

Oxidative stress is an imbalance between reactive oxygen

species production and their neutralization capabilities (Altinisik

et al., 2018).

Rokicki et al. (2016) reported an important association

between oxidative stress and glaucoma. Other studies have

described the connection of oxidative stress with retinal

diseases such as retinitis pigmentosa, retinal diabetes

complications as well as retinal vessel diseases, e.g., central

retinal vein occlusion (Erel, 2005; Martínez-Fernández de la

Cámara et al., 2013; Guidry et al., 2003).

Retinal photoreceptor cells are a cellular populationwhich is one

of the most sensitive to oxidative stress in the body (Guidry et al.,

2003). This particular vulnerability results from the fact that the

retina is one of the most metabolically active human tissues

additionally subjected to constant ultraviolet radiation exposure.

As a result it produces particularly large amounts of ROS.Moreover,

due to its structure and limited contact with the vascular system, the

removal of free radicals is particularly ineffective. This is primarily

related to the internal retinal layers where themaximization of tissue

transparency takes place at the expense of vascularization. It is

associated with the most intensive ROS production (Wert et al.,

2018; Guidry et al., 2003). Internal layers of the retina are rich in

extracellular free radicals, scavengers of vitreous cortex, and their

damage may lead to the development of vitreomacular interface

diseases (Kohno et al., 2009).

Total oxidant status (TOS) is one of the methods of

describing the oxidative stress value, expressing the total

oxidation activity of the tested material (Altinisik et al., 2018).

The objective of our research was to assess in situ oxidative

stress in human tissues, in the direct vicinity of internal retinal

layers. For the purposes of the study, it was hypothesized that the

presence of lamellar and full-thickness holes is associated with

greater oxidative stress than the presence of ERM itself.

Material and methods

The ethics committee of the Medical University of Silesia,

Katowice (permission number: KNW/0022/KB1/85/III/18/19)

approved the study protocol. The study adhered to the tenets

of the Declaration of Helsinki for experiments involving human

tissue samples. Written informed consent was obtained from all

patients after explanation of the nature and possible

consequences of the study.

Posterior vitrectomy with removal of ERM and ILM around

the macula was performed in 35 eyes from 35 patients. The first

collected structure during the surgery was directed for the

examination, with its character determined based on

interoperative dying of the retina internal limiting membrane

at least twice with theMembraneBlue Dual DORC dye as ERM or

ERM/ILM complex collected en bloc.
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The criteria for inclusion in the study group were: age

65–80 years, white race, patient eligibility for ERM and/or

ILM removal, informed consent to the procedure, and written

consent to participate in the study.

The exclusion criteria were metabolic and inflammatory

diseases in medical history, features of active inflammation

measured by C-reactive protein (CRP) activity, and obesity

above BMI 29.99.

Depending on the pre-surgery retinal morphology the cases

were divided into three types. Type 1 – patients with diagnosed

ERM presence with premacular fibrosis (PMF), type 2 – patients

with ERM with co-existing lamellar hole, type 3 – patients with

ERM with co-existing full-thickness macular hole.

For each patient LogMAR best corrected visual acuity (BCVA)

was assessed. Optical coherence tomography (Cirrus HD-OCT

5000, Carl Zeiss Meditec, Dublin, CA) was performed to assess

the morphology and describe central retina thickness parameters.

Analysis of Total Oxidant Status (TOS) was performed in

ERM homogenate and was conducted using a PerkinElmer

automated analyzer (PerkinElmer, Waltham, MA,

United States) in according to Erel (2005). This method

excludes the influence of solution dilution on the TOS value.

The assay is based on the oxidation of ferrous ion to ferric ion in

the presence of various oxidant species in acidic medium. The

change in color of the ferric ion by xylenol orange is measured as

a change in absorbance at 560 nm. The automated analyzer

Perkin Elmer was calibrated with hydrogen peroxide. The TOS

value was expressed in µmol/mg of protein.

Statistical data analysis was conducted using tools available in

the Statistica v. 12.0 software. Quantitative variables are presented as

the mean and 95% confidence interval. Statistical significance of

differences in quantitative variables between two groups was

estimated based on the Mann-Whitney U test and in the case of

comparison of three groups the Kruskal-Wallis test. Spearman linear

correlation analysis was used for the simple analysis of correlation

between quantitative variables. The interpretation of results of

simple statistical significance tests of differences and correlations

was conducted with the adopted significance level α = 0.05.

Results

The examined group consisted of 21 Caucasian women

(60%) and 14 men (40%). The average age of participants in

the whole group was 74.7 years (95% CI: 71.13–76.45). There

were no statistically significant differences between the groups of

men and women. Three groups were distinguished among the

patients, based on the preoperative retinal morphology in OCT.

Type 1 was represented by 18 people with a mean age of 74.11

(95% CI: 69.06–77.15); type 2 included 11 people, with a mean

age of 75 (95% CI: 70.09–79.9); type 3 was represented by six

people, with a mean age of 74.66 (95% CI: 66.99–82.34). Age

differences among the groups were not statistically significant.

The mean postoperative BCVA LogMAR value in the entire

study group was 0.8 (95% CI: 0.9–0.7). For type 1 the mean

BCVA was 0.8 (95% CI: 1.0–0.6), for type 2 the mean BCVA was

0.6 (95%CI: 0.9–0.5), for type 3 themean BCVAwas 1.4 (95%CI:

1.7–1.2). A statistically significant difference was found between

types 3 and 2 (p = 0.001) and between types 3 and 1 (p = 0.03).

The average ratio of total TOS to protein level in the collected

sample was 0.161 (95% CI: 0.08–0.23) µmol/mg protein. The

analysis by group showed no statistically significant differences.

The p-value for comparisons between the three groups was 0.3.

The values of average TOS in relation to the amount of material

collected, divided into groups, are presented in Table 1. There

was no statistically significant relationship between the age of

participants and the tested parameters (p > 0.05). The highest

TOS value was in group 3 and was 0.28 μmol/mg protein. The

mean TOS value in patients with ERM was 0.09 (95% CI:

0.03–0.15). However, the average TOS value in people with

ERM/ILM was 0.17 (95% CI: 0.06–0.28). The p-value for the

correlation between ERM and the ERM/ILM complex was 0.73.

The average value of central retinal thickness (CRT) in the

entire group was 410.8 μm (95% CI: 373.74–447.85). When

analyzing correlations with TOS parameters, protein

concentration and age, no statistically significant correlations

were observed. When divided into groups according to the type

of disease, there was a statistically significant difference between

the CRT value in patients with type 1 (460.22 μm) and type

3 disease (304.16 μm; p = 0.012). Detailed parameters in the

groups are presented in Table 2.

Discussion

To the best of our knowledge this is the first study to assess

the total oxidant status in vivo in internal retinal layers and in

ERM directly associated with them. It is also the first study to

determine the oxidative stress level in eyes with ERM depending

on their morphology and degree of central retinal deformation

estimated in the OCT examination.

The retinal membranes (pathological structure) and the

internal limiting membrane (one of the layers of the retina)

are the material closest to the nervous tissue of the eye that can be

collected and evaluated in vivo in the immediate vicinity of the

macula. The collection of the above membranes is part of the

surgical procedure and the resulting limitation is a negligible

TABLE 1 Total oxidant status in groups.

Disease type Parameter Mean 95% CI

Type 1 TOS/protein [µmol/mg] 0.12 0.03–0.20

Type 2 TOS/protein [µmol/mg] 0.15 (−0.05) −0.37

Type 3 TOS/protein [µmol/mg] 0.28 0.09–0.47
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amount of material that is obtained for testing. In our study we

decided to assess the correlation between morphological changes

of the retina and TOS. Previous studies demonstrated that in

patients with ERM the mean central retinal thickness

significantly corresponds with visual acuity. This constitutes

an objective and repetitive parameter obtained in the OCT

examination and is the basis of ERM severity grading systems

(Stevenson et al., 2016).

We did not detect a significant relationship between the

amount of oxidative stress, expressed by TOS in situ, and the

thickness of the retina in the place where the material for testing

was taken. We also found no statistically significant differences

between TOS in the case of the co-occurrence of lamellar or full-

thickness holes in the central retina. The determined TOS values

do not show any dependence on the severity of morphological

changes in the retina.

The myofibroblasts in the ERM cell layer are responsible for

its tendency to contract, resulting in the formation of holes in the

retina and/or its wrinkle and edema. They are derived from

differentiated retinal glial cells and hyalocytes of the posterior

hyaloid membrane (Kohno et al., 2009; Abrahan et al., 2009).

Abrahan et al. (2009) observed in vitro the effect of oxidative

stress on the differentiation and proliferation of retinal microglia

and Müller cells. In our in vivo model, we examined only one

parameter of oxidative stress at the time of an already developed

ERM and an advanced disease process known as macular wrinkle

or PMF. The small amount of material obtained during the

surgical procedure did not allow for the determination of a

greater number of markers of oxidative stress with the

biochemical methodology applied in this study.

The influence of oxidative stress on the function of the retina

in vivo in an animal study was demonstrated by Berkowitz

(Berkowitz et al., 2019). They found damage to the retinal

light response in mice with pharmacologically induced

oxidative stress, regressing with administration of

antioxidants. Although the reduction of oxidative stress in the

animal model led to the improvement of the functional retina,

the available human studies did not confirm the effect of orally

administered antioxidants on the improvement of retinal

morphology parameters in optical coherent tomography

(Garcia-Medina et al., 2015).

Available in vivo studies on humans refer to single oxidative

stress marker assessment in patients with diabetic retinopathy.

Collected samples of vitreous body or secondary ERM were

compared with idiopathic ERM (Augustin et al., 1995; Lu

et al., 2014).

When examining TOS, we did not find any relationship

between the severity of changes in OCT and the state of oxidative

stress in the retina. The advantage of our study is primarily the

attempt to assess the state of oxidative stress in situ, which does

not always correspond to the systemic state (Lavi et al., 2008;

Davel et al., 2012). In our opinion, it gives a more precise picture

of changes induced by oxidative stress in such specific oxygen

conditions as the vitreoretinal region.

Study limitations

The main limitation of the study was the lack of

measurement of TOS in both the ERM and the peripheral

blood. However, due to the strong blood-retina barrier,

oxidative stress in the eye may not reflect oxidative stress in

the whole body.

The very strong point of this study is the measurement of

oxidative stress in vivo, i.e., in the eye tissues, precisely in the

ERM, and not using in vitromethod. This pilot study included

only 35 patients. A broader study is planned, including a

larger group of patients, taking into account TOS parameters

in both eye tissues and peripheral blood, and assessing their

relationship.

Conclusion

The degree of epiretinal membrane does not directly depend

on the state of oxidative stress.
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Osteosarcoma’s genetic landscape painted by genes’ mutations
Wiktoria Urban1#, Dagmara Krzystańska1#, Michał Piekarz2#, Jerzy Nazar2#  
and Anna Jankowska1✉

1Department of Cell Biology, Poznan University of Medical Sciences, Poznań, Poland; 2Department of Orthopaedics and Traumatology of Loco-
motor System, Heliodor Swiecicki Clinical Hospital in Poznan, Poznan University of Medical Sciences, Poznań, Poland

Purpose: Osteosarcoma (OS) is one of the most com-
mon primary bone tumors. Direct pathogenesis remains 
unknown, however, genes’ mutations are proven to par-
ticipate in the process. This study aimed to examine the 
most frequently mutated genes in OS to appoint candi-
dates for the cancer markers. Methods: Using the COS-
MIC Catalogue twenty the most frequently mutated genes 
were selected leading to an up-to-date genetic OS land-
scape summary. The  genes can be classified into four 
categories: suppressor genes (TP53, RB1, NCOR1, SMAD2, 
NF1, TSC2, KMT2C), proto-oncogenes (GNAS, BRAF, MLLT3), 
epigenetic and post-translational modification-related 
genes (SMARCA4, ARID1A, ATRX, BCOR, H3F3A) and cell 
growth and survival regulating genes (EGFR, CAMTA1, 
LRP1B, PDE4DIP, MED12). Results and conclusions: Their 
role in cancerogenesis was confirmed by the analysis of 
available articles published previously. The results of the 
study indicate that examination of selected genes’ muta-
tions might help to identify patients’ predisposition to OS 
development, as well as monitor the disease progression, 
and establish prognosis. However, to fully understand the 
pathogenesis of OS further studies are required.
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Abbreviations: ALP, alkaline phosphatase; ANPEP, alanyl aminopepti-
dase; AP-1, activator protein 1; ARID1A, AT-rich interactive domain-
containing protein 1A; ATRX, alpha thalassemia/mental retardation 
syndrome X-linked; BCOR, BCL6 Corepressor; BRAF, serine/threo-
nine kinase; c-Myc, cellular myelocytomatosis oncogene; CAMTA1, 
calmodulin binding transcription activator 1; CD133, CD133 an-
tigen; COSMIC, Catalogue Of Somatic Mutations In Cancer; CRP, 
C-reactive protein; EGFR, epidermal growth factor receptor; EMT, 
epithelial-mesenchymal transition; FLNA, filamin A; FUCA1, alpha-
L-fucosidase 1; GNAS, guanine nucleotide binding protein alpha 
stimulating; H3F3A, H3 histone family 3A; HER-4, human epidermal 
growth factor receptor 4; ICB, immune checkpoint blockade; ICIs, 
immune checkpoint inhibitors; KTM2C, lysine methyltransferase 2C; 
LAMA3, laminin subunit alpha 3; LGALS1, galectin 1; LRP1B gene, 
low density lipoprotein receptor-related protein 1B; MATN3, matrilin 
3; MED12, mediator complex subunit 12; miRNA , microRNA; MLLT3, 
MLLT3 super elongation complex subunit 3; MMGL, myomegalin-
like; MSCs, mesenchymal stem cells; NANOG, homeobox protein NA-
NOG; NCOR1, nuclear receptor corepressor 1; NF1, neurofibromin 1; 
OS, Osteosarcoma; PDE4DIP, phospodiestrase 4D-interacting protein; 
Rb, retinoblastoma protein; RB1, RB transcriptional corepressor 1; 
SEC, super elongation complex; SGCG, sarcoglycan gamma; SMAD2, 
SMAD family member 2; SMARCA4, SWI/SNF-related, matrix-associ-
ated, actin-dependant regulator of chromatin, subfamily a, member 
4; SOX4, SRY-box transcription factor 4; TCGA, The Cancer Genome 
Atlas; TICs, tumor-initiating cells; TP53, tumor protein p53; TSC, tu-
berous sclerosis complex; TSC2, TSC complex subunit 2; TWIST, Twist 
Family BHLH Transcription Factor; VEGFA,Vascular endothelial growth 
factor A; WNT5A, Wnt Family Member 5A

INTRODUCTION

Osteosarcoma (OS) is one of the most common pri-
mary bone tumors. It occurs intraosseous, mainly in the 
metaphyseal region of the long bones. OS is inflicting 
an accelerated osteoid matrix production, which is con-
nected to being developed at sites where bone grows ex-
peditiously. Current data prove that OS has two main 
peaks of incidence: in childhood and adolescence. OS is 
the third most common type of tumor affecting young 
people, with the highest incidents in the early twenties 
(Wu & Livingston, 2020; Sun et al., 2020; Misaghi et al., 
2018; Czarnecka et al., 2020).

Osteosarcoma is divided into several subtypes (Fig. 1). 
It can be categorized depending on the region of bone 
it affects (the surface and central part of the bone, and 
within the medulla). The staging scheme divides OS into 
two classes depending on the grade of the tumor (low or 
high), as well as the localization of the compartment (ex-
tra- or intra-compartmental). Additionally, it is classified 
considering the metastatic level of the tumor. The most 
common classification groups OS as osteoblastic, chon-
droblastic, fibroblastic, and small cell subtypes. Among 
mention above types of ostesarcoma, the most often di-
agnosed one is a high-grade tumor, occurring extra-corti-
cally (Misaghi et al., 2018).

Even though the exact mechanisms responsible for 
OS pathogenesis are not known, it is confirmed that ge-
netics play a role in the tumor origin. The most com-
mon characteristic of OS includes genome disorganiza-
tion, together with alterations of tumor suppressor and 
DNA repair, as well as changes in cell cycle aneuploids 
with chromosomal alterations (de Azevedo et al., 2020). 

Figure 1. The most common classification of osteosarcoma sub-
types, depending on the predominant type of cells affected by 
OS.
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It was proved that OS can be developed as a conse-
quence of alteration in tumor suppressor genes, includ-
ing TP53 and Rb1, during hereditary disorders such as 
Li-Fraumeni cancer family syndrome and retinoblastoma 
(Porter et al., 1992; Fletcher & Unni, 2002; Misaghi et al., 
2018; Sun et al., 2020). However, also other genes, such 
as transcription factors, and tumor suppressor genes, in-
cluding CAMTA1, or KMT2C might participate in oste-
osarcoma development (He et al., 2021; Chen et al., 2016; 
Chiappetta et al., 2019).

Currently, there are no laboratory tests or specific bio-
markers to diagnose osteosarcoma (Misaghi et al., 2018). 
Even though there are some molecules expressed in OS 
that are proposed as their potential markers. The most 
promising one appears to be alkaline phosphatase (ALP), 
which increased serum level and seems to correlate posi-
tively with tumor volume (Limmahakhun et al., 2011). Addi-
tionally, C-reactive protein (CRP), Cathepsin D, osteocalcin, 
SATB2, and aspartic endoprotease can help distinguish OS  
(Misaghi et al., 2018; Czarnecka et al., 2020; Agustina et al., 
2018; Machado et al., 2016; Tallegas et al., 2022).

In addition to proteins, microRNA expression also 
seems to be valuable in the diagnosis of osteosarcomas. 
Overexpression of miR-421 and miR-191 proves to be 
linked with proliferation, migration, and malignant char-
acter of the tumors. Their levels in the serum of OS 
patients were higher compared to samples from healthy 
volunteers (Czarnecka et al., 2020).

Moreover, the presence of tumor-initiating cells (TICs) 
may help in OS diagnostics. TICs expressing markers of 
stem cell phenotype, such as NANOG or SOX4 were 
observed in both primary and metastatic tumor tissue 
(Yan et al., 2016). These proteins, together with CD133+, 
which is a distinctive marker of TICs observed in osteo-
sarcoma cell lines (Czarnecka et al., 2020). It has been 
proved that the expression of CD133 in OS patients is 
related to distant metastasis and poor prognosis.  making 
this a tumor marker (Xie et al., 2018).

Finally, the prevalence of mesenchymal stem cells 
(MSCs) connected with OS progression is proposed 
to be the tumor marker. Changes in the expression of 
c-Myc, Rb, AP-1 or TWIST  were shown to contribute 
to the transformation of MSCs into osteosarcoma tumor 
cells (Yang et al., 2020). Most sarcomas characterize a 
permanent mesenchymal state. However, their phenotype 
can change by factors regulating epithelial-mesenchy-
mal transition – EMT. These factors have been shown 
to be highly correlated with the invasiveness and higher 
risk of metastasis in malignant OS (Wu et al., 2019; Yu, 
Yustein & Xu, 2021). An EMT-related genes’ panel (in-
cluding LAMA3, LGALS1, SGCG, VEGFA, WNT5A, 
MATN3, ANPEP, FUCA1, and FLNA) was used as a 
predictive marker in a multi-cohort study of OS. The 
panel proved to be a reliable tool for estimating the 
overall survival of OS patients. Moreover, it was pro-
posed as a selection method for patients with metastases 
for personalized treatment (Yiqi et al., 2020).

Even though numerous studies describe molecules, 
whose expression may characterize osteosarcomas, all 
pointed proteins and/or miRNA are not specific to OS. 
Thus, further studies are needed to establish biomarkers 
helping to diagnose and treat OS. 

The present study aims to provide a comprehensive, 
up-to-date study of genes the most frequently mutated in 
osteosarcoma using the COSMIC Catalogue. Such genes 
would become candidates for OS markers.

COSMIC, the Catalogue Of Somatic Mutations In Can-
cer (https://cancer.sanger.ac.uk) is a database providing 
tools to explore somatic mutations and their correlation 

with human cancers. The catalogue  is the collection of 
somatic mutations. The data used to build this catalogue 
derives strictly from the scientific literature. COSMIC ad-
ditionally provides information about patients’ genetic pre-
dispositions and environmental factors participating in the 
process of cancerogenesis (Tate et al., 2019). 

MATERIALS AND METHODS

To identify the most common somatic mutations occur-
ring in osteosarcoma patients, the COSMIC Cancer Brows-
er tool (https://cancer.sanger.ac.uk/cosmic/browse/tissue) 
was used. The catalogue provides information about 282 
osteosarcoma samples (classified into 9 histological sub-
types). The biological relevance of the 20 most frequently 
mutated genes pointed out by the COSMIC Cancer Brows-
er was investigated by the analysis of publications available 
on PubMed (https://pubmed.ncbi.nlm.nih.gov/). To search 
for the publications, specific keywords, such as: select-
ed genes’ name, osteosarcoma, cancer, and mutation were 
used. For each gene research was divided into two keyword 
panels – first: selected genes’ name, cancer, mutation; sec-
ond: selected genes’ name, osteosarcoma, mutation.

RESULTS AND DISCUSSION

Genes the most frequently mutated in OS

The analysis of the COSMIC Catalogue provided a 
list of genes in which somatic mutation may participate 
in osteosarcoma development. Out of 18,309 entries of 
genes, the top 20 genes, based on the frequency of their 

Table 1. The frequency of gene mutation in OS samples in the 
COSMIC Catalogue

Gene
Number of OS samples 
available in COSMIC 
catalogue

Number of mutated sam-
ples and % of frequency

TP53 371 91 (25%)

RB1 285 22 (8%)

ATRX 212 16 (8%)

KMT2C 215 13 (6%)

LRP1B 136 8 (6%)

CAMTA1 134 7 (5%)

NCOR1 208 9 (4%)

MLLT3 134 6 (4%)

PDE4DIP 134 6 (4%)

GNAS 352 9 (3%)

SMARCA4 211 6 (3%)

ARID1A 210 6 (3%)

H3F3A 453 11 (2%)

EGFR 280 5 (2%)

BRAF 257 6 (2%)

SMAD2 243 5 (2%)

NF1 216 5 (2%)

MED12 210 5 (2%)

TSC2 210 5 (2%)

BCOR 209 5 (2%)
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mutation were selected. They are shown in Table 1 and 
shown in Fig. 2. 

All these genes are directly or indirectly involved in 
oncogenesis (Table 2). Seven out of these 20 genes – 
TP53, RB1, NCOR1, SMAD2, NF1, TSC2, KMT2C are 

known to be tumor suppressor genes. Thus, their mu-
tations lead to the expression of malfunctioning protein 
products and strictly correlate with tumourigenesis. The 
following three genes: GNAS, BRAF, and MLLT3 are 
protooncogenes. Other genes – SMARCA4, ARID1A, 

Figure 2. The top 20 most frequently mutated genes in OS according to COSMIC Catalogue

Table 2. Genes the most frequently mutated in osteosarcomas and their function

Gene Function References

TP53 tumor suppression (Synoradzki et al., 2021)

RB1 tumor suppression (Li et al., 2022)

ATRX epigenetics and post-translational modifi-
cations (He et al., 2015)

KMT2C tumor suppression (Gala et al., 2018; Lian et al., 2022; Liu et al., 2021)

LRP1B cell growth, metabolism and survival (Wang & Xiong, 2021)

CAMTA1 cell growth, metabolism and survival (Lu et al., 2018)

NCOR1 tumor suppression (Tang et al., 2020)

MLLT3 protooncogene (Sun et al., 2017)

PDE4DIP cell growth, metabolism and survival (Soejima et al., 2001; Lehnart et al., 2005)

GNAS protooncogene (Nomura et al., 2014; Zauber, Marotta & Sabbath-Solitare, 2016; 
Patra et al., 2018; Afolabi et al., 2022)

SMARCA4 epigenetics and post-translational modifi-
cations (Xu et al., 2021; Jelinic et al., 2014)

ARID1A epigenetics and post-translational modifi-
cations (Xu et al., 2019)

H3F3A post-translational modifications of histone 
H3.3 (Sturm et al., 2012; Park et al., 2016)

EGFR cell growth, metabolism and survival (Wang et al., 2004)

BRAF protooncogene (Śmiech et al., 2020)

SMAD2 tumor suppression (Piek, Heldin & Ten Dijke, 1999; Pasche, 2001)

NF1 tumor suppression (Trovó-Marqui & Tajara, 2006)

MED12 cell growth, metabolism and survival (Ding et al., 2008)

TSC2 tumor suppression (Inoki et al., 2002)

BCOR epigenetics and post-translational modifi-
cations (Huynh et al., 2000)

1001



674											           2023W. Urban and others

ATRX, BCOR, and H3F3A are related to the epigen-
etic status of gene expression or posttranslational his-
tone modifications. Finally, EGFR, CAMTA1, LRP1B, 
PDE4DIP, and MED12 are associated with cell growth, 
metabolism, and survival. 

Molecular basis of OS

Genome destabilization, aneuploids with chromosomal 
changes, dysregulation of cell cycle and tumor suppres-
sor genes, as well as a lack of DNA repair are some of 
the most prevalent characteristics of OS (de Azevedo et 
al., 2020). Epigenetic changes are also recognized as risk 
factors for OS (Sharma, Kelly & Jones, 2009). Still, the 
pathogenesis of OS is complex and poorly understood. 
Thus, the identification of additional genes involved in 
oncogenesis may lead to advances in understanding OS 
biology, as well as shortening the time needed to estab-
lish diagnosis and introduce proper treatment.

The results of the COSMIC Catalogue analysis allowed 
distinguishing 20 genes the most frequently mutated in 
cancer. All recognized genes (Table 2) are known to be 
key regulators of vital cellular processes such as DNA 
repair, cell proliferation and differentiation. Thus, their 
mutations might lead to cancer development.  

The most frequently mutated genes and their possible 
role in OS biology 

Among the genes examined during the analysis of the 
COSMIC Catalogue, the most frequently mutated gene 
in OS was TP53. Its mutation characterized 25% of 
samples available in the database. TP53 encodes the P53 
protein, which is an essential transcription factor with a 
tumor suppressor function. It stimulates several process-
es that result in cell cycle arrest, DNA repair, alterations 
in metabolism in response to cellular stress, apoptosis, 
and cell senescence. Moreover, it plays an important role 
in ontogenesis, myogenesis, and angiogenesis (Synoradzki 
et al., 2021). Thus, mutated TP53 appears to be essential 
for cancer development and its progression. Mutations 
in TP53 are known to increase protein instability, which 
affects clinical characteristics of osteosarcoma, such as 
metastatic potential, tumor type, and grade as well as its 
aggressiveness. According to Chen et al. TP53 mutations 
are a reliable predictive indicator for osteosarcoma pa-
tient survival (Chen et al., 2016).

Another gene commonly mutated in OS is Retinoblas-
toma transcriptional corepressor 1 gene – RB1. Its mu-
tations were observed in 8% of samples available in the 
COSMIC catalogue. Between 50% and 70% of osteosar-
coma cases exhibit mutations in RB1 (Wu & Livingston, 
2020). RB1 encodes retinoblastoma protein controlling 
the transition from the G1 to S phase. This makes it a 
crucial regulator of cell cycle progression. It is suggested 
that during OS oncogenesis, alterations of RB1 may cor-
relate with TP53 inactivation (Wu & Livingston, 2020; 
Li et al., 2022). Indeed, using mice models it was proved 
that deletion of RB1 leads to osteosarcomas develop-
ment. Osteoblast development and mineralization as well 
as an increase in the expression of osteogenic markers 
were positively impacted by the gene deletion (Li et al., 
2022).

Yet another gene mutated in 8% of OS is ATRX – 
alpha thalassemia/mental retardation syndrome X-linked. 
The gene encodes the protein that plays a role in chro-
matin remodeling and DNA repair. Loss of ATRX func-
tion has been linked to the accumulation of repetitive 
DNA sequences and alterations in the epigenetic regula-
tion of the gene expression, which may contribute to the 

development and progression of tumor (He et al., 2015). 
Mutations in ATRX have been observed in a variety 
of cancer types (Haase et al., 2018). In osteosarcoma, 
ATRX dysfunction was linked with chromosomal in-
stability, which contributes the tumor development. The 
gene’s mutations were also associated with poor progno-
sis and resistance to chemotherapy (Masliah-Planchon et 
al., 2018). Thus, ATRX is pointed out as a promising 
biomarker of osteosarcoma.

6% of OS samples in the COSMIC catalogue mani-
fested mutation of the KTM2C gene. KTM2C has been 
shown to act as a tumor suppressor. Its expression in 
OS has been shown to be downregulated, like in a va-
riety of other human cancers, including breast and pros-
tate cancer (Gala et al., 2018; Lian et al., 2022; Liu et al., 
2021). Loss of KTM2C expression is associated with 
poor prognosis and resistance to chemotherapy (Lian et 
al., 2022; Liu et al., 2021). What is more, KTM2C has 
been shown to regulate the other tumor suppressor 
genes, such as TP53 and p16INK4a. By removing methyl 
groups from histones, KTM2C also activates the expres-
sion of oncogenes, such as MYC (Liu et al., 2021; Lian 
et al., 2022; Gala et al., 2018). All these data demonstrate 
that the KTM2C gene can play an important role in OS 
development.

6% of available OS samples of the COSMIC cata-
logue were mutated in the LRP1B gene – Low Density 
Lipoprotein Receptor-Related Protein 1B that encodes 
cell surface receptor for LDL. LRP1B has been previ-
ously shown to play a role in tumor growth and progres-
sion. Additionally, it regulates angiogenesis in some of 
the cancer types, such as non-small cell lung cancer, re-
nal cell cancer, and neuroglioma (Wang & Xiong, 2021). 
The gene overexpression observed in various cancers is 
linked to poor prognosis and decreased patient survival 
(Brown et al., 2021; Príncipe et al., 2021; Wang & Xiong, 
2021). LRP1B is associated with the occurrence of os-
teosarcoma and its overexpression correlates with poor 
prognosis and decreased patient survival. Therefore the 
gene might be one relevant factor helping in OS diagno-
sis (Xu et al., 2021). 

A significant role in tumorigenesis and tumor progres-
sion is also played by the CAMTA1 gene encoding a 
transcription factor – Calmodulin Binding Transcription 
Activator 1 (He et al., 2021). The gene down-expression 
correlates with chemoresistance (Pan et al., 2022). It has 
been shown that the expression of long noncoding RNA 
CAMTA1 (lncCAMTA1) in breast cancer affects cells vi-
ability and promotes their migratory state. Knock-down 
of lncCAMTA1 leads to cancer cell apoptosis (Lu et al., 
2018). CAMTA1 mutations were observed in 5% of OS 
COSMIC samples. Even though there is a lack of in-
formation about the gene significance for osteosarcoma, 
still in Epithelioid hemangioendothelioma, that can arise 
from soft tissues and bones, CAMTA1 was proposed 
to be an immunohistochemical marker (Anderson & Jo, 
2021).

Yet another gene shown to play a role in tumor de-
velopment and its progression is NCOR1 (Nuclear Re-
ceptor Corepressor 1) gene. COSMIC catalogue analy-
sis showed that as many as 4% of OS samples showed 
NCOR1 mutation. The gene encodes a corepressor in-
volved in the regulation of gene expression (Tang et al., 
2020). NCOR1 was observed to be frequently upregulat-
ed in breast cancer, and its high expression is associated 
with good prognosis and better patient survival (Noble-
jas-López et al., 2018). Interestingly, in bladder cancer, 
NCOR1 strongly correlated with immunogenicity, and its 
mutations were shown to cause activation of anti-tumor 
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immunity, as well as overexpression of immune-related 
genes (Lin et al., 2021). According to Luo et al. NCOR is 
widely amplificated in osteosarcoma, as it might partici-
pate in tumor growth as a regulator of other gene tran-
scription (Luo et al., 2019).  

Four percentage of OS samples of the COSMIC cat-
alogue showed mutations of the MLLT3 gene. MLLT3 
protein is part of a super elongation complex (SEC), 
which is needed to increase the catalytic function of 
RNA polymerase II (Calvanese et al., 2019). The knock-
out of the MLLT3 gene can lead to decreased prolifera-
tion of osteosarcoma cell lines, associated with the JNK 
signaling pathway. Thus, MLLT3 can be an oncogene 
candidate involved in osteosarcomas development (Sun 
et al., 2017).

As much as 4% of samples deposited in the COS-
MIC catalogue were characterized by PDE4DIP gene 
mutations. Even though there is no information about 
the gene significance in osteosarcomas, still, PDE4DIP 
protein, also known as MMGL (myomegalin-like) protein 
is involved in several intracellular metabolic pathways, 
which may control OS biology (Soejima et al., 2001; 
Lehnart et al., 2005).

Three percentage of OS samples carried a mutation 
of GNAS (Guanine Nucleotide Binding Protein, Alpha 
Stimulating). The gene encodes a signaling molecule in-
volved in many cellular processes involving cAMP sig-
naling. It has been shown to play a role in tumorigenesis 
(Nomura et al., 2014; Zauber, Marotta & Sabbath-Soli-
tare, 2016; Patra et al., 2018; Afolabi et al., 2022). GNAS 
mutations were observed in various cancers, such as co-
lon, pancreas, and gastrin adenocarcinoma as well as in 
fibrous dysplasia, which is known to have the potential 
to form malignancies such as osteosarcoma (Sugiura et 
al., 2018).

Three percentage of samples deposited in the COS-
MIC catalogue manifested mutations of the SMARCA4 
gene. SMARCA4 encodes the catalytic subunit of SWI/
SNF complexes, which is associated with chromatin re-
modeling and making genes accessible for transcription-
al factors. Unfortunately, there is a lack of information 
about the significance of gene alterations in osteosarco-
mas.

Also, the ARID1A gene product (AT-rich interactive 
domain-containing protein 1A) is a part of the SWI/
SFI complex, associated with chromatin remodeling 
(Xu et al., 2019). ARID1A mutations were observed in 
many cancers before (Jones et al., 2010). Recent studies 
show that in osteosarcomas the expression of ARID1A 
is down-regulated compared to non-tumor tissues (Xu et 
al., 2019). This can be correlated with the gene muta-
tions measured in 3% of OS samples of the COSMIC 
catalogue.

Yet another mutated gene affecting the structure of 
chromatin and contributing to tumorigenesis is H3F3A 
(Sturm et al., 2012; Park et al., 2016). H3F3A overex-
pression has been shown to correlate with aggressive 
phenotype and chemoresistance leading to lower sur-
vival rates and relapse in lung cancer patients (Park et 
al., 2016). COSMIC catalogue analysis showed that 2% 
of OS samples are mutated in H3F3A. This data finds 
approval in Koelsche et al. study showing hotspot mu-
tations in H3F3A in six osteosarcoma cases analysed by 
the authors. Observed alternations were correlated with 
age and increased the incidence of osteosarcoma in pa-
tients over the age of 30 (Koelsche et al., 2017). 

Two percentage of the samples of the COSMIC cata-
logue were carrying mutations in the BCOR gene. BCOR 
protein is involved in the process of deacetylation of 

histones and when over-expressed inhibits BCL-6 tumor 
suppressor (Huynh et al., 2000). Mutations in BCOR are 
associated with many types of cancer, such as clear cell 
sarcoma of the kidney, endometrial stromal sarcoma, or 
small round blue cell sarcomas (Astolfi et al., 2019; Ue-
no-Yokohata et al., 2015; Marinõ-Enriquez et al., 2018; 
Sbaraglia et al., 2020). 

Among samples deposited in the COSMIC cata-
logue, approximately 2% carry mutations in the MED12 
gene. MED12 is part of a larger, multiprotein complex 
that mediates polymerase II RNA during the process 
of transcription (Ding et al., 2008). MED12 is associat-
ed with 70% of  uterine leiomyomas and fibroepithelial 
tumors of the breast (Croce & Chibon, 2015; Lerwill 
et al., 2022).  As for now, only two clinical case reports 
described MED12 mutations in osteosarcomas. Le and 
others (Le et al., 2021) showed that the patient with 
MED12-mutated high-grade uterine sarcoma developed 
osteosarcoma with the same L36R missense mutation. 
Another team described MED12 mutation in osteosar-
coma which further led to the development of breast 
malignant phyllodes tumor (Tokoyoda et al., 2018). More 
study is needed to assess the link between MED12 mu-
tations and the occurrence of osteosarcoma, especially 
since according to The Cancer Genome Atlas (TCGA) 
data, mutations in MED12 can be biomarkers helping to 
select patients for the therapy with immune checkpoint 
inhibitors (ICIs) (Zhou et al., 2022).

Two percentage of OS samples from the COSMIC 
catalogue displayed changes in the EGFR gene encod-
ing  receptor  for the  epidermal growth factor (EGFR). 
The receptor is known for its crucial role in the signaling 
pathway responsible for cell proliferation, differentiation, 
and/or survival (Wang et al., 2004).  Mutations of EGFR 
in a variety of malignancies are well documented. Most 
frequent is the gene’s amplification leading to EGFR 
overexpression increasing cellular signaling (Sigismund, 
Avanzato & Lanzetti, 2018; Cheng et al., 2021). The gene 
importance for OS has been already documented. Sheng-
Lin and others (Sheng-Lin et. al., ????) reported that high 
expression of EGFR together with HER-4 (human epi-
dermal growth factor receptor 4) was associated with 
distant metastasis and the level of EGFR expression was 
proposed to be a potential prognostic biomarker of OS 
(Wang et al., 2018).

Among OS samples deposited in the COSMIC cat-
alogue, 2% manifested mutations of the SMAD2 gene. 
This low number of samples can indicate that the 
gene mutations are not osteosarcoma specific. Howev-
er, is worth mentioning that SMAD2, as a part of the 
TGF-beta superfamily, plays an important role in cell 
signaling, proliferation, and differentiation (Piek et al., 
1999) and may act as an oncosuppressor (Piek et al., 
1999; Pasche, 2001). Moreover, it has been shown that 
there are statistically significant changes in SMAD2 ex-
pression in OS compared to healthy tissue. The cor-
relation between alterations of Smad signaling, the high 
proliferation rate, and the invasive phenotype of osteo-
sarcoma cells was observed in OS with Serine/threonine 
kinase 39 (STK39) knockdown (Won et al., 2010; Yang et 
al., 2013; Huang et al., 2017).

Another gene selected during our study was the NF1 
gene. According to the data from the COSMIC cata-
logue 2% of OS samples were carrying the gene’s muta-
tions. The product of NF1 is neurofibromin 1 – a cyto-
plasmic protein expressed in neurons, Schwann cells, and 
leukocytes. The protein is a part of the RAS/MAPK sig-
naling pathway controlling cell proliferation (Huang et al., 
2017). It is suggested that NF1 can act also as an oncos-
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uppressor. Although the NF1 gene is associated most-
ly with neural malignancies, its mutations are observed 
in many cancers, e.g. lung cancers or melanomas (Tro-
vó-Marqui & Tajara, 2006). Further studies are needed 
to prove NF1 role in OS development.

An additional gene involved in the inhibition of cell 
proliferation is the tumor-suppressor gene TSC2 (Inoki 
et al., 2002). The gene’s mutations were described in tu-
berous sclerosis complex (TSC) and non-small cell lung 
cancer. It was proved that patients with TSC1/TSC2 loss 
can benefit from target therapy including treatment with 
immune checkpoint blockade (ICB) (Huang et al., 2022). 
Kuroda et al. reported a clinical case of a young patient 
with tuberous sclerosis complex (TSC) who developed 
osteosarcoma. Analysis of the tumor sample showed ad-
ditional mutations in TP53 as well as TSC2 genes (Kuro-
da et al., 2021). This observation is in agreement with 
COSMIC catalogue data showing that approximately 2% 
of OS samples were characterized by mutated TSC2. 

Two percentage of OS samples were also character-
ized by mutated proto-oncogene BRAF. BRAF activates 
signaling pathways involved in the cell cycle, including 
proliferation, differentiation, and cell death. The gene 
mutations may result in malignancies development. In 
fact, dysregulation of gene expression was observed in 
several cancers, including melanoma, colorectal cancer, 
and non-small cell lung cancer (Śmiech et al., 2020). Pig-
nochino et al. reported that in 4 of 30 osteosarcoma pa-
tients analysed in their study, BRAF gene mutation was 
confirmed (Pignochino et al., 2009). 

CONCLUSIONS

COSMIC catalogue analysis allows to identify genes 
that are the most frequently mutated in osteosarcoma. 
Since 20 of the selected genes have previously been 
shown to be involved in cancerogenesis, thus their mu-
tation might also play a role in OS development. How-
ever, to prove their clinical significance and the possi-
bility of using them as OS biomarkers further studies 
are needed. The results of such a study would help to 
identify patient predisposition to OS development, fol-
low cancer progression, and establish patients’ treatment 
and prognosis. 
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MiRNA-19b-3p downregulates the endothelin B receptor in 
gastric cancer cells to prevent angiogenesis and proliferation
Xiaodong Hu✉, Hongbing Liu and Chaoyu Li
Department of General Surgery, Medical Centre Hospital of Qionglai City, Qionglai, Sichuan, 611530, China

MiR19b-3p acts as a tumor suppressor gene in various 
cancers, but its function in gastric cancer is unknown. 
This study investigated the role of miR19b-3p in angio-
genesis and the proliferation of human gastric cancer 
cells targeting ETBR expression. Cell proliferation in SGC-
7901 cells, cell transfection, luciferase reporter assay, 
detection of endothelin B receptor mRNAs by RT-qPCR, 
and a Western blot assay were carried out. RT-qPCR ex-
pression analysis showed a prominent (p<0.01) down-
regulation of miR19b-3p in SGC-7901 cells, which was 
inversely correlated with a substantial increase (p<0.01) 
in the endothelin B receptor (ETBR). However, overex-
pression of miR19b-3p in SGC-7901 cells with its mimic 
(p<0.01) resulted in the loss of cell viability in the MTT 
assay. This effect was reversed (p<0.01) by the inhibi-
tor. Western blot analysis revealed that ETBR was signifi-
cantly (p<0.01) decreased by miR19b-3p overexpression 
compared with that of the negative control or its inhibi-
tor. Based on bioinformatics tools and luciferase reporter 
assays, we found that miR19b-3p interacts with the 3’un-
translated region (3’UTR) of ETBR. Restoring miR19b-3p 
overexpression with its mimic led to downregulation 
of ETBR in gastric cancer cells (SGC-7901), which signifi-
cantly (p<0.01) decreased the expression of vascular en-
dothelial growth factor A (VEGF-A). These findings were 
considerably reversed by miR19b-3p inhibitors (p<0.01). 
The results indicated that miR19b-3p exerts its molecular 
action by targeting ETBR at the post-transcriptional level 
by regulating angiogenesis and proliferation by overex-
pressing miR19b-3p as a potential treatment target for 
gastric cancer.

Keywords: miRNA, gastric cancer, proliferation, angiogenesis, en-
dothelial B receptor
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growth factor A; FBS, fetal bovine serum; PVDF, polyvinylidene 
fluoride membrane; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide; ET-1, endothelin-1; ECE-1 & -2, endothelin-
converting enzymes-1 & -2; PBS, Phosphate buffer saline; RIN, RNA 
Integrity Numbers; NSCLC, non-small cell lung carcinoma cell line

INTRODUCTION

Cancer-related deaths from gastric cancer (GC) are 
among the fourth highest worldwide. The treatment 
strategies for GC depend on the stage of the disease. 
Early-stage GC can be treated with surgery, whereas ad-
vanced GC requires more aggressive treatments, such 
as chemotherapy and radiation therapy (Li et al., 2019). 

Combination treatment can be effective in treating non-
metastatic stomach cancer. Gastric cancer treatment in-
cludes perioperative or postoperative chemotherapy with 
radiation treatment. Early-stage gastric cancers are best 
treated with endoscopic resection. Fluoropyrimidines, 
platinum, taxanes, and irinotecan are active cytotoxic 
agents in gastric cancer. However, combination regimens 
are more effective and offer improved survival rates. 
Immunotherapy is an emerging treatment strategy for 
stomach cancers. A monoclonal antibody (ramucirumab) 
against VEGFR-2, either alone or along with paclitaxel, 
decreases the risk of gastric cancer (Joshi & Badgwell, 
2021). Novel therapies are required to treat gastric can-
cer, which can be achieved by fully understanding its 
pathogenesis and associated molecular changes. Many 
disease states, including cancer, are associated with  
miRNA dysregulation and serve as significant markers 
for early diagnosis, prognosis, and treatment. Gastric 
cancer may be caused by dysfunctional miRNAs that 
disrupt the target genes of these miRNAs. This results 
in the downregulation and overexpression of tumor sup-
pressor genes and oncogenes (Choi et al., 2019).

miRNAs can regulate gene and miRNA expression in 
gastric cancer (Alessandrini et al., 2018). These miRNAs 
(miR-143, miR-200, and miR-145) regulate cell move-
ment and metastasis in gastric cancer by inhibiting Myo6 
expression (Lei et al., 2017a) and protein translation 
(N-cadherin) (Yuan et al., 2014). According to previous 
studies, gastric cancer cells exhibit abnormal miRNA ex-
pression compared to surrounding normal cells (Li et al., 
2019). One of the earlier reports revealed that miRNAs 
have the potential to control or regulate several genes, 
and downregulation of miRNAs is correlated with the 
progression and development of gastric cancer (Zhu et 
al., 2020). A recent study suggested that miR-19b-3p/
NRP1 may play a role in inhibiting the GC progression 
(Wei et al., 2020a). Another study reported that miR-19b-
3p and miR-16-5p may be able to detect and predict the 
progression of gastric cancer (Zhang et al., 2015a).

There is growing evidence that miRNAs, such as miR-
125a, miR-1, miR-125b, miR-199, and miR155 modu-
late ET-1 expression through the 3’ untranslated region 
(3’UTR) (Jacobs et al., 2013). The small peptide endothe-
lin-1 (ET-1) contains 21 amino acids and plays a vari-
ety of roles that affect various tissues, cells, and organs. 
However, the interaction between ET-1 and miRNAs 
in the gastric cancer is unfamiliar. Based on its own re-
ceptors, it has been established that it can exert a wide 
range of biological effects. Three endothelins (ET-1, ET-
2, and ET-3), two G-protein-coupled receptors (ETAR 
and ETBR), and two endothelin-converting enzymes 
(ECE-1 and ECE-2) encompass the ET axis (Gu et al., 
2019). Different types of cancers, such as lung, pros-
tate, colorectal, liver, breast and ovarian cancers includ-
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ing melanoma, have been found to express ET-1 more 
frequently. There is some evidence that this may con-
tribute to the proliferation, metastasis, angiogenesis, and 
suppressed apoptosis of cancer cells (Kalles et al., 2019). 
The ETAR receptor is primarily responsible for ET-1’s 
ability to induce cell proliferation. A reduction in ETBR 
expression has been implicated in the pathogenesis of 
various cancers, including those of the oesophagus, na-
sopharynx, prostate, and ovaries (Yin et al., 2020). High 
levels of ET-1 have been detected in the plasma of pa-
tients with gastric cancer. This suggests that ET-1 can be 
used as a reliable indicator for predicting disease recur-
rence (Aliabadi et al., 2022).

Currently, it is still unknown what biological function 
endothelin receptor B plays in gastric cancer and the 
mechanisms by which miR19b-3p regulates it. Our study 
was conducted to demonstrate that ETBR plays a criti-
cal function in gastric cancer progression and to iden-
tify probable target sites for miR19b-3p and their cog-
nate interactions within the 3’UTR of ETBR employing 
a bioinformatics approach. We investigated the effects of 
miR19b-3p and its role in both the normal gastric epi-
thelium and human gastric cancer cells targeting the en-
dothelin B receptor (ETBR) to prevent angiogenesis and 
proliferation. There is a possibility that this could lead 
to a new therapeutic approach and the identification of 
novel targets. Therefore, it is possible to use miRNAs as 
therapeutic targeting agents for various types of cancer.

MATERIALS AND METHODS

Cell culture

We obtained SGC-7901 (a human gastric cell line) 
and GES-1 (normal. Gastric epithelial. cell line) from the 
Chinese Academy of Sciences (Shanghai, China). RPMI-
1640 was used to grow cells (Corning Life Sciences, 
Wujiang, China) added with 10% foetal bovine serum 
(FBS) (Corning. Life. Sciences, Wujiang, China) and 1% 
antibiotics such as streptomycin. The cells were allowed 
to grow in an incubator at room temperature with CO2 
(5%). For each line, the lowest passage number was 
between 3–5. A total of 1×105 cells were seeded in six 
wells of a six-well plate. The cells were then exposed to 
saturated humidity for 24 h. It is generally recommended 
that cells pass through when they reach 80–90% conflu-
ence. Immediately after the medium was removed, the 
cells were rinsed twice with phosphate-buffered saline 
(PBS), incubated for 2 min with 0.3% trypsin, and then 
resuspended in RPMI 1640 medium (5 ml) with 10% 
FBS before passing a second time. PlasmoTestTM (Invi-
voGen, USA) was used for colorimetric detection of my-
coplasma contamination in cell cultures. Positive results 
indicate contamination of the cell culture. We did not 
detect mycoplasma contamination in cell cultures.

Cell transfection

A density of 2×105 cells/cm2 was seeded in six-well 
plates once the cells reached 80% confluence. As pre-
viously reported (Xin et al., 2019), miRNAs were trans-
fected into the SGC-7901 cells. MiR19b-3p was evaluat-
ed by transfecting cells with miR19b-3p mimic (40  nM), 
miR19b-3p inhibitor (40 nM), mimic control (40  nM), 
or inhibitor control (40 nM) (Sangon, China) using Hi-
PerFect transfection reagent from Qiagen (Hilden, Ger-
many), according to the manufacturer’s instructions. 
During the logarithmic growth phase, gastric cancer 

cells (SGC-7901) were transfected and divided into five 
groups: blank group (SGC-7901 cells without transfec-
tion), miR19b-3p-NC control group (SGC-7901 cells 
transfected with miR19b-3p mimic control), miR19b-3p 
mimic group (SGC-7901 cells transfected with miR19b-
3p mimic), miR19b-3p inhibitor group (SGC-7901 cells 
transfected with miR19b-3p inhibitor), and miR19b-3p 
inhibitor control group (SGC-7901 cells transfected with 
miR19b-3p inhibitor control). Plasmid expression vec-
tors encoding ETBR and the accompanying empty vec-
tor (pGEM-T) controls were purchased from Origene 
(Rockville, MD, USA). For transfection of expression 
plasmids, 2.5 μg of empty vector or plasmid DNA was 
diluted with HiPerFect transfection reagent and added to 
cells grown in 6-well plates. Transfected cells were incu-
bated for 24–72 h at room temperature, harvested for 
further assays with untreated cells, and used as blanks.

HiPerFect transfection solution (5 µL) was incubated 
at 37°C for 15 min in DMEM (300 µL) without serum. 
Five microliters of miR19b-3p mimic, miR19b-3p-NC, 
miR19b-3p inhibitor, or miR19b-3p-NC were placed in 
DMEM (250 µL) without serum. After incubation for 
15  min, diluted miR19b-3p mimics, miR19b-3p mimic-
NC, miR19b-3p inhibitor, and miR19b-3p inhibitor-NC 
were gently mixed with the diluted HiPerFect transfer 
reagent and incubated for another 20 min at 37°C. Phos-
phate-buffered saline (PBS) was used to wash the cells 
twice after removing the medium. Complexes (500 µL) 
were added to each well containing the cells and me-
dium, and the plate was gently rocked to mix the solu-
tions. To determine whether transgenes were expressed 
in cells, cells were incubated in a CO2 incubator for 24 
hours at 37°C.

Cell proliferation

The proliferation of transfected SGC-7901 cells with 
a miR19b-3p mimic, a miR19b-3p inhibitor, or their 
controls was studied using the MTT assay as previously 
described (Mu et al., 2019). After transfection for 48  h, 
1×105 cells were grown in 96 well plates and the assays 
were carried out in triplicate. MTT reagent (Thermo 
Fisher Scientific, Waltham, USA) at a concentration of 
5  µg/ml was added to each well of 96 well plates con-
taining cells (Thermo Fisher Scientific, Waltham, USA). 
After incubation for four hours, 150 μL DMSO was 
added after removing the MTT reagent. The optical 
density of each sample was determined at 490 nm after 
shaking each sample at room temperature using a micro-
plate reader (Molecular Devices, USA). SGC-7901 cells 
were seeded in 96-well plates and incubated at room 
temperature with 5% CO2 in a humidified atmosphere 
for two weeks to examine their morphology. After 48 h 
of transfection, cell morphology was observed. To meas-
ure the amount of absorbance, cells were seeded (2×105 
cells per well) in a 96-well plate, and the proliferative rate 
of the cells was assessed. The general morphology and 
proliferative rate of SGC-7901 cells was observed every 
day with the aid of an inverted microscope (Olympus, 
Japan). Proliferation rates were calculated by determining 
the percentage change in the number of viable cells in 
relation to the period over which they were measured.

Assay for Luciferase reporter activity

We used Target Scan Human (http://www.targetscan.
org/vert_72/), an online prediction tool for miRNA tar-
gets, to determine miR19b-3p binding targets in humans. 
Based on the predicted results, miR19b-3p may play a 
role in the regulation of ETBR expression. Human tar-
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get scanning indicated a potential binding site. RT-qPCR 
was used to amplify the 3’-UTR of the human ETBR. 
The amplified human ETBR sequence was cloned into 
a pGL3 control vector containing the XbaI site. The 
Q5 site-specific mutagenesis kit (Q5®  Site-Directed Mu-
tagenesis Kit; catalogue no: E0554S, NE Biolabs Inc., 
China) was used to generate the mutated binding site 
of miR19b-3p in the 3’-UTR of ETBR following the 
manufacturer’s protocol. Prediction validation was per-
formed using a dual-luciferase assay (Promega, USA) 
and a microplate luminometer (BioTek, USA). Briefly, 
the ETBR 3’-UTR with wild-type (ETBR-wt) miR bind-
ing site or mutant-type (ETBR/mut) miR binding site 
was first cloned into the pmir-GLO luciferase reporter 
vector. According to a previous study (L. Zhang et al., 
2018) prior to transfection, SGC-7901 cells were main-
tained in nutrient-enriched medium for 24 h in a 24-well 
plate. Using the HiPerFect-Transfection reagent, 0.5 μg 
of 3’-UTR-ETBR with reporter vectors (1 ng/µL, WT 
or MUT type) and 0.5 μg miR19b-3p-mimic or control 
were transfected into SGC-7901 cells. To quantify the 
luciferase activity of the cells, host cells were isolated, 
washed, trypsinized for 48 h after transfection, and as-
sayed as directed by the manufacturer using a dual lucif-
erase assay.

Detection of endothelin B receptor mRNAs by RT-q PCR

Agilent Bioanalyzers (Agilent Technologies Co. Ltd., 
Beijing, China) using microfluidics to classify RNA sam-
ples based on RNA Integrity Numbers (RIN) ranging 
from 1 to 10. According to a study (Padhi et al., 2018), 
a RIN of more than 8.0 indicates intact and high-qual-
ity RNA samples, a RIN between 5.0 and 8.0 indicates 
moderately degraded samples, and a RIN of less than 5.0 
indicates degraded samples. To ensure reliable measure-
ment of gene expression by RT-qPCR, it is generally rec-
ommended that RNA samples with a RIN value above 
5.0.

As previously reported (Skovsted et al., 2015), the to-
tal. RNAs was extracted from normal and gastric cancer 
cells using TRIzol reagent. RNA extraction reagent was 
purchased from Dongsheng Biotech (Guangzhou, Chi-
na). The extracted RNA was verified by agarose gel elec-
trophoresis. Approximately five µg of RNA from both 
cell lines was reverse-transcribed using Moloney. Mu-
rine leukemia virus reverse transcriptase (Sigma-Aldrich, 
Germany) and oligo (dT)18 primers in 20. μL reaction 
mixture. Then, the solution was made up to 50 μL with 
deionized water. For the PCR reaction, one μL of the 
solution was used as a substrate for PCR amplification. 
After 28 cycles, 25 μl of the solution was removed (91°C 
for 40 s, 57°C for 40 s, and 75°C for 50 s). Agarose gel 
electrophoresis was used to analyse approximately 10 μL 
of the solution containing the amplified products. PCR 
was carried out using pairs of primers specific for human 
GAPDH (5′-CATGTTCGTCATGGGGTGAACCA-3′ 
and 5′-AGTGATGGCATGGACTGTGGTCAT-3′) and 
ETBR (5′-ACTGGCCATTTGGAGCTGAGAT-3′ and 

5′-CTGCATGCCACTTTCTTCTCAA-3′). GAPDH was 
used as an endogenous control for the normalization of 
target gene expression. Inverse logarithms of ∆∆Ct val-
ues were used to calculate the relative levels of miR19b-
3p. Table 1 lists the information of the primer sequence.

Western blot assay and antibodies

RIPA lysis buffer was used to collect total protein 
from cells. We measured the protein concentration using 
a BCA protein assay kit. Protein separation of proteins 
(30 µg) was carried out using SDS-PAGE (Bio-Rad Lab-
oratories Co., Ltd. Shanghai, China). A polyvinylidene 
fluoride membrane (PVDF) was then used to transfer 
the proteins. A 5–6% non-fat dry milk solution was 
used to occlude the membranes for one hour to prevent 
nonspecific binding. After blocking, antibodies such as 
anti-ETBR (1:200) or anti-VEGF-A (1:3000) were trans-
ferred to the membranes and allowed for incubation for 
10  hours at 4°C. Subsequently, HRP-conjugated second-
ary antibodies (1:2500) were applied to the membranes 
at 37°C for 1 hour. The protein bands on the membrane 
bound to antibodies were detected. by a chemilumines-
cence system (GE LAS4000 Image, Quant, CA, USA). 
Protein expression was analysed using ImageQuant soft-
ware. The bands were detected and photographed using 
a chemiluminescence analyser (Biotech Co., Ltd., Bei-
jing). Densitometry was used to quantify protein bands 
using Quantity One software. The difference in load-
ing between groups was corrected by dividing the vol-
ume per individual group by the volume of normalised 
β-actin for each group. The differences between each 
group and the control group were then determined by a 
normalisation procedure. The results were presented as 
percentages based on the control data (Sun et al., 2022).

Statistical analyses

A minimum of three independent analyses of each 
experiment were performed to achieve the most accu-
rate results. Data were analysed using GraphPad Prism 
(Version 9.0) using a student’s t-test. In this study, we 
used the t-test to determine whether there was a signifi-
cant difference between two groups. The values of the 
experimental and control groups were compared using 
one-way ANOVA. Tukey’s multiple comparison test was 
used to compare the groups. We define statistical signifi-
cance as a p-value <0.05.

RESULTS

miR19b-3p inhibits proliferation in SGC-7901 cells

Quantitative real-time PCR findings revealed that 
miR19b-3p expression in SGC-7901 cells was substantial-
ly (p<0.01) reduced compared to GES-1 cells (Fig.  1A). 
To examine the role of miR19b-3p in gastric cancer, the 
role of miR19b-3p in SGC-7901 cells was investigated by 

Table 1. List of primers used in the study

No Primers Sequences

1 miR19b-3p-mimic forward: 5’-UGUGCAAAUCCAUGCAAAACUGA-.3’ and. reverse, 5’-AGUUUUGCAUG GAUUUGCA-
CAUU-.3’

2 miR19b-3p-mimic control forward: 5’-UUCUCCGAACGUGUCACGUTT-3’, and reverse, 5’-ACGUGACACGUUCGGAGAATT-.3’

3 miR19b-3p-inhibitor forward: 5’-UCAGUUUUGCAUGGAUUUGCACA-3’ and reverse, 5’-ACGAGAAGGAUGGATTUGGAU-3’

4 miR19b-3p-inhibitor control forward: 5’-CAGUACUUUUGUGUAGUACAA-3’ and reverse, 5’-ACGAUTTUAATGCCGUUAAUUA-3’
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transfection with miR19b-3p-mimic, a miR19b-3p inhibi-
tor or negative control in SGC7901 cells and transfection 
efficiency was measured by RT-qPCR. Figure  1B shows 
that miR19b-3p mimics markedly elevated miR19b-3p 
expression levels (p<0.01) in SGC-7901 cells, while it de-
creased dramatically (p<0.01) with the miR19b-3p inhibi-
tor transfected into SGC -7101 cells.

The morphology of SGC-7901 cells treated with a 
miR19b-3p mimic or its inhibitor or NCs was exam-
ined under inverted microscopy (Fig. 2A–E). Cells in 
control groups (NCs) appeared round shaped and were 
densely packed. In the miR19b-3p mimic group, the cells 
showed a gradual rounding with significantly less densely 

packed compared to those seen in the control groups. 
Furthermore, an increased number of floating cells in 
the miR19b-3p mimic-group indicated a decrease in cell 
viability. These findings indicated that SGC-7901 cells 
showed a significant decrease (p<0.01) in their viability 
in the presence of a miR19b-3p mimic, but viability was 
significantly restored (p<0.01) in response to miR19b-3p 
inhibitor. Cell proliferation analysis studied by the MTT 
assay showed the substantial (p<0.05) inhibitory effects 
(p<0.05) of miR19b-3p mimic on cell viability compared 
to negative controls, as shown in Fig. 2F.

The expression level of miR19b-3p was reversely 
correlated with the expression of the endothelin B 
receptor in SGC-7901 cells

To study the function of miR19b-3p in the angio-
genesis of gastric cancer cells, the relationship between 
miR19b-3p and ETBR was studied. The relationship be-
tween angiogenesis and endothelin receptor B is well 
documented. Endothelin-1 (ET-1) and its two receptors, 
endothelin receptor A (ETAR) and ETBR, are overex-
pressed in tumour cells. ETBR has been reported to be 
a key regulator of tumour angiogenesis by being directly 
involved in VEGF-A expression. Changes in miR19b-
3p expression levels and its effect on ETBR expression 
were evaluated in SGC-7901 cells. We used Western blot 
to study ETBR expression in SGC-7901 cells and GES-
1cells. According to our findings, higher ETBR levels 
were found in cancerous gastric cells compared to nor-
mal cells (Fig. 3A). Based on the results, it was evident 
that ETBR was negatively correlated with miR19b-bp 
expression, as shown in Fig. 3B (p<0.01). From these 
results, we hypothesise that miR19b-3p might negatively 
regulate ETBR expression in gastric cancer cells.

ETBR is one of the target genes for miR19b-3p

To identify putative targets for miR19b-3p, we used 
an online bioinformatics tool, Target Human Scan. Fig-
ure 4A shows that ETBR is presumed to be the target 

Figure 1. Downregulation of miR19b-3p in SGC-7901 cells. 
(A) The miR19b-3p expression in normal gastric epithelial cells 
and gastric cancer cell line detected by RT-qPCR. (B) The miR19b-
3p expression after transfection with negative control, blank, 
miR19b-3p mimic, and miR19b-3p inhibitor in SGC-7901 cells. 
*p<0.01. 

Figure 2. Transfection of miR19b-3p mimics decreases SGC-7901 cell proliferation. 
(A) Observation of cell morphology under inverted microscope. The cells transfected with miR19b-3p mimic. (B) Cells transfected with 
miR19b-3p mimic negative control. (C) Cells transfected with miR19b-3p inhibitor. (D) Cells transfected with miR19b-3p inhibitor nega-
tive control. (E) Cells without transfection (blank). (F) Cell proliferation by MTT assay of various transfected groups at 24, 48 and 72 h. 
*p<0.01. 
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site for miR19b-3p and the possible binding site between 
miR19b-3p and the predicted 3’-UTR of ETBR. We used 
a luciferase reporter assay to verify whether miR19b-
3p plays a role in ETBR regulation through the binding 
site at the 3’-UTR of ETBR. The predicted miR19b-3p 
binding site was cloned along with its wild- or mutant-
type ETBR. SGC-7901 cells were transfected with wild 
ETBR or mutant ETBR together with precursor and con-
trol. Cell luciferase transfection was performed 48 h af-
ter cell harvesting followed by total protein extraction. 
Figure  4B shows the significant expression of ETBR in 
SGC-7901 cells compared to the reporter vector. How-
ever, a luciferase reporter assay was performed to iden-
tify aberrant cells in SGC-7901 cells. It was determined 
that luciferase activity decreased significantly (p<0.01, 
Fig. 4C) when miR-196-5p mimics were co-transfected 

with luciferase plasmids containing ETBR 3’ UTRs with 
native binding sites. Figure 4C shows that the expression 
of the miR19b-3p precursor with ETBR wild type signifi-
cantly reduced luciferase activity.

Inhibition of ETBR expression in gastric cancer cells by 
restoring miR19b-3p expression.

To study the role of ETBR regulation in human gastric 
cancer, SGC-7901 cells were transfected with miR19b-3p 
mimic, miR19b-3p inhibitor, miR19b-3p mimic negative 
control, miR19b-3p inhibitor negative control or mock 
transfection. Real-time qPCR was performed to meas-
ure relative expression between the various groups of 
transfected cells. Figure 5 shows that ETBR expression 
in the miR19b-3p mimic group was substantially de-
creased (p<0.01) whereas the expression was significantly 
restored when treated with miR19b-3p inhibitor relative 
to the control group.

Furthermore, we studied ETBR expression levels 
in SGC-7901 cells with Western blot experiments. As 
shown in Fig. 6, ETBR expression was reduced in the 
miR-19b-3p mimic group and elevated with the miR-
19b-3p inhibitor, thus restoring its expression.

Figure 3. Enhanced expression of ETBR in human gastric cancer 
cells compared to normal gastric epithelial cells showing re-
verse correlation to miR19b-3p expression. 
(A) The results from Western blot showing the relative ETBR ex-
pression. (B) Changes in the expression of ETBR after transfecting 
with miR19b-3p mimic or negative control into SGC-7901 cells. 
The data is presented from the average of three independent ex-
periments. *p<0.01. 

Figure 4. The ETBR is a target gene of miR19b-3p. 
(A) Predicted binding site for miR19b-3p in ETBR. (B) Luciferase re-
porter assay for ETBR in human gastric cancer cells, SGC-7901. (C) 
Down-regulation of miR19b-3p precursor affect luciferase activ-
ity by ETBR 3’ UTR in wild type but no effect was noticed on lu-
ciferase activity in mutant ETBR 3’ UTR. The data presented is the 
average of three independent experiments. *p<0.01. 

Figure 5. Effect of miR19b-3p on ETBR relative expression. 
RT-qPCR results show decrease in the expression of ETBR with 
miR19b-3p mimic and increased expression of ETBR with miR19b-
3p inhibitor when compared with miR19b-3p mimic negative con-
trol in the transfected SGC-7901 cells. *p<0.01. 

Figure 6. The miR19b-3p overexpression regulates ETBR expres-
sion in SGC-7901 cells using Western blot analysis. 
(A) Western blot analysis of ETBR and VEGF-A expressions. (B) Rel-
ative densitometry analysis of ETBR analysis after transfecting with 
miR19b-3p mimic or inhibitor or controls or blank in SGC-7901 
cells. (C) Relative densitometry analysis of VEGF-A after transfect-
ing with miR19b-3p mimic or inhibitor or controls or blank. The 
data presented is an average of three independent experiments. 
*p<0.01. 
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The study aims to confirm the function of ETBR in 
cancer angiogenesis, and we also studied the expression 
level of VEGF-A along with ETBR. The results showed 
that the increase in ETBR regulation is positively corre-
lated with VEGF-A expression. When miR19b-3p ex-
pression increased, ETBR and VEGF-A expression lev-
els decreased (Fig. 6, p<0.01). The results showed that 
miR19b-3p played an active role in gastric cancer angio-
genesis by regulating ETBR expression, which is positive-
ly correlated with VEGF-A.

DISCUSSION

The miRNA has been shown to play a key role in tu-
mour progression by regulating various genes after tran-
scription. It is identified as a potential marker for cancer 
diagnosis and treatment (Blandino et al., 2014). miR19b-
3p has been shown in the regulation of various cancers 
(Jin et al., 2018; Song et al., 2019). Down-regulation of 
miR19b-3p was previously reported in patients with gas-
tric cancer at different stages (Zhang et al., 2015b). The 
precise role of miR19b-3p in gastric cancer and its an-
giogenesis remains unexplored.

The study findings showed that miR19b-3p could 
be involved in gastric carcinoma cells and healthy gas-
tric epithelial cells. In this study, miR19b-3p was nega-
tively regulated in SGC-7901 cells relative to GES-1 
cells, which is consistent with previous reports (Wei et 
al., 2020b). Our findings showed that miR19b-3p mim-
ic transfections reduced the proliferation of SGC-7901 
cells, indicating the role of miR19b-3p as a tumour sup-
pressor by inhibiting the progression of gastric cancer 
cells. Similar results from a study were reported, but us-
ing a different miRNA in gastric cancer through EMT 
(epithelial-mesenchymal transitions) regulation, showing 
that miR-423-5p overexpression suppressed gastric can-
cer cell invasion, colony formation, and proliferation 
through the Smad3 pathway (Li et al., 2022). Another 
showed that miR19b-3p negatively controlled the expres-
sion of NRP1 by targeting its 3’-UTR, thus suppress-
ing gastric cancer cell growth, migration, and invasion 
(Zhang et al., 2018). Previous studies have established 
that miR19b-3p is capable of inhibiting breast cancer 
cell proliferation through PI3K/Akt signaling (Jin et al., 
2018). Reduction in the accumulation of the non-small 
cell lung carcinoma (NSCLC) cell line A549 was ob-
served when miR-19b was overexpressed (Li et al., 2015). 
However, some findings have also been reported to con-
tradict the idea that miR19b-3p promotes proliferation 
of NSCLC cells (Baumgartner et al., 2018), colon can-
cer (Jiang et al., 2017), and pancreatic cancer (Song et al., 
2019), which contrasts with our findings. The findings 
imply that miR-19b-3p plays a different role due to the 
untargeted effect of increased expression or cell-specific 
effects.

Our findings showed elevated expression of ETBR 
in gastric cancer cells, SGC-7901. The similar results in 
the study were demonstrated the elevated levels of ET-1 
and ETBR expression in pancreatic adenocarcinoma rela-
tive to normal pancreatic samples (Cook et al., 2015). To 
investigate the interaction of miR19b-3p, we used bio-
informatic analysis to look for miR19b-3p target genes. 
The results showed that miR19b-3p interacts with ETBR 
at its 3’UTR binding site. The luciferase reporter as-
say confirmed ETBR as the target gene for miR19b-3p 
in human gastric cancer cells. The role of ET-1 and its 
receptors, ETAR and ETBR, in cancer angiogenesis has 
been investigated and reviewed (Olender et al., 2016).

Tumour angiogenesis is directly promoted by ET-1 
by inducing endothelial cell survival and proliferation 
and by upregulating ETBR expression that causes the 
progression of breast cancer, and invasion and bone 
metastasis of triple negative breast cancer cells (Gu et 
al., 2019). Our findings revealed that increased expres-
sion of miR19b-3p is reversely correlated with a lower 
expression of ETBR, resulting in decreased angiogenesis 
in gastric cancer cells. When miR-19b-3p expression was 
restored in SGC-7901 cells, it reduced ETBR expres-
sion and angiogenesis. Similarly, to our findings, a re-
cent study reported that up-regulation of miR-449a-5p, 
miR-19b-3p, miR-223-3p, miR-511-3p, and miR-130b-
3p are likely involved in flow-stimulated angiogenesis in 
vivo through modulation of the expression of the mito-
chondrial membrane protein SYNJ2BP, oxygenation-as-
sociated genes (HIF1A, HMOX1), cytokines (e.g., IL1A, 
CXCL2) as well as the embryonic transcription factor 
FOXC1 (Henn et al., 2019).

The relationship between ETBR expression and VEGF 
expression was studied by Western blotting. When 
miR19b-3p down-regulated ETBR expression, VEGF ex-
pression was also reduced, leading to reduced angiogen-
esis in gastric cancer cells. The findings showed that an-
giogenesis indirectly reduced the up-regulation of VEGF 
by ET-1 through the down-regulation of ETBR. Our 
findings are supported by the study results that demon-
strate inhibited angiogenesis and permeability of blood 
vessels through the VEGF or VEGFR2 signalling path-
way by antiangiogenic medicine (asiatic acid) significantly 
suppresses breast cancer growth and metastasis (Tian et 
al., 2021). In another study, it was found that miR-638 
overexpression inhibited the processes of tumour angio-
genesis in vitro and in vivo, suppressing angiogenesis and 
tumour growth of hepatocellular carcinoma by inhibit-
ing VEGF signaling (Cheng et al., 2016). However, there 
are contrasting reports that ETBR downregulation leads 
to upregulation of VEGF, causing an increase in angio-
genesis in human melanoma cells (Carpenter et al., 2003; 
Lahav et al., 2004) and ETBR mutant rats showed an in-
crease in VEGF expression compared to wild-type (Li et 
al., 2012).

Regardless of the role of ETBR in suppressing or re-
pressing VEGF, our results showed that regulation of 
ETBR expression plays a considerable role in controlling 
angiogenesis in human gastric cancer cells. In our inves-
tigation, we also tried to find whether miR19b-3p ex-
pression directly affects VEGF expression without ETBR 
regulation, but there was no significant effect on VEGF 
expression. This shows that miR19b-3p is not directly 
involved in the regulation of VEGF expression.

The role of miRNAs in modulating endothelin expres-
sion by binding to a 3 untranslated region was previous-
ly reported (Lei et al., 2017b; Jacobs et al., 2013). Several 
research articles have been published on the possibility 
of using endothelin receptors as a new approach to can-
cer treatment (Tocci et al., 2019). However, how miR-
NAs interact and regulate endothelin-1 and its receptors 
must be clarified. Our findings suggest that miR19b-3p 
may be able to function as a tumour suppressor by regu-
lation of ETBR in human gastric cancer cells. Therefore, 
we propose that miR19b-3p could be used to inhibit the 
angiogenesis and proliferation of gastric cancer.

LIMITATIONS OF THE STUDY

Our functional experiments were conducted on a sin-
gle SGC-7901 cell line. In our preliminary study, SGC-
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7901 demonstrated greater proliferation ability using 
miR19b-5p than MKN-45 or AGS.

The in vivo expression of miR19b-3p and its regula-
tion in gastric cancer remain unknown. More detailed in 
vivo studies on the role of miR19b-3p in gastric cancer 
should be explored.

There is a need for further studies exploring the ef-
fects of miR19b-3p on cell invasion, apoptosis and ap-
optotic proteins including cell cycle proteins.

CONCLUSIONS

According to our findings, reduced expression of 
miR19b-3p was found to be instrumental in the develop-
ment and angiogenesis of cancerous cells in gastric tis-
sues. However, overexpression of miR19b-3p could sig-
nificantly inhibit ETBR expression, leading to a reduction 
in angiogenesis and proliferation through the reduced 
expression of VEGF in vitro. Further studies on the role 
of gastric cancer will help develop potential therapies for 
gastric cancer.
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Metabolic disorders and nutritional deficiencies in ASD 
children may be identified by the determination of 
urinary-modified compounds. In this study, levels of 
selected seven modified compounds: O-methylguano-
sine, 7-methylguanosine, 1-methyladenosine, 1-meth-
ylguanine, 7-methylguanine, 3-methyladenine, and 
8-hydroxy-2`-deoxyguanosine in the group of 143 ASD 
children and 68 neurotypical controls were analyzed. 
An ancillary aim was to verify if the reported levels dif-
fered depending on the pathogenetic scoring of ASD 
(mild deficit, moderate deficit, severe deficit). Elevated 
O-methylguanosine and 7-methylguanosine levels and 
significantly lower levels of 3-methyladenine, 1-methyl-
guanine, 1-methyladenosine, 7-methylguanine, and 8-hy-
droxy-’2’-deoxyguanosine were observed in ASD children 
compared to controls. O-methylguanosine levels were 
elevated in the mild and moderate groups, while the 
levels of 1-methylguanine, 1-methyladenosine, 7-methyl-
guanine, and 8-hydroxy-’2’-deoxyguanosine in the same 
groups were lower than in neurotypical controls. The re-
ported evidence shows that modified nucleosides/bases 
can play a potential role in the pathophysiology of ASD 
and that each nucleoside/base shows a unique pattern 
depending on the degree of the deficit.
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INTRODUCTION

Autism spectrum disorder (ASD) is a complex, per-
vasive developmental disorder with a neurological- etio-
pathogenetic basis, mainly occurring in childhood (Mu-
ghal & Saadabadi, 2020). It appears primarily as a quali-
tatively altered behaviour in social interaction, verbal and 
nonverbal communication. ASD covers a wide range of 
disorders, from mild to severe forms. “The Diagnostic 
and Statistical Manual of Mental Disorders, 5th Revision 
(DSM-5)” defines ASD as a neurodevelopmental disor-
der in which there are qualitative disorders in the field of 
social contacts, qualitative disorders in communication, 
which manifest themselves as stereotypical patterns of 
behaviour, interests, and life itself (American Psychiat-
ric Association, 2013). ASD affects more than 1% (from 
1 in 88 to 1 in 68) of children worldwide (male to fe-
male ratio of approximately 4:1) (Liu et al., 2019). Gen-
erally, ASD is diagnosed based on assessing behavioural 
symptoms, including a questionnaire and a psychologist 
evaluation. Due to the early onset of symptoms (in the 
first two years of life) and their diversity, the diagnosis 
of ASD is difficult and often unreliable, especially at an 
earlier stage of development (Anwar et al., 2018). Several 
studies indicate that there are metabolic disorders asso-
ciated with ASD that can be assessed by identifying and 
determining characteristic biomarkers (Emanuele et al., 
2010; Kałużna-Czaplińska et al., 2014; Żurawcz & Kałuż-
na-Czaplińska, 2015; Kałużna-Czaplińska et al., 2017; 
Kałużna-Czaplińska et al., 2018; Adams et al., 2019; Glin-
ton & Elsea, 2019; Bitar et al., 2020).

An accumulation of evidence suggests that environ-
ment-gene interactions may be critically important for 
the onset of ASD (Imamura et al., 2020). The genetic en-
dowment appears crucial to highlight both the etiopatho-
genesis and the development of ASD. However, differ-
ent environmental impacts could play an important role 
in ASD onset and progress (Costa et al., 2017; Ng et al., 
2017; Costa et al., 2020; Ongono et al., 2020; Radke et al., 
2020). Many pollutants are xenobiotics able to trigger the 
usual oxidative stress response of the individual. Under 
normal physiological conditions, the formation of free 
radicals and their neutralization is in a dynamic equilib-
rium. However, excessive production of reactive oxygen 
species and reduced antioxidant capacity, however, can 
lead to an imbalanced oxidative stress response, which 
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may contribute to the pathophysiology of ASD in pre-
disposed individuals (Lambeth, 2007; Melnyk et al., 2012; 
Ranjbar et al., 2014; Kałużna-Czaplińska & Jóźwik-Prus-
ka, 2016; Bobrowska-Korczak et al., 2019; Osredkar et 
al., 2019, Gątarek et al., 2020). Nevertheless, excessive 
production of reactive oxygen species (ROS), particularly 
due to the imbalance between oxidants and antioxidants, 
can be toxic to neurons triggering DNA methylation 
(Wong et al., 2019; Dreser, 2020; Sedley, 2020), which in 
turn means correlated damage to multiple further tissues 
(Ranjbar et al., 2014). Several studies have suggested that 
redox imbalance and oxidative stress are integral parts of 
ASD pathophysiology (Bjørklund et al., 2020). Early as-
sessment and treatment of antioxidant status may result 
in a better prognosis as it could decrease the oxidative 
stress in the brain before it can induce more irrevers-
ible brain damage. However, the full comprehension of 
the role of ROS in ASD is still far to be elucidated. It 
was noted that oxidative stress can be attributable to the 
genotoxic effects of ROS, which can causebase modi-
fications and genetic instability. Oxidative stress could 
induce an alteration in the methylation status of DNA/
RNA, mainly by affecting the function and activity of 
the enzymes responsible for maintaining the epigenetic 
status, such as methyltransferases, histone methylase, and 
histone deacetylase. Additionally, it is worth underlining 
that children with autism have abnormal plasma levels of 
metabolites in pathways of folate-dependent methionine 
(transmethylation) and glutathione (transsulfuration) me-
tabolism relative to unaffected age-matched control chil-
dren (Melnyk et al., 2012). Specifically, cellular methyla-
tion capacity expressed as the mean ratio of the methyl 
donor S-adenosylmethionine (SAM) to the methylation 
inhibitor, S-adenosylhomocysteine (SAM/SAH ratio), 
was significantly reduced in many children with autism. 
A decrease in the SAM/SAH ratio has been associat-
ed with the hypomethylation of DNA, RNA, proteins, 
phospholipids, and neurotransmitters with functional 
consequences in terms of gene expression, protein ex-
pression, membrane phospholipid composition, and 
dopamine synthesis, respectively. Based on the critical 
role of the redox and methylation status, it is, therefore, 
relevant to define biomarkers and show evidence of a 
functional impact on epigenetic regulation and antioxi-
dant/detoxification capacity in children with autism. The 
development of tests based on ASD-specific biomarkers 
would certainly improve the diagnosis of ASD in chil-
dren. Also, ASD-specific biomarkers may be used to 
evaluate treatment efficacy as a complement to current 
behavioral assessment (James et al., 2004; Melnyk et al., 
2012). Recent studies show that the assessment of oxida-
tive stress can be based on measurements of antioxidant 
enzymes and compounds, protein/DNA oxidation, and 
lipid peroxidation, such as important potential biomark-
ers of oxidative stress in ASD, e.g., methionine, cysteine, 
transferrin, 8-hydroxy-2′-deoxyguanosine, ceruloplasmin, 
3-chlorotyrosine, 3-nitrotyrosine, F2-isoprostanes, and 
compounds in the glutathione system (Ranjbar et al., 
2014; Kałużna-Czaplińska et al., 2017; Glinton & Elsea, 
2019; Osredkar et al., 2019). Measurements of reduced 
glutathione concentration, glutathione/glutathione di-
sulfide ratio, or homocysteine thiolactone concentration 
provide information on whether patients are exposed to 
oxidative stress and whether their cellular antioxidant de-
fense mechanisms work effectively (Kałużna-Czaplińska 
et al., 2017; Gątarek et al., 2020).

In the previous study (Bobrowska-Korczak et al., 
2019), the levels of 6 modified nucleosides/bases such as 
guanosine, adenosine, guanine, and adenine nucleotides 

were studied. A group of 22 children with ASD and 20 
neurotypical children participated in the study. The re-
sults showed significantly lower levels of 7-methylgua-
nosine, 1-methyladenosine, 1-methylguanine, 7-methyl-
guanine, and 3-methyladenine in the urine of children 
with ASD compared to neurotypical children. These 
preliminary results show that modified compounds sug-
gest metabolic disorders and nutritional deficiencies in 
ASD children. The same nucleosides/bases in a larger 
group of 143 ASD children and 68 matched neurotypical 
controls were further analyzed to confirm these results. 
These 7 metabolites were selected as being considered 
the major physiological catabolites of human purines and 
pyrimidine metabolism in these subjects (Micheli et al., 
2011; Fumagalli et al., 2017). The present study aims: (1) 
to determine the concentrations of O-methylguanosine, 
7-methylguanosine, 1-methyladenosine, 1-methylguanine, 
7-methylguanine, 8-hydroxy-2`-deoxyguanosine, and 
3-methyladenine in the urine of children and adolescents 
with ASD in comparison to their neurotypical peers; (2) 
to check if the results of modified compounds differ de-
pending on the level of autistic-mediated deficit (mild, 
moderate or severe). Due to the small size of the severe 
deficit group, these results were not further considered.

MATERIALS AND METHODS

Participants

The study group included 143 children. Sample size 
calculations, to reach the minimal significant sample size 
for two independent study groups, with anticipated inci-
dence (endpoint) of 20% of subjects with ASD and im-
pairments in the purine and pyrimidine metabolism, ac-
cording to Gevi and coworkers (Gevi et al., 2016), with 
statistic power=80% α=0.05, β=0.2 gave the minimal 
number of 68 patients, 34 individuals with ASD and 34 
neuro-typical controls. In the recruited samples, the sub-
jects’ average age was 9.5 years in the range of 2.1-18.1 
years. The control group included 68 neurotypical chil-
dren without any acute or chronic illness, who were, on 
average, 8.3 years of age in the range of 2.5–20.8 years. 
Children in the study group were diagnosed with ASD 
by an expert paediatrician or a neuropsychiatrist in col-
laboration with a psychologist (Supplementary Material 
Table S1). The diagnosis was made using a multidisci-
plinary approach which combined a clinical evaluation 
with a psychological assessment. Children were grouped 
according to the criteria detailed and summarized by 
DSM-5 (American Psychiatric Association, 2013; Kuhn 
et al., 2018). Additional behavioural ratings were based 
on a standardized classification of behaviour for children 
with ASD developed by the local educational authority 
for providing additional school support (Chawla et al., 
2002; Vovk-Ornik, 2015; Osredkar et al., 2019). Ratings 
were given for two separate dimensions: a) the presence 
of deficits in social communication and social interac-
tion, and b) the presence of deficits in behavioural flex-
ibility and limited interests and activities. Each child in 
the ASD group received a rating on each of the two di-
mensions on a three-point rating scale (1: mild deficit; 2: 
moderate deficit; 3: severe deficit). Children in the con-
trol groups received a rating of 0 for both dimensions. 
Children with other additional diagnoses were excluded 
from the study. The children with ASD were not on a 
gluten-free, casein-free, or sugar-free diet.

The demographic characteristics of participating chil-
dren and adolescents are given in Table 1. The study 
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protocol was approved by the National Medical Ethics 
Committee (0120-201/2016-2 KME 78/03/16).

Analytical Methods

Second-morning urine specimens from all partici-
pants were collected. Urine samples were aliquoted im-
mediately after collection and frozen at temperature of 
–80°C until they were analyzed. Before analysis, urine 
was thawed and centrifugated.

Modified nucleobases and nucleosides were deter-
mined using liquid chromatography coupled to mass 
spectrometry (LC-MS/MS) on Agilent 1260 Infinity 
(Agilent Technologies, Santa Clara, CA, US) coupled 
to QTRAP 4000 (AB Sciex, Framingham, MA, US). 
The method was validated and described previously 
(Raćkowska et al., 2019). Briefly, MRM transitions, for 
O-methylguanosine, 1-methyladenosine, 7-methylguano-
sine, 7-methylguanine, 3-methyladenine, 1-methylgua-
nine, and 8-hydroxy-2`-deoxyguanosine tubercidin (in-
ternal standard) were (m/z): 298->152 (collision energy, 
CE=17  V), 282->55 (CE=87 V), 298->166 (CE=19 V), 
166->79 (CE=43 V), 150->123 (CE=31 V), 166->135 
(CE=31  V) and 267->135 (CE=27 V), respectively. The 
curtain gas, ion source gas 1, ion source gas 2, and col-
lision gas (all high-purity nitrogen) were set at 241 kPa, 
207 kPa, 345 kPa, and “high” instrument units, respec-
tively. The ion spray voltage and source temperature 
were fixed at 5500 V and 600°C, respectively. SeQuant® 
ZIC®-HILIC column (50 mm×2.1 mm; 5 μm) obtained 
from Merck (Darmstadt, Germany) was used for chro-
matography. The gradient of 20 mM ammonium acetate 
(eluent A) and acetonitrile with 0.2% formic acid (eluent 
B) presented as (%B) was as follows: 0 min, 95%; 1 min, 
95%; 7 min, 50%; and 8 min, 50%. Second-morning 
urine was collected from all the participants, aliquoted, 
immediately frozen, and stored at -80°C till the analysis. 
On the day of the analysis, the sample was allowed to 
thaw. The centrifuged urine sample (5 min at 1000×g, 
0.1 mL) was mixed with the tubercidin (0.1 mL, 1 μg/
mL) and shaken for 3 min at high speed. Then, 0.6 mL 
of ice-cold acetonitrile was added, and the samples were 
vortexed for 3 min and centrifuged (5 min at 10 000×g). 
Five μL of supernatant was injected into LC-MS/MS.

The analysis was performed following the Guideline 
on bioanalytical method validation of European Medi-
cines Agency guidelines in its work. Thus, together with 

the study samples we analyzed the blank sample (pro-
cessed matrix sample without analyte and internal stan-
dard), zero sample (processed matrix with internal stan-
dard), and quality control samples (at low, medium, and 
high concentrations) at the level of at least 5% of the 
number of study samples.

The level of the modified nucleosides/bases in urine 
was standardized by conversion to the creatinine level.

Quantitative determination of creatinine concentration 
in urine was performed on a Roche Modular P analyzer 
(Roche Diagnostics GmbH, Mannheim, Germany).

Statistical Analysis

Statistical analysis was performed using Statistica 9.0 
software (StatSoft, Poland STATISTICA, version 9.0, 
Quest Software, Aliso Viejo, CA, USA). The normal 
distribution of the data was tested using the Kolmogor-
ov-Smirnov test. In the case of normal distribution and 
homogeneity of variance, a one-way ANOVA was used, 
while in the case of non-normal distribution, median 
values were calculated following the Mann-Whitney U 
non-parametric test. The results were considered statis-
tically significant when p<0.001. Spearman’s Rank Cor-
relation Coefficient was used to verify if the results cor-
relate to the disorder’s severity.

RESULTS

Table 1 presents the demographic characteristics of 
autism spectrum disorder (ASD) and neurotypical con-
trol groups showing that the samples’ statistical stratifica-
tion is homogenously dispersed.

One of the study’s major objectives was to examine 
the levels of O-methylguanosine, 7-methylguanosine, 
1-methyladenosine, 1-methylguanine, 7-methylguanine, 
8-hydroxy-2’-deoxyguanosine, and 3-methyladenine in 
the urine of children and adolescents with ASD in com-
parison to their neurotypical peers. The distribution of 
urine concentrations of a selected representative group 
of metabolites, referred to excreted creatinine as ng/mg 
and µg/mg, was not normal if one considers their own 
different ability in metabolizing nucleotides (intraindivid-
ual variability). Curves have skewness and kurtosis values 
that obliged researchers to use medians as a main com-
parative variable. Table 2 shows both mean ± standard 
deviation (S.D.) and median with CI95 of the indicated 
metabolites. The major observation is that only 2 of 5 
measured guanine/guanosine metabolites were higher: 
O-methylguanosine and 7-methylguanosine in ASD pa-
tients compared with neurotypical controls. Children 
with ASD have about a 20–30% reduction in metabolite 
excretion, whereas they exhibit a very high 7-methylgua-
nosine excretion (>65%), a modest higher O-methylgua-
nosine excretion (13%), and a quite unchanged (+2%) 
level of 8-hydroxy-2’-deoxyguanosine (Table 2).

The values in Table 2 are compared according to 
their medians, but further comparisons conducted by re-
moving the highest outliers (± S.D.) confirmed the ob-
served differences in excreted metabolites between ASD 
subjects and neurotypical controls. Due to the fact that 
the Bonferroni correction was applied in the multiple 
comparison . To determine if any of the 7 correlations 
is statistically significant, the p-value must be p≤0.007. 
Therefore, we considered the p-value≤0.001 to be statis-
tically significant. Due to the high variability in the levels 
of the determined compounds at this stage of the study, 
their usefulness as potential biomarkers in ASD cannot 
be clearly concluded.

Table 1. Demographic characteristics of autism spectrum disor-
der (ASD) and neurotypical control group.

ASD Control

N 143 68

Male 88% 60%

Median Age (in years) 9.5 8.3

Age range (in years) 2.1–18.1 2.5–20.8

Deficits in social communication

Mild 47% /

Moderate 47% /

Severe 6% /

Deficits in behavioural flexibility

Mild 48% /

Moderate 43% /

Severe 9% /
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The differences with the p-value≤0.001 were con-
sidered statistically significant. The Spearman’s Rank 
Correlation Coefficient was used to verify if the results 
correlate to the age (Supplementary Materials Table S4 
at https://ojs.ptbioch.edu.pl/index.php/abp/). Only 
O-methylguanosine concentrations (p<0.001) in the con-
trol group were significantly correlated with age. No cor-
relations between the other metabolites and age were ob-
served. Scatterplots illustrating the relationship between 
the age and the concentration of metabolites (A-G) in 
the urine of ASD patients (Fig. S4 at https://ojs.ptbioch.
edu.pl/index.php/abp/) and controls (Fig. S5 at https://
ojs.ptbioch.edu.pl/index.php/abp/) were added to the 
Supplementary Material (https://ojs.ptbioch.edu.pl/in-
dex.php/abp/). In the Supplementary Material, (https://
ojs.ptbioch.edu.pl/index.php/abp/) plots were provided 
to illustrate the relationship between the male-female 
differences in the ASD and control groups. 7-panel (A-
G), 4-group scatter plot (mild, moderate, severe, and 
control) for each of the 7 urinary purines was presented 
in Fig. S1 (https://ojs.ptbioch.edu.pl/index.php/abp/). 
The relationship between the gender and the concentra-
tion of metabolites in the urine of ASD patients and the 
concentration of metabolites in the control group were 
presented in Figs S2 and S3 (https://ojs.ptbioch.edu.pl/
index.php/abp/), and also individual differences in the 
levels of compounds between the groups were found in 
Fig. S6 (https://ojs.ptbioch.edu.pl/index.php/abp/).

We encountered some significant differences again 
when examining the relationship between different levels 
of severity and excreted metabolites. Table 3 shows the 
proportion of children by group according to the level of 
deficit. Groups with mild (N=70) or moderate (N=61) 
impairment are comparable in terms of the number of 
individuals classified, while the group with severe disabil-

ities (N=12) is small and thus presents a problem for 
us in interpreting the results. Due to the small size of 
the severe deficit group, only the results of the mild and 
moderate deficit groups were compared. Groups were 
comparable in age 9.4 (mild) and 9.7 (moderate), as well 
as the male to female ratio.

The next objective was to verify if the results correlat-
ed with the severity of the disorder. The results were 
checked as to whether metabolites differed depending on 
the deficit (mild, moderate, or severe). In Table 4, pa-
tients were divided into three groups depending on the 
level of deficit.

This table shows different excreted metabolites related 
to the level of deficit. As the group with a severe defi-
cit is small, only the results of children from the mild 
and moderate groups were compared. These data need 
to be reappraised in the next research study. When com-
paring median values, taking into account the severity 
of the disorder (mild and moderate) compared to con-
trols, it can be observed that the values for two com-
pounds (O-methylguanosine and 7-methylguanosine) are 
similar for both the mild and moderate groups, while 
they are higher compared to the controls. For all other 
5 compounds in the severity groups, the median values 
are similar but smaller compared to the control group. 
The Nonparametric Mann-Whitney U test was used to 
compare the concentration of compounds between the 
groups. The differences with a p-value lower than 0.001 
were considered significant. Statistically significant differ-
ences between the mild and control groups for 1-meth-
yladenosine (30.5 vs 43.51 µg/mg, p=1.83×10−5) and 
7-methylguanine (38.41 vs 45.11 µg/mg, p=0.0009) were 
observed. For all other determined compounds, no sta-
tistically significant difference was found, with a p-value 
greater than 0.001. In the moderate group, a statistical-
ly significant difference in the case of 7-methylguanine 
(34.09 vs 45.11 µg/mg, p=0.0007) was found. It was not 
statistically significantly different between the mild and 
moderate groups with a p-value greater than 0.001, while 
statistically significant differences between the ASD and 
control groups for 1-methyladenosine (p=1.99×10−5) and 
7-methylguanine (p=0.0002) were observed. All results 
are expressed on creatinine to eliminate the impact of 
fluid intake.

Table 3. The proportion of patients with a mild, moderate, and 
severe level of deficit.

Mild Moderate Severe

N 70 (49.0%) 61 (42.6%) 12 (8.4%)

Male % 63 (90%) 54 (88.5%) 9 (75%)

Median age 9.4 9.7 9.9

Age range 4.5–18.1 2.1–17.5 6.1–13.9

Table 2. Statistical evaluations with corresponding pvalues of ASD and control group.

Name of the compound ASD Control

All results are expressed as on  
mg creatinine

Mean ± S.D.
Median (IC95)

Mean ± S.D.
Median (IC95) Delta %1 p2

O-methylguanosine 
[ng/mg]

913.98±1528.08
434.11 (661.38–1166.59)

494.36±651.34
384.49 (336.70–652.02) ↑ 12.90 0.0745

3-methyladenine 
[ng/mg]

14.09±30.50
6.33 (8.84–19.34)

14.68±17.10
9.11 (10.47–18.88) ↓ 30.52 0.0015

1-methylguanine 
[ng/mg]

460.04±617.12
299.75 (358.02-562.05)

450.25±300.60
421.71 (377.49–523.01) ↓ 28.92 0.0084

1-methyladenosine 
[µg/mg]

48.87±62.58
30.87 (38.53–59.22)

52.99±25.73
45.33 (46.77–59.22) ↓ 31.90 <1.99×10−5

7-methylguanine 
[ng/mg]

55.23±69.55
35.93 (43.74–66.73)

53.24±24.78
45.59 (47.24–59.24) ↓ 21.19 0.0002

7-methylguanosine 
[µg/mg]

136.67±241.70
51.96 (96.71–176.62)

75.40±104.57
44.30 (48.62–102.18) ↑ 17.29 0.1035

8-hydroxy-2’-deoxyguanosine  
[ng/mg]

14.62±22.68
9.46 (10.57–18.67)

11.97±10.13
9.69 (9.48–14.46) ↓ 2.37 0.3243

1 calculated on medians; 2 p-values calculated by a Mann-Whitney U test.
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Finally, the Spearman’s Rank Correlation Coefficient 
was used to verify if the results correlate to the sever-
ity of the disorder. The p-value≤0.001 was considered 
to be statistically significant. No correlations between 
the severity of the disorder and the levels of metabolite 
concentrations were observed (Supplementary Materials 
Table S2 at https://ojs.ptbioch.edu.pl/index.php/abp/). 
Nonparametric correlation analysis showed a strong and 
moderately positive correlation between the concentra-
tions of metabolites determined in ASD urine (Supple-
mentary Materials Table S3 at https://ojs.ptbioch.edu.pl/
index.php/abp/).

To accurately demonstrate the biological variation 
among children with ASD, appropriate graphs are in-
cluded in the supplementary material (Fig. S1–S6 at 
https://ojs.ptbioch.edu.pl/index.php/abp/).

Receiver operating characteristic (ROC) curves were 
used to characterize the diagnostic accuracy and evalu-
ate the predictive accuracy. To obtain a final diagnostic 
score, ROC curves were generated using the Metabo-
Analyst 5.0 (http://www.metaboanalyst.ca). ROC curve 
showed diagnostic values for 7 urinary purine results 
classified as mild, moderate, or severe severity of the 
disorder in ASD compared to controls. The area under 
the curve (AUC) was used to measure the overall degree 
of identification power. By combining the all metabo-
lites, the AUC of the ROC curve reached 0.856 (95% CI 
0.776 to 0.937) for mild severity of the disorder, 0.838 
(95% CI 0.744 to 0.927) for moderate severity of the 
disorder, and 0.669 (95% CI 0.391 to 0.885) for severe 
severity of the disorder. The results of the AUC analy-
sis stratified by severity of the disorder were shown in 
Fig.  S7 at https://ojs.ptbioch.edu.pl/index.php/abp/.

DISCUSSION

The significant difference in excreted purines (ade-
nine and guanine) with respect to control neurotypical 
subjects is a clear marker of impaired ASD metabolism 
(Gevi et al., 2016). The hypothesis based on folate defi-

ciency in individuals with ASD suggests a possible expla-
nation for our results. Folate depletion may reduce ade-
nosine triphosphate (ATP) and then in S-adenosylmethi-
onine (SAM) in neurons during a rapid cellular division. 
If a methylation defect arises, this might be a potential, 
etiopathogenetic, causative factor of ASD due to the 
consequent depletion in purine and, therefore, in SAM 
biosynthesis (Geryk et al., 2020). Whereas this could ex-
plain the reduction in adenine/adenosine metabolites in 
ASD patients, the increase in guanine/guanosine metab-
olites can be explained due to the increase in the ATP/
GTP exchange to support the energetic demand, follow-
ing ATP-SAM impairment.

In the current literature, elevated levels of modified 
nucleosides/bases are usually associated with ASD. The 
lack of conclusive evidence that ASD is only a genet-
ic disorder suggests that epigenetic factors may impact 
ASD’s susceptibility. Moreover, there is now compelling 
evidence that gene by environment interactions are im-
portant in the etiology of ASD (Gui et al., 2020; López-
Tobón et al., 2020). However, there is a lack of knowl-
edge of how environmental factors interact with genetic 
susceptibilities to confer individual risk for ASD. In nor-
mal and pathogenic brain development, a critical gene 
expression regulatory mechanism is DNA/RNA meth-
ylation. The pathogenesis of ASD leads to miscoded 
epigenetic mechanisms, cellular processes and functions, 
and altered expression of genes (Melnyk et al., 2012; Keil 
& Lein, 2016).

The results showed that in contrast to other urinary 
metabolites, lower concentrations of 3-methyladenine, 
1-methylguanine, 1-methyladenosine, and 7-methylgua-
nine in the urine of ASD were observed, confirming 
an abnormal purine metabolism in ASD children. Ad-
ditionally, the concentration of the marker of oxidative 
stress, 8-hydroxy-’2’-deoxyguanosine, was also lower in 
ASD than in controls, although not at such an excep-
tional level as other markers. A more complete picture 
can be observed when children with ASD are rated into 
three groups: mild, moderate, and severe. A statistically 

Table 4. The statistical distribution of excreted metabolites and severity level of deficit.

ASD Control

Compound Mild
p

Moderate
p *p

Severe Median

Median (range) Median (range) Median (range) (range)

O-methylguanosine 
[ng/mg]

444.51
0.0605

432.62
0.2376 0.5213

447.59 369.90

(44.51–12586.37) (80.82–3450.42) (14.26–5164.59) (125.24–5336.67)

3-methyladenine 
[ng/mg]

6.66
0.0362

6.21
0.0015 0.3167

4.86 9.00

(0.60–288.69) (0.39–75.42) (0.38–44.94) (1.76–90.40)

1-methylguanine 
[ng/mg]

304.04
0.0148

272.64
0.0317 0.8881

313.32 417.39

(26.32–5830.77) (41.84–1588.26) (14.18–1330.31) (54.63–1501.42)

1-methyladenosine 
[µg/mg]

30.50
1.83×10−5

31.82
0.0011 0.8917

42.12 43.51

(2.07–454.16) (4.97–203.21) (1.34–150.07) (12.13–155.20)

7-methylguanine 
[µg/mg]

38.41
0.0009

34.09
0.0007 0.4287

44.30 45.11

(3.84–568.44) (8.22–261.10) (1.72–153.09) (13.34–140.60)

7-methylguanosine 
[ng/mg]

59.67
0.0454

44.36
0.5341 0.1593

92.95 40.43

(4.20–1798.71) (4.22–838.80) (5.34–307.56) (3.66–1798.71)

8-hydroxy-2’-deoxyguano-
sine 
[ng/mg]

9.96
0.5086

8.16
0.1058 0.8662

15.29 9.56

(0.85–68.23) (0.89–55.49) (4.58–43.10) (0.85–168.23)

*p Mann-Whitney U test p-value for the comparison of Mild and Moderate groups.
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significant difference between mild and control groups 
for 1-methyladenosine (p=1.83×10−5) and 7-methyl-
guanine (p=0.0009) was observed. A difference between 
mild and control groups in the level of 8-hydroxy-’2’-de-
oxyguanosine (p=0.5086) was observed, but it was not 
statistically significant again. In the moderate group, sta-
tistical differences in the case of only 7-methylguanine 
(p=0.0007) were found. Furthermore, other metabolites 
are not statistically different between the mild and mod-
erate groups. However, the lack of statistical significance 
might result from the high variability in the metabolite’s 
data distribution.

Moreover, the findings indicate that these compounds 
could play a potential role in the pathophysiology of 
ASD. Nutrient deficiencies may lead to hypomethylation, 
where the nutrients are the source of methyl donors. 
Significantly lower levels of urinary 7-methylguanosine, 
1-methyladenosine, 1-methylguanine, 7-methylguanine, 
and 3-methyladenine were observed in the research on 
ASD children conducted by Bobrowska-Korczak and 
coworkers (Bobrowska-Korczak et al., 2019). Alteration 
of urinary metabolites is related to a purine metabo-
lism disorder in ASD children (Bobrowska-Korczak 
et al., 2019). Nucleosides and deoxynucleosides are en-
dogenous metabolites excreted from RNA turnover and 
DNA degradation, respectively (Patejko et al., 2018). 
Because the concentration of RNA nucleosides exceeds 
DNA nucleosides in the cell by about 10 to 1, most of 
the measured abnormalities are reported as coming from 
modified mRNA, rRNA, and tRNAs. 7-methylguanosine 
comes from mRNA. This suggests that capped mR-
NAs turn over more in ASD patients than in controls. 
1-methyladenosine is most commonly found in tRNA 
and it also is an important regulator of mRNA efficien-
cy. Studies have shown that the up-regulated genes mod-
ified by N-6-methyladenine are mainly related to neuron 
differentiation, neurogenesis, and cell proliferation (Zhou 
et al., 2020). N-6-methyladenine is the most abundant 
methylation modification of mRNA in eukaryotic cells, 
which affects every process of the RNA life cycle. Alter-
ation in the purine metabolism was also observed in the 
research on ASD children conducted by Bitar and co-
workers (Bitar et al., 2018). They found that 5-aminoim-
idazole-4-carboxamide, an intermediate metabolite in pu-
rine synthesis and guanine, was altered in ASD children’s 
urine. Accumulation of aminoimidazole carboxamide and 
succinyladenosine in body fluids is caused by adenylosuc-
cinase deficiency, an inborn error of purine metabolism. 
This is manifested by epilepsy, developmental delay, 
and ASD. The deficiency may cause neurological prob-
lems like developmental delay and intellectual disability 
in purine nucleoside phosphorylase, which is responsible 
for the metabolism of purine such as guanine (Markert, 
1991; Zecavati & Spence, 2009; Bitar et al., 2018). Other 
researchers have also studied epigenetic changes in ASD 
(Goldani et al., 2014; Tang et al., 2017).

Several purine metabolism disorders are linked to 
ASD or behavioural features (Balasubramaniam et al., 
2014). Adenylosuccinate lyase (ADSL) deficiency is also 
an alteration of purine (adenine) metabolism and is 
caused by mutations in the ADSL gene. The symptoms 
of this deficiency are various and include delayed de-
velopment of mental and movement abilities, problems 
with communication and social interaction, psychomotor 
retardation, hypotonia, and seizures. However, it is still 
unclear whether this alteration of pathological mecha-
nisms results directly from the deficiency of intermedi-
ates’ purines or toxicity (Spiegel et al., 2006; Micheli et 
al., 2011).

Adenosine deaminase (ADA) is one of the essential 
enzymes in purine catabolism, which catalyzes adenos-
ine deamination into inosine, thus having an important 
role in immunological responses. Examples of ADA 
neurological deficiency, include hearing loss, seizures, 
autism-like behavior, learning disability, and attention 
deficit (Bottini et al., 2001; Kelley & Andersson, 2014). 
Phosphoribosyl-pyrophosphate synthetase (PRPS) super-
activity is a disorder with overproduction and accumula-
tion of uric acid (2,6,8-trioxypurine) in blood and urine. 
The major manifestations of PRPS are hyperuricemia 
with gout, sensorineural hearing loss, mental retardation, 
and hypotonia. Hypoxanthine-guanine phosphoribosyl 
transferase (HPRT) deficiency is related to recycling the 
purine bases hypoxanthine and guanine to nucleotides. 
HPRT deficiency occurs as a full spectrum of residual 
enzyme activity, from mild to severe. Three major clin-
ical features are connected with HPRT: hyperuricemia, 
neurologic manifestations, and behavioural disturbance 
(Kelley & Andersson, 2014). Nucleotidase-associated 
pervasive developmental disorder (NAPDD) is another 
kind of disorder in purine metabolism and is related to a 
ten-fold increase in purine and pyrimidine ‘5’nucleotidase 
activity (Page et al., 1997). There are numerous symp-
toms associated with this disorder. Among them are 
language delay, behavioural disorders, hyperactivity, at-
tention deficit, aggressiveness, social maladjustment, ep-
ilepsy, coordination impairment, ataxic gait, and dexterity 
problems (Micheli et al., 2011). Some of these symptoms 
are characteristic of ASD (Abraham et al., 2019).

The research on epigenetic mechanisms connected 
with RNA/DNA molecules is still under-investigated. 
At present, there is no clear answer to whether methyl 
marks of RNA/DNA play any role in ASD (Abraham 
et al., 2019).

CONCLUSIONS

The results reported in the present study show that 
modified metabolites can play a potential role in the 
pathophysiology of ASD and that each compound shows 
a unique pattern that depends on the degree of deficit. 
These results showed that in contrast to other urinary 
metabolites, only 2 of 5 measured guanine/guanosine 
metabolites were higher: O-methylguanosine and 7-meth-
ylguanosine in ASD patients compared to neurotypical 
controls. Moreover, lower concentrations of 3-methylad-
enine, 1-methylguanine, 1-methyladenosine, and 7-meth-
ylguanine in the urine of ASD children were observed, 
indicating abnormal purine metabolism in ASD children.

Additionally, the concentration of the oxidative stress 
marker, 8-hydroxy-’2’-deoxyguanosine, was also lower in 
ASD compared to controls. A different picture is seen 
when we rate patients into mild and moderate deficits. 
A statistically significant difference between mild and 
control groups for 1-methyladenosine (p=1.83×10−5) and 
7-methylguanine (p=0.0009) was observed. The levels of 
3-methyladenine, 1-methylguanine, 1-methyladenosine, 
and 7-methylguanine in the mild and moderate groups 
were lower than in the control group. These findings 
must be further confirmed in future studies.
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Clinical efficacy of different
androgen deprivation therapies
for prostate cancer and
evaluation based on
dynamic-contrast enhanced
magnetic resonance imaging

WenXiao Guo and MengZhu Li*

Department of Radiology, Wuhan Fourth Hospital, Wuhan, Hubei, China

Objective: To evaluate the clinical efficacy of different androgen deprivation

therapies for prostate cancer (PCa) based on dynamic-contrast enhanced

magnetic resonance imaging (DCE-MRI).

Methods: 104 patients with PCa were studied, all of whom were treated with

androgen deprivation therapy. The patients were divided into a continuous

group (continuous androgen deprivation therapy) and an intermittent group

(intermittent androgen deprivation therapy) by random number table method,

52 cases/group. The therapeutic effect and DCE-MRI indices were compared

and the relationship between DCE-MRI indices and clinical efficacy and the

evaluation value of therapeutic efficacy were analyzed.

Results: The objective response rate (ORR) of the intermittent groupwas higher

than that of the continuous group (p < 0.05), and there was no significant

difference in disease control rate (DCR) between the two groups (p > 0.05). After

treatment, volume transfer coefficient (Ktrans), reverse transfer constant (Kep),

volume fraction (Ve), blood volume (BV), and blood flow (BF) in both groups

were lowered, and those in the intermittent group were lower than the

continuous group (p < 0.05). Ktrans, Kep, Ve, BF, and BV in the ORR group

were lower than those in the non-ORR group (p < 0.05). Ktrans, Kep, Ve, BF, and

BV were correlated with the therapeutic effect of PCa (p < 0.05). The AUC value

of the combined detection of DCE-MRI indices in evaluating the therapeutic

effect of PCa was greater than that of each index alone (p < 0.05).

Conclusion: Compared with continuous androgen deprivation therapy,

intermittent androgen deprivation therapy has better clinical efficacy in the

treatment of PCa, and DCE-MRI indices are related to the treatment efficacy of

PCa and have an evaluation value.
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prostate cancer, clinical effect, DCE-MRI, intermittent androgen deprivation therapy,
continuous androgen deprivation therapy
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Introduction

Prostate cancer (PCa) mainly refers to the pathological

changes in the tissues around the prostate gland affected by

various complex factors, resulting in the growth dysfunction or

irregular growth of acinar cells and eventually inducing

malignant tumors (Mori et al., 2022). Androgen deprivation

therapy (ADT) is the main method to treat PCa, which can

block androgens from testis and adrenal gland and has become

the gold standard in the treatment of advanced PCa. However,

total ADT can lead to adverse reactions in patients, such as hot

flashes, gynecomastia, and osteoporosis, which significantly

affect the quality of life of patients (Kishan et al., 2022). In

recent years, intermittent androgen deprivation has become

increasingly prominent in prolonging androgen resistance and

reducing adverse reactions and has gradually attracted attention

in the treatment of PCa (Denmeade et al., 2022). Currently, it is

believed that the premise and basis of tumor formation are tumor

neovascularization, which is an important index to evaluate

tumor growth, metastasis, and malignancy degree, so the

evaluation of tumor hemodynamics is extremely essential (Qu

et al., 2021). Dynamic-contrast enhanced magnetic resonance

imaging (DCE-MRI) calculates volume transfer coefficient

(Ktrans), reverse transfer constant (Kep), and extracellular

volume fraction (Ve) values through the pharmacokinetic

model, which can reflect the changes of neovascularization

density and blood perfusion in tumor tissues physiologically

and pathologically before the changes of morphology and

thereby provide quantitative data on the therapeutic effect of

tumors at the molecular level (Ghoreifi et al., 2023). This study

evaluated the clinical efficacy of different androgen deprivation

therapies in the treatment of PCa from the perspective of DCE-

MRI and provided references for the evaluation of therapeutic

efficacy of this disease.

Materials and methods

Clinical data

104 patients with PCa from January 2020 to January

2023 were studied, all of whom were treated with ADT.

The patients were divided into a continuous group

(continuous ADT) and an intermittent group (intermittent

ADT) by random number table method, 52 cases/group. Study

procedures were reviewed and approved by the Ethics

Committee of Wuhan Fourth Hospital (IRB number:

201912WH10; Registration number: ChiCTR1900075593;

Date Granted: 2019-12), and all study subjects gave

informed consent and signed written consent.

Inclusion criteria: (1) Patients confirmed as PCa by

transrectal ultrasound-guided puncture and patients staged at

T3~T4;② Patients with expected survival greater than 6 months;

③ Patients with complete clinical data; ④ Patients with well

tolerance to MRI.

Exclusion criteria: ① Patients with poor image quality; ②

Patients with other prostate diseases; ③ Patients with other

malignant tumor diseases; ④ Patients with a history of

radiation therapy and endocrine therapy before enrollment; ⑤

Patients with a recent history of prostatic puncture (within

1 month before enrollment).

Treatment methods

Intermittent group received intermittent ADT, that is, anti-

androgen combined with medical castration. All patients took

50 mg bicalutamide tablets orally once daily (CORDEN

PHARMA GMBH, H20140720). Two weeks later, 3.6 mg

goserelin acetate sustained-release depot (AstraZeneca UK

Limited, J20100126) was injected subcutaneously into the

lower abdomen. Serum rostate specific antigen (PSA),

testosterone, and DCE-MRI were measured monthly during

the treatment. Treatment was given every 4 weeks until PSA

dropped to the lowest level (4 ng/mL), after which treatment was

stopped at 3 months from PSA stabilization, entering the

treatment intermission. Subsequently, serum PSA and blood

testosterone levels were measured monthly, and DCE-MRI

examinations were conducted to determine lesion expansion

and the emergence of new metastatic lesions. If serum PSA

rose again to more than 10 ng/mL or 50% of the initial

diagnosis, the second cycle of treatment was required until

serum PSA reduced to the lowest value. When intermittent

therapy was completed, the treatment was stopped until new

metastatic lesions appeared or primary lesions expanded. All

patients were treated for 4–6 months and followed up for more

than 6 months.

Serum PSA is a specific marker of PCa according to Prostate

Cancer Diagnosis and Treatment Guidelines in 2014. PSA levels

less than 4.0 ng/mL are considered normal, while PSA levels

greater than 10 ng/mL are considered high-risk PCa. In this

study, serum PSA and testosterone were monitored with regular

follow-up, and Imaging examinations were performed to see if

any new lesions had developed or if existing lesions had

expanded. Medication can be stopped when serum PSA is less

than 4.0 ng/mL and serum testosterone is less than 20.0 ng/dL.

The continuous group was given continuous ADT after

bilateral testicle resection. Patients were given 50 mg

bicalutamide orally, qd. Patients with hormone resistance

received 250 mg flutamide (TASLY Diyi, H19990144) tid

rather than bicalutamide tablets. Serum PSA, testosterone, and

DCE-MRI examinations were monitored monthly (Yu et al.,

2010; Mottet et al., 2012). Serum PSA levels must be reduced to

4 ng/mL, and serum testosterone to 20 ng/dL.

Resistance was defined as serum testosterone <50 ng/dL with

a continuous PSA increase greater than 10 ng/mL 1 week apart.
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DCE-MRI detection method

Siemens 1.5TMR Scanner was used for DCE-MRI examination

with 8 channel array coil and Siemens Syngo.via equipment. The

scanning sequencemainly included T2WI, T1WI, diffusion weighted

imaging (DWI), and DCE-MRI. DCE-MRI sequence took FLASH

3D-VIBE, T1WI axis position, layer thickness 3.5 mm, TR 4.2 ms,

TE 1.58 ms, FOV 260 mm × 260 mm, NEX1, inverse angle 12°,

voxel size 1.4 mm × 1.4 mm × 3.5 mm. Gd-diethylenetriamine

pentaacetic acid (Gd-DTPA) and 20 mL normal saline were

prepared according to the standard of 0.2 mmol/kg, and Gd-

DTPA and 20 mL normal saline were simultaneously injected

with a high-pressure syringe at 2.5 mL/s starting from the fourth

stage. The scan was repeated for 36 stages, with a total scanning time

of 4.1 min. 20 images were obtained in each stage, and a total of

720 original images were obtained. The original DCE-MRI images

were transmitted to SiemensSyngo.via, Tissue 4d was specified as the

workflow, and quantitative parameter values were obtained through

motion correction, alignment, processing, and film reading.

Alignment and motion correction were performed on

720 original images. In the processing program, The region of

interest of the whole prostate was manually sketched through

axial, coronal, and sagittal views, Ktrans, Kep, and Ve were

quantified and measured twice to get an average value. The

perfusion parameters blood volume (BV) and blood flow (BF)

were calculated according to the first-pass effect of the drug.

DCE-MRI were measured monthly during the treatment and

follow-up in both the intermittent group and continuous group.

Clinical efficacy evaluation

Efficacy evaluation was conducted according to the RECIST

criteria (Uemura et al., 2022). Complete response (CR): all target

lesions disappeared completely except nodular diseases. These target

nodules should be evaluated and reduced to normal size (short

diameter <10 mm). Partial response (PR): The total diameter of all

target lesions is ≥30% below baseline. Target nodules are measured

by short diameter to calculate total diameter, whereas all other target

lesions are measured by longest diameter. Progressive disease (PD):

The minimum sum of the target lesion diameters was used as

reference, and the relative increase in the diameter sum was at least

20% (if the baseline measurement was minimal, the baseline was

used as reference); In addition, an absolute increase of at least 5 mm

in the diameter sum must be satisfied (the presence of one or more

new lesions is also considered disease progression). Stable disease

(SD): The reduction of target lesions did not reach PR, and the

increase did not reach PD, the minimum sum of diameters can be

used as a reference. Objective response rate (ORR): the proportion of

patients with a complete response or partial response to treatment.

Disease control rate (DCR): the percentage of patients with

advanced cancer whose therapeutic intervention has led to a

complete response, partial response, or stable disease. The

comparison results are the data after the end of treatment

compared with those before treatment, no data during follow-up

were included.

Observation measures

(1) Clinical efficacy and DCE-MRI indicators. (2) DCE-MRI

indices were compared after treatment, and the influence of

DCE-MRI indices on the therapeutic effect of PCa was analyzed

by logistic regression, and the evaluation value of DCE-MRI on

the therapeutic effect of ADT was analyzed by operator

characteristic (ROC) curve.

Statistical analysis

Statistical data were analyzed using SPSS 22.0 software, and

differences in enumeration data (percentage) were compared

using the χ2 test. Measurement data were expressed by (�x ± s)

after normal test, and the differences were compared by t-test.

DCE-MRI was evaluated for its efficacy in the treatment of PCa

using logistic regression, and its effectiveness in ADT was

evaluated using ROC curves. A statistically significant

difference was indicated by p < 0.05.

Results

Clinical data

Clinical data from both groups were not significantly

different. There was no significant difference in age, BMI,

fasting blood glucose, blood lipid levels and PSA between the

two groups. In addition, tumor related data, such as maximum

tumor diameter, IPSS score and TNM staging, were not

statistically significant (p > 0.05, Table 1).

Clinical effect

The ORR of the intermittent group was higher than that of

the continuous group (p < 0.05). Although there was no

significant difference in DCR between the two groups (p >
0.05, Table 2), compared with the continuous group, the DCR

in the intermittent group still showed an upward trend.

DCE-MRI indices of patients with different
therapeutic effects

As a result of treatment, Ktrans, Kep, Ve, BF, and BV decreased,

and those decreased in the intermittent group significantly more
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than those in the continuous group (p < 0.05, Figure 1). These data

show that the efficacy of intermittent ADT treatment is significantly

higher than that of continuous ADT treatment group in terms of

MRI performance. Ktrans, Kep, Ve, BF, and BV in the ORR group

were lower than those in the non-ORR group (p < 0.05, Figure 2).

Comparison of DCE-MRI indices of the
therapeutic effect of PCa in the
two treatment

Logistic regression analysis showed that Ktrans, Kep, Ve, BF,

and BV values were correlated with the therapeutic effect of PCa

(p < 0.05, Table 3). These suggests that these DCE-MRI

parameters can well predict the clinical treatment efficacy of PCa.

Evaluation value of DCE-MRI indices on
the therapeutic effect of PCa

AUC value evaluated by the combined detection of Ktrans, Kep,

Ve, BF, and BV was greater than that by each index alone (p <

0.05, Table 4; Figure 3). The combination of five items of DCE-

MRI had the best predictive effect on PCa disease.

Discussion

PCa is a common malignant tumor of the male reproductive

system. For patients with advanced PCa and those who cannot

tolerate surgery, ADT is the most widely used therapeutic means

at present (Cucchiara et al., 2019; Cipollari et al., 2022). ADT can

inhibit the synthesis of vascular endothelial growth factor, induce

endothelial cell apoptosis, inhibit the growth of androgen-

dependent PCa tumors, and manage lymph node and bone

metastasis (Al Salmi et al., 2020). At present, ADT is not only

used for palliative treatment of advanced PCa but also adjuvant

therapy before or after radical resection or radical radiotherapy to

improve prognosis (Cereser et al., 2022). Continuous ADT can

block androgens from testis and adrenal glands to the greatest

extent, while intermittent ADT has become increasingly

prominent in prolonging androgen resistance and reducing

adverse reactions (Schaudinn et al., 2019; Carvajal et al.,

2021). This study showed that the ORR of the intermittent

TABLE 1 Comparison of clinical data between the two groups.

Items Continuous group (n = 52) Intermittent group (n = 52) χ2/t P

Age (years) 69.03 ± 5.37 70.15 ± 5.31 1.069 0.287

BMI (kg/m2) 22.74 ± 2.19 22.58 ± 1.97 0.392 0.696

FPG (mmol/L) 5.26 ± 1.03 5.19 ± 1.16 0.325 0.746

TG (mmol/L) 1.47 ± 0.28 1.51 ± 0.24 0.782 0.436

TC (mmol/L) 4.53 ± 0.81 4.60 ± 0.85 0.43 0.668

PSA (μg/L) 62.76 ± 3.56 63.01 ± 3.78 0.347 0.729

Maximum tumor diameter (cm) 7.95 ± 1.16 8.05 ± 1.24 0.425 0.672

IPSS score 24.15 ± 2.09 23.98 ± 2.76 0.354 0.724

TNM staging 0.158 0.691

T3 31 29

T4 21 23

Notes: BMI, body mass index; FPG, fasting plasma glucose; TG, triglyceride; TC, cholesterol; PSA, rostate specific antigen; IPSS, score, International Prostatism Symptom score.

TABLE 2 Comparison of clinical efficacy between the two groups (n, %).

Groups n CR PR SD PD ORR DCR

Continuous group 52 9 19 20 4 53.85 92.31

Intermittent group 52 13 25 11 3 73.08 94.23

χ2 4.147 1.182

P 0.042 0.277

Notes: CR, complete response; PR, partial response; SD, standard deviation; PD, progressive disease; ORR, objective response rate; DCR, disease control rate.
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group was higher than that of the continuous group, indicating

that the clinical efficacy of intermittent ADT was better than that

of continuous ADT. This was mainly because intermittent ADT

could not prevent the transformation of androgen-dependent

tumors into non-androgen-dependent tumors, but it could delay

the transformation process and thus improve the

therapeutic efficacy.

ADT is mainly recommended for symptomatic patients,

patients with metastatic (M1) prostate cancer, or PSA

dynamics characterized by rapid PSA rise or short PSA

doubling time (less than 6 months). Intermittent ADT has

been used as a method of monotherapy for ADT, which limits

the incidence by periodically restoring serum testosterone levels.

However, the clinical efficacy of intermittent ADT and

continuous ADT is still controversial (Perera et al., 2020). The

best method for ADT has not been clearly established.

Traditionally, ADT is administered in a continuous manner,

and the castration level of testosterone is ensured by repeated

injections. This scheme usually continue to be used (Ravi and

Choudhury, 2023). However, continuous use of GnRH analogues

for ADT treatment can lead to considerable incidence of sexual

and endocrine dysfunction and poor quality of life (QOL)

outcomes. These problems led to the proposed intermittent

application of ADT. The existing data of patients with locally

advanced or recurrent non metastatic prostate cancer suggest

that intermittent ADT treatment does not significantly affect OS

outcome. Studies have shown that intermittent treatment may be

the most beneficial for men with locally advanced or recurrent

non metastatic prostate cancer and low baseline risk (PSA ≤1 ng/
mL) (Bianchi et al., 2021).

ADT-treated PCa progresses to castration-resistant PCa after

remission (Zhang et al., 2020). Patients may develop castration-

resistant PCa within 5 years of treatment. Therefore, monitoring

the efficacy of PCa after treatment is particularly considerable

(Christophe et al., 2020). PSA is an index for monitoring the

efficacy of PCa after radical surgery or conservative treatment.

Although post hoc analyses of contemporary ARPI trials suggest

that the depth of the initial PSA response is associated with

favorable long-term outcomes. However, it could not reflect the

changes of tumor morphology and microcirculation

characteristics. PSA levels cannot truly reflect the histological

and biological changes of tumors after endocrine therapy or

FIGURE 1
DCE-MRI indices (Compared with the group before treatment, *p < 0.05; Compared with the continuous group, #p < 0.05.).
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radiation therapy, especially in cases with metastasis (Pesapane

et al., 2020). ADT monitoring for PCa should therefore be

applied with other indicators. Currently, it is believed that the

growth and invasion of PCa depend on the tumor

neovascularization. As the neovascularization wall fails to

develop correctly, permeability increases, and blood is

exchanged more rapidly between tumor and blood vessel,

resulting in tumor invasion. MRI is the best imaging method

FIGURE 2
DCE-MRI indices in patients with different therapeutic effects (Compared with ORR group, *p < 0.05.).

TABLE 3 Analysis of the influence of DCE-MRI indexes on the therapeutic effect of prostate cancer.

Indices β SE wald χ2 OR 95%CI P

Ktrans −5.43 1.477 13.516 0.004 <0.001–0.079 <0.001

Kep −0.606 0.212 8.171 0.546 0.360–0.827 0.004

Ve −3.969 1.516 6.854 0.019 0.001–0.369 0.009

BF −0.025 0.013 3.698 0.975 0.951–1.000 0.055

BV −0.153 0.25 0.375 0.858 0.526–1.401 0.541

Notes: Ktrans, volume transfer coefficient; Kep, reverse transfer constant; Ve, volume fraction; BF, blood flow; BV, blood volume; CI, confidence interval.

TABLE 4 Value analysis of DCE-MRI index in evaluating the therapeutic effect of prostate cancer.

Indices Cut-off value AUC SE P 95%CI

Ktrans 0.17 min−1 0.851* 0.041 <0.001 0.771–0.931

Kep 0.63 min-1 0.731* 0.055 <0.001 0.622–0.839

Ve 0.19 0.770* 0.053 <0.001 0.666–0.874

BF 253.86 mL min−1·100 g−1 0.658* 0.056 0.008 0.549–0.767

BV 8.01 mL·100g−1 0.698* 0.055 0.001 0.590–0.806

Combined — 0.924 0.031 <0.001 0.863–0.986

Note: BV, blood volume; BF, blood flow; CI, confidence interval. Compared with combination, *p < 0.05.
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for PCa, among which DCE-MRI quantitative analysis has been

proven to be useful for evaluating tumor hemodynamics. Based

on the difference in microvascular characteristics of lesions with

different properties, DCE-MRI technology uses the difference in

the time and concentration of contrast agent to reach normal

tissues and pathological tissues with different properties to form

different intensification methods, which can evaluate blood

perfusion status of different tissues, so as to achieve the

purpose of lesion diagnosis (Tamada et al., 2021; Forster

et al., 2022).

DCE-MRI, combined with corresponding pharmacokinetic

models, can obtain parameters that reflect tissue perfusion and

permeation characteristics and quantitatively analyze the

physiological characteristics of pathological tissues, which can be

applied not only to the clinical diagnosis but also to the evaluation of

the efficacy of tumor radiotherapy and chemotherapy (Prendeville

et al., 2018). The common penetration parameters of DCE-MRI are

Ktrans, Ve, and Kep. K
trans refers to the volume transport constant of

contrast agent diffused from plasma into extravascular extracellular

space, reflecting the level of vascular permeability in tissues. Kep is

the rate constant at which contrast agent diffuses from interstitial

space to reflow into blood vessels. Ve refers to the volume ratio of

EES per unit tissue volume. The perfusion parameters of DCE-MRI

to reflect the blood perfusion status include BF and BV. BF

represents the BF velocity in the blood vessels of the interest area

per unit time, and BV represents the BV, both of which mainly

reflect blood perfusion and depend on the microvascular density in

the tissue (Arnoldner et al., 2022; Chatterjee et al., 2022; Fan et al.,

2022; Nakayama et al., 2022). This study showed that DCE-MRI

indices were all decreased after ADT, and Ktrans, Kep, Ve, BF, and BV

in the ORR group were lower than those in the non-ORR group,

suggesting that DCE-MRI indices may be used to evaluate the

efficacy of ADT. This is mainly related to the reduction of PCa

volume, gland atrophy, and fibrosis after ADT treatment (Lu et al.,

2020). BF and BV of tumors after endocrine therapy are significantly

reduced, and Ktrans and Kep are significantly reduced (Ikoma et al.,

2020), which was consistent with the results of this study. ADT

causes acinar atrophy, fibrosis, and basal cell hyperplasia in the

prostate, resulting in a reduction in total glandular interstitial tissue

and ultimately, total gland. In addition, after ADT, not only does

vascular endothelial growth factor decrease with the decrease of

androgen level, but also the BF of PCa tissues decreases, and cells

show obvious apoptosis and necrosis, thus achieving anti-tumor

angiogenesis, so Ktrans, Kep, and Ve values are significantly reduced

after endocrine therapy (Kim et al., 2021; Ueda et al., 2022). Further

analysis found that Ktrans, Kep, Ve, BF, and BV were correlated with

the therapeutic effect of PCa, and the AUC value of the combined

detection of all indicators to evaluate the therapeutic effect of PCa

was greater than 0.9, indicating that the DCE-MRI indices were

correlated with the therapeutic effect of PCa.

In summary, As compared with continuous ADT, intermittent

ADT improves PCa treatment outcomes, and DCE-MRI indicators

are correlated with PCa treatment outcomes.
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Competitive binding of circCCDC6 to microRNA-128-3p  
activates TXNIP/NLRP3 pathway and promotes cerebral 
ischemia-reperfusion defects
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Objective: Circular RNAs (circRNAs) are enriched in the 
brain and involved in various central nervous system 
diseases. The potential role of circCCDC6 in cerebral 
ischemia-reperfusion defects was partly elucidated in 
the work. Methods: A middle cerebral artery occlusion/
reperfusion (MCAO/R) rat model and an oxygen-glucose 
deprivation and re-oxygenation (OGD/R)-treated SH-
SY5Y cell model were constructed. CircCCDC6 expres-
sion in the two models was examined, and circCCDC6-
involved mechanisms in neuronal pyroptosis and inflam-
mation were analyzed through loss- and gain-of-function 
assays. Results: MCAO/R rat brain tissues and OGD/R-
treated SH-SY5Y cells exhibited upregulated circCCDC6. 
Silencing circCCDC6 attenuated neuronal pyroptosis and 
inflammation in the brain tissue of MCAO/R rats. Overex-
pressing circCCDC6 or inhibiting miR-128-3p stimulated 
OGD/R-induced pyroptosis and inflammation in SH-SY5Y 
cells, while upregulating miR-128-3p attenuated OGD/R 
injury. CircCCDC6 silencing-induced effects on SH-SY5Y 
cells were antagonized by TXNIP overexpression. Con-
clusion: Mechanistically, circCCDC6 mediates miR-128-3p 
and activates TXNIP/NLRP3, thereby promoting OGD/R-
induced neuronal pyroptosis and inflammation. CircC-
CDC6 may provide a new strategy for the treatment of 
MCAO/R.

Keywords: Cerebral ischemia-reperfusion, Circular RNA CCDC6, mi-
croRNA-128-3p, TXNIP/NLRP3, Pyroptosis, Inflammation
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Abbreviations: AKT, Protein kinase B; ASC, Apoptosis-associated 
speck-like protein containing a CARD; BCA, Bicinchoninic acid; CIR, 
Cerebral ischemia-reperfusion; circCCDC, 6Circular RNA Coiled-coil 
domain containing 6; circRNAs, Circular RNAs; DMEM, Dulbecco’s 
modified essential medium; ELISA, Enzyme-linked immunosorb-
ent assay; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; 
GSDMD, Gasdermin D; IgG, Immunoglobulin G; IL-1β, Interleukin-
1beta; Interleukin-18 (IL-18); IS, Ischemic stroke; LDH, Lactate de-
hydrogenase; LPS, Lipopolysaccharide; MCAO, Middle cerebral 
artery occlusion; miRNAs, microRNAs; MTT, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide; MUT, Mutant type; NF-κB, 
Nuclear factor-kappaB; NLRP, 3NOD-like receptor family pyrin do-
main containing 3; OA, Osteoarthritis; OGD/R, Oxygen-glucose 
deprivation/re-oxygenation; PI3K, Phosphoinositide 3-kinase; RIP, 
RNA immunoprecipitation assay; RIPA, Radio-Immunoprecipitation 
Assay; ROS, Reactive oxygen species; TGFBR2, Transforming Growth 
Factor-beta Receptor 2; TUNEL, Transferase-mediated deoxyuridine 
triphosphate-biotin nick end labeling staining; TXNIP, Thioredoxin 
interacting protein; WT, Wild type

INTRODUCTION

Ischemic stroke (IS) is a severe neurological response 
syndrome that leads to damage to neurovascular units, 
inflammation, and neuronal death (Zhu et al.,  2020). 
Reperfusion after cerebral ischemia often leads to a se-
ries of cellular and biochemical consequences, including 
the production of reactive oxygen species (ROS) and in-
flammatory cytokines, and brain cell damage, collectively 
referred to as cerebral ischemia-reperfusion (CIR) injury 
(Lim et al.,  2021), which are also key factors attributing 
to the poor prognosis of IS patients (Zuo et al., 2018). It 
is unable to effectively protect the neurological function 
of IS patients despite great progress in the treatment op-
tions. Therefore, an urgent need for new therapeutic ap-
proaches is on the agenda to protect CIR-induced neu-
rological deficits.

Pyroptosis is a special way of cell death, which is dif-
ferent from necrosis and apoptosis (Yu et al.,  2021). Py-
roptosis plays an important role in CIR injury (Zhang 
et al.,  2022). Cerebral ischemia leads to the disruption 
of intracellular energy metabolism and oxidative stress, 
which activates the inflammatory response and intracel-
lular inflammasome recombination (Zhang et al.,  2022). 
The inflammasome complex includes molecules such as 
ASC, NLRP3, and Caspase-1, which interact and activate 
the Caspase-1 enzyme. Activated Caspase-1 cleaves the 
precursor’s IL-1β and IL-18, releasing active pro-inflam-
matory cytokines (Wang et al.,  2022; Luo et al., 2022). 
These pro-inflammatory cytokines induce inflammation 
in CIR injury and promote the further development of 
pyroptosis.

Circular RNAs (circRNAs) are highly stable covalently 
closed endogenous non-coding RNAs that are specifi-
cally expressed in tissues and cells (Vo et al.,  2019). Cir-
cRNAs are enriched in multiple organs, especially the 
brain, and a large body of evidence indicates that circR-
NAs are involved in the physiological and pathological 
processes of the brain, including CIR (Yang et al.,  2018). 
In addition, circRNAs exert their biological functions as 
molecular decoys of microRNAs (miRNAs) (Zhang et 
al., 2020). In a circRNA expression profile after transient 
focal ischemia, circCCDC6 is confirmed to be upregu-
lated in the brain of a model of middle cerebral artery 
occlusion (MCAO) rats (Mehta et al., 2017). However, its 
related mechanism in CIR awaits further investigation.

MiRNAs, a group of post-transcriptional regula-
tors of gene expression (Brennan et al.,  2020) are 
involved in the regulation of various cellular activi-
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ties (Saliminejad et al.,  2019). miRNAs are emerging 
regulators of neuronal survival during CIR injury (Liu 
et al.,  2020). For instance, promoting miR-34c-5p ex-
pression is able to suppress inflammation and apop-
tosis, thereby preventing CIR injury (Tu et al.,  2021). 
The anti-inflammatory and anti-apoptotic properties of 
miR-128-3p have been accepted previously. miR-128-
3p overexpression could protect against chronic con-
strictive injury to suppress neuroinflammation (Zhang 
et al.,  2020) and could restrain sepsis-induced apopto-
sis and inflammation (Yang et al., 2021). However, not 
much was known about miR-128-3p-involved mecha-
nism in CIR injury.

Hence, the function of circCCDC6 in neurological 
deficits following CIR was probed through in vivo and 
in vitro experiments. Speculation was put up that circC-
CDC6 activates TXNIP/NLRP3 inflammasome pathway 
by miR-128-3p to exacerbate CIR.

MATERIALS AND METHODS

MCAO/R animal model

Sixty male Sprague-Dawley rats, with a body weight 
of 220-280 g (Hunan SJA Laboratory Animal Co., 
Ltd., Changsha, China) were housed in an environ-
ment of 24-26°C with an adequate supply of water 
and food. The MCAO/R model was established as 
previously described (Yan et al.,  2020). Briefly, after 
anesthetization with 5% (v/v) isoflurane at a flow rate 
of 2 L/min, a monofilament nylon suture was inserted 
into the right common carotid artery through an inci-
sion over the head, and passed through the internal 
carotid artery as possible. After blocking the common 
carotid artery for 1 h, the suture was slowly retracted 
for reperfusion. Monitored by Laser Doppler flow-
metry, and blood flow falling below 30% of baseline 
flow suggested the success of MCAO. Restoration of 
cerebral blood flow to >80% of baseline indicated 
the success of reperfusion. For the sham group, the 
same procedure was performed without suture inser-
tion. After 24 h of reperfusion, neurological function 
was evaluated. After that, the rats were euthanized by 
overdosed CO2, and 10 successfully modeled rats were 
selected from each group, of which the brain tissue of 
5 rats was used for histopathological analysis, and that 
of the remaining 5 rats was for RNA or protein ex-
traction. The success rate of modeling was 80%, and 
some rats died during the experiment. Authorization 
of animal care and methods procedures was by the 
Animal Ethics Committee of Dalian Municipal Central 
Hospital.

Lentiviral vector injection

circ shRNA-GFP (shRNA-Con) lentivirus or circC-
CDC6 shRNA-GFP (shRNA-circ CCDC6) lentivirus (2 
µl, 1×109 TU/ml) was microinjected into the left ven-
tricle of the rat to knock down circ CCDC6 at the fol-
lowing coordinates: AP, −0.3 mm; lateral, 1.0 mm; and 
ventral, 2.2 mm. The lentiviral vector was injected 2 
weeks before MACO/R surgery. All lentiviral vectors 
mentioned above were purchased from GenePharma.

Neurological function scoring

Neurological function was assessed 7 d after 
MACO/R surgery (Tatlisumak et al., 1998). 0-no obvious 
defect, 1-failure to fully extend the left front paw when 

stimulating tails, 2-circling to the left contralateral side 
when stimulating tails, 3-turning or walking left, 4-walk-
ing only when stimulating tails, 5-no response to stimuli, 
and unconsciousness.

Nissl staining

Brain tissues that were fixed with 4% paraformal-
dehyde were made into coronal fragments of 10 μm 
after routine paraffin embedding (Meng et al.,  2018). 
Each fragment was observed by light microscopy after 
staining with Nissl staining kit (Beyotime, Shanghai, 
China).

Immunofluorescence staining

After antigen retrieval through citrate buffer, brain 
slices were incubated with primary antibody GSDMD 
(20770-1-AP, Proteintech), followed by the addi-
tion of a secondary fluorescent antibody. Afterward, 
4’,6-diamidino-2-phenylindole-stained slices were ob-
served under a fluorescence microscope (Olympus. 
Tokyo, Japan).

Transferase-mediated deoxyuridine triphosphate-biotin 
nick end labeling (TUNEL) staining

Pyroptosis was assessed using the TUNEL staining kit 
(Roche, Mannheim, Germany) following the protocols, 
and the percentage of pyroptotic cells was calculated.

Cell culture

Dulbecco’s modified essential medium (DMEM, 
Gibco, Thermo Fisher Scientific) containing 10% fe-
tal bovine serum (Gibco), 100 U/ml penicillin, and 
100 μg/ml streptomycin was the culture system for 
SH-SY5Y cells (Cell Bank Type Culture Collection, 
Shanghai, China). For oxygen-glucose deprivation/re-
oxygenation (OGD/R) treatment, SH-SY5Y cells were 
cultured in glucose-free DMEM for 4 h in an anoxic 
environment (95% N2 and 5% CO2), and maintained 
in a normoxic environment with normal DMEM for 
24 h (Xin et al.,  2017).

Cell transfection

Small interfering RNAs targeting circCCDC6 and 
TXNIP and negative controls (si-CCDC6, si-TXNIP, 
si-NC), pcDNA 3.1 overexpression vector and empty 
vector (pcDNA 3.1-circCCDC6, pcDNA 3.1-TXNIP, 
pcDNA 3.1) were purchased from Ribobio (Guang-
zhou, China), whereas miR-128-3p mimic/inhibitor and 
mimic/inhibitor NC were from Invitrogen (CA, USA). 
Transient transfection of SH-SY5Y cells was imple-
mented by Lipofectamine 2000 (Invitrogen), followed 
by OGD/R treatment.

ELISA

Concentrations of IL-1β and IL-18 in cell superna-
tants or brain tissue homogenates were quantified using 
ELISA kits (Thermo Fisher Scientific).

Viability analysis

SH-SY5Y cells, along with MTT solution (20 μL/
well, Sigma-Aldrich) were incubated for 4 h. Then, the 
original medium was replaced with dimethyl sulfoxide 
(150  μL/well), and absorbance was measured at 490 
nm using a microplate reader (Bio-Rad, CA, USA).
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Colorimetry

Lactate dehydrogenase (LDH) release from cell super-
natants was quantified colorimetrically to determine cyto-
toxicity using the kit (Clontech, CA, USA).

Flow cytometry

Using the FAM FLICATM Caspase-1 kit (AbD Sero-
tec, Oxford, UK), pyroptosis of SH-SY5Y cells was test-
ed. SH-SY5Y cells after trypsinization were made into 
cell suspension for staining with 5 μL caspase-1 FLICA 
and 5 μL propidium solution, followed by analysis on 
a flow cytometer (BD Company, NJ, USA). Data quan-

tification was done by FlowJo software (TreeStar, CA, 
USA).

Quantitative PCR

From brain tissues and cells, total RNA extracts 
were collected via Trizol reagent (Invitrogen), and 
made into first-strand cDNA through PrimeScript RT 
kit (Takara, Tokyo, Japan). On the ABI7500 system, 
PCR was conducted by the SYBR Green method. 
Primers for all genes (Table 1) were from GeneCreate 
(Wuhan, Hubei, China). Standard controls for mRNA 
and miRNA were glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) and U6, respectively. Relative 
expression was calculated using the 2–ΔΔCt method.

Immunoblotting

Total protein extracts were obtained using RIPA 
buffer (CST, USA), which was then quantified by 
BCA kit (Abbkine, USA) and separated on sodium 
dodecyl sulfate polyacrylamide gel electrophoresis. 
After that, proteins were covered with polyvinylidene 
fluoride membrane (Millipore, USA), followed by 
blockade with 5% nonfat milk and incubation with 
primary antibodies β-actin (sc-47778, Santa Cruz), IL-
1β (12242, CST), IL-18 (10663-1-AP, Proteintech), 
cleaved caspase-1 (4199, CST), TXNIP (14715, CST), 
NLRP3 (15101, CST), ASC (sc-514414, Santa Cruz) 
and the horseradish peroxidase-conjugated secondary 
antibody (CST). Through visualization by an enhanced 
chemiluminescence kit (GE Healthcare), band plots 
were further analyzed using ImageJ.

Table 1. PCR primers

Genes Sequences

circCCDC6
Forward: 5’-AGCCGAACTAGAACAGCATCT-3’

Reverse: 5’-TCTCCTTCTGCAAAGCCTGA-3’

miR-128-3p
Forward: 5’-TCACAGTGAACCGGTC-3’

Reverse: 5’-CAGTGCGTGTCGTGGAGT-3’

GAPDH
Forward: 5’-CTGCCAACGTGTCAGTGGTG-3’

Reverse: 5’-TCAGTGTAGCCCAGGATGCC-3’

U6
Forward: 5’-CGAATTTGCGTGTCATCCTT-3’

Reverse: 5’-CGAATTTGCGTGTCATCCTT-3’

Note: circCCDC6, circular RNA CCDC6; miR-128-3p, microRNA-128-3p; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase

Figure 1. Effects of injection of shRNA-circCCDC6 lentiviral vector on biochemical indexes and pathological tissue damage of 
MCAO/R rat brain. 
circCCDC6 expression in brain tissue (A), neurological function score (B), Nissl-stained cerebral cortex (C), immunofluorescence staining 
of GSDMD (D), TUNEL-stained brain tissue (E), IL-1β and IL-18 contents in brain tissue (F), protein expressions of IL-1β, IL-18, cleaved cas-
pase-1, ASC and NLRP3 in brain tissue (G); data were reported as mean ± S.D. (C, n=10; rest, n=5).
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Dual-luciferase reporter assay

The putative binding site of circCCDC6 or TXNIP 
3’UTR was amplified by PCR and cloned into a pmir-
GLO vector to generate pmirGLO-circCCDC6-WT and 
pmirGLO-TXNIP-3’UTR WT. Mutants of circCCDC6 
or TXNIP 3’UTR were created based on QuickChange 
Lighting Multi Site-Directed Mutagenesis Kit (Agilent 
Technologies, CA, USA) to produce pmirGLO-circC-
CDC6-Mut and pmirGLO-TXNIP-3’UTR-Mut. The 
generated reporter, in combination with mimic NC or 
miR-128-3p mimic was co-transfected into SH-SY5Y 
cells to determine luciferase activity 48 h later using a 
dual-luciferase reporter gene assay system (Promega, WI, 
USA).

Antibody enrichment analysis

RNA immunoprecipitation assay was performed us-
ing the Magna RNA-Binding Protein Immunoprecipita-
tion Kit (Millipore). Cell lysates were incubated with RIP 
buffer containing magnetic beads conjugated to mouse 
IgG or human anti-Ago2 antibody. After digestion with 
proteinase K, the resulting immunoprecipitated RNA 
was purified and utilized for quantitative PCR.

Statistics

Data were presented as mean ± standard devia-
tion (S.D.), and statistical analysis was performed using 

GraphPad Prism 9.0. Unpaired Student’s t-test was uti-
lized for bilateral comparison whereas one-way analysis 
of variance for multi-data comparison. P<0.05 was con-
sidered statistically significant.

RESULTS

Silencing circCCDC6 ameliorated MCAO/R-induced 
pyroptosis and inflammation

CircCCDC6 is abnormally expressed after MCAO/R 
injury. To examine the biological role of circCCDC6 in 
CIR-induced pyroptosis, we interfered with circCCDC6 
expression in MCAO/R rats by injecting lentivirus. It 
was demonstrated that the promoted expression of circ-
CCDC6 induced by MCAO/R treatment was suppressed 
after injection of shRNA-circCCDC6 (Fig. 1A). Assess-
ment of neurological function presented that MCAO/R 
rats had severe nerve damage, which could be alleviated 
by knocking down circCCDC6 (Fig. 1B). Nissl staining 
further pictured that neurons in MCAO/R rats were 
swollen, vacuolated in the cytoplasm, and the number 
of Nissl bodies was reduced, and knockdown of circC-
CDC6 alleviated these symptoms (Fig. 1C). During py-
roptosis, GSDMD mediates the formation of membrane 
pores (Wang et al.,  2020). Here, we performed immuno-
fluorescence staining of GSDMD and ultimately report-

Figure 2. Effect of transfection of pcDNA 3.1-circCCDC6 on the biological behavior and biochemical indexes of OGD/R-treated SH-
SY5Y cells. 
circCCDC6 expression (A), cell viability (B), toxicity (C), caspase-1 positive cells (D), IL-1β and IL-1β contents (E), protein expression of IL-
1β, IL-18, cleaved caspase-1, ASC and NLRP3 (F); data were reported as mean ± S.D. (N=3).
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Figure 3. Binding relation of circCCDC6 and miR-128-3p. 
Potential binding sites of miR-128-3p and circCCDC6 (A), miR-128-3p expression in in vivo and in vitro models (B), verification of targeting 
relationship between circCCDC6 and miR-128-3p (C–D), effects of low or overexpression of circCCDC6 on miR-128-3p expression in SH-
SY5Y cells (E). data were reported as mean ± S.D. (N=3).

Figure 4. Effects of transfection of miR-128-3p mimic/inhibitor on the biological behavior and biochemical indexes of SH-SY5Y cells 
treated with OGD/R. miR-128-3p expression (A), cell viability (B), toxicity (C), caspase-1 positive cells (D), IL-1β and IL-1β contents (E), 
protein expression of IL-1β, IL-18, cleaved caspase-1, ASC and NLRP3 (F); data were reported as mean ± S.D. (N=3).
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Figure 5. Targeting relation between miR-128-3p and TXNIP. TXNIP expression in in vivo and in vitro models (A–B), effect of miR-128-
3p mimic/inhibitor on TXNIP protein expression in SH-SY5Y cells (C), potential binding sites of miR-128-3p and TXNIP (D), verifica-
tion of the targeting relationship between miR-128-3p and TXNIP (E–F); data were reported as mean ± S.D. (N=3).

Figure 6. Effects of transfection of si-circCCDC6 and pcDNA 3.1-TXNIP on the biological behavior and biochemical indicators of 
OGD/R-treated SH-SY5Y cells. 
miR-128-3p expression (A), TXNIP protein expression (B), viability (C), toxicity (D), caspase-1 positive cells (E), contents of IL-1β and IL-18 
(F), protein expression of IL-1β, IL-18, cleaved caspase-1, ASC and NLRP3 (G) in SH-SY5Y cells; data were reported as mean ± S.D. (N=3).
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ed that MCAO/R treatment increased the fluorescence 
intensity of GSDMD, but this trend was restricted in 
response to knockdown of circCCDC6 (Fig. 1D). Ad-
ditionally, there were an increased number of TUNEL-
positive cells (Fig. 1E), promoted release of IL-1β and 
IL-18 (Fig. 1F), and elevated protein expression of IL-
1β, IL-18, cleaved caspase-1, ASC and NLRP3 (Fig. 1G) 
in the brain tissue of rats receiving MCAO/R surgery; 
the changes induced by MCAO/R were all reversed 
when circCCDC6 was knocked down (Fig. 1E). Clearly, 
silencing circCCDC6 ameliorated MCAO/R-induced py-
roptosis and inflammation.

Overexpression of circCCDC6 aggravates OGD/R-
induced neuronal pyroptosis and inflammation

Next, the molecular mechanism of circCCDC6 af-
fecting neuronal pyroptosis and inflammation was ex-
plored through cellular experiments. It was checked that 
OGD/R treatment-induced elevation of circCCDC6 
expression in neurons was further raised after transfec-
tion of pcDNA 3.1-circCCDC6 (Fig. 2A). Neuronal vi-
ability and toxicity were examined by MTT and colorim-
etry, respectively. The collected data displayed that after 
OGD/R treatment, neuronal viability was suppressed 
and LDH release was increased, and these changes were 
enhanced by overexpression of circCCDC6. Besides, it 
was further examined that OGD/R treatment induced 
the increase in the percentage of caspase-1 positive cells 
(Fig. 2D), contents of IL-1β and IL-18 (Fig. 2E), and 
protein expression of IL-1β, IL-18, cleaved caspase-1, 
ASC and NLRP3 in neurons (Fig. 2F); moreover, circ-
CCDC6 upregulation further facilitated all of these alter-
nations. Evidently, overexpression of circCCDC6 aggra-
vates OGD/R-induced neuronal pyroptosis and inflam-
mation.

CircCCDC6 competitively binds miR-128-3p

Next, we explored the downstream effectors bound 
by circCCDC6. Through the bioinformatics website 
https://starbase.sysu.edu.cn/, we predicted 20 miRNAs 
with potential binding sites for circCCDC6, among 
which miR-128-3p was particularly focused. miR-128-3p 
and circCCDC6 had binding sites at chr10:61564232-
61564251[-] (Fig. 3A). miR-128-3p has been reported 
to be down-regulated in spinal cord I/R injury, and its 
overexpression is capable of ameliorating neuroinflam-
mation and apoptosis (Wang et al.,  2020). Similar results 
were obtained in this study, with miR-128-3p down-
regulated in both MACO/R rats and OGD/R neurons 
(Fig. 3B). Dual-luciferase reporter experiments showed 
that co-transfection of WT-circCCDC6 with miR-128-
3p mimic reduced luciferase activity (Fig. 3C), and RIP 
experiment further supported that circCCDC6 and miR-
128-3p were increased in the Ago2 group (Fig. 3D). 
Subsequently, we examined that knockdown or overex-
pression of circCCDC6 upregulated and downregulated 
miR-128-3p expression, respectively. To conclude, circC-
CDC6 competitively binds miR-128-3p.

MiR-128-3p is involved in the process of pyroptosis and 
inflammation of OGD/R-conditioned neurons

Subsequently, we explored the role of miR-128-3p 
in OGD/R-induced neuronal pyroptosis and inflamma-
tion. Transfection of miR-128-3p mimic and inhibitor 
upregulated and down-regulated miR-128-3p expression 
in SH-SY5Y cells, respectively (Fig. 4A). Responded to 
miR-128-3p upregulation, neuronal viability increased 

and LDH release reduced, percentage of caspase-1 posi-
tive cells, contents of IL-1β and IL-18, and protein ex-
pressions of IL-1β, IL-18, cleaved caspase-1, ASC and 
NLRP3 decreased; while knockdown of miR-128-3p had 
completely opposite effects (Fig. 4B–F). Anyway, miR-
128-3p is involved in the regulation of neuronal pyrop-
tosis and inflammation.

A binding of miR-128-3p TXNIP 3’ UTR

TXNIP has been shown to be a pro-inflammatory 
factor in I/R injury (Jia et al.,  2020), and activation of 
the TXNIP/NLRP3 inflammasome pathway is a key fac-
tor in pyroptosis (Kong et al.,  2021). In both in vivo and 
in vitro models of CIR, TXNIP expression was found 
to be increased (Fig. 5A, B). Regarding miR-128-3p-
mediated TXNIP expression change, quantitative PCR 
was performed to prove that transfection of miR-128-3p 
mimic or miR-128-3p inhibitor decreased and increased 
the protein level of TXNIP in neurons, respectively 
(Fig.  5C). Bioinformatics website searched for the com-
plementary sequences of miR-128-3p and TXNIP 3’UTR 
(Fig. 5D), and their targeting relationships were subse-
quently by dual-luciferase reporter assays and RIP ex-
periment (Fig. 5E, F). In short, a binding of miR-128-3p 
TXNIP 3’ UTR is ensured.

CircCCDC6 affects neuronal pyroptosis and 
inflammation by regulating the miR-128-3p/TXNIP/
NLRP3 pathway

Finally, rescue experiments were implemented to iden-
tify the effect of the circCCDC6/miR-128-3p/TXNIP/
NLRP3 axis on OGD/R-induced neuronal pyropto-
sis and inflammation. It was examined that knockdown 
of circCCDC6 promoted miR-128-3p expression, while 
overexpression of TXNIP had no effect on miR-128-3p 
expression (Fig. 6A); circCCDC6 knockdown-induced 
suppression of TXNIP protein expression was reversed 
by overexpressing TXNIP (Fig. 6B). Functionally, circ-
CCDC6 silencing-mediated protection against pyropto-
sis and inflammation was prevented when TXNIP was 
upregulated (Fig. 6C-G). CircCCDC6 affects neuronal 
pyroptosis and inflammation by regulating the miR-128-
3p/TXNIP/NLRP3 pathway.

DISCUSSION

The key to the treatment of IS is blood reperfu-
sion, but this can cause I/R injury (Wen et al.,  2019). 
Permanent damage to neurons with concomitant cell 
death happens in the hours following an IS (Zhang et 
al.,  2020). Acute neuroprotective agents attract much 
attention, however, clinical outcomes are often unsatis-
factory. A genome-wide RNA sequencing report on the 
subcortical structure of CIR-injured rats shows that the 
expression of nearly 400 circRNAs is significantly altered 
24 hours after tMCAO (Filippenkov et al.,  2021). This 
study reported a potential mechanism by which circC-
CDC6, regulates CIR injury-induced neurological deficits.

CircRNAs can interact with miRNAs, and their in-
teraction is key in human diseases, including IS. For 
example, circTTC3 silencing could upregulate miR-372-
3p, thereby suppressing CIR injury and neural stem cell 
apoptosis (Yang et al.,  2021). Moreover, depletion of 
circ_008018 in MCAO/R mice could prevent CIR dam-
age by targeting miR-99a (Yang et al.,  2018). Also, in the 
model of MCAO/R, circHECTD1 knockdown induces 
neuroprotection against IS through binding to miR-133b 
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(Dai et al.,  2021). In this study, we found for the first 
time that circCCDC6 was upregulated in MCAO/R 
mouse model and OGD/R-treated neurons, and that 
circCCDC6 depletion alleviated MCAO/R-induced neu-
ronal pyroptosis and inflammation, while overexpression 
circCCDC6 exacerbates OGD/R-induced neuronal py-
roptosis and inflammation. Importantly, we investigated 
the possible miRNA sponge mechanism of circCCDC6 
in CIR injury, paid great attention to the binding of circ-
CCDC6 to miR-128-3p, and eventually confirmed that 
circCCDC6 may be involved in the pathogenesis of CIR 
injury by targeting miR-128-3p to promote neuronal py-
roptosis and inflammation.

More attention is currently focused on the neuroin-
flammatory response triggered by I/R, and anti-inflam-
matory is likely to be a potential therapeutic strategy 
after IS (Wang et al.,  2020). miR-128-3p can exert anti-
inflammatory effects by regulating gene expression and 
multiple signaling pathways. For example, overexpress-
ing miR-128-3p could inhibit OA progression through 
PI3K/Akt/NF-κB pathway (Chen et al.,  2020), and re-
strain apoptosis and inflammation in LPS-induced sep-
sis by targeting TGFBR2. In both MACO/R rats and 
OGD/R neurons, we examined the downregulation of 
miR-128-3p and validated the protective actions of over-
expressed miR-128-3p on increasing neuronal viability 
and reducing LDH release as well as inflammatory fac-
tors. Notably, MCAO/R treatment and OGD/R treat-
ment promoted TXNIP and NLRP3 expression, while 
their expression could be regulated by circCCDC6 and 
miR-128-3p, suggesting that the role of circCCDC6 in 
CIR injury may be related to TXNIP/NLRP3 axis-medi-
ated inflammation and pyroptosis.

TXNIP/NLRP3 signaling pathway is the key to py-
roptosis and is activated in a variety of inflammatory dis-
eases. It has been documented that (Chen et al.,  2021) 
in a rat model of myocardial I/R injury, the promoted 
expression of TXNIP reverses the inhibition of cardio-
myocyte pyroptosis by overexpression of miR-200a-3p 
by promoting NLRP3 expression. (Yao et al.,  2022) have 
explained that cerebral ischemia leads to the accumula-
tion of ROS, driving TXNIP overexpression and NLRP3 
activation to induce pyroptosis. Furthermore, TXNIP/
NLRP3 pathway has been shown to mediate pyropto-
sis by activating inflammatory factors such as IL-1β (Liu 
et al.,  2019). In CIR, we found increased expression of 
TXNIP and NLRP3 in animal and cell experiments, 
and confirmed that TXNIP was a downstream target of 
miR-128-3p, a result similar to the previous report (Liu 
et al.,  2021). Furthermore, rescue experiments obtained a 
conclusion that overexpression of TXNIP reversed the 
effects of silencing circCCDC6 on neuronal pyroptosis 
and inflammation.

However, there are some limitations as to the study 
design: 1, no detection of circCCDC6 expression in IS 
patients; 2. the correlation of circCCDC6 expression 
with clinicopathological features and whether it can be 
used as a diagnostic biomarker for IS has not yet been 
determined; 3. further systematic investigation of the rel-
evant mechanism of circCCDC6 in MCAO-induced neu-
rological deficits is required to further define the circR-
NA-miRNA gene network.

CONCLUSION

To sum up, circCCDC6 mediates neuronal pyropto-
sis and inflammation through the miR-128-3p/TXNIP/
NLRP3 axis. This finding provides new insights into the 

mechanism by which circCCDC6 regulates CIR injury-
induced neurological deficits and provides a potential 
target for CIR injury therapy.
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Pheochromocytoma (PPC) and paraganglioma (PGL) are 
the tumors that rarely occur in the pediatric population 
(PPGL). Both originate from chromaffin cells, pheochro-
mocytoma is localized in the adrenal gland, whereas 
paragangliomas are regarded as the tumors present in 
other localizations, from head to the pelvis. The clinical 
image is characterized by the presence of the sustained 
hypertension, headaches, sweating, palpitations. The 
symptoms are caused by the catecholamine secretion or 
are related to tumor mass pressure on different organs. 
The catecholamines and their metabolites levels in urine 
collection or plasma are necessary for further evaluation 
of the diagnosis. In pediatric population the tumors oc-
cur in multiple familial syndromes such as Multiple En-
docrine type 2, Neurofibromatosis type 1, Von Hippel-
Lindau syndrome, Familial Paraganglioma syndrome are 
related to specific mutations (SDHx, RET, VHL, NF1) lead-
ing to the characteristic phenotype. The radiological and 
nuclear imaging are an important part of the examina-
tion. Although CT and MR are reported to have overall 
good sensitivity for the tumor detection, further analysis 
with nuclear imaging is recommended for the specified 
diagnosis. Right now 68GA-DOTATATE is regarded as the 
tracer of choice, leading to the complex evaluation of 
patients with different mutations and metastatic disease. 
The treatment of choice is the tumor excision. Also, late-
ly new therapeutic approaches including genetically tar-
geted therapies are under investigation for more com-
plex treatment of tumors with underlying genetic cause 
or metastatic disease. Long term follow-up after treat-
ment to avoid recurrence or to detect it in early stadium 
must be performed.
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mocytoma, treatment, young adults
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INTRODUCTION

Pheochromyctoma (PPC) and paragnaglioma (PGL) 
are rare tumors in the pediatric population. The preva-
lence is 0.2–0.5 per million of children, which constitutes 
only for 20% of its general incidence in the population 
(Ardicli et al., 2021; Park et al., 2021). They can occur at 
any age, however the mean age at diagnosis is reported 
to be 11 years old, with male predominance (Ross et 

al., 2000; Havekes et al., 2009). Pheochromocytoma and 
paraganglioma are the neuroendocrine tumors originating 
from chromaffin cells which form the adrenal medulla. 
Tumors located in the adrenal medulla are regarded as 
pheochromocytomas. The chromaffin cells can also be 
present extramedullary around sympathetic and parasym-
pathetic ganglia, resulting in the formation of paragna-
gliomas in various localizations of the body, from head 
to the pelvis (Park et al., 2021; Ross et al., 2000). Around 
33% of tumors are located in the adrenal glands, and the 
rest are found in the other body regions (Pamporaki C et 
al. 2017). The tumors produce and most of them (70%) 
relsease catecholamines such as epinephrine and norepi-
nephrine and their metabolites, metanephrines and nor-
metanephrines. Head and neck paragangliomas are most-
ly biochemically silent, however they can produce dopa-
mine (Shah MH et al., 2021). The catecholamine produc-
tion contributes to the symptoms and clinical image of 
the PPGL, leading to the occurrence of hypertension, 
excessive sweating, palpitations, headaches and abdomen 
pains (Eisenhofer et al., 2022). Around 0.5–1.7% of pedi-
atric hypertension is the implication of the PPGL (Ross 
et al., 2000; Yen & Lodish, 2021; Barontini et al., 2006). 
50-80% of the tumors present in the pediatric popula-
tion are showing the germline mutations in the known 
genes, including VHL, RET, SDHx, MAX, NF1, HIF2 
presenting the phenotype characteristic for various fa-
milial syndromes (Park et al., 2021; Shah et al., 2021; De 
Tersant et al., 2020). Due to the high incidence of the 
mutations in pediatric PPGL population, the tumors 
tend to be more aggressive and metastatic, which should 
lead to the complex evaluation of diagnosis, treatment 
and lifetime surveillance (Shah et al., 2021).

CLINICAL IMAGE

The clinical image of pheochromocytoma and para-
ganglioma depends predominantly on the catecholamine 
secretion. As the tumors present in the pediatric popula-
tion are highly related to the germline mutations, lead-
ing to the metastatic, multifocal and aggressive disease, 
the majority of the pediatric patients – 90% show the 
symptoms of the illness (Kuo et al., 2022). The most 
common symptom is the sustained hypertension, which, 
in rare and severe cases can lead to the encephalopathy, 
cardiomyopathy, hypertensive crisis and cardiac failure 
(Edmonds et al., 2011; Armstrong et al., 2008). The par-
oxysmal hypertension is less frequent in children com-
paring to adults (Kuo et al., 2022; Jain et al., 2020; Ed-
monds et al., 2011; Ben-Skowronek & Kozaczuk, 2015). 
It is reported that there is no direct correlation between 
the catecholamine level and the severity of hypertension 
(Havekes et al., 2009; Bravo & Tagle, 2003). The triad of 
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symptoms typical for the pediatric population includes: 
palpitations (53%), excessive sweating and headaches 
(39–95%) (Jain et al., 2020; Kuo et al., 2022). Other fre-
quently and less commonly occurring symptoms of the 
tumor presence include the disturbances in vision, diar-
rhea, orthostatic hypotension, nausea, flushing, pallor, 
behavioral and psychiatric changes. The tumor can also 
be found incidentally in the radiological work-up or due 
to the mass-related symptoms e.g abdomen pain, back 
pain, loss of weight and constipation (Jain et al., 2020; 
Edmonds et al., 2011). Pheochromocytoma and Para-
ganglioma can be present in various familial syndrome 
including Von Hippel-Lindau syndrome, Multiple En-
docrine Neoplasia type 2 syndrome, Neurofibromatosis 
type 1 syndrome and Familial Paraganglioma syndrome, 
so that once the syndrome is diagnosed or suspected, 
the patient should be under the specialistic care for tu-
mor evaluation (Edmonds et al., 2011; Fargette et al., 
2023). The VHL syndrome is characteristic for the oc-
currence of various tumors, in pediatric population espe-
cially PPGLs and hemangioblastomas which can remain 
silent until presence of serious symptoms as a result of 
a tumor mass pressure on organs (Rednam et al., 2017; 
Ben-Skowronek & Kozaczuk, 2015). In neurofibromato-
sis, the clinical image develops with children’s age and 
the most common features include cafe-au-lait spots, 
freckles of auxiliary and inguinal regions, plexiform neu-
rofibromas and gliomas of optic nerves, pheochromocy-
toma occurs rarely, nonetheless the patients should be 
under observation (Edmonds et al., 2011; Miller et al., 
2019). Familial Paraganglioma syndrome is the result of 
the SDHx pathogenic variants, according to Chetty et al. 
it is reported that patients with SDHA pathogenic vari-
ants do not develop paragangliomas (Chetty et al., 2010), 
however Nölting and others proves that paragangliomas 
can be present in this pathogenic variant (Nolting S et 
al., 2022; Bausch B et al., 2014). In SDHB pathogenic 
variants the tumors are solitary, in various localizations 
including abdomen, pelvis, retroperitoneum; less com-
mon in mediastinum and head/neck, and they tend to 
metastasize. Up to 70% of patients with SDHB muta-
tions can show metastases. Most commonly metastases 
can be found in bones, lymph nodes, liver and lungs 
(Kuo et al., 2022). SDHD and SDHC pathogenic variants 
carriers show incidence in presence of tumors in the 
head and neck localization, but SDHD pathogenic vari-
ant carriers can show multiple tumor presence, whereas 
SDHC carriers solitary tumor (Chetty et al., 2010). The 
patients with head and neck paragangliomas are mostly 
asymptomatic, while tumors in other localization show 
typical symptoms (Işik et al. 2006). Multiple Endocrine 
Neoplasia type 2 syndrome is divided in type 2A and 
type 2B. Type A is associated with C-cell hyperplasia or 
medullary thyroid cancer, phechromocytoma and hyper-
parathyroidism, while type B is associated with higher 
prevalence of C-cell hyperplasia or medullary thyroid 
cancer than type A, pheochromocytoma, mucosal neu-
romas and marfanoid habitus (Van Treijen et al., 2022).

BIOCHEMICAL TESTING

As the pheochromocytomas and paragangliomas can 
secrete catecholamines and their metabolites eg. meth-
anephrines and normethanephrines, the laboratory 
24-hours urine or plasma collection need to be undertak-
en to evaluate the diagnosis. Before the beginning of the 
laboratory tests, the patient should be prepared for the 
sample taking, which means going off the drugs and di-

etary products that would impact the catecholamine pro-
duction or that would influence the methods of its de-
tection. The products that must be avoided are bananas, 
cheese, nuts, tomatoes, alcohol, disulfiram, metronida-
zole, paracetamol, amoxicillin, methenamine, urapidil, L-
dopa and others (Corcuff et al., 2017; Shah et al., 2021). 
As well the stress should be avoided before the sample 
taking and the blood tests should be undertaken while 
patient is laying as it is reported that sitting position can 
alter the level of blood metanephrines (Lenders & Eisen-
hofer, 2017; Seamon & Yamaguchi, 2021). It is reported 
that measurements taken from the plasma samples show 
higher sensitivity than from the urine collection (Lend-
ers & Eisenhofer, 2017). The results of plasma level me-
tanephrines 2 times more than the upper normal limit is 
considered to result in PPGL diagnosis (Lenders & Ei-
senhofer, 2017, Eisenhofer et al., 2023). Shah MH et al. 
consider the diagnosis while the metanephrines level is 
3 times upper than the cut-off value (Shah et al. 2021). 
The SDHB pathogenic variant carriers can show lack 
of elevation of catecholamines, while increased level of 
3-metoxythyramine can be useful to assess the metastatic 
disease (Lenders & Eisenhofer, 2017).

GENETICS

Owing to germline mutation in one of the subsequent 
susceptibility genes: VHL, SDHx, RET, and NFI, pedi-
atric PPGLs are frequently found to possess a genetic 
cause. Genes encoding for pseudohypoxia in cluster 1 
are organized to cluster 1A with TCA-cycle genes, along 
with the SDHx genes, and cluster 1B associated with hy-
poxia signaling, primarily VHL and EPAS1. Cluster 2 is 
where the other two crucial genetic causes of pediatric 
PPGL, RET and NFI associated with kinase signaling 
are located (Crona et al. 2017; Nolting et al., 2022). Ge-
netic abnormalities undermining PPGL are all inherited 
in autosomal dominant patterns, but with the risk of in-
creased PPGL susceptibility in case of paternal inherit-
ance as a result of pathogenic variants of SDHD (includ-
ing SDHAF2 and MAX). Nevertheless, identification of 
SDHD variants inherited from the mother is implicated 
for screening of the relatives and further generations. Al-
though genealogical records of PPGL are often present 
in pediatric patients with PPGL, the lack of genealogi-
cal record should not restrain clinicians from referring 
for genetic counseling and testing, as the feasibility of de 
novo mutations must be contemplated. With no excep-
tion, genetic counseling and evaluation are encouraged in 
all patients with PPGL.

Succinate Dehydrogenase Subunit Defects (SDHD)

PPGLs were reported to harbor mutations in four 
subunits of SDHD and assembly factor gene SDHAF2. 
Mutations in SDHB on chromosome 1p36.13 were 
proved to be responsible for metastatic PPGL. In the 
study of King and others 71.9% patients who were 
younger than 20 years had a germline mutation in SDHB 
(King et al, 2011). The risk of a metastatic disease for 
SDHB carriers with PPGL is noted about 31–70% (Ri-
jken et al., 2018). Other authors reported that 70% chil-
dren with PPGL had metastases at a median age of 16. 
SDHC on chromosome 1q23.3 and SDHA on chromo-
some 5p15.33 are less common in PPGLs with a per-
centage of 8.3 and 1.7, respectively (Benn et al., 2018). 
Nonetheless, the metastatic risk is higher in SDHA in 
30–60% but in SDHC it is very low (Nolting et al., 2022; 
Bausch et al., 2014). SDHC and SDHD are present in 
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head and neck PGLs (Read et al., 2021). In accordance 
with the international guidelines for PPGLs in asymp-
tomatic SDHA, SDHB, SDHC and paternally-inherited 
SDHD variants screening should be conducted (Amar et 
al., 2021). Pediatric patients with SDHB carriers screen-
ing is worth doing at the age of 6–10 years old and at 
10–15 years old in cases of other mutations. The tumor 
size plays an essential role in the prognosis. Patients with 
tumor’s diameter less than 5 cm developed metastases 
within 7 years post the primary treatment, while pa-
tients with larger tumors show metastatic spread within 
2 years. (Jochmanova et al., 2020). It has been reported 
that mutations in SDHD on chromosome 11q23.1 show 
higher penetrance than in SDHB and autosomal domi-
nant inheritance pattern is modified by maternal imprint-
ing, hence the disease is frequently inherited from the 
paternal allele (Bayley et al., 2020).

Von Hippel-Lindau Syndrome (VHL)

VHL syndrome is a consequence of pathogenic vari-
ants in VHL located on chromosome 3p25.3. Owing to 
the loss of tumor suppressor gene function that encod-
ed for an E3 ubiquitin ligase decaying HIF-2a. VHL, a 
cluster 1B gene, is linked to noradrenergic biochemical 
phenotype. About 10-25% individuals with VHL develop 
PPC, with sympathetic and parasympathetic PGLs oc-
curring less commonly, bearing metastatic risk of 5–8%. 
It has been proved that VHL is the cause of PGLs in 
children and it develops at the age of 11–12. Every fifth 
patients will possess de novo mutation. What is worth no-
ticing is that the rate of de novo mutation has been found 
to be significantly higher in PPGL patients representing 
an overall rate of 60% and 50% for the pediatric group; 
the sample size was accredited by the researchers. (Cas-
con et al., 2013; Rednam et al., 2017). The earliest onset 
of PPGL occurs in patients between the age of 11–12 
on average.

EPAS1 Gain-of-Function Syndrome

Pacak Zhuang syndrome (PZS) characterized by poly-
cythemia, PPGL, and duodenal somatostatinoma is the 
noteworthy exception for the generally established rule 
of germline susceptibility; it was initially discerned in 
two female patients with congenital polycythemia and 
PGL in the adolescence. Post-zygotic somatic mutation 
in the gene encoding for the transcription factor HIF-2 
ALFA (the EPAS1 gene located on chromosome 2p21) 
can lead to PZS which is hardly ever related to germline 
inheritance (Zhuang et al., 2012; Lorenzo et al., 2013). 
PGLs were occurring repeatedly in all patients and al-
most 30% of them had metastatic disease, which was 
indicated in a study of 7 patients with PZS (Darr et al., 
2016). Hence, those cases are a profound driving factor 
in favor of somatic, as well as germline, genetic testing 
when patient tumor tissue is inaccessible. Not only may 
it provide information about the etiological factors, but 
also it may improve omnipresent understanding of re-
lated formidable clinical characteristics and risk of “mul-
tiplicity, recurrence, and malignancy”.

Neurofibromatosis Type 1

The undermining factor of neurofibromatosis type 1 
is mutation in the NF1 gene that encodes for neurofi-
bromin placed on chromosome 17q11.2. NF1, a tumor 
suppressor in cluster 2, inhibits the RAS-MAPK signal-
ing pathway. National Institutes of Health established 
the clinical diagnostic criteria for NF1 (Gutmann et al., 

2017). Interestingly, up to 50% patients with NF 1 arise 
de novo, which is why the absence of a family history 
should not preclude NF1 from the differential diagno-
sis in the presence of suggestive clinical findings. Phe-
ochromocytomas occur in patients with NF1 in 0.1 to 
5.7%, yet in 3.3 to 13% on autopsy (Plouin et al., 2001). 
Kepenekian and others (Kepenekian et al., 2016) identi-
fied pheochromocytoma in 7.7% adult patients with NF1 
presenting no symptoms. The adrenal disease presents 
most commonly unilaterally (in 78–84%), with bilateral 
disease reported in 9.6 to 16.6% of patients with pheo-
chromocytoma (Al-Sharefi et al., 2019). Metastatic PCC 
was mainly noted in adults in 11.5% (Jiang et al., 2020). 
Fortunately PPGL in children with NF1 is less frequent 
(1–3%) (Pamporaki et al., 2017).

Multiple Endocrine Neoplasia Type 2 (MEN-2)

MEN-2A is associated with pheochromocytoma in 
57% and other diseases such as medullary thyroid can-
cer or hyperparathyroidism. MEN-2B is only in 5% of 
MEN-2 and is linked to pheochromocytoma in 50% and 
aggressive medullary thyroid cancer, mucosal neuromas 
and a marfanoid habitus (Moriaitis et al., 2014). The risk 
of metastases in pheochromocytoma is less than 5% 
(Nolting et al., 2022).

RADIOLOGICAL AND NUCLEAR DIAGNOSTIC WORK UP

Computed Tomography (CT) and Magnetic Resonance

Although the computer tomography is an easily ac-
cessible diagnostic method, with no specific prepara-
tion needed before the examination and short time of 
the imaging test, it is not considered as the best diag-
nostic method for children’s PPGL tumors detection, as 
it leads to the radiation absorption. In children, MR is 
preferred for the initial diagnostic pathway as it is a safer 
method. Both methods are good in imaging tumors, in-
cluding incidentalomas and differentiating them between 
benign tumors like adenoma or PPGLs (Carrasquillo et 
al., 2021). Adenomas on CT show the attenuation value 
of around 10 HU, while pheochromocytomas around 
50–60 HU (Carrasquillo et al., 2021; Fsrrugia et al. 2019). 
The MR examination is important, as it can show the 
vascularization of the big tumors which is necessary to 
be determined before further evaluation (Farrugia & 
Charalampopoulos, 2019). Nevertheless, Havekes et al. 
report that as much as MR sensitivity is high for tumor 
detection, its specificity for the PPGLs is not enough 
and further nuclear imaging is recommended (Havekes 
et al., 2009).

Somatostatin receptor-based PET/CT

68GA-DOTATATE (68Ga-DOTA(0)-Tyr(3)-octreotate)

A radiotracer composed of hormone peptide and 
68Ga positron emitter, targeting the somatostatin recep-
tors. It has a 68-minutes half-life period and can accu-
mulate in every tissue providing the entire body scan. It 
is used in PPGL/PCC detection due to the high level 
of somatostatin receptors expression in PCC/PPGL 
(Rees et al., 2023; Jaiswal et al., 2021).The substance can 
be easily administered to the patient as no preparation is 
needed before the examination (unless the anesthesia in 
pediatric population is necessary, then 6 hours prior to 
examination food/fluids uptake is forbidden) (Rees et al., 
2023). It is used in paraganglioma diagnostic work up in 
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adult population as it is reported that patients with spo-
radic and SDHx-related paraganglioma indicate higher 
number of lesions found by Ga-DOTATATE PET CT 
compared to F-FDG PET CT and CECT/MRI (Jaiswal 
et al., 2021; Jha et al., 2018). Jaiswal and others report-
ed that it has a better sensitivity for both primary and 
metastatic lesions, as well as for VHL-associated lesions 
not detected by CECT in pediatric population (Jaiswal 
et al., 2021). Also it has a higher susceptability for head 
and neck paragangliomas, which are difficult to be found 
as they are not biochemically active (Carrasquillo et al., 
2021; Yen & Lodish, 2021). 68GA-DOTATATE is a 
tracer of choice in any situation stated above (Janssen et 
al., 2016).

CU-DOTATATE

Another target for somatostatin receptors, with a 
higher half-life period and similar sensitivity to 68GA-
DOTATATE, however not yet approved in the paedi-
atric population (Rees et al., 2023; Yen & Lodish, 2021).

18FDG PET/CT (18fluorodeoxyglucose)

Before the diagnostic work up patient should not be 
given glucose or any fluid containing glucose intrave-
nously for 6 hours prior to the examination, no food 
should be administered orally as it interferes with the ra-
diotracer and can lead to false positive results (Rees et 
al., 2023). The F-FDG is better in detecting metastatic 
PCC/PGGL than MIBG, but has a lower sensitivity 
than 68GA-DOTATATE, for benign tumors its sensitiv-
ity is similar/lower than MIBG (Carrasquillo et al., 2021; 
Jaiswal et al., 2021). 18FDG PET/CT has a higher detec-
tion for the tumors with SDHx pathogenic variant com-
paring to the SDHx negative tumors, however still lower 
than 68GA-DOTATATE (Carrasquillo et al., 2021).

131/123 I-MIBG 

A guanethidine analog, the compound is structurally 
similar to norepinephrine, binds with norepinephrine 
transporters and accumulates in adrenergic tissues (Car-
rasquillo et al., 2021; Rufini et al., 2008). Prior to the ex-
amination, the uptake of potassium iodate is mandatory 
for thyroid blockade, also interfering medications includ-
ing anti-arrhtyhmics, beta-, adrenergic-, calcium-blockers, 
vasoconstrictors and others should be gone off before 
the diagnostic work up (Rees et al., 2023; Jacobson & 
Travin, 2015). The I-MIBG has a significantly high de-
tection rate for non metastatic PPC/PPGL, the overall 
rate is higher for pheochromocytoma rather than para-
ganglioma. The detection of tumors with SDHx patho-
genic variant is low, in general the rate of hereditary 
tumors discovery is low by I-MIBG (Carrasquillo et al., 
2021).

F-DOPA (6-18F-fluoro-L-3,4-dihydroxyphenylalanine) 

The amino acid radio tracer which was predomi-
nantly and historically used to diagnose parkinsonian’s 
syndromes as it evaluates the dopamine synthesis (Car-
rasquillo et al., 2021; Darcourt et al., 2014). No prepa-
ration is needed before the tracer administration as no 
drugs have been claimed to disturb the radioimaging 
with F-DOPA (Carrasquillo et al., 2021). The tracer 
has a high detection rate for benign PCC/PGGL and 
metastatic pheochromocytoma, though sensitivity for 
metastatic paraganglioma is low, 68GA-DOTATATE 
outperforms F-DOPA in the general detection rate of 
PCC/PGGL(Carrasquillo et al., 2021). It is reported that 

MYC-associated factor X (MAX) pheochromocytomas 
show high level of F-DOPA uptake and should be con-
sidered a tracer of choice in those particular cases (Taïeb 
et al., 2018).

TREATMENT

Before the surgery is performed the crucial role plays 
the cooperation of the endocrinologist, oncologist, sur-
geon, cardiologist and anasthesiologist. The surgical re-
section is the mainstay of the treatment of patient with 
diagnosed PPGL. The type of surgery (laparoscopy vs 
open access) depends on the indivudual assesment of 
patient including tumor loclization, age of the patient 
and clinical stage of the disease. Before the surgery is 
performed the patient needs the hypertension evaluation 
e.g normalizing blood pressure, heart rate and prevent-
ing patient from excess of catecholamine secretion. Two- 
three weeks before surgery antihypertensive drug such as 
non-selective (phenoxybenzamine) α-antagnoist should 
be administered, if this treatment is insufficient the cal-
cium antagonists can be used as the additional drugs. It 
is imporatant for the patient to be well hydrated. In case 
of tachycardia, after the α-blocker administration, the 
cardioselective β-blocker is recommended (Fang et al., 
2020). The preparation for surgery in pediatric patients 
takes about longer as a result of lower starting dose of 
medications to avoid complications and increased sym-
pathetic activity in children than in adults (Amrish et al., 
2020). Laparoscopic excision is recommended, however 
the surgery type depends of the anasthesiological asses-
ment before and during surgery. Open laparotomy is 
reserved for the patients with huge tumors orr difficult 
to approach paragangliomas. During surgeries there is 
a huge risk of hypertensive crisis, myocardial ischemia, 
stroke, etc. (Schutler et al., 1995). Previously the mortal-
ity risk was high, nowadays it is reduced to less than 2% 
(Ploutin et al., 2001).

It was proved that about 70–80% of patients with 
PPGL have a germline or somatic mutation, so genetic 
testing ought to be performed in each patient with that 
diagnosis to guide their management and improve their 
clinical outcome (Jiang et al., 2020; Ochmanova et al., 
2018). According to the literature germline mutations 
are known in 30–35% of patients and somatic mutations 
were found in 50% of patients (Jhwar et al., 2022). While 
treating patients with PPGL, the metastatic disease is still 
a challenge and there is no way to completely cure the 
disease. It is documented that about 10% to 15% of all 
patients with pheochromocytoma and 35–40% with par-
aganglioma, develop metastases (Eisenhofer et al., 2012; 
Patel et al., 2020). Metastasizing depends on the type 
of the pathogenic variant. In patients with SDHB and 
SDHA-mutant PPGL, there is a high risk of metastases, 
about 75% (Bechmann et al., 2020; Crona et al., 2019). 
On the other hand, cluster 2 pathogenic variants disrupt 
the kinase signaling pathway and lead to their overactiva-
tion (RET, BRAF, NF1, HRAS, MAX, NGFR) and are 
associated with low metastatic risk of 3–10% (Bechmann 
et al., 2020, Kumar et al., 2021). Cluster 3 pathogenic var-
iants affect the Wnt signaling pathway (MAML3, CSDE 
1) and are rare but very aggressive with poor prognosis. 
Overall 5-year mortality rates is 37% but 10-year mortal-
ity rate is 29% (Alzofin et al., 2021; Nolting et al., 2022).

In this situation, novel therapeutic approaches are 
needed (Nolting et al., 2022; Nolting et al., 2019). Lately 
a lot of genetically guided therapies were investigated 
and used some molecular treatment in patients with met-
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astatic PPGls. (Wang et al., 2022; Lee et al., 2018; Mak et 
al., 2019).

CONCLUSION

Pheochromocytoma and paraganglioma in pediatric 
patients are rare, but should always be considered with 
tumor mass detected or when typical symptoms such 
as hypertension, palpitations, sweating or headaches are 
happening. Genetic testing should be performed in every 
patient with this diagnosis, as it helps in the initial diag-
nostic pathway, targeted treatment, prognosis of the dis-
ease and follow up for early detection of recurrence of 
the disease. The main treatment is the radical excision of 
the tumor.

Patients with a hormonally active tumor are at risk of 
complications such as internal instabilities and pressure 
fluctuations. Long follow-up of a patient with PPGL is 
essential to avoid recurrence. It is important to moni-
tor blood pressure and the level of catecholamines in 
the urine collection as well as radiological imaging tests 
in case of clinical symptoms or catecholamine increase. 
For patients with certain mutations (SDHD and VHL) 
where there is a risk of recurrence, there is a need for 
frequent and long-term monitoring.
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Onco-nephrology is a new field of medicine which com-
bines many aspects of kidney injury in cancer patients 
and cancers in patients with kidney disease. This connec-
tion takes many forms and includes drug-induced neph-
rotoxicity, electrolyte disorders, numerous paraneoplas-
tic syndromes and an increased rate cancers in dialysis 
and transplanted patients. The appropriate laboratory 
assessment of the kidney function allows to optimize 
chemotherapy and thus minimizes the risk of complica-
tions. This article focuses on acute kidney injury (AKI), 
chronic kidney disease (CKD), various electrolyte and 
acid-base disorders, the most common cancers after kid-
ney transplantation and the kidney disorders associated 
with HSCT (hematopoietic stem cell transplantation). The 
possibility of the application of novel cancer therapy, 
such as cancer immunotherapy and proton therapy in 
transplant recipients was also discussed.

Key words: onco-nephrology, cancer, kidney disease, transplanta-
tion, HCT, therapy
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Abbreviations: ACKD, acquired cystic kidney disease; ADPKD, au-
tosomal dominant polycystic kidney disease; AKD, Acute kidney 
disease; AKI, acute kidney injury; AML, acute myeloid leukaemia; 
ANP, atrial natriuretic peptide; BC, bladder cancer; BCC, basal cell 
carcinoma; BSA, body surface area; CKD, chronic kidney disease; 
CNI, calcineurin inhibitors; CTLA4, cytotoxic T-lymphocyte-associ-
ated protein 4; EFS, event-free survival; eGFR, estimated glomeru-
lar filtration rate; ESKD, end-stage kidney disease; FGFR, fibroblast 
growth factor -23 receptor; FSGS, focal segmental glomeruloscle-
rosis; GvHD, graft versus host disease; HCT, hematopoietic cell 
transplantation; HCT-CI, specific comorbidity index; HD, hemo-
dialysis; HSCT, hematopoietic stem cell transplantation ; ICIs, im-
mune checkpoint inhibitors; irAEs, immune-related adverse events; 
KDIGO, Kidney Disease Improving Global Outcomes; KTx, kidney 
transplantation; MCC, Merkel cell carcinoma; MDRD, Modification 
of Diet in Renal Disease; MM, malignant melanoma ; mTOR, mam-
malian target of rapamycin kinase; PC, prostate cancer; PD-1, pro-
grammed cell death-1; RCC, renal cell carcinoma; RT, radiotherapy; 
SCC, squamous cell carcinoma; SCLC, small-cell lung cancer; SIADH, 

inappropriate secretion of antidiuretic hormone; SOTR, solid organ 
transplant recipients; TA-TMA, transplant-associated thrombotic mi-
croangiopathy; TBI, total body irradiation; TNF, tumor necrosis fac-
tor; UTIs, Urinary tract infections; VEGF, vascular endothelial growth 
factor

INTRODUCTION

There are complex relationships between kidneys and 
cancer. Many crucial points could be underlined by factors 
such as acute kidney injury and chronic kidney disease in a 
cancer patient, the renal effects of anticancer therapy, ad-
verse effects of the tumor itself, management of patients 
after nephrectomy due to kidney cancer, cancer treatment 
on dialysis and after kidney transplantation (KT). Another 
very important issue is oncological treatment in other than 
kidney solid organ transplant recipients (SOTR) and in he-
matopoietic cell transplantation (HCT).

A multidisciplinary onco-nephrology team, including 
not only oncologist and nephrologist, but also other health 
professionals is crucial to providing care to the aforemen-
tioned groups of patients (Cosmai et al., 2016). This was 
the reason for the creation of a new field of medicine – 
called onco-nephrology (Bączkowska et al., 2019)

In this paper, we discussed acute and chronic kidney 
disease in SOTRs with cancer as well as nephrotoxicity as-
sociated with existing and novel cancer therapy. We also 
focused on the most common cancers in SOTRs such as 
skin cancer and urinary tract cancer. An additional part is 
dedicated to kidney disease in HCT recipients.

Adequate assessment of kidney function allows for 
selecting the optimal anticancer therapy in terms of the 
type of drug and its dose (Malyszko et al., 2020a). Treat-
ment efficacy and outcomes, as well as survival, could be 
affected by both the overestimation and underestimation 
of renal function.

Patients with impaired renal function are at a higher 
risk of developing adverse events and toxicities to an 
anti-cancer drug. The use of some drugs in patients with 
renal failure can lead more often to myelotoxicity, hepa-
totoxicity, and life-threatening electrolyte disorders (e.g., 
cisplatin, cyclophosphamide, vinblastine, and vincristine). 
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An equally important issue is the use of new groups of 
anticancer drugs in patients with kidney damage and kid-
ney transplanted patients (Małyszko et al., 2016; Sprang-
ers et al., 2021). In recent years, novel therapies, includ-
ing immunotherapy with immune checkpoint inhibitors 
(ICIs) and proton therapy, have revolutionized cancer 
treatment and are becoming a new standard of care for 
many tumor types. Nephrological problems more and 
more often also affect patients undergoing stem cell 
transplantation (Kępska-Dzilińska et al., 2022). Kidney 
damage/deterioration is often found in these patients 
due to the extension of the eligibility criteria for this 
procedure and its use in older patients and/or with ad-
ditional chronic diseases. Kidney injury after high-dose 
chemotherapy might be due to the direct effect of cy-
totoxic agents or indirect complications caused by cyto-
toxic agents such as mucositis and diarrhea, infections, 
or veno-occlusive disease. On the other hand, HCT is 
increasingly used in patients with renal failure, including 
end-stage renal disease undergoing dialysis due to multi-
ple myeloma. The different HCT protocols are required 
in patients with normal renal function, mild impaired 
renal function, and dialysis-dependent patients, which is 
discussed in this article.

Kidney transplantation is the best method of renal re-
placement therapy, it prolongs the patient’s life by de-
cades but the price is much higher than in the general 
population - the risk of cancer. Cancer is listed as the 
second, after cardiovascular diseases, cause of death in 
patients after KT and also causes death in many other 
SOTRs (Serkies et al., 2022). Treatment of these patients 
is very complex due to immunosuppression and requires 
the cooperation of specialists in many fields depending 
on the transplanted organ and type of neoplastic disease. 
Skin cancers are the most common tumors in SOTRs. 
The most prevalent are squamous cell carcinoma (SCC), 
basal cell carcinoma (BCC), malignant melanoma (MM), 
and Merkel cell carcinoma (MCC) (Mittal & Colegio, 
2017). Appropriate prophylaxis allows for a considerable 
reduction of the risk of skin cancer, while regular derma-
tological examination allows for a diagnosis in the early 
phase of the disease and improves the prognosis. The 
second most common are cancers of the urinary tract, 
including the transplanted kidney (Bellini et al., 2022). As 
these neoplasms occur more often in older age, their de-
tection is growing with time, with the number of recip-
ients followed up. In the case of urinary tract cancers, 
surgery is recommended. The possibilities and limitations 
of urological management are presented in our article.

The presented paper summarizes the key information 
provided in lectures delivered during the 2nd Scientific 

and Training Conference “Nephro-oncology” in Gdańsk, 
Poland, on October 2–3, 2020. It is also updated using 
crucial management issues in nephrology relevant to pa-
tients with malignancy, published by KDIGO (Kidney 
Disease: Improving Global Outcomes) and the current 
status on malignancies in adult kidney transplant can-
didates and recipients published most recently in NDT 
(Porta et al., 2020; Małyszko et al., 2020a; Serkies et al., 
2022).

KIDNEY INJURY IN CANCER

Acute and chronic kidney disease definition and 
classification

The term Acute kidney disease (AKD) was introduced 
recently to incorporate both acute kidney diseases and 
disorders. The definition of AKD includes abnormali-
ties of kidney function and/or structure with implica-
tions for health lasting ≤3 months. AKD may include 
AKI (acute kidney injury), but, more importantly, also 
other abnormalities in kidney function that are not as se-
vere as AKI or that develop over a period of >7 days 
(Table 1) (Lameire et al., 2021; Levey et al., 2022). The 
cause(s) of AKD should be sought, and classification 
includes functional and structural parameters. Minimal 
dataset for evaluation: history and examination includ-
ing; past medical history, drug history (in cancer patients 
particularly important), infectious diseases, full physical 
examination including blood pressure, assessment of vol-
ume, serum creatinine and eGFR (estimated glomerular 
filtration rate), urea and electrolytes, full blood count, 
urinary dipstick (qualitative albuminuria/proteinuria), and 
ultrasound. Management of AKD is currently based on 
empirical considerations.

Kidney function assessment in oncology

It has been learnt that renal function in patients with 
malignancy should be estimated to profile the survival 
risk, assess the appropriate dose of antineoplastic drugs 
and define the eligibility of these patients for clinical tri-
als with novel therapies (Porta et al., 2020). The prob-
lem of drug dosing in oncology was described in detail 
in two recent reviews (Sprangers et al., 2021; Malyszko 
et al., 2020a). Treatment efficacy and outcomes as well 
as survival could be affected by both overestimation 
and underestimation of renal function. Overestimation 
of renal function may result in overdose or inappropri-
ate choice of anticancer drugs with their serious adverse 

Table 1. Functional and structural criteria for kidney diseases and disorders.

AKI AKD CKD

Duration Within 7 days <3 months >3months

Functional criteria increase Scr by >50% within 7 days
or
increase SCr by >0,3mg/dL (26.5µmol/L) 
within 2 days
or
oliguria for >4 hours

AKI
or
GFR<60
mL/min/1.73m2
or
decrease GFR by >35% vs baseline or
increase SCr o >50% w vs baseline

GFR <60 ml/min/1.73m2

And/or And/or And/or

Structural criteria Not defined Markers of kidney damage (albumi-
nuria, hematuria, or pyuria are most 
common)

Markers of kidney damage 
(albuminuria is most com-
mon)

Abbreviations: AKD, acute kidney disease; AKI, acute kidney injury; CKD, chronic kidney disease; GFR, glomerular filtration rate; SCr, serum creati-
nine.

1048



Vol. 70 						      349Clinical and biochemical aspects of kidney disease and cancer

events. On the other hand, underestimation of renal 
function may cause underdosing or exclusion/withdrawal 
of an anticancer agent leading to worse outcomes/sub-
sequent treatment failure. The majority of patients with 
malignancies are treated with several anticancer drugs 
with renal clearance. Therefore, patients with impaired 
renal function are at higher risk for developing adverse 
events and toxicities to these therapeutic protocols. Re-
cently introduced immune checkpoint inhibitors (e.g., 
ipilimumab, nivolumab, and pembrolizumab) may cause 
acute interstitial nephritis and podocytopathy. Moreover, 
anti-VEGF (vascular endothelial growth factor) drugs 
may cause microvascular injury and DITMA (drug-in-
duced thrombotic microangiopathy) or various glomer-
ulopathies, in particular, minimal change disease and/or 
collapsing-like FSGS (focal segmental glomerulosclero-
sis). Therefore, in patients with malignancy, an accurate 
assessment of kidney function i.e. GFR is critical. To 
date, creatinine is a nearly ideal filtration marker, despite 
some limitations. Therefore, several formulae assessing 
GFR were introduced in healthy subjects as well as in 
patients with chronic kidney disease, however, the use 
of these formulae in cancer patients is not established. 
Sarcopenia is a common finding in patients with ad-
vanced malignancy prior therapy, in addition, it develops 
or worsens during anticancer therapy in the vast majority 
of patients. As creatinine is produced by muscles, in pa-
tients with reduced muscle mass creatinine-based formu-
lae are not appropriate with potentially negative conse-
quences. Recently, Janowitz and others performed an ex-
tensive study and showed that the BSA-adjusted CKD-
EPI formula appeared to be the most accurate and least 
biased GFR estimate of those currently used in oncology 
patients when compared with 51Cr-EDTA (Janowitz et al., 
2017). Calculation of GFR based on the Janowitz formu-
la is available online at http://tavarelab.cruk.cam.ac.uk/
JanowitzWilliamsGFR/. It appears that the Janowitz for-
mula is the best option for creatinine-based equations in 
cancer patients. In everyday clinical oncology practice, 
adjustment of drug dosage is generally based on eGFR. 
However, The US FDA promotes the usage of Cock-
croft-Gault or the MDRD formulae for drug dosage pre-
scriptions (Malyszko et al., 2020a). Despite the fact, that 
either Janowitz or CKD-EPI formula estimates GFR 
more precisely, the drug manufactures still refer drug 
dosage to other eGFR formulae. Therefore, we need to 
take into account these eGFR formulae when adjust-
ing the drug dose. Kidney function, besides changes in 
glomerular filtration rate/serum creatinine, also encom-
passes tubular dysfunction and vascular disorders, more 
studies including urinalysis and imaging studies such as 
computed tomography, magnetic resonance imaging, etc 
are to be considered prior to taking therapeutic decisions 
(Malyszko et al., 2020a).

Evaluation of renal function in AKI is another chal-
lenge for nephro-oncologists, as AKI is common in 
cancer patients either due to malignancy or its therapy. 
It is of utmost importance as AKI represent a dynamic 
state with a fast fall in GFR whereas CKD is a relatively 
stable state and GFR formulae were developed in stable 
CKD patients. Therefore, in AKI, estimation of eGFR 
based on creatinine may lead to serious errors. More-
over, as kidney injury originates in tubules, significant 
tubulopathy may not result in significant rise in serum 
creatinine concentration and changes in creatinine/GFR 
represent relatively late changes. Taking into account 
these limitations, there is a search for serum and urinary 
markers. Several biomarkers such as neutrophil gelati-
nase–associated lipocalin, proinflammatory cytokines (in-

terleukin-6 and interleukin-8), kidney injury molecule-1, 
netrin, semaphorin, etc and some others were assessed 
(Malyszko et al., 2020a). However, no data are available 
on their application in cancer patients. Serum uric acid 
might reflect a convenient and simple measure of kidney 
function. Recently, fasting urine osmolarity has been pro-
posed as a simple measure of tubular function (Malyszko 
et al., 2020a). In the setting of known tubular damage, 
impaired urine concentration ability precedes a decline in 
GFR Thus, fasting urine osmolarity determination may 
be a simple and inexpensive tool to assess renal function 
and could be done at the bedside.

As kidney function assessment and the problem of 
the narrow therapeutic range of anticancer drugs is cri-
cial, we should look for the appropriate methods used 
to assess renal function to avoid either underdosing or 
overdosing leading to failure/relapse or toxicity, respec-
tively, both resulting in worse outcomes (Sprangers et al., 
2021).

Acute kidney injury in patients with cancer

Acute kidney injury is diagnosed frequently in patients 
with cancer (Porta et al., 2020). The incidence of AKI 
differs from 12 to more than 20% of these patients. It 
is significantly higher in patients with multiple myeloma 
(up to 50%) and those who were treated with cisplatin 
(20-30%) or were admitted to the Intensive Care Unit 
(more than 50%) (Salahudeen et al., 2013). Up to 70% of 
all AKI develop during the first week after admission to 
the cancer centre. Many patient-specific (age, comorbid-
ity especially diabetes mellitus, nephrotoxic chemothera-
py, etc.) and cancer-related risk factors (neutropenia, sep-
sis, haematological cancers, hypercalcemia, tumour lysis 
syndrome, and many others) may increase the risk of 
AKI in patients with cancer (Rosner & Perazella, 2019). 
In the pathogenesis of AKI in patients with cancer sev-
eral prerenal (extracellular fluid depletion, cardiac failure), 
intrarenal (glomerular or tubulointerstitial diseases, sep-
sis, thrombotic microangiopathy) or postrenal (obstruc-
tive uropathy) causes may play an important role. Many 
of these factors are present in patients with multiple 
myeloma; therefore, the incidence rate of AKI is high 
in these patients (Malyszko et al., 2020b). Chemotherapy 
plays a crucial role in the pathogenesis of AKI in can-
cer patients, which may affect each of the nephron seg-
ments (Małyszko et al., 2016). Mortality related to AKI 
in patients with cancer is high (25-30%) and up to 60% 
of these patients will develop end-stage kidney disease in 
the future, requiring renal replacement therapy (Salahu-
deen et al., 2013). Therefore all prophylactic maneuvers 
are very essential, including magnesium supplementation 
and the algorithms for the prevention of AKI after CT 
with contrast media frequently performed in patients 
with cancer (Cosmai et al., 2020).

Electrolyte disorders in cancer patients

Electrolyte disorders are very common conditions in 
cancer patients, and may significantly worsen the treat-
ment outcome. Malignancy-specific electrolyte disorders 
can lead to life-threatening complications, particularly 
in patients with AKI. Hyponatremia, hypokalemia, hy-
pomagnesemia, hypercalcemia and hyperphosphatemia 
can be disturbances directly related to the tumour or its 
treatment.

The Chinese population study revealed electrolytes 
and acid-base balance disturbances in 58% of 25,800 
cancer patients (Li et al., 2020). This proportion is signif-
icantly higher than in other reported patient populations, 
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such as elderly people (22%) or patients admitted to the 
emergency units (14%).

Hyponatremia

Hyponatremia is the most common electrolyte disor-
der in patients with cancer. The prevalence of hypona-
tremia ranges from approximately 4% to as high as 44% 
(Berardi et al., 2019). The most common disturbance 
directly related to malignancy is the inappropriate secre-
tion of antidiuretic hormone (SIADH) from cancer cells 
(paraneoplastic syndrome). It is most commonly seen 
in small-cell lung cancer (SCLC) and head/neck cancer 
because as many as 10% to 15% of patients are hypo-
natremic from the beginning of the disease. Additional-
ly, up to 70% of patients have significant elevations of 
plasma arginine vasopressin (AVP) (Rosner & Dalkin, 
2014). The drugs most often associated with SIADH are 
cyclophosphamide, cisplatin, vinblastine, and vincristine 
(Verzicco et al., 2020). For many patients with malignan-
cy-related SIADH, the hyponatremia can be refractory to 
therapy. Another possible mechanism of hyponatremia 
in SCLC is the nonphysiological release of atrial natri-
uretic peptide (ANP) (Berardi et al., 2019). Cisplatin can 
cause not only SIADH but also salt-losing nephropathy.

Hypokalemia

Hypokalemia is the second most common electrolyte 
disorder, with a prevalence of around 15% (Li et al., 
2020). The reasons for hypokalemia can be related to 
cancer and/or the used treatment. Cancer-specific causes 
include tumours that secrete ectopic adrenocorticotropin 
hormone (ACTH) such as SCLC, carcinoids, neuroendo-
crine tumours, or thyroid medullary carcinoma. These tu-
mours cause the typical symptoms of hypercortisolemia 
and stimulate renal potassium wasting by activating the 
mineralocorticoid pathway. Another cancer-specific etiol-
ogy for hypokalemia is possible in M4 and M5 subtypes 
of acute myeloid leukaemia (AML) (Milionis et al., 1999). 
These malignancies increase serum lysozyme and lysozy-
muria, which leads to tubular injury (Mason et al., 1975). 
Hypokalemia in these patients usually occurs together 
with other electrolyte and acid-base disorders (hypona-
tremia, hypokalemia, hypophosphatemia, hypomagnese-
mia and metabolic acidosis).

Chemotherapeutic agents (such as cisplatin, and ifosfa-
mide) may induce serum potassium derangements main-
ly by changing renal tubular transport. Platinum-derived 
agents can also induce hypokalemia due to renal potassi-
um wasting secondary to hypomagnesemia. In this case, 
potassium supplementation may fail until hypomagnese-
mia has been corrected. The incidence of cisplatin-relat-
ed hypokalemia is around 27%. The treatment for hy-
pokalemia often prevents the continuation of anticancer 
therapy with cisplatin, ifosfamide or/and cyclophospha-
mide.

Calcium and phosphate disturbances

The most common and relevant mineral disturbances 
in malignancies include hypercalcemia and hyperphos-
phatemia in the tumour lysis syndrome, and calcium and 
phosphate disturbances associated with the use of anti-
cancer drugs and tumor-induced osteomalacia.

The tumour lysis syndrome is a consequence of the 
massive and acute lysis of the cancer cells caused either 
by chemotherapy or, rarely, due to their spontaneous 
rupture (Belay et al., 2017). The lysis of the cancer cells 
leads to the release of large amounts of ions, including 
potassium and phosphate, that rapidly proliferating neo-

plastic cells are rich in. Tumour lysis syndrome is mainly 
diagnosed in hematologic malignancies and is uncom-
mon in solid tumours. The release of phosphate leads to 
secondary hypocalcemia that may cause muscle cramps 
and seizures. The most important measures in managing 
patients with a high risk of tumour lysis syndrome in-
clude intensive hydration and monitoring of the serum 
levels of phosphate and calcium. Only the patients with 
the highest risk are administered allopurinol for prophy-
laxis and recombinant enzyme rasburicase for the treat-
ment (Belay et al., 2017).

Many drugs used for chemotherapy may cause mineral 
disturbances. The pathomechanism of these disturbances 
may vary from the tumour cell lysis, acute tubular necro-
sis with a secondary tubulopathy resulting in an impaired 
urine electrolyte excretion, a direct interference of the 
drug with the tubular transport of water and electrolytes, 
to thrombotic microangiopathy and thrombosis (Verzic-
co et al., 2020).

The drugs that frequently cause mineral disturbances 
include cisplatin and carboplatin (hypocalcemia, hy-
pophosphatemia and hypomagnesemia), ifosfamide and 
bendamustine (hypophosphatemia), sorafenib, nilotinib 
and erlotinib (hypocalcemia), cetuximab, panitumumab 
and 5-fluorouracil (hypocalcemia), and anthracyclines 
(hypophosphatemia) (Verzicco et al., 2020).

The new promising class of antineoplastic drugs in-
cludes blockers of the fibroblast growth factor-23 re-
ceptor (FGFR). These drugs directly interfere with the 
mechanism of renal phosphate disposal and therefore 
hyperphosphatemia has been a major concern in clinical 
trials (Mahipal et al., 2020).

Tumour-induced osteomalacia is a rare paraneoplastic 
syndrome caused by increased production of the fibro-
blast growth factor-23 by tumour cells (Florenzano et 
al., 2021). It is mainly caused by slow-growing benign 
mesenchymal tumours and may manifest with muscle 
weakness, bone pain and bone fractures. The treatment 
of the condition includes the surgical removal of the tu-
mour, phosphate and vitamin D supplementation.

Other consequences of oncological therapy

Hypertension

Several classes of antineoplastic drugs have hy-
pertensinogenic properties (angiogenesis inhibitors, 
17α-hydroxylase CYP17 inhibitor - abiraterone, aro-
matase inhibitors – anastrozole and letrozole and cispl-
atin derivatives) (Essa et al., 2020). New onset hyperten-
sion or aggravation of pre-existing hypertension is pre-
dominantly found in patients treated with angiogenesis 
inhibitors like vascular endothelial growth factor (VEGF) 
inhibitors and tyrosine kinase inhibitors (Katsi et al., 
2019). Angiogenesis inhibitors exert their effect through 
inhibition of the VEGF signalling pathway. Inhibition of 
this pathway suppresses nitric oxide synthesis, leading to 
endothelial dysfunction and capillary rarefaction. VEGF 
signalling inhibitor-induced blood pressure increase ap-
pears to be mechanism-dependent on-target toxicity and 
has been suggested to be a positive biomarker of the 
clinical efficacy of these drugs. Results of several retro-
spective studies demonstrated that hypertension caused 
by angiogenesis inhibitors was associated with improved 
results of antineoplastic therapy (Liu et al., 2019).

In the absence of controlled trials, hypertension in on-
cology patients should be managed by utilising the same 
treatment guidelines as for the general population (Tini 
et al., 2019). The only specific recommendation is that 
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non-dihydropyridine calcium channel blockers, such as 
verapamil and diltiazem, should be avoided by patients 
treated with angiogenesis inhibitors. These antihyperten-
sive drugs inhibit cytochrome P450 3A4, leading to the 
potentially high, toxic plasma concentration of angiogen-
esis inhibitors (Rizzoni et al., 2017). It should be stressed 
that, in clinical practice, new onset hypertension or ag-
gravation of pre-existing hypertension due to antineo-
plastic therapy, should be treated preferably by initiation 
or intensification of antihypertensive therapy, but not by 
reduction of dose or by ceasing therapy with antineo-
plastic agents.

Urinary tract infections

Urinary tract infections (UTIs) represent a severe 
complication in immunocompromised-neoplastic pa-
tients. Predisposing factors include urinary tract obstruc-
tion, catheterisation (i.e. with Foley catheter most often), 
percutaneous nephrostomy (PCN), hemorrhagic cystitis 
(after chemo- or radiotherapy), neutropenia, bone mar-
row transplantation, neoplasms (especially of the urinary 
tract) after transplantation, history of recurrent UTIs 
and/or kidney stones with prolonged antibiotics treat-
ment, and autosomal dominant polycystic kidney disease 
(ADPKD). Enterococcus species are the leading cause 
of UTIs, especially in hospitalized patients, regardless 
of a cancer diagnosis. Despite the fact that their clinical 
manifestation is often mild, they can cause serious com-
plications such as bacteraemia or endocarditis. Limited 
therapeutic options for UTIs due to the emergence of 
multidrug-resistant enterococci, particularly vancomycin-
resistant E. faecium and E. faecalis, have become a glob-
al crisis over the last few years. It became a cause of 
higher patient mortality as well as increased worldwide 
healthcare costs (Giannakopoulos et al., 2019). Currently, 
there is an overall lack of consensus about the optimal 
approach to catheter-associated urinary tract infections 
(CAUTIs). One of the strategies is an evidence-based, 
nurse-driven protocol for discontinuing indwelling uri-
nary catheters (McCoy et al., 2017). To reduce the high 
rate of recurrent infections and the potential delay of 
further chemotherapy, when the result of the antimi-
crobial susceptibility test is available and the patient is 
under compatible antimicrobial therapy, clinicians should 
proceed with an immediate Foley catheter or PCN re-
placement (PCN ideally within the first 4 days of the in-
fection) (Szvalb et al., 2019).

On the other hand, the link between recurrent UTIs 
and cancer development has been studied for many 
years, but the results are inconclusive so far. Several of 
them reported an association between chronic UTIs and 
prostate or bladder cancer (Giannakopoulos et al.; An-
derson-Otunu & Akhtar, 2016). There are some prerog-
atives that ADPKD, besides ascending UTIs, cyst infec-
tions and haemorrhage, predispose to renal cell carcino-
ma, mainly in chronic dialysis patients.

Chronic kidney disease

According to registries and population studies, 
as many as 16–25% of cancer patients present with 
eGFR<60 ml/min (de Francisco et al., 2019). Consider-
ing that every fifth cancer patient developed CKD, the 
mutual relationship between malignancy and CKD seems 
obvious. It was demonstrated that in the Chinese pop-
ulation 32.4% of patients with newly diagnosed cancer 
exhibited CKD. In addition, renal function was inversely 
related to all-cause mortality. Moreover, eGFR below 60 
mL/min/1.73m2  was an independent predictor of mor-

tality relative to eGFR ≥60 mL/min/1.73 m2, and it was 
dependent upon the cancer site (Yang et al., 2016)

On the one hand, CKD progression and accumu-
lation of uremic toxins cause multiple quantitative and 
functional changes in the immune system, resulting in 
reduced malignancy surveillance and aberrant respons-
es to cancer (Corredor et al., 2020). On the other hand, 
cancer may induce CKD in numerous, largely unknown 
mechanisms. Circulating factors produced by the tumour 
cells may be suspected. For example, IL6 and TNF con-
centrations were reported to be significantly higher in 
cervical cancer patients than in the controls (Vitkauskaite 
et al., 2020). Also, other tumours including lung cancer 
and renal cell carcinoma were found to produce excess 
amounts of IL6. Another factor derived from the tu-
mour mass, and able to stimulate autoimmune reactions, 
is circulating free DNA (cfDNA). After release from 
cancer cells, the cfDNA circulates and can be detected 
in serum. Several types of cancer are currently diagnosed 
using specific cfDNA analysis. The potential of cfDNA 
to stimulate dendritic cells via toll-like receptor 9 could 
explain glomerular immune activation, inflammation 
and damage. Increased incidences of CKD, particularly, 
in the elderly, are of clinical importance and relevance. 
Many cancer drugs are cleared primarily by the kidneys 
as unchanged drugs or active metabolites. Therefore, 
any impairment in kidney function can potentially lead 
to alterations in pharmacokinetics, elevated blood levels 
of the drugs, and the increased toxicity discussed in the 
first parts of the paper (Janus et al., 2010)

THE MOST OFTEN CANCERS IN SOLID ORGAN 
TRANSPLANT RECIPIENTS

Skin cancers

Skin cancers are the most common tumours in 
SOTRs. The most often are squamous cell carcinoma 
(SCC), basal cell carcinoma (BCC), malignant melanoma 
(MM) and Merkel cell carcinoma (MCC) (Euvrard et al., 
2003; Mittal & Colegio, 2017) Common risk factors in-
clude: chronic exposure to ultraviolet (UV) radiation, 
HPV infection, pretransplant skin cancer, older age at 
transplantation, white race, male sex and immunosup-
pression (being those with a higher risk azathioprine and 
cyclosporine) (Al-Adra et al., 2022). The mean interval 
between transplantation and skin tumour diagnosis is 3 
to 5 years (Euvrard et al., 2003). Skin tumours in SOTRs 
are also more likely to be multiple and more aggressive 
with a higher risk of relapse, metastasis and death due to 
tumour progression.

The risk of developing BCC in patients after solid or-
gan transplantation (SOT) is about 10 times higher than 
in the general population (GP). BCC is the most com-
mon skin cancer in the GP, while in SOTRs the SCC/
BCC ratio changes in favour of SCC. BCC may develop 
at the site of precancerous conditions or previously un-
changed skin. BCC occurs in younger patients than in 
the GP and grows more often multifocally and more ex-
tensively. The prognosis for early diagnosis and appro-
priate treatment of BCC is good, and the risk of recur-
rence is 5–10% (Euvrard et al., 2003).

Squamous-cell carcinoma is the most common skin 
cancer in SOTRs, occurring 65 to 250 times as frequent-
ly as in the GP (Euvrard et al., 2003; Mittal & Colegio, 
2017). The majority of cancers arise from precancerous 
lesions including actinic keratosis, Bowen’s disease, and 
Queyrat erythroplasia. Patients who develop their first 
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focus SCC have an over 60% risk of developing more 
SCC in the next 5 years. According to Lindelöf et al., 
25% of patients with a first SCC will have a second 
lesion within 13 months, and 50% will have a second 
lesion within 3.5 years (Lindelöf et al., 2000). SCC de-
velops in younger patients and has a rapid growth rate. 
In 50% of cases it develops multifocally, more often 
presents deep tissue invasion and metastasizes (8–12%) 
(Liddington et al., 1989; Berg et al., 2002). As in the GP, 
recipients with a fair skin phototype and high cumulative 
dose of UV radiation are associated with a higher risk of 
SCC. The main location of the SCC is the face, backs 
of the hands, forearms and mucous membranes, mainly 
the lower lip. Tumours appearing on the skin usually are 
asymptomatic, but 1/3 of patients experience tenderness, 
pain or itching. These symptoms constitute an unfavour-
able prognostic factor that may indicate a perineural 
invasion. The risk of metastases in the course of SCC 
in GP is 3.6% within 3 years, whereas for immunocom-
promised such as SOTRs the risk reaches 7%–12%. In 
SOTRs SCC may cause distant metastases. Patients who 
suffer from metastatic SCC have a bad prognosis (3-year 
survival is 56%, and 5-year survival is 34%) (Haug et 
al., 2020; Imko-Walczuk et al., 2015). SOTRs have a 2 
to 8-fold increased risk of developing MM in the post-
transplant period (Mittal & Colegio, 2017). Melanoma in 
SOTRs can arise in three principal scenarios; an existing 
MM prior to transplantation, an MM arising de novo after 
transplantation and MM derived from an organ donor 
(Imko-Walczuk et al., 2009; Matin et al., 2008). Mela-
noma results from the malignant transformation of mel-
anocytes, representing the skin tumour with the highest 
mortality rate. This tumour has high immunogenicity and 
changes its behaviour in the field of immunosuppres-
sion. The incidence of MM in SOTRs is increased to a 
smaller degree as compared to SCC and BCC, although 
its potential morbidity and mortality have to be consid-
ered in post-transplant care. In candidates for SOT with 
MM in medical history, such factors as: tumour stage, 
disease control, and the period from diagnosis to trans-
plantation are the most relevant factors to consider. In 
a study conducted by Penn and others the risk of MM 
recurrence in SOTRs was 19% which was similar to the 
GP subjects, whereas mortality was 30% (50% higher 
than in the GP) (Penn, 1996). Waiting time for trans-
plantation depends on the MM stage and is as follows: 
MM in situ has 100% survival therefore no waiting time 
is required (Imko-Walczuk et al., 2015); MM of <1 mm 
depth and without surface ulceration (stage I) have a 
good prognosis (85% 5-year survival), however, due to a 
risk of metastasis, the waiting time should be two years; 
MM with a 4-mm-depth, has a high potential of metasta-
sis, and bad prognosis (5-year survival is 45–67%), it is, 
therefore, necessary to postpone SOT for 5 to 10 years 
(Penn, 1996; Imko-Walczuk et al., 2015).

The risk of MM transmission from the donor through 
circulating cells localized in the graft is very high. To 
prevent this transmission, the donor’s medical history 
and physical examination are essential, and the history 
of MM in a donor candidate is an absolute exclusion 
criterion for donating organs (Penn, 1996). Initial treat-
ment of melanoma appearing in the posttransplant pe-
riod does not differ from the standard approach in the 
GP. In addition to that, reduction or change of immu-
nosuppression is suggested to be a reasonable and effec-
tive adjuvant strategy. A balance must be struck between 
a strength of immunosuppression that does not favour 
tumour spread and that, at the same time, avoids rejec-
tion of the transplanted organ. Therapeutic management 

is particularly challenging in advanced MM stages as the 
use of immune checkpoint inhibitors confers a high risk 
of organ rejection.

Merkel cell carcinoma (MCC) is a rare neuroendocrine 
neoplasm that typically appears in the elderly in sun-ex-
posed areas. SOTRs have a 24-fold higher risk of MCC. 
This tumour presents at a younger age than in immuno-
competent individuals (the mean age at diagnosis is 50 
years) (Goedert, 2009). Most cases result from malignant 
transformation secondary to the Merkel cell polyomavi-
rus infection, which may be relevant in SOTRs. It was 
confirmed that immunosuppression is an established 
risk factor for MCC (Hernandez et al., 2022; Penn & 
First, 1999). Just as with other skin cancer, the highest 
incidence of MCC was observed in patients receiving 
a combined regimen of azathioprine and cyclosporine 
(Hernandez et al., 2022). The key role of immunosup-
pressants on MCC development is also confirmed by the 
fact of temporary regression of the tumour upon reduc-
tion or withdrawal of the immunosuppressive treatment. 
MCC typically presents as a painless, rapidly expanding 
cutaneous nodule or plaque. Lesions are often erythema-
tous or violaceous with a smooth and shiny appearance 
and generally arise on sun-exposed areas, notably the 
head and neck, and limbs (Euvrard et al., 2003; Kanitakis 
Jean, 2009). SOTRs with MCC should be treated with 
similar modalities as patients without immunosuppres-
sion i.e. wide local excision, radical node dissection, radi-
ation therapy, and chemotherapy. The prognosis is seri-
ous because 31% of patients develop tumour recurrence 
with a mean interval of 58 months after excision of the 
primary foci. Two-thirds of SOTRs MCC develop rapid 
lymphatic metastases to the regional lymph nodes and 
systemic metastases to the liver, bones, and lung with 
a high 1-, 3-, and 5-year mortality rate (20%, 51%, and 
54%, respectively) (Greenberg & Zwald, 2011; Goedert, 
2009; Lewis et al., 2020).

In summary, it should be underlined that the risk of 
all skin cancers in SOTRs is much higher than in the 
GP. They appear at a younger age, the clinical course is 
much more serious, and they are more likely to relapse, 
metastasize and appear de novo in another location. Sur-
vival of patients is worse than in the GP.

Urinary tract cancers

The second most common cancers in SOTRs particu-
larly in kidney transplant recipients are urinary tract can-
cers (Bellini et al., 2022). They are common, and as these 
neoplasms occur more often in older age, their detection 
is growing with time, with the number of recipients fol-
lowed-up (Karami et al., 2016).

Renal cell carcinoma

The most frequent urological neoplasm encoun-
tered after kidney transplantation is renal cell carcino-
ma (RCC). It may appear in the native kidneys or the 
transplanted ones. It may arise de novo or be transmit-
ted with the kidney graft and also recur after treatment 
of the recipient in the past (Porta et al., 2020; Serkies et 
al., 2022). The literature shows that the risk of RCC in 
the native kidneys of dialyzed patients due to end-stage 
kidney disease (ESKD) is increased by 10–15 times. The 
incidence grows with the dialysis time along with the 
development of acquired cystic kidney disease (ACKD). 
Some authors claim that transplantation, by improving 
kidney function may reduce ACKD and its oncological 
potential, but this effect is probably decreased by im-
munosuppression (Yanik et al., 2016). Interestingly, the 
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longer the dialysis lasts the percentage of a less aggres-
sive papillary RCC in relation to clear cell RCC grows. 
Nowadays, diseased kidneys are most often left in place 
after their failure, so the risk of RCC in them has to 
be addressed and they should be observed by at least an 
annual ultrasound (Dahle et al., 2022). Nevertheless, the 
risk of cancer and mortality rate in patients with func-
tioning kidneys or already on dialysis are similar. They 
are also better compared to the general population as 
RCC in ESKD tends to present lower malignant poten-
tial. It has been generally accepted that in the case of 
RCC in the native diseased kidneys total nephrectomy is 
the most appropriate strategy (Yanik et al., 2016).

Noteworthy, nowadays according to Kidney Disease 
Improving Global Outcomes (KDIGO) in 2020, after 
radical removal of small <3 cm low-grade T1NOMO 
RCC the patient can be qualified for the KTx with no 
waiting period (Karami et al., 2016).

Another issue is de novo cancers in the transplanted 
kidney. Overall, the risk of it stays within 0.2–0.7% with 
the observation of 5 years (Hevia et al., 2019). It may 
be caused by a tumour transmission with unintentional 
kidney transplantation with an undetected small or even 
microscopic RCC or by the origination of the tumour in 
the kidney afterwards (Boissier et al., 2018). It is difficult 
to distinguish these two scenarios with the time between 
KTx and diagnosis being the most logical parameter. Its 
incidence is lower with living donors, who are generally 
healthy, their kidneys are better examined, and the his-
tory of the donor and his family may be well-known, 
especially as we now are aware of a possible inherited 
RCC in 5–8%. The transmission may be higher if the 
donors are older than 50, which is currently accepted 
more freely because the RCC develop more frequently in 
older age (Boissier et al., 2018). As far as the treatment 
of RCC in the graft is concerned, the European Uro-
logical Association recommends its surgical removal with 
the increasing role of the nephron-sparing approach as 
an alternative to graftectomy, which was the gold stand-
ard in the past. Tumours are usually discovered in the 
early stage without symptoms. The disease staging may 
be tricky due to the changed tissue layers after implanta-
tion (Rodríguez Faba et al., 2018; Tillou et al., 2012).

Nowadays, data shows that total nephrectomy should 
be restricted to high-grade, high-stage tumours or tu-
mours in the irreversible dysfunctional kidney. It is also 
known that these high-risk RCCs have a poor prognosis, 
so many authors recommend biopsy before treatment 
method selection. Nephron-sparing procedures should 
be preferred if possible because they give a chance of up 
to 95% of 5 years survival time in T1N0M0. On the other 
hand, graftectomy with a return to dialysis results in only 
34% of 5-year survival, although the patient groups stud-
ied usually are different (Boissier et al., 2018).

The nephron-sparing surgery which is limited to the 
tumour less than 4 cm may be challenging with more 
complications in about 20% of cases. The open ap-
proach is usually used, but recently robot-assisted lapa-
roscopy has also been reported. In some series, a mini-
mally invasive approach using Radio Frequency Ablation 
or Cryoablation is also described as promising in very 
small exophytic tumors (Dhakal et al., 2017). The surgery 
should be used together with a modification of the im-
munosuppression regimen. In this case, the use of mam-
malian target of rapamycin (mTOR) inhibitors seems to 
be the most interesting drug, because of their anti- neo-
plastic properties(Boissier et al., 2018).

There are interesting considerations about the origin 
of cancer occurring in the allograft kidney. We used to 

assume that it arises from the donor cell. Still, some re-
ports suggest that a significant percentage (up to 40 %) 
may be of recipient origin proved by DNA analysis, with 
some having mixed DNA being a form of chimerism. 
Whether it has any clinical importance for example on 
the choice of immunosuppression, is not known yet 
(Dhakal et al., 2017).

Having in mind that there is a global lack of kidney 
donors, there has appeared to be a little controversial 
concept of using kidneys removed for small, low-risk 
RCC as a possible so-called “restored” donor of kid-
neys. The tumour is biopsied and removed outside the 
body, then prepared and implanted. The published re-
sult shows more than 90% of 5-years graft survival and 
a low cancer recurrence rate of about 2% (Xiao et al., 
2013)

Prostate cancer

Generally, the significance of prostate cancer (PC) has 
been growing as the population of kidney recipients gets 
more extensive and older. The data about the increased 
incidence of PC after KTx are unclear, though recent 
studies suggest that it is higher. However, one has also 
to remember that any data about this group of patients 
must consider the estimated life expectancy independent 
of malignant disease before making any therapeutic deci-
sion (Sherer et al., 2017).

Especially interesting is an issue of low-risk PC, which 
occurs very often and often is managed by active sur-
veillance meaning repeated exams (DRE, PSA, MRI) and 
biopsies and postponing of the intervention until the 
proven progression. In the GP it leads to sparing of the 
treatment in a significant part of patients. Recent studies 
have shown that active surveillance can be possible also 
in KTx candidates, where we must assume that unde-
tected small focuses of PC already exist. The same strat-
egy is acceptable in patients on dialysis. The survival in 
both groups should not differ from the GP (Stöckle et 
al., 2018).

The situation changes if a medium-risk or a high-risk 
PC is diagnosed. Then active treatment ought to be im-
plemented with radical prostatectomy being the most 
popular solution, as it leads to the elimination of the 
cancer cells, with PSA becoming a perfect cancer marker 
to follow-up. In KTx candidates, the 2-year waiting time 
after renal surgery is recommended (Bratt et al., 2020a; 
Bratt et al., 2020b).

A urologist must regard anatomical relations between 
the graft and the prostate when the clinically significant 
PC is discovered after KT. The diagnosis usually is early 
because the patients are closely controlled. The staging 
is similar to that of the GP. Surgery can be challeng-
ing and this side’s lymphadenectomy has very often been 
skipped. Nonetheless, the results are promising with 
a 14-years survival time reaching 65% (Carvalho et al., 
2017). Modern series recommend using the robot-assist-
ed technique for this situation with a result similar to 
GP.

Radiation therapy is also a feasible option with some 
limitations in planning to avoid ureteral stricture or post-
radiation nephritis. However, there are a few papers rec-
ommending brachytherapy as the better solution (Bratt et 
al., 2020a).

Bladder cancer

The incidence of bladder cancer (BC) in KTx is re-
ported to be 2–4 times higher than in the GP with the 
age of presentation being lower and the malignant po-
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tential much higher. The non-urothelial histology is also 
found more often. The upper urinary tract of native kid-
neys is also involved more frequently. Some authors sug-
gest the BK or HPV viral infection is responsible (Leon 
et al., 2020). The diagnosis is usually made after hema-
turia. The medium time after KT is 4 to 5 years. The 
more aggressive course of the disease caused the wait-
ing time for kidney candidates to be usually preserved 
with the only exception of very low-risk superficial tu-
mours (Chadban et al., 2020). The staging is based on 
imaging and transurethral resection with microscopic 
invasion analysis. The role of surgery is crucial. Super-
ficial tumours in the bladder should be endoscopically 
resected with adjuvant intravesical chemotherapy. The 
BCG installation is viewed to be possible, but some au-
thors underline a risk that immunosuppression can pro-
voke Mycobacterium sepsis. In the case of upper tract 
involvement radical nephroureterectomy is recommend-
ed. When there is a high-risk bladder tumour most au-
thors favour early cystectomy with some form of urinary 
diversion. It can be bowel neobladder of uretero-ileo-
cutaneostomy according to Bricker. During surgery, the 
lymphadenectomy can be difficult as well as anastomo-
sing of the short transplanted ureter to the bowel with-
out kinking. The same problem exists when a kidney is 
transplanted into the patient with urinary diversion due 
to a previous cystectomy due to bladder cancer. Then, 
it can be solved by implanting the kidney upside down. 
The treatment results of superficial bladder tumours are 
similar between kidney recipients and the GP with more 
local recurrences in the former group.

Urothelial cancer in the native kidney upper tract has 
a worse prognosis than matched ESKD patients, under-
lining the role of immunosuppression (Chadban et al., 
2020). Data about the results of invasive bladder cancer 
treatment after KTx are limited, but generally high-risk 
urothelial cancers have a poor prognosis even with an 
aggressive protocol including early cystectomy and chem-
otherapy.

Penile Cancer and Testicular Neoplasm

These urological malignancies are so rare that there is 
no robust data about their association with KTx. Penile 
cancer occurs in 10 per 1 million a year and testicular 
neoplasms in 50 per 1mln per year. Both treatments af-
ter KTx should not differ from the GP, with the need 
to modify immunosuppression in more advanced cases. 
In both, chemotherapy plays an essential role, so the 
renal function is important. Results of both depend 
strongly also on lymphadenectomy so it is vital that sur-
gically there may be some difficulties when dealing with 
the patient after KTx (Besarani & Cranston, 2007).

KIDNEY IN BONE MARROW TRANSPLANTATION

Bone marrow transplantation is a common name for 
hematopoietic cell transplantation (HCT) in which the 
most important for hematopoietic system recovery are 
stem cells present among the CD34+ cell population. 
The stem cell source might be autologous or allogeneic 
determining the type of HCT (autologous or allogeneic; 
auto-HCT, allo-HCT). These two types of transplanta-
tion have different spectra of complications. In fact, 
the synonym of auto-HCT is high-dose chemotherapy 
with the support of the hematopoietic cells; therefore, 
the complications including those related to kidneys are 
limited to high-dose chemo/radiotherapy administered 
as a conditioning regimen before cell infusion. In allo-

HCT, in addition to the conditioning regimen that might 
be myeloablative, reduced, or even non-myeloablative, 
two other important factors contribute to kidney injury: 
post-transplant immunosuppression and immune-related 
complications such as graft versus host disease (GvHD) 
or transplant-associated thrombotic microangiopathy 
(TA-TMA). Hence, the greatest risk of acute kidney in-
jury (AKI) carries myeloablative allo-HCT (21–73%), 
followed by nonmyeloablative allo-HCT (29–56%), and 
then autologous HCT (10.4–19%) (Miyata et al., 2022).

Chronic kidney disease is a risk factor for transplant-
related complications. In the HCT-specific comorbidity 
index (HCT-CI) the presence either of serum creatinine 
concentration above 2 mg/dL (177 umol/L), being on 
dialysis or prior renal transplant increases 1-year non-
relapse mortality (NRM) to 21% in allo-HCT and 3% in 
auto-HCT recipients, respectively. Chronic kidney disease 
present after HCT also indicates poor survival both after 
auto-HCT and allo-HCT. A recently published study on 
a large cohort of allo-HCT recipients showed the impact 
of different degrees of renal dysfunction on HCT out-
comes using growing grades of renal dysfunction based 
on estimated glomerular filtration rate (eGFR) (<45; 45-
59; 60–90; and >90 mL/min); Increased risk for NRM 
and the requirement for dialysis post-HCT were associ-
ated with an eGFR <60 mL/min (Gutiérrez-García et al., 
2020; Farhadfar et al., 2021).

Kidney injury related to high-dose chemotherapy

Kidney injury after high-dose chemotherapy might be 
due to the direct effect of cytotoxic agents or indirect 
complications caused by cytotoxic agents such as mu-
cositis and diarrhoea, infections or veno-occlusive dis-
ease. The most common cytotoxic agents used as a part 
of the conditioning regimen before auto- and allo-HCT 
are alkylating agents such as melphalan, cyclophospha-
mide, busulfan, carmustine, bendamustine; antimetabo-
lites: fludarabine, and much less common cladribine and 
clofarabine and most recently bcl-2 inhibitors such as 
venetoclax. Most of the aforementioned agents do not 
induce nephrotoxicity directly despite some of them 
(e.g. busulfan, cyclophosphamide) being used in much 
higher doses compared to standard chemotherapy regi-
mens. A few exceptions include bendamustine (used in 
the BeEAM protocol: bendamustine, etoposide, cytara-
bine, melphalan) that have been reported in three cases 
to induce nephrogenic diabetes insipidus (Desjardins et 
al., 2022).

High-dose chemotherapy adjustment in patients with 
chronic kidney disease

HCT recipients suffering from CKD have a substan-
tial risk of unintended overdosing or underdosing due 
to variable pharmacokinetics in this patient population. 
Overdosing may lead to multiorgan toxicity and/or graft 
failure whereas underdosing may result in graft rejec-
tion or inadequate disease control (Bodge et al., 2014). 
Therefore, the dose adjustment of some agents used in 
the conditioning regimens in patients with CKD is rec-
ommended to avoid excessive toxicity, particularly to he-
matopoietic cells usually infused 24 hours after the end 
of the conditioning regimen.

The best example is melphalan commonly used as a 
single agent dosed on body surface area (BSA) at day-1 
(200 mg/m2) of the conditioning regimen before auto-
HCT for patients with multiple myeloma (MM). Patients 
with CKD and eGFR <50  ml/min/1.73  m2 or older 
than 70 years with additional co-morbidities or frailty 
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usually receive a lower dose of melphalan of 100 or 140  
mg/m2. Recently, CKD was reported as an independent 
risk factor for AKI after HCT for MM, with a signifi-
cantly higher mortality rate in this subgroup of patients 
(Andronesi et al., 2019). Surprisingly some centers do 
not reduce melphalan dose in patients with moderate 
CKD since despite higher toxicity improved outcomes 
were reported in patients with moderate CKD receiv-
ing melphalan at a high dose of 200  mg/m2 (Sweiss et 
al., 2016). Of note, melphalan is not removed by dialysis 
(Bodge et al., 2014).

However, recently published data on 370 MM patients 
who underwent the first auto-HCT without CKD or 
with mild, moderate, and severe CKD showed no sig-
nificant difference in NRM, progression-free (PFS), or 
overall survival (OS) regardless of renal function. The re-
sults of this study indicate that auto-HCT is an effective 
and rather safe option for MM patients with CKD, in-
cluding those on dialysis, allowing some of them to per-
manently discontinue dialysis. Specific protocols applied 
in this population are presented in Table 2.

The second most common agent used agent for HCT 
and the most common for allo-HCT is fludarabine (Flu). 
The dose of Flu is calculated using BSA. The drug is ad-
ministered IV as a monophosphate prodrug (F-ara-AMP) 
that is converted to the circulating metabolite F-ara-A, 
which is mainly excreted by the kidney. Recently pub-
lished data indicated a substantial variability (more than 
sixfold) in F-ara-A plasma exposure using standard BSA-
based dosing. Extended but still retrospective analysis 
in 192 allo-HCT recipients showed that Flu exposure is 
a strong predictor of event-free survival (EFS) (events: 
relapse, NRM, and graft failure) with two-fold higher 
HR for EFS in overexposed patients. This translates 
to the lowest overall mortality in the optimally exposed 
group (31%), compared to the under- (43%) and over-
exposed groups (64%). This increase in overall mortal-
ity was mainly caused by infections (over- and underex-
posure), multiorgan failure (overexposure), and GVHD 
(overexposure). Of note, overall GVHD (grade 2–4 or 
3–4) incidence was similar among groups with different 
exposures (Langenhorst et al., 2019). The data presented 
above suggest that the current dosing method based on 
BSA is not optimal and should include not only weight 
but also kidney function based on eGFR using the 

Cockcroft–Gault equation. Flu is adequately removed 
during dialysis, therefore, the dose should be adjusted af-
ter dialysis (van Besien et al., 2012; Shadman et al., 2017). 
Cyclophosphamide may increase myocardial toxicity in 
CKD patients. Pharmacokinetic studies have demonstrat-
ed decreased clearance with renal insufficiency, therefore 
dosage reduction in the setting of moderate to severe re-
nal impairment should be considered. Cyclophosphamide 
is moderately dialyzable (20–50%); for dialysis-dependent 
patients, cyclophosphamide should be administered af-
ter hemodialysis (Bodge et al., 2014). The cyclophospha-
mide doses should be reduced by 25–50% in patients 
with severe renal impairment (GFR <10 mL/min) and 
a supplemental dose after dialysis should be considered 
(Shadman et al., 2017). Clofarabine should be avoided 
in adults >60 years with creatinine clearance <60 mL/
min (NCCN AML guidelines), and a 50% dosage adjust-
ment should be made for patients with eGFR 30 to 60 
mL/min. Busulfan and thiotepa dosing does not require 
modification in patients with CKD (Bodge et al., 2014).

Kidney injury in recipients of allogeneic HCT

Acute kidney injury is a common and important 
complication after allo-HCT since it increases the risk 
of both early and late NRM (Małyszko et al., 2020a). 
The recently published meta-analysis based on reports 
from 1995–2019 indicates AKI occurrence in about 
half (55.1%) of allo-HCT recipients, with the most se-
vere form (stage 3) in 8.3% of patients (Kanduri et al., 
2020). AKI leading to CKD increases mortality about 
three times at 1-year post-allo-HCT (HR: 3.54; p<0.001). 
In most allo-HCT recipients the development of AKI is 
multifactorial. Conditioning with total body irradiation 
(TBI) and using calcineurin inhibitors for GVHD pre-
vention contribute to the risk of AKI development with 
a little lower likelihood of AKI induced by tacrolimus 
relative to cyclosporine (Małyszko et al., 2020b). Other 
patient-related factors contributing to the risk of AKI af-
ter HCT include female sex, older age (>55 years), and 
comorbidities such as diabetes, hypertension, and pre-
transplant CKD that are also associated with early mor-
tality (Miyata et al., 2022; Gutiérrez-García et al., 2020). 
Additionally, other transplant-related complications such 
as veno-occlusive disease, also known as sinusoidal ob-

Table 2. The different auto-HCT protocols applied in patients with: a) normal renal function, b) impaired renal function and c) pa-
tients on haemodialysis.

Autologous High-Dose Melphalan (HDM) transplant protocol

Day Normal Renal Function Impaired Renal Function Haemodialysis

-5 Admission

-4 Dialysis

-3 Admission Melphalan 140 or 100 mg/m2 a

-2 Admission *Melphalan 140 or 100 mg/m2 Rest day: dialysis

-1 Melphalan 200 mg/m2 Rest day Rest day

0 b Cell return 24 hrs after Melpha-
lan infusion

Cell return 48 hrs after Melphalan infusion Cell return 72 hrs after Melphalan infu-
sion

Return units and dialysis
Ensure 2 hrs gap if dialysis post-re-infu-
sionc

+5 GCSF GCSF GCSF

Abbreviations: GCSF granulocyte colony-stimulating factor. aPatients on dialysis require a 72-hour (hr) gap after the Melphalan infusion and prior 
to stem cell infusion, whereas patients with renal impairment require a 48 hr gap. bThe Melphalan dose can be further reduced to 100 mg/m2, de-
pending on the presence of co-existent comorbidities. c For patients on hemodialysis, a repeat dialysis session is scheduled after the return of the 
fourth stem cell unit, with a 2hr gap between the stem cell infusion and the dialysis.
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struction syndrome, cytomegalovirus reactivation, and 
bacterial infections (sepsis) increase the risk of AKI 
(Gutiérrez-García et al., 2020). Finally, in allo-HCT re-
cipients, acute GvHD and TA-TMA often induced by 
calcineurin inhibitors, especially tacrolimus, make the 
aetiology of AKI multifactorial and sometimes difficult 
to determine the leading cause. All attempts should be 
therefore made to decrease the risk of AKI development 
including a proper choice of conditioning regimen (my-
eloablative versus reduced intensity or non-myeloablative) 
regular blood levels measurement of calcineurin inhibi-
tors and other nephrotoxic agents (such as vancomycin, 
and amikacin), proper hydration, careful dose adjustment 
for drug interactions – for example, reduction of 90% 
dose of calcineurin inhibitors in the case of concomi-
tant anti-fungal treatment with voriconazole. Cases with 
hypertension, refractoriness to platelet transfusions, and 
increased lactate dehydrogenase activity should prompt 
suspicion of TA-TMA and a fast decision regarding the 
continuation of calcineurin inhibitors.

Hemodialyzed patient as a bone marrow transplant 
recipient

Almost all patients on dialysis are referred for HCT 
because of MM. Indeed, dialysis-dependent patients with 
MM should not be excluded from high-dose melpha-
lan and auto-HCT since some of them may even re-
cover renal function on top of other benefits related to 
auto-HCT. The shorter the hemodialysis period prior to 
transplantation, the higher the probability of renal func-
tion recovery in patients with MM. Improvement of kid-
ney function following auto-HCT can also be observed 
later after transplants in patients with severe kidney 
failure. However, only a few cases have been reported 
so far who became dialysis-independent after a high-
dose melphalan autograft (Waszczuk-Gajda et al., 2018). 
Recent data suggest that auto-HCT can be performed 
safely in MM patients on dialysis using a specific adjust-
ment to the routine protocol (Table 2). Prior experi-
ence including the experience of the Polish centers (24 
cases) indicates higher toxicity in hemodialyzed patients 
compared to non-dialysis matched cases in the follow-
ing endpoints: mucositis (88% vs 55%), infection (79% vs 
51%), parenteral nutrition (50% vs 24%), diarrhea (71% 
vs 38%), prolonged duration of hospitalization (medi-
ans: 30 vs 21 days), the requirement for red blood cell 
transfusion (83% vs 36%) while no significant differences 
were found in post-transplant response (ORR; 75% vs 
87%), 5-year PFS (36% vs 20%) and OS (39% vs 50%) 
(Waszczuk-Gajda et al., 2018).

Research conducted by Chapchap and others indicates 
that HD was associated with decreased survival in allo-
HSCT (Chapchap et al., 2022) The HD group (34 HD cases 
versus 151 controls) had a higher mortality rate (HR:6.68; 
95% CI: 4.1–10.9; p<0.001). At the Fred Hutchinson Can-
cer Research Center between 1997 and 2014, only six pa-
tients on hemodialysis received allo-HCT. Recently reported 
the largest group of patients on dialysis at the time of al-
loHCT (46 patients) had a 1-year probability of OS of 20%, 
and NRM of 67% (Farhadfar et al., 2021).

The data on patients after kidney transplantation is 
very limited, and in most institutions, these patients are 
not referred for allogeneic HCT. Even in very big trans-
plant centres, these patients are exceptional.

CKD in patients after HCT

In most auto-HCT recipients CKD after HCT re-
sults from precedent CKD before transplant. A minor-

ity experience de novo CKD related to sepsis or drug 
toxicity. The need for hemodialysis after HCT increases 
late NRM. In allo-HCT recipients, renal dysfunction is 
a common complication. The cumulative incidence of 
CKD after allo-HCT varies from 13~60% in adult stud-
ies to as high as 62% in children (Chen et al.). Causes 
of CKD are multifactorial and usually overlapping. The 
result of an interesting paper in which 24 allo-HCT re-
cipients underwent kidney biopsy for either proteinuria 
or deterioration of kidney function confirms the great 
diversity of putative causes of kidney damage. The most 
common pathological findings were GVHD (n=8), 
membranous nephropathy (MN, n=5), TA-TMA, (n=4), 
BK virus nephropathy (n=2), and single cases with is-
chemic nephropathy, chronic interstitial nephritis, mini-
mal change disease (MCD), GVHD with TMA, MN 
with focal segmental glomerular sclerosis (FSGS), MCD 
with acute tubular injury, BK virus nephropathy com-
bined with calcineurin inhibitor nephrotoxicity (Chen et 
al., 2019). Clearly, a kidney biopsy with an expert his-
topathology examination might be necessary to establish 
the proper cause of kidney injury after all-HCT.

NOVEL CANCER THERAPY

The use of cancer immunotherapy and proton therapy 
in transplant recipients (IK)

The standard of care in different cancers includes sur-
gery, chemo- and radiotherapy. In recent years, novel 
therapy, including immunotherapy with immune check-
point inhibitors (ICIs) and proton therapy, has revolu-
tionized cancer treatment and is becoming a new stand-
ard of care for many tumour types.

ICIs in transplant patients

Mechanism of ICIs action

Cancers can weaken the immune system, and the 
host’s immune system does not destroy cancer cells. The 
so-called negative regulatory components participate in 
this phenomenon (Szychowska, 2021). ICIs are mono-
clonal antibodies capable of blocking negative signals for 
T-cell activation or T-cell effector activity and represent 
an essential therapeutic option in the case of many tu-
mours, including melanoma, non-small cell lung cancer, 
kidney cancer, urothelial cells cancer, Hodgkin’s lympho-
ma, oral, throat or larynx squamous cell carcinoma etc. 
It seems that about 44% of newly diagnosed cancer can 
be qualified for ICIs (Haslam & Prasad, 2019).

The anti-CTLA4 (cytotoxic T-lymphocyte-associated 
protein 4) monoclonal antibody (e.g., ipilimumab or 
tremelimumab) binds to the CTLA4 receptor and ac-
tivates a T cell (Perazella & Shirali, 2020). AntiPD-1 
(nivolumab, pembrolizumab, cemiplimab) and antiPD-
L1 (atezolizumab, avelumab, durvalumab) antibodies act 
through the activation of programmed cell death-1 (PD-
1) receptors on the T cell with its ligand PD-L1 or PD-
L2 (Perazella & Shirali, 2018; Perazella & Shirali, 2020).

Considering the mechanism of action of ICIs which 
is based on the stimulation of the immune system, their 
use in transplant patients may raise doubts. These drugs 
have the effect opposite to what is anticipated in the or-
gans of recipients as they stimulate the immune system 
and, therefore, may facilitate the occurrence of acute 
or chronic rejection. In the group of 119 KTx recipi-
ents to whom ICIs were administered due to other tu-
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mours: cutaneous melanoma, hepatocellular carcinoma 
and cutaneous squamous cell carcinoma, 41.2% patients 
experienced acute rejection, 23.5% graft failure and im-
mune-related adverse events (irAEs) developed in 18.5%. 
The overall objective response rate was 34.5%, with a 
median duration of response of 8.0 months (Portuguese 
et al., 2022). The symptoms of acute rejection, which is 
the most frequent cellular rejection, were observed on 
average around three weeks after ICIs administration 
(Portuguese et al., 2022; Manohar et al., 2020). Moreo-
ver, the activation of T-lymphocytes may cause adverse 
effects resulting from excessive immune system stimula-
tion (immune-related adverse events, irAEs). They may 
affect different organs and tissues: skin, lungs, heart, 
digestive system, liver, endocrine glands, central and pe-
ripheral nervous system and also the kidney (Perazella & 
Shirali, 2020). The kidney-related adverse effect that oc-
curs most often, is deterioration of kidney function, and 
another one is proteinuria, usually non-nephrotic. Pyu-
ria and haematuria are also quite frequent (Szychowska, 
2021). The distinction between irAEs and rejection may 
be difficult in kidney recipients due to the fact that the 
symptoms may be similar. The treatment of irAEs de-
pends on symptom severity and includes drug discontin-
uation and steroid administration (Sise et al., 2019; Brah-
mer et al., 2018).

One problem is the implementation of treatment with 
ICIs to the SOTRs with tumours, but another is the lack 
of recommendations for immunosuppression manage-
ment. There are challenges concerning the continuation 
of immunosuppressive treatment or its minimization. 
The most frequently described alteration to the immu-
nosuppression plan is the discontinuation of calcineu-
rin inhibitors (CNI) or conversion to mTOR inhibitors 
(everolimus, sirolimus), the suspension of mycophenolate 
mofetil/sodium as well as the use of steroids in mono-
therapy. The minimization of immunosuppression which 
is frequently recommended in SOTRs with a cancer di-
agnosis may be one of the causes of such a frequent re-
jection noted in patients treated with ICIs. As the recent 
analysis showed, the maintenance of treatment with tac-
rolimus was associated with a reduction in post-ICI re-
jection without compromising the effectiveness of cancer 
response (Portuguese et al., 2022). In another study, in 
the group of patients who were treated with the continu-
ous dose of <10 mg/d of prednisone, there was a higher 
percentage of acute rejection of the kidney graft, but an-
ticancer effectiveness was better: in 63% of patients’ dis-
ease remission or stabilization were observed. In patients 
who continued CNI, acute graft rejection occurred less 
often, but the anti-cancer therapy was also less effective 
(Manohar et al., 2020). In the Australian, phase 1 study, 
17 kidney transplant recipients with low or intermedi-
ate immunological risk with various solid tumours were 
treated with nivolumab and baseline immunosuppression 
was left unchanged. Complete responses were observed 
in four of 17 patients, including one patient with micro-
satellite instability-high colorectal cancer, and three with 
squamous cell carcinoma of the head and neck. Partial 
responses were observed in five patients (with squamous 
cell carcinoma of the head and neck), one with bladder 
cancer, and one with hepatocellular carcinoma. Only two 
patients developed acute rejection (T-cell mediated) with 
a good response to antithymocyte globulin and plasma-
pheresis in one case, the other patient commenced he-
modialysis. There were no treatment-related deaths or 
treatment-related serious adverse events. The most com-
mon adverse events were decreased lymphocyte count, 
fever or infection, decreased haemoglobin, and increased 

creatinine in three patients. Based on their observations, 
the authors concluded that maintaining baseline im-
munosuppression before treatment with ICIs in kidney 
transplant recipients might not affect expected efficacy 
and might reduce the risk of allograft rejection mediated 
by immune checkpoint inhibitors (Carroll et al., 2022). In 
the management of acute graft rejection during oncologic 
ICIs therapy, it is considered reasonable to discontinue 
ICIs and use steroid pulse therapy (Venkatachalam et al., 
2020; Perazella & Shirali, 2020). As shown in Carroll RP 
et al study the antithymocyte globulin and plasmapheresis 
may also be a treatment option (Carroll et al., 2022).

Some observations indicated that complications occur 
more often in patients treated with the anti-PD-1 group. 
The PD-1/PD-L1 pathway plays a significant role in the 
preservation of immunotolerance. PD-L1 present in the 
epithelium of renal tubules represses cytokines’ produc-
tion by T-lymphocytes, regulating T-lymphocytes’ activa-
tion and anergy, and providing the immune balance. In 
view of the foregoing, blocking the PD-1: PD-L1 pathway 
may increase the risk of transplant rejection (Perazella & 
Shirali, 2020; Perazella & Shirali, 2018; Kumar et al., 2020).

In conclusion, ICIs are a feasible option for transplant 
recipients with advanced malignancies but doctors and 
patients should be aware of the increased risk of acute 
rejection. Close monitoring and tailoring of immunosup-
pression are critical. Maintaining an appropriate balance 
between immunosuppressive treatment, the preservation 
of the graft function and anti-cancer management re-
quires collaboration between oncologists and transplant 
physicians as well as the patients and their families.

Radiotherapy and proton therapy in transplant 
recipients

The kidneys are the dose-limiting organs for radio-
therapy (RT) in case of gastrointestinal and gynecologic 
cancers, lymphomas and sarcomas of the upper abdo-
men as well as during total body irradiation (TBI). The 
cause of RT-induced kidney injury is poorly understood 
but the incidence of this complication largely depends 
on the use of whole-volume or partial-volume RT to 
one or both kidneys (Dawson et al., 2010).

Even if short-term kidney function is preserved, radia-
tion-induced kidney injury is subclinical and frequently pre-
sents during the subacute (3–18 months) and chronic (> 18 
months) periods and may have a negative consequence on 
patients’ health in the future (Dawson et al., 2010).

The KTx patients requiring RT treatment find them-
selves in a special situation: they have one kidney often 
with initial kidney impairment; moreover, the presence of 
a transplanted kidney in the pelvis can be a therapeutic 
challenge in patients who require pelvis radiation as man-
agement. The inferior border of KTx located at the iliac 
fossa usually lies at the bottom of S2 or S3. Therefore, 
radiotherapy that includes pelvic lymph nodes will need 
further evaluation to determine the benefits and the risks. 
Treatment of pelvic tumours with definitive or neoadju-
vant radiotherapy usually includes iliac lymph nodes in the 
nodal target volume. This nodal target is also included in 
some cases of adjuvant radiotherapy. The location of the 
graft in relation to radiation therapy fields increases the 
risk of damage to the transplanted organ. In the presence 
of a transplanted kidney, the dose required for the region 
at risk must be balanced against the potential risk of graft 
injury (Detti et al., 2011). Furthermore, during RT, the in-
creased risk of urethral/ureteral stricture KTx dysfunction 
should be taken into consideration.
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In proton therapy (PT) due to a phenomenon known 
as the Bragg peak, protons deposit their maximum en-
ergy at a specific depth with no exit. This allows for the 
delivery of a high therapeutic dose of radiation to tu-
mours in challenging anatomic locations, close to critical 
organs and within damaged organs with a reduced risk of 
late toxicities in the surrounding tissues and a lower inci-
dence of secondary malignancies (LaRiviere et al., 2019). 
PT is being investigated as an alternative to intensity-
modulated radiation therapy because of its potential to 
minimize radiation exposure to the transplanted kidney 
and other organs at risk. Dosimetric studies have dem-
onstrated that PT improves organ-at-risk sparing com-
pared with intensity-modulated radiation therapy, and it 
does not sacrifice the coverage of the target. There are 
only some papers based on clinical cases describing the 
utility of PT in KTx recipients, mainly as a treatment in 
the case of pelvic tumours (Buchberger et al., 2019; Il-
eana et al., 2020). Given the relative radiosensitivity of 
native kidneys, the tissue-sparing effects of proton thera-
py are of utmost importance in the treatment of patients 
with pelvic kidneys and pelvic malignancies.

SUMMARY

To identify key management issues in nephrology rele-
vant to patients with malignancy, the panel of multidisci-
plinary specialists organized the conference on Nephro-
oncology in Gdańsk (October 2020). The conference 
participants emphasized the importance of collaboration 
among nephrology, haematology/oncology, dermatol-
ogy, urology and transplant specialists to improve medi-
cal care for cancer and kidney disease patients. The four 
main parts of the paper present the most current diag-
nostic and therapeutic approaches to cancer and kidney 
disease patients. This study is based on the authors’ ex-
pertise and the most recently published relevant litera-
ture with their participation.
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Knockdown of CD44 inhibits proliferation, migration, and 
invasiveness in hepatocellular carcinoma cells by modulating 
CXCR4/Wnt/β-Catenin Axis
Xiaojing Song1✉, Fanghui Ding1, Wei Luo1, Juan Tao2, Kaili Yang2, Qiaoping Li2 and 
Zhitao Zhang2
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Hepatocellular carcinoma (HCC) has high mortality and 
incidence worldwide. The molecular mechanism associ-
ated with HCC is largely unexplored. Objective: To inves-
tigate the impact of CD44 knock-down on the prolifera-
tion, migration, and invasiveness in HCC cells. Methods: 
Colony formation and MTT assay were used to observe 
cellular proliferation and viability. In addition, cellular 
invasion and migration were studied by Transwell and 
wound healing assays respectively. Finally, western blot-
ting was utilized to check the protein expression levels. 
Results: The cellular proliferation, invasion and metas-
tasis in Huh7 cells were inhibited after the silencing of 
CD44. Furthermore, expression levels of MMP-2, MMP-
9, CXCR4, GSK-3β and β-catenin was significantly de-
creased. However, opposite results were demonstrated 
when CD44 was overexpressed. Conclusions: Interfer-
ence with the expression of CD44 significantly inhibits 
the invasion and metastasis in the HCC cell line, Huh7. 
Furthermore, CD44 was found to regulate the expression 
of MMP-2, MMP-9, CXCL12, CXCR4 and Wnt/β-catenin 
signal pathway.
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Wnt/β-catenin
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INTRODUCTION

In the primary liver cancer class, HCC is the first one 
in frequency and accounts for 80–90% of all malignant 
tumors (Davis et al., 2008; Ghouri et al., 2017). World-
wide, HCC has emerged as a major health issue increas-
ing continuously due to its association with viruses like 
hepatitis B and C (El-Serag, 2012). The world trends 
are unevenly distributed, finding the highest incidence in 
eastern Asia (McGlynn et al., 2015). Incidence ratio of 
HCC varies among sex, and the reasons for such is still 
unknown (Wilson and Buetow, 2020). Concerning age 
distribution, it also varies depending on the geographic 

situation (Sung et al., 2021). HCC is mostly found in the 
late stage when radiotherapy, chemotherapy and other 
treatments are ineffective. However, surgery in the early 
stage is currently the most effective treatment. Conse-
quently, it has become one of the research focuses on 
exploring the detailed mechanism of metastasis and ma-
lignancy to explore novel treatment options for HCC.

The CD44 antigen, as an important epigenomic reg-
ulator, is involved in tumor development (Luo & Tan, 
2016; Asai et al., 2019). Numerous studies have con-
firmed that CD44 can be used as a molecular marker for 
different cancer (Malhotra et al., 2010; Moldovan et al., 
2017). Zhang and colleagues demonstrated that CD44 
could promote HCC progression by up-regulating YAP 
(Zhang et al., 2021). Shah and colleagues found that in-
terfering with CD44 could lead to the death of ovarian 
cancer cells (Shah et al., 2013). It has been found that 
up-regulation of CD44 can promote metastasis and poor 
prognosis of Hepatocellular carcinoma, however, the 
mechanism by which CD44 regulates HCC is unclear 
(Asai et al., 2019). Epithelial to mesenchymal transition 
(EMT) in cancer cells results in the acquisition of stem 
cell-like characteristics and increased CD44 expression 
(Mani et al., 2008). Because of the clinicopathological ef-
fects that CD44 and its isoforms have on carcinogen-
esis, CD44 may one day serve as a molecular target for 
cancer treatment (Li et al., 2014). Additionally, the dem-
onstrated function of CD44 in preserving stemness and 
the ability of cancer stem cells to regenerate tumors af-
ter treatment raises the possibility that CD44 may play a 
significant prognostic marker. Clinical research on treat-
ment plans that concentrate on CD44 or lessen CD44 
expression is ongoing (Matzke-Ogi et al., 2016; Todaro 
et al., 2014). These methods include ectodomain mimics, 
aptamers, tumor-delivery shRNAs, and CD44 neutraliz-
ing antibodies (Orian-Rousseau and Ponta, 2015; Iida et 
al., 2014). Consequently, it is crucial to further clarify the 
functional roles of CD44 as a focus of research.

Growing data indicates that cancer stem cells (CSCs) 
are responsible for the recurrence and metastasis of 
many malignancies (Vlashi et al., 2011; Gao et al., 2013). 
CSCs are essential for starting and maintaining tumour 
phenotypes because they can self-renewal and differen-
tiation, which other cancer cells (non-CSCs) lack (Ayob 
& Ramasamy, 2018). The presence of CSCs in numerous 
malignancies, including those of the brain, breast, lung, 
colon, and liver, has been demonstrated utilizing particu-
lar CSC markers (Yang et al., 2020). Epithelial adhesion 
molecule (EpCAM), CD13, CD44, and/or CD133 are 
among the markers that liver CSCs display and studies 
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have shown that the expression of these molecules on 
HCC cells is associated with a poor prognosis (Yamash-
ita et al., 2009; Zhu et al., 2010). Although traditional 
therapies could eradicate non-CSCs, it is claimed that 
surviving CSCs eventually induce tumour recurrence 
and metastasis because they exhibit the characteristics 
of tumorigenicity and resistance to conventional chemo-
therapy and radiotherapy (Cross & Laidler, 1990; Gao et 
al., 2013). Therefore, eliminating CSCs is crucial for fully 
curing cancer.

Tumor invasion and metastasis is a complex biological 
process (Nguyen et al., 2009a). Gene regulation is crucial 
in different processes, like unlimited growth potential, 
epithelial-mesenchymal transition (EMT), and apoptosis 
avoidance (Perlikos et al., 2013). Wnt signaling is an es-
sential pathway affecting tumor cells’ cellular migration 
and invasion ability. The Wnt/β-catenin signaling system 
is a conserved signalling axis involved various physiolog-
ical processes, including tissue homeostasis, migration, 
invasion, differentiation, proliferation, and apoptosis (Sa-
lik et al., 2020). There is mounting evidence that certain 
solid tumors and hematological malignancies were aided 
in their development and progression by deregulation 
of the Wnt/ß-catenin cascade (Gajos-Michniewicz & 
Czyz, 2020). Early events in carcinogenesis are brought 
on by aberrant regulation of the transcription factor ß-
catenin, a crucial part of the Wnt signaling pathway, in 
the Wnt/ß-catenin pathway (Zhang et al., 2020). GSK3ß 
and CK1a, two enzymes in the degradation complex, 
facilitate the phosphorylation of ß-catenin, boosting its 
ubiquitination and subsequent proteasomal destruction 
(Wiese et al., 2018). When β-catenin is accumulated at 
a certain amount, it gets translocated to nucleus, and 
binds to the target transcription factor to form a tran-
scriptional complex. This complex subsequently activates 
its downstream target genes matrix metalloproteinases 
(MMPs), p21, and C-myc (Wiese et al., 2018; Tai et al., 
2015). MMPs are a group of proteolytic enzymes which 
are highly homologous and zinc-dependent. The extra-
cellular matrix (ECM) holds cells together and is essen-
tial for cell survival, motility, differentiation, and prolif-
eration. The ECM components that serve as the physical 
impediments to cell migration must be locally broken 
down for a tumour cell to spread from the main tumour 
to other organs. Matrix metalloproteinases (MMPs) are 
the primary enzymes responsible for the breakdown of 
the ECM (Conlon & Murray, 2019).

Chemokine (CXCL12) and its receptor (CXCR4) have 
emerged as key factors in the development of tumors 
and their metastasis. CXCL12 has been reported to in-
duce signaling via AKT and ERK pathways and thereby 
induce cancerous growth (Scotton et al., 2002). In breast 
cancer, CXCL12 expression has been linked with patho-
logical features and clinical outcomes (Kang et al., 2005). 
The expression levels of CXCL12 have been reported 
on the higher side in different human cancers, includ-
ing HCC (Sakai et al., 2012) (Ghanem et al., 2014; Teng 
et al., 2016). The essential role of CXCL12 is yet to be 
fully explored in most cancers. The involvement of the 
CXCL12/CXCR4 axis in tumor progression, survival, 
metastasis and angiogenesis is well known. The current 
investigation aims to study the effect of CD44 on pro-
liferation, migration, and invasiveness in HCC cells for 
CXCL12/CXCR4/Wnt/β-Catenin Axis.

MATERIALS AND METHODS

Cell culture and cell transfection

The human hepatocellular carcinoma (HCC) cell line, 
Huh7 was purchased from ATCC. Huh7 were grown in 
DMEM containing 10% FBS (Sigma). The medium was 
put in a saturated humidity incubator at 37°C with 5% 
CO2. SiRNA (Si-CD44) was obtained from Ruibo Bio-
technology Co., Ltd (Guangzhou, China). Over-express-
ing plasmid pcDNA3.1-CD44 (CD44) along with control 
vector (Vector) was purchased from General Biol (An-
hui, China). Huh7 cells were grown in 6-well plates and 
divided into six groups, namely: blank group (Blank), Si-
CD44 group, Si-NC, CD44 and Vector. Lipofectamine 
was used for the transfection of different vectors into 
the cells.

MTT assay

Cell viability in each group was observed MTT assay 
(Gibco, USA). Huh7 cells were grown into 96-well plates 
(6×103 cells/well) for 48 h. It was followed by trans-
fection studies using siRNAs (Si-CD44 and si-NC) and 
vectors (empty vector and vector-CD44) in the Huh7 
cells, using lipofectamine and in accordance with the 
manufacturer’s protocol. The efficacy of transfection was 
checked by western blotting. After incubation, the me-
dium was removed from the wells, followed by the ad-
dition of 20  µl MTT reagent (5 mg/ml; Gibco, USA) to 
each well. At the end of the experiment, MTT (Sigma) 
stock solution of 5 mg/mL concentration and volume 
100 µL was supplemented to cells with 4 h of incuba-
tion. The formazan crystals then produced are dissolved 
with DMSO, and thereafter, absorbance was measured 
at 540nm using a microplate reader. Each experiment 
for individual drug concentrations and controls was per-
formed thrice.

Colony formation assay

Cell viability was observed via colony formation assay. 
Cells were rinsed twice with PBS. Afterward, individual 
cell in each group was obtained with 0.25% trypsin and 
then inoculated into culture dishes for one hour. Serially 
dilute the samples to obtain 100 cells in a 10 mL culture 
medium. At last, the cells were inoculated into other cul-
ture dishes for 10–14 days, followed by an observation 
of the cell colony formation under a microscope.

Transwell assay

The anti-invasive and anti-migratory effects of each 
group were monitored via transwell chambers assay. 
The upper chambers of the transwell were loaded with 
600  µL of DMEM medium and 3×104 Huh7 cells 
(transfected or un-transfected) each well. In the tran-
swell’s lower chambers, only cultural medium of 800 µL 
with FBS 10% was filled. Cells in each group were cul-
tured in upper chambers for 24 h at 37°C. Then clean 
off the non-migrated cells and the migrated cells were 
processed routinely by 10 minutes of fixation with for-
malin 4%. Afterward staining was accomplished with 
crystal violet (0.1%) for 12 minutes, followed by pho-
tographing the randomly selected 5 fields using micros-
copy with 100× magnification. Finally, the invasion was 
determined, except transwell chambers were coated with 
Matrigel.
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Wound healing assay

Huh7 cells were cultured in 12-well plate overnight 
for wound healing assay purposes. With the help of a 
10µl tip, a scratch was created on the monolayer cells. 
After scratching, cells were washed with culture media 
to remove floating cells. Cells were kept untreated or ei-
ther transfected with different vectors. The transfection 
of siRNAs (Si-CD44 and si-NC) and vectors (empty vec-
tor and vectore-CD44) was performed in the Huh7 cells, 
using lipofectamine and according to the manufactur-
er’s protocol. The efficacy of transfection was checked 
by western blotting. Images of fresh scratch were cap-
tured immediately with the help of a digital camera. Af-
ter treatment completion, cells were washed thrice with 
culture media and followed by capturing pictures of the 
scratch. The scratch area was determined using Image-
Pro software. Cell migration was determined by calculat-
ing the scratch closure.

RT-qPCR assay

RNA from Huh7 cells was obtained using TRIzol 
method and then reversed to cDNA with RT Kit. Quan-
titative PCR was carried out using SYBRGreen (Takara) 
with appropriate primers designed by Primer 5.0 (Ta-
ble  1) according to the conditions, including an initial 
step of 10 minute in 95°C, and then 40 cycles of ampli-
fication, which includes 10 s in 95°C, 20 s in 58°C and 
25 s in 72°C. Quantification was determined by 2−ΔΔCT 
(26). The internal control used was GAPDH.

Western Blot

Total cellular protein from each group was extracted, 
followed by protein concentration determination using 
a BCA protein quantification kit (Pierce, 23225). From 
each sample, 45 µg of proteins were loaded and run on 
SDS-PAGE gels, which were processed for blotting to 
PVDF membranes. Blocking PVDF membrane with 5% 
non-fat dry milk was done at room temperature for 2  h. 
It was followed by overnight incubation with primary 
antibodies like anti-MMP-9 (abcam, ab58803, 1:1000) 
anti-MMP-2 (Santa Cruz, sc-13594, 1:800), anti-β-catenin 
(Sigma Aldrich, C7207. 1:1000), anti-GSK-3β (Santa 
Cruz, sc-81462, 1:1000), anti-CXCR4 (abcam, ab124824, 
1:800) and anti-GAPDH (Cell Signaling Technology, 
5174, 1:1000). Next day, after washing with PBS thrice, 
membranes were incubated with HRP-linked secondary 
antibodies (Cell Signaling Technology, 7074 and 7076, 
1:3000) for 90 minutes at room temperature. Finally, 
ECL chromogenic substrate was added for color reac-
tion.

Statistical analysis

The experimental data were expressed as mean 
±  standard deviation (S.D.), and SPSS 21.0 software 
was utilized for statistical analysis. In addition, t-test and 
ANOVA were used for comparison between groups. 
Each experiment was repeated thrice. P<0.05 was con-
sidered that the results were statistically significant.

RESULTS

Inhibition of CD44 inhibits proliferation and cell 
viability

Knockdown of CD44 can inhibit its expression in 
Huh7 cells, while overexpression can reverse the result 
(Fig. 1A). The results of immunoblotting showed that 
CD44 is expressed in Huh7 cells. The expression level 
of CD44 significantly decreased in the Si-CD44 group 
compared to the Si-NC group. However, the expression 
level of CD44 increased significantly in the CD44 group 
compared to the vector group.

MTT assay showed that the proliferation ability of 
Huh7 cells were significantly reduced in the si-CD44 
group compared to the si-NC group (Fig. 1B). On the 
contrary, the proliferation ability of Huh7 cells increased 
significantly in the CD44 group compared to the vector 
group. Furthermore, knockout of CD44 significantly in-

Table 1. Primer sequences

Gene Forward primer Reverse primer

CD44 5’-ACTTGGAGGCCTTGGCTAAC-3’ 5’-GACAGACAGACTGCGACCTG-3’

GAPDH 5’-TGTGTCCGTCGTGGATCTGA-3’ 5’-TTGCTGTTGAAGTCGCAGGAG-3’

Figure 1. Transfection efficacy (A) and Effect of CD44 expres-
sions on proliferation and cell viability of Huh7 cells (B, C). 
Cell viability of Huh7 cells was detected by MTT while as Cell vi-
ability was detected by colony formation assay. *P<0.05 and 
**P<0.01 vs. si-NC group; #P<0.05 and ##P<0.01: vs. Vector group.

Figure 2. Effect of CD44 expression on invasion and metastasis 
of hepatocellular carcinoma cells. 
(A) The expression of MMP-2 and MMP-9 in Huh7 cells detected 
by western blot. (B) Effect of CD44 expression on invasive abil-
ity of Huh7 cells detected by Transwell assay. (C) Effect of CD44 
expression on migration ability of Huh7 cells detected by wound 
healing assay. *P<0.05 and **P<0.01 vs. si-NC group; #P<0.05 and 
##P<0.01: vs. Vector group.
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hibited cell viability of Huh7 cells, while overexpression 
of CD44 significantly motivates it (Fig. 1C). The results 
showed that CD44 was involved in the proliferation and 
cell viability of hepatocellular carcinoma cells.

Inhibition of CD44 can inhibit invasion and metastasis

Further, we studied the role of CD44 on cellular inva-
sion and metastasis in Huh7 cells. Transwell and wound 
healing assay were used to evaluate the invasive and mi-
gration ability of Huh7 cells. The results (Fig. 2A–B) 
suggested that the invasion and metastasis of Huh7 cells 
decreased significantly after silencing CD44 compared 
to si-NC group. Instead, cellular invasion and metastasis 
were significantly increased after overexpressing CD44 
compared to the vector group (P<0.05). To investigate 
the possible mechanism through which CD44 regulates 
functional changes in Huh7 cells, MMP-2 and MMP-9 
expressions were examined (Fig. 2C). The expression 
level of MMP-2 and MMP-9 was significantly increased 
after CD44 silencing and a reverse trend was observed 
after overexpressing CD44.

Inhibition of CD44 can inhibit the expression levels of 
CXCR4/CXCL12 proteins

The effect of CD44 expression on CXCR4 proteins 
associated with induction of cancer growth was detected. 
Western blot indicated (Fig. 3) that the expression levels 
of CXCR4 were significantly decreased in the si-CD44 
group, and opposite results were observed in the CD44 
group compared to the control group. These results con-
firmed that the activation of CXCR4 signal pathway was 
inhibited after silencing CD44.

Inhibition of CD44 inhibits the expression levels of 
Wnt/β-catenin signal proteins

The expression of β-catenin decreased significantly in 
the si-CD44 group compared to the si-NC group. On 
the other hand, GSK-3β expression increased significant-
ly in the si-CD44 group compared to the si-NC group 
(Fig. 4). Thus confirming an association between Wnt/β-
catenin pathway activation and CD44.

DISCUSSION

Wnt signal is divided into the typical Wnt pathway 
and two atypical Wnt pathways (Reya & Clevers, 2005). 
The typical Wnt signal pathway is currently the most 
widely studied in clinical practice. Studies have demon-
strated that nearly 50% of currently known tumors show 
an association with abnormal Wnt/β-catenin signal path-

ways, such as intestinal cancer (Barker et al., 2009), breast 
cancer (Shackleton et al., 2006; Teissedre et al., 2009), 
etc. Abnormal expression of proteins such as GSK-3β 
(Cho et al., 2010), β-catenin (Clements et al., 2002), and 
MMPs (Conlon & Murray, 2019) in the pathway triggers 
sustained cell proliferation, ultimately leading to can-
cer (MacDonald et al., 2009). Meanwhile, it performs a 
crucial role in cellular invasion and metastasis (Nguyen 
et al., 2009b; Stein et al., 2006). Therefore, the present 
study investigated whether CD44 could mediate invasion 
and metastasis in HCC cells by regulating the Wnt/β-
catenin signal pathway.

In the present study, cellular proliferation and inva-
sion (Huh7 cells) reduced after silencing of CD44. How-
ever, the proliferative and invasive capacity of cells in-
creased after overexpressing CD44 and thus confirmed 
that CD44 is involved in the progression of HCC. In ad-
dition, protein levels of MMP-2, MMP-9, and β-catenin 
were decreased; the expression of GSK-3β was increased 
after CD44 silencing in Huh7 cells. However, the op-
posite results were presented after over-expression of 
CD44. These findings suggest that down-regulation of 
CD44 inhibits the Wnt/β-catenin signal pathway and 
gradually inhibit invasion and metastasis of Huh7 cells.

The activated Wnt pathway stimulates CXCL12 re-
lease, a key paracrine molecule that controls different 
biological processes like cellular activation and migration, 
influences inflammation, and angiogenesis (Giordano et 
al., 2019; Meng et al., 2018). The earlier connection be-
tween CXCL12 expression and the Wnt/-catenin path-
way has been reported in fibrosis, particularly in liver 
fibrosis (Akcora et al., 2018). But no study involving 
CD44/CXCL12/Wnt/β-Catenin Axis has been reported 
to date. To support our current findings, additional in 
vivo research is necessary. Additionally, this study was 
conducted using a hepatocellular carcinoma cell line, 
which does not reflect a real-world scenario. However, 
this study offered the first proof-of-concept data indicat-
ing CD44/Wnt/CXCL12 signaling axis in hepatocellular 
carcinoma cells.

CONCLUSION

In summary, by silencing CD44 expression, invasion 
and metastasis of HCC cells could be inhibited. This re-
sult could possibly be obtained by mediating the Wnt/β-

Figure 3. Effect of CD44 expression on the expression levels of 
CXCR4. 
The expression of CXCR4 in Huh7 cells was detected by western 
blot. *P<0.05 vs. si-NC group; #P<0.05: vs. Vector group.

Figure 4. Effect of CD44 expression on Wnt/β-catenin signal 
pathway. 
The expression of GSK-3β and β-catenin in Huh7 cells was de-
tected by western blot. *P<0.05 vs. si-NC group; #P<0.05: vs. Vector 
group.
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catenin signal pathway. This provides the more compre-
hensive role of CD44 as a therapeutic target in patients 
with HCC.
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This study aimed to figure out how microRNA (miR)-
411-3p’s impacts on methotrexate (MTX)’s cellular 
uptake and cytotoxicity in acute lymphoblastic leu-
kaemia (ALL) CEM-C1 cells by targeting Yin-yang 1 
(YY1). miR-411-3p and YY1 were detected by RT-qPCR 
or Western blot. Intracellular MTX concentration was 
measured by enzyme-linked immunosorbent assay. 
Cell viability and apoptosis were evaluated by CCK-8, 
clonal formation assay, and flow cytometry. Verifica-
tion of miR-411-3p and YY1’s targeting link was mani-
fested. It came out that miR-411-3p mimic or si-YY1 
elevated intracellular MTX, MTX-induced cytotoxicity 
and apoptosis rate in CEM-C1. However, the inverse 
results were noticed in cells introduced with miR-411-
3p inhibitor or oe-YY1. Meanwhile, it was found that 
cell relative luciferase activity was reduced after co-
transfection of miR-411-3p mimic with YY1-WT, indi-
cating that miR-411-3p targeted YY1. Elevation of YY1 
could turn around elevating miR-411-3p’s impacts on 
MTX’s cellular uptake and cytotoxicity in CEM-C1 cells. 
These findings convey that miR-411-3p motivated 
MTX’s cellular uptake and cytotoxic impacts via tar-
geting YY1 in leukemia cells. This study is helpful for 
learning about the mechanisms underlying MTX re-
sponses in ALL patients.
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INTRODUCTION

Acute lymphoblastic leukaemia (ALL) is an extremely 
common malignant tumor, which frequently shows up 
in children, taking up about 80% of ALL cases, and 
occasionally takes place in adults (Liang et al., 2021). 
ALL is featured by malignant transformation and pro-
liferation of T- or B-cell progenitors which invade 
blood, bone marrow, and extramedullary sites, thereby 
preventing normal blood cell production (Ranjbar et 
al., 2019). Methotrexate (MTX) is a chemotherapeutic 
drug for ALL and has been applied to cure leukemia 
and lymphoma patients (Woźniak et al., 2021). Al-

though most patients are available to achieve long-term 
disease-free survival via standardized treatments, includ-
ing MTX, some ALL treatments for children are still 
ineffective, and drug resistance is a vital reason for this 
phenomenon (Jaramillo et al., 2019). Therefore, discov-
ering approaches to suppress chemotherapy resistance 
in ALL patients is crucial for ALL cure.

MTX is a folate antagonist, whose action is ex-
tremely complicated, involving some transporters de-
termining intracellular drug levels and active MTX 
polyglutamate and some metabolic enzymes (Gervasini 
et al., 2017). MTX enters cells by passive diffusion 
via the solute carrier 19A1 transporter (RFC1) (Ando 
et al., 2013), while the drug is pumped out by some 
membrane efflux transporters of the ATP-binding cas-
sette family (Aberuyi et al., 2021). MTX is converted 
into active polyglutamate form (MTX polyglutamate, 
MTXPG) by folate polyglutamate synthase intracellu-
larly (De Beaumais et al., 2012). MTX and MTXPG 
inhibit thymidine synthesis by targeting dihydrofolate 
reductase and thymidine synthase (Rushworth et al., 
2015), thereby impairing DNA and RNA synthesis 
and leading to cell death (Oosterom et al., 2018). In 
conclusion, the accumulation of MTX and its active 
metabolite methotrexate polyglutamate (MTXPG) in 
all cells is an important determinant of its anti-leuke-
mia effect (Panetta et al., 2010).

MicroRNAs (miRNAs), a cluster of endogenous sin-
gle-stranded non-coding RNAs, modulate gene expres-
sion (Lin et al., 2021). Much evidence illustrates that 
miRNAs participate in almost all biological processes, 
including drug resistance (Xian et al., 2019; Naghiza-
deh et al., 2020; Wei et al., 2021). Genetic variation in 
MTX transporter genes has been reported to be impli-
cated in toxicity, and these transporters are controlled 
by miRNAs (Iparraguirre et al., 2016). Wang SM 
(Wang et al., 2017). confirm that two miRNA-binding 
site polymorphisms (rs3737966 G>A and rs35134728 
DEL/TTC) in the 3’-UTR of 5,10-methylenetetrahy-
drofolate reductase were linked with serum MTX con-
centrations. Xu Wen (Xu et al., 2018). discovered that 
miR-29 family restrained MTX resistance but motivat-
ed apoptosis by targeting COL3A1 and MCL1 in os-
teosarcoma. MiR-411-3p, a newly studied miRNA, has 
been discovered to be aberrantly expressed in some 
human cancers (Huang et al., 2021; Wang et al., 2019; 
Wang et al., 2020). However, no studies have been 
conducted to clarify its role in MTX resistance. In the 
research, the main focus was on miR-411-3p’s func-
tion in controlling Yin-yang 1 (YY1) and its impact 
on ALL CEM-C1 cell uptake and MTX cytotoxicity.
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MATERIALS AND METHODS

Cell culture

Growth of human ALL CEM-C1 cells was in Roswell 
Park Memorial Institute – 1640 medium replenished 
with 10% fetal bovine serum (Gibco, Grand Island, NY, 
USA), 100 U/ml penicillin, and 100 U/ml streptomycin 
(Beyotime Biotechnology, Shanghai, China). CEM-C1 
cells were purchased from the Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China).

Cell transfection

Synthesis of miR-411-3p mimic/inhibitor, mimic/
inhibitor negative control (NC), si-YY1/-NC, and oe-
YY1/-NC was done by Invitrogen. Oligonucleotides or 
plasmids (8 μmol/ml) were transfected into CEM-C1 
cells based on Lipofectamine 2000 reagent (Invitrogen; 
Thermo Fisher Scientific). After transfection, cells were 
treated with different concentrations of MTX (10, 20 
and 40 ng/ml).

Intracellular MTX Concentration Determination

Cells were dispersed in 96-well plates at 5.0×105 cells 
per well prior to transfection and MTX treatment. Quan-
tification of intracellular MTX was done using human 
methotrexate, MTX ELISA kit (HB1386-Hu, Shanghai 
Hengyuan Biotechnology Co., LTD). Absorbance at 450 
nm was recorded on a microplate reader (ELX800, Bi-
oTek Instruments, Inc.) and MTX concentrations were 
calculated.

Cell proliferation assay

Cell proliferation assays were conducted using the Cell 
Counting Kit-8 (CCK-8; Beyotime Institute of Biotech-
nology, Inc.). CEM-C1 cells were combined with CCK-
8 solution (10 μL) in each well. Next, 4-h cell incuba-
tion was conducted, followed by measurement of optical 
density (OD) value at 450 nm on a microplate reader 
(ELX800, BioTek Instruments, Inc.). Proliferation rate: 
{[(ODcontrol-ODblank)-(ODtreated-ODblank)]/(OD-
control-ODblank)} 100%.

Colony formation assay

Treatment of transfected CEM-C1 cells was done 
with different concentrations of MTX (10, 20 and 40 
ng/ml). The cells were then transferred to a 6-well plate 
(1×103 cells/well) and supplemented with RPMI-1640 
medium containing 10% fetal bovine serum at 37°C. Af-
ter 14 days, the cells were fixed with formaldehyde and 
stained with 0.1% crystal violet solution (Sigma Aldrich) 
at 25°C for 15 min and counted under a CKX41 micro-
scope (Olympus).

Apoptosis assay

Annexin V-fluorescein isothiocyanate Apoptosis Detec-
tion Kit (BD, USA) was applied to detect apoptosis. In 
brief, cells were stained with 10 μl Annexin V and 5 μl 
propidium iodide for 15 min. Then, quantitative analysis 
was performed using BD FACSCaliburTM (BD, USA).

Reverse transcription quantitative polymerase chain 
reaction (RT-qPCR)

Total RNA’s extraction was conducted using the 
miRNeasy extraction kit (Qiagen, Valencia, CA, USA). 

MiR-411-3p’s quantification was conducted using the 
Hairpin-it miRNA qPCR quantification kit (GeneP-
harma, Shanghai, China) with U6 as a loading control. 
Detection of YY1 was implemented using Power SYBR 
Green PCR Master Mix (Applied Biosystems) with glyc-

eraldehyde-3-phosphate dehydrogenase (GAPDH) as 
internal control, and all PCR reactions were conducted 
on a 7500 Fast Real-Time PCR Systems (Applied Biosys-
tems, CA, USA). All primer sequences were manifested 
in Table 1. Calculation of miR-411-3p or YY1 was im-
plemented using the 2-ΔΔCT method (Wu et al., 2020).

Western blot

Isolation of total protein was done using mamma-
lian protein extraction reagents (Thermo Fisher Scien-
tific, Inc.) and 1% protease inhibitor cocktail (Merck 
KGaA, Darmstadt, Germany). The Bicinchoninic acid 
assay method (Thermo Fisher Scientific, Inc.) was ap-
plied for determining the protein concentration. 10 μg 
protein separated by 1% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis was electro-blotted onto 
polyvinylidene fluoride membranes (Millipore, Bedford, 
MA, USA), followed by blocking with 7% skim milk 
and incubation with primary antibody and horseradish 
peroxidase-conjugated secondary antibody (ab6721; 1: 
2000; Abcam). Primary antibodies applied in this study 
included: YY1 (sc-7341; 1: 1000; Santa Cruz Biotechnol-
ogy) and GAPDH (ab8245; 1: 1000; Abcam). Detection 
of proteins was done by enhanced chemiluminescence 
(Thermo Fisher Scientific, Inc.) (Liu et al., 2019).

The luciferase activity assay

Construction of the luciferase reporter gene plasmids 
(Promega, USA) covering the 3’-UTR of YY1 with fore-
cast miR-411-3p target sites (Wild-type) or the mutated 
sites of 3’UTR of YY1 (Mutant) was implemented. Tran-
sient co-transfection of CEM-C1 cells was then done 
with reporters and miR-411-3p mimic or mimic NC. 
Detection of Firefly and renilla luciferase activities was 
conducted using a dual-luciferase reporter assay system 
(Promega) (Liu et al., 2020).

Table 1. RT-qPCR primers

Genes Primer sequence (5’-3’)

MiR-411-3p
F: CCGAGTATGTAACACGGTC

R: TATGTAACACGGTCCACTAACC

YY1
F: AAAACGACACCAACTGGTTCATAC

R: AAGTCCAGTGAAAAGCGTTTCC

Bcl‐2
F: ATCCAGGACAACGGAGGCTG

R: CAGATAGGCACCCAGGGTGA

Bax
F: GATCGAGCAGGGCGAATG

R: CATCTCAGCTGCCACTCG

U6
F: CTCGCTTCGGCAGCACA

R: AACGCTTCACGAATTTGCGT

GAPDH
F: CACCCACTCCTCCACCTTTG

R: CCACCACCCTGTTGCTGTAG
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2RNA immunoprecipitation (RIP)

Cell lysates were collected. Incubation of the superna-
tant from cell lysates was implemented with human anti-
Ago2 antibody (SCBT, Santa Cruz, CA, USA) or mouse 
Immunoglobulin G (SCBT, Santa Cruz). Detachment 
of proteins was done using Proteinase K buffer and 
the quantitative real time PCR examined co-precipitated 
RNAs.

2Statistical analysis

Data were presented as mean ± standard deviation 
(S.D.) unless otherwise noted. Two groups’ comparisons 
were implemented using the unpaired two-tailed Stu-
dent’s t-test. Application of Graphpad Prism software 
version 4.0 was for all statistical analyses. P<0.05 empha-
sized obvious statistical meaning.

RESULTS

Elevating miR-411-3p motivates MTX’s cellular uptake 
and cytotoxic influences

CEM/C1 cells were transfected with miR-411-3p 
mimic or mimic NC. miR-411-3p was elevated after 
transfection of miR-411-3p mimic (Fig. 1A). CEM/C1 
cells were treated with disparate concentrations of MTX 
(10, 20 and 40 ng/ml). Detection of the intracellular 
MTX concentration was conducted, and the results dis-
played that the intracellular MTX was elevated in CEM/
CI cells introduced with miR-411-3p mimic (Fig. 1B). 
The cell growth was tested. The results illustrated that 
after incubation with different concentrations of MTX, 
elevating miR-411-3p resulted in a clear augmentation 
in the repression rate of CEM/CI cells (Fig. 1C) and a 
memorable decline in the number of colonies (Fig. 2A). 
Considering that apoptosis is a mechanism by which 
MTX exerts its antitumor effect, the latent function of 
miR-411-3p in MTX-induced apoptosis in CEM/CI cells 
was then figured out. It turned out that the apoptosis 
index of CEM/CI cells in the miR-411-3p mimic in-
troduced with different concentrations of MTX was el-
evated at all MTX concentrations (Fig. 2B). Moreover, 
after incubation with different concentrations of MTX, 

enhancing miR-411-3p could restrain Bcl-2 but acceler-
ate Bax (Fig. 1D–E). These results suggest that elevating 
miR-411-3p restrains CEM/C1 cell growth by motivat-
ing MTX’s cellular uptake and cytotoxic influences.

Depressing miR-411-3p restrains MTX’s cellular uptake 
and cytotoxic influences

To further testify miR-411-3p’s function, miR-411-3p 
inhibitor or inhibitor NC was transfected into CEM/
C1 cells, and the successful transfection was verified 
(Fig.  3A). It turned out that intracellular MTX was clear-
ly reduced in CEM/CI cells introduced with miR-411-
3p inhibitor (Fig. 3B). It came out after incubation with 
different concentrations of MTX, that depressing miR-
411-3p resulted in a clear decline of the repression rate 
of CEM/CI cells (Fig. 3C) and a distinct elevation in 
the number of colonies (Fig. 4A). Meanwhile, CEM/CI 
cells’ apoptosis index after depressing miR-411-3p was 
declined at all MTX concentrations (Fig. 4B). Moreover, 
after incubation with different concentrations of MTX, 
depressing miR-411-3p could motivate Bcl-2 but restrain 
Bax (Fig. 3D/E). Taken together, repressing miR-411-3p 

Figure 1. Elevating miR-411-3p motivates MTX’s cellular uptake 
and cytotoxic influences.
(A) RT-qPCR detection of miR-411-3p; (B) ELISA detection of in-
tracellular MTX concentration; (C) CCK-8 detection of cell viabil-
ity; (D/E) RT-qPCR and Western blot detection of Bcl-2 and Bax; 
the values were clarified as mean ± S.D. (N=3); *vs. the mimic NC, 
P<0.05.

Figure 2. Elevating miR-411-3p motivates MTX’s cellular uptake 
and cytotoxic influences.
(A) Clone formation assay detection of cell proliferation; (B) Flow 
cytometry detection of cell apoptosis; The data in the figures 
were all measurement data, and the values were clarified as mean 
±  S.D. (N=3); *vs. the mimic NC, P<0.05.

Figure 3. Depressing miR-411-3p restrains the cellular uptake 
and cytotoxic effects of MTX.
(A) RT-qPCR detection of miR-411-3p; (B) ELISA detection of in-
tracellular MTX concentration; (C) CCK-8 detection of cell viability; 
(D/E) RT-qPCR and Western blot detection of Bcl-2 and Bax; the 
values were clarified as mean ± S.D. (N=3); *vs. the inhibitor NC, 
P<0.05.
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motivates CEM/C1 cell growth by refraining MTX’s cel-
lular uptake and cytotoxic influences.

MiR-411-3p targets YY1

For further understand miR-411-3p’s possible down-
stream mechanism, Starbase database was applied to 
forecast that miR-411-3p had a binding site with YY1 
(Fig. 5A). YY1 was clearly reduced after elevating miR-
411-3p, while depressive miR-411-3p could motivate 
YY1 (Fig. 5B). Then for further verification of their 
targeting link, the luciferase activity assay was conduct-
ed. Results illustrating co-transfection of YY1-WT with 
miR-411-3p mimic showed a clear decrease in cell lucif-
erase activity (Fig. 5C). Moreover, miR-411-3p and YY1 
were apparently abundant in Ago2 immuno-precipitates 
(Fig.  5D). These results clarify that miR-411-3p targets 
YY1.

Depressing YY1 motivates MTX’s cellular uptake and 
cytotoxic influences

To figure out YY1’s impact on MTX’s cellular up-
take and cytotoxicity in CEM/C1 cells, si-YY1/NC was 

transfected into CEM/C1 cells (Fig. 6A). It turned out 
that intracellular MTX was clearly elevated in CEM/CI 
cells transfected with si-YY1 (Fig. 6B). It came out that 
after incubation with different concentrations of MTX, 
repressing YY1 resulted in a clear elevation in the in-
hibition rate of CEM/CI cells (Fig. 6C) and a distinct 
decline in the number of colonies (Fig. 7A). It turned 
out that the apoptosis index of CEM/CI cells in the si-
YY1 treated with different concentrations of MTX was 
elevated at all MTX concentrations (Fig. 7B). Moreover, 
after incubation with different concentrations of MTX, 
depressing YY1 could restrain Bcl-2 but motivate Bax 
(Fig. 6D/E). The above results illustrate that repressive 
YY1 can accelerate MTX’s cellular uptake and cytotoxic-
ity, thereby refraining CEM/C1 cell growth.

Enhancing YY1 restrains MTX’s cellular uptake and 
cytotoxic influences

To further testify YY1’s role, it was transfected oe-
YY1/NC into CEM/C1 cells and successful transfection 
was verified (Fig. 8A). It turned out that intracellular 

Figure 4. Depressing miR-411-3p restrains the cellular uptake 
and cytotoxic effects of MTX.
(A) Clone formation assay detection of cell proliferation; (B) Flow 
cytometry detection of cell apoptosis; the values were clarified as 
mean ± S.D. (N=3); *vs. the inhibitor NC, P<0.05.

Figure 5. MiR-411-3p negatively modulates YY1.
(A) The binding site of miR-411-3p and YY1 predicted by Starbase 
database; (B) RT-qPCR and Western blot detection of YY1; (C) The 
targeting link between miR-411-3p and YY1 verified by the lucif-
erase activity assay; (D) RIP experiment verification of the target-
ing link between miR-411-3p and YY1; the values were clarified as 
mean ± S.D. (N=3); *vs. the mimic NC, P<0.05; #vs. the inhibitor NC, 
P<0.05.

Figure 6. Depressing YY1 motivates the cellular uptake and cy-
totoxic effects of MTX.
(A) RT-qPCR and Western blot detection of YY1; (B) ELISA detec-
tion of intracellular MTX concentration; (C) CCK-8 detection of cell 
viability; (D/E) RT-qPCR and Western blot detection of Bcl-2 and 
Bax; the values were clarified as mean ± S.D. (N=3); *vs. the si-NC, 
P<0.05.

Figure 7. Depressing YY1 motivates the cellular uptake and cy-
totoxic effects of MTX.
(A) Clone formation assay detection of cell proliferation; (B) Flow 
cytometry detection of cell apoptosis; the values were clarified as 
mean ± S.D. (N=3); *vs. the si-NC, P<0.05.
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MTX was clearly declined in CEM/CI cells transfected 
with oe-YY1 (Fig. 8B). It came out that after incuba-
tion with different concentrations of MTX, strengthen-
ing YY1 resulted in a clear decline in the repression rate 
of CEM/CI cells (Fig. 8C) and a distinct elevation in 
the number of colonies (Fig. 9A). It turned out that the 
apoptosis index of CEM/CI cells in the si-YY1 treated 
with different concentrations of MTX was declined at all 
MTX concentrations (Fig. 9B). Moreover, after incuba-
tion with different concentrations of MTX, depressing 
YY1 could motivate Bcl-2 but restrain Bax (Fig. 8DE). 
Overall, elevating YY1 can restrain MTX’s cellular up-
take and cytotoxicity, thereby motivating CEM/C1 cell 
growth.

Elevating YY1 turns around enhancive miR-411-3p’s 
impacts on MTX’s cellular uptake and cytotoxicity in 
CEM-C1 cells

To further explore miR-411-3p/YY1 axis’ impacts 
on MTX’s cellular uptake and cytotoxicity in CEM/
C1 cells, it was transfected with mimic NC-miR-411-
3p mimic+oe-YY1 or miR-411-3p mimic+oe-NC into 
CEM/C1 cells, and the successful transfection was veri-
fied (Fig. 10A). All results clarify that elevation of YY1 
can turn around elevating miR-411-3p’s impacts on 
MTX cellular uptake and cytotoxicity in CEM-C1 cells 
(Fig. 10B–E, Fig. 11A/B).

DISCUSSION

MTX is a chemotherapeutic drug for ALL’s, which 
majorly exerts its therapeutic impact in ALL by impair-
ing the synthesis of DNA in cells. The ability of leu-
kemic blasts to uptake MTX and MTX-polyglutamate 
has been reported to be vital for the survival of chil-
dren with ALL. However, MTX has a narrow therapeu-
tic range, its pharmacokinetics and therapeutic response 
display great variability in ALL’s, and it exhibits serious 
toxicity in plentiful patients, often resulting in an inter-
ruption or discontinuation of chemotherapy (Hu et al., 
2019). Recent studies have exhibited that miRNAs are 
implicated in the concentration of MTX in the blood of 
ALL patients (Wang et al., 2014), suggesting that miR-
NAs are likely to participate in controlling the uptake of 
MTX by ALL cells. This research illustrated originally 
that elevation of miR-411-3p could motivate MTX’s cel-
lular uptake and cytotoxicity in CEM/C1 cells, and re-
strain cell growth, whereas repressing miR-411-3p did 
the opposite. Meanwhile, it was also testified that miR-
411-3p functioned by targeting YY1.

Figure 8. Enhancing YY1 restrains the cellular uptake and cyto-
toxic effects of MTX.
(A) RT-qPCR and Western blot detection of YY1; (B) ELISA detec-
tion of intracellular MTX concentration; (C) CCK-8 detection of cell 
viability; (D/E) RT-qPCR and Western blot detection of Bcl-2 and 
Bax; the values were clarified as mean ± S.D. (N=3); *vs. the oe-NC, 
P<0.05.

Figure 9. Enhancing YY1 restrains the cellular uptake and cyto-
toxic effects of MTX.
(A) Clone formation assay detection of cell proliferation; (B) Flow 
cytometry detection of cell apoptosis; The data in the figures 
were all measurement data, and the values were clarified as mean 
±  S.D. (N=3); *vs. the oe-NC, P<0.05.

Figure 10. Elevation of YY1 could turn around elevating miR-
411-3p’s impacts on MTX cellular uptake and cytotoxicity in 
CEM-C1 cells.
(A) RT-qPCR and Western blot verification of successful transfec-
tion; (B) ELISA detection of intracellular MTX concentration; (C) 
CCK-8 detection of cell viability; (D/E) RT-qPCR and Western blot 
detection of apoptosis-linked genes (Bcl-2 and Bax); The data in 
the figures were all measurement data, and the values were clari-
fied as mean ± S.D. (N=3); *vs. the mimic NC group, P<0.05; #vs. 
the miR-411-3p mimic+oe-NC, P<0.05.

Figure 11. Elevation of YY1 could turn around elevating miR-
411-3p’s impacts on MTX cellular uptake and cytotoxicity in 
CEM-C1 cells.
(A) Clone formation assay detection of cell proliferation; (B) Flow 
cytometry detection of cell apoptosis; The data in the figures 
were all measurement data, and the values were clarified as mean 
±  S.D. (N=3); *vs. the mimic NC group, P<0.05, #vs. the miR-411-
3p mimic+oe-NC, P<0.05.
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Multiple studies have clarified that miR-411-3p takes 
part in various human diseases. For example, miR-411-3p 
was reduced in the tumor tissues of patients with multi-
ple myeloma, and mediated LncRNA ANRIL dysregula-
tion through hypoxia-inducible factor 1α to suppress the 
malignant proliferation and tumor growth of multiple 
myeloma stem cell-like properties (Wang et al., 2020)]. 
(Fu et al., 2020) testified that miR-411-3p was reduced 
in oral squamous cell carcinoma cells, and elevating miR-
411-3p restrained cell growth by targeting NFAT5. miR-
411-3p mitigated silica-induced pulmonary fibrosis (Gao 
et al., 2020). Meanwhile, miR-411-3p was linked with the 
improved overall survival in lung cancer patients treated 
with nivolumab (Halvorsen et al., 2018). However, miR-
411-3p’s impacts on the efficacy of MTX treatment in 
ALL patients are uncertain. In this research, elevation 
of miR-411-3p memorably enhanced MTX concentra-
tion, cell repression rate and apoptosis index, reduced 
colony number and suppressed Bcl-2 but motivated Bax 
in CEM/C1 cells treated with disparate concentrations 
of MTX, whereas depressing miR-411-3p had the exact 
opposite effect. These results conveyed that miR-411-3p 
could control MTX sensitivity in CEM/C1 cells.

YY1 is an extensively expressed multifunctional tran-
scription factor affiliated with the GLI-Krüppel class of 
zinc finger proteins (Zhang et al., 2021), which takes on 
momentous roles in diversified biological processes and 
is linked with tumorigenesis (Li et al., 2020). discovered 
that YY1-mediated elevation of lncRNA MCM3AP-AS1 
motivated lung cancer angiogenesis and progression(Chen 
et al., 2019). confirmed that YY1 targeted tubulin po-
lymerization-promoting protein and restrained pancre-
atic cancer migration, invasion, and angiogenesis through 
p38/MAPK and PI3K/AKT pathways (Li et al., 2021). 
verified that YY1-induced elevation of LncRNA SNHG5 
motivated angiogenesis in AML through the miR-26b/
CTGF/VEGFA axis. Recently (Antonio-Andres et al., 
2021). confirmed that YY1 was elevated in peripheral 
blood leukemia cells of children with ALL with Pro-B 
and T phenotypes, and its elevation is clearly linked with 
poor survival. Meanwhile, YY1 has also been shown 
to be linked with drug resistance to multiple leukemia 
chemotherapeutics. For example (Zhang et al., 2021). 
demonstrated that in chronic myeloid leukemia, KDM6A 
motivated imatinib resistance through YY1-mediated 
transcriptional elevation of TRKA. The present study 
discovered that repressing YY1 motivated MTX’s cellu-
lar uptake and cytotoxic impacts, but repressed CEM/
C1 cell growth, while enhancing YY1 turned around 
strengthening miR-411-3p’s impacts on MTX cell uptake 
and cytotoxicity in CEM-C1 cells, and enhanced CEM/
C1 cell growth.

However, this research still has several limitations. 
First, animal experiments were not performed to clari-
fy miR-411-3p’s impacts on MTX sensitivity. Secondly, 
it only figured out the regulatory effect of miR-411-3p 
on MTX sensitivity in a single ALL cell line (CEM/C1 
cells) and not in other leukemia cell lines. Finally, fur-
ther exploration of the downstream mechanisms of YY1 
was not conducted. It is hoped that in future studies, the 
regulatory mechanism of miR-411-3p in leukemia MTX 
resistance can be further improved.

CONCLUSION

In short, this research demonstrated that miR-411-3p 
motivated MTX’s cellular uptake and cytotoxic influ-
ences by targeting YY1 in ALL cells. The findings not 

only offer new insights into the mechanisms of variable 
MTX responses noticed in ALL patients, but also new 
references for addressing MTX chemotherapy resistance 
in ALL patients.
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Diabetes mellitus is one of the important independent 
risk factors for the development of neurological disor-
ders such as ischemic stroke, transient ischemic attacks, 
vascular dementia and neurodegenerative processes. 
Hyperglycemia plays a crucial role as a trigger in the 
pathogenesis of these disorders. In this review, we sum-
marize the existing data on the molecular mechanisms 
of diabetic encephalopathy development, consider the 
features of oxidative and nitrosative stresses, changes in 
the thiol-disulfide system, as well as mitochondrial and 
endothelial dysfunction in diabetes. We focus on the role 
of HSP 70 in cellular responses in diabetic encephalopa-
thy. HSP70 protein is an important component of the 
endogenous system of neuroprotection. It acts as an in-
tracellular chaperone, providing the folding, retention, 
and transport of synthesized proteins, as well as their 
degradation under both normoxic and stress-induced 
denaturation conditions. HSP70 can be considered a mo-
lecular marker and a promising therapeutic target in the 
treatment of diabetes mellitus.
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INTRODUCTION

Diabetes mellitus (DM) is recognized by numerous 
studies as an independent risk factor for ischemic stroke, 
transient ischemic attacks and vascular dementia (Tun et 
al., 2017; Maida et al., 2022). In some cases, it can be as-
sociated not only with cerebral vascular disease but also 
with neurodegenerative processes, in particular Alzhei-
mer’s disease. At the same time, diabetic neuropathy is 
the most common complication of diabetes mellitus and 
the leading factor among the causes of reduced quality 
of life in patients with diabetes (Feldman et al., 2019; 

Aleidan et al., 2020). One of the most difficult parts of 
diabetes mellitus treatment is the correction of its late 
neurological complications. Diabetic lesions of the ner-
vous system inevitably occur even against the back-
ground of many years of compensation for the disease, 
achieved through the use of modern effective and afford-
able antidiabetic drugs. For example, diabetes increases 
the risk of acute cerebrovascular events 6 times, with a 
nearly three-fold increase in mortality from them (Maida 
et al., 2022; Ergul et al., 2012). The development of cere-
bral circulatory disorders in such patients is severe, and 
carbohydrate metabolism disorders are associated with 
high mortality and disability (Lin et al., 2020; Hill-Briggs 
et al., 2021). Chronic lesions of the brain in diabetes are 
called diabetic encephalopathy, which leads to a decrease 
in cognitive and mental functions, loss of performance 
and quality of life in this category of patients. The dis-
covery of new mechanisms of many cerebrovascular dis-
eases, in particular, disturbances of the functional state 
of the endothelium, inflammation of the vascular wall, 
and programmed cell death, has opened up opportunities 
for the development of effective pathogenetic correction 
measures. In the pathogenesis of diabetic encephalopa-
thy, the trigger link is hyperglycemia (Shi et al., 2016). An 
important mechanism of vascular complications against 
the background of hyperglycemia is the activation of 
the polyol pathway of glucose oxidation under the in-
fluence of the enzyme aldose reductase. As a result, glu-
cose is converted into sorbitol under the influence of 
aldose reductase, which leads to depletion of NADPH 
and, subsequently, to depletion of the glutathione link of 
the thiol-disulfide system, reduction of endothelial NO 
synthase expression, necessary for NO synthesis. A spe-
cial role in the formation of vascular complications in 
DM belongs to the activation of protein kinase C, and 
subsequently to the increase in the concentration of en-
dothelin-1 and the production of growth factors: vascu-
lar endothelial growth factor VEGF, epidermal growth 
factor EGF and transformed growth factor TGF-β. 
Also, hyperglycemia leads to increased incorporation of 
glucose into the hexose substitutable pathway, result-
ing in increased transcription of inflammatory cytokine 
genes and hyperproduction of reactive oxygen species 
and NO. Currently, oxidative and nitrosative stress are 
considered a universal mechanism of development of all 
complications in DM, including neurodegeneration and 
endothelial dysfunction (Tota et al., 2021; Pitocco et al., 
2013). Recently, experimental studies have discovered a 
new mechanism that explains many aspects of endothe-
lial dysfunction and neurodegradation in DM (Sivitz & 
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Yorek, 2010; Teodoro et al., 2019; Cheng et al., 2020). 
This is mitochondrial dysfunction, which is one of the 
causes of the increase in oxidative stress. Endogenous 
mechanisms, limiting the harmful effects of cytotoxic de-
rivatives of NO, are provided by the thiol-disulfide sys-
tem, the derivatives of which have transport properties 
with respect to NO, thus increasing its bioavailability. In 
addition, many thiols (glutathione, cysteine, methionine) 
can significantly limit the cytotoxicity of nitrosative 
stress, increasing the chance of cell survival (Kükürt et 
al., 2021; Ren et al., 2017; Aoyama, 2021). A significant 
role in the mechanisms of endogenous cyto- and neuro-
protection is attributed to the proteins shaperones (HSP) 
especially, with mM 70 kDa (Belenichev et al., 2023; 
Zhang et al., 2022). However, their involvement in the 
molecular and biochemical mechanisms of the damage 
cascade mechanism in DM has not been fully identified; 
experimental data are scarce and sometimes contradicto-
ry. All this has prompted us to analyze and systematize 
world achievements in this direction, taking into account 
our modest results as well.

DIABETIC ENCEPHALOPATHY

The term “diabetic encephalopathy” (DE) was pro-
posed by R. de Jong in 1950 and represents a persistent 
cerebral pathology resulting from the effects of acute, 
subacute and chronic vascular disorders, which are clin-
ically manifested as neurosis-like and psychosis-like de-
fects, organic, mild to moderate cognitive deficit (De-
jong, 1950). It has been established that the most sig-
nificant pathogenic factors initiating the development 
of DE are the duration of the disease, degree of DM, 
level of glycosylated hemoglobin, diastolic BP and total 
cholesterol (Li et al., 2023; Wang et al., 2020). In clinical 
observations and experimental equivalents of diabetes 
in animals, the duration of DM is associated with 
pathological changes in the CNS, characterized by cog-
nitive and emotional deficits, which can be considered 
a factor in the development of dementia, as well as the 
risk of vascular brain complications (Feldman et al., 
2019; Aleidan et al., 2020; Ergul et al., 2012; Li et al., 
2023). A probable correlation between DM and cogni-
tive function was established as early as 1922 (Miles & 
Root, 1922). Over the past 20 years, a number of stud-
ies evaluating the relationship between type 2 diabetes 
and cognitive function have been completed (Moheet et 
al., 2015; Alkethiri et al., 2021; Antal et al., 2022; 
Kinattingal et al., 2023). In DM, memory and attention 
are the most frequently impaired cognitive functions. 
Hypoglycemic conditions have a pronounced effect on 
the development of mnemonic disorders. In some cas-
es, the development of dementia is possible. Under the 
term dementia, we understand a diffuse disorder of 
mental functions as a result of organic brain damage, 
manifested by primary disorders of thinking and mem-
ory, as well as secondary emotional and behavioral dis-
orders. A diagnosis of dementia can be made when im-
pairments of memory and other cognitive functions are 
pronounced to an extent that significantly interferes 
with the performance of professional and social activi-
ties in previous amounts and quality (Hugo & Ganguli, 
2014). In its development, DE passes through several 
stages of its formation, which fully depend on the age 
of the disease: subclinical (coinciding with the debut of 
DM), clinical (corresponding to the age of the disease 
– from 2 to 5 years), subcompensation (over 5 years), 
severe (10–15 years) and decompensation (with the age 

of the disease over 20 years) (Cheon & Song, 2021; 
Popruga et al., 2021).The clinical picture of DE is char-
acterized by a typical triad of symptoms: headaches, 
dizziness, and memory impairment, which in general 
unite DE with other types of encephalopathies. How-
ever, DE has its own specific features: progressive cog-
nitive decline, which is sometimes referred to as cogni-
tive aging, and sometimes is considered as a pre-stage 
of Alzheimer’s disease (Jayaraj et al., 2020; Falvo et al., 
2023). Moreover, it has been established that the lead-
ing domains of cognitive impairment in type 2 DM pa-
tients are a decrease in short-term verbal memory and 
attention, correlating with atrophic changes in the cere-
bral cortex, which appear already in the early stages of 
diabetes and are not associated with vascular factors 
(Moheet et al., 2015; Antal et al., 2022).In addition, the 
clinical course of DE is characterized by frequent epi-
sodes of acute impairment of cerebral circulation, tran-
sient ischemic attacks and cerebral strokes. In particu-
lar, cerebral strokes are 6 times more frequently regis-
tered in DM patients (Maida et al., 2022; Ergul et al., 
2012).Furthermore, chronic cerebral circulatory disor-
ders are observed to a greater extent in patients with 
diabetes, leading to chronic cerebrovascular insufficien-
cy syndrome, and the mechanisms of progressive mem-
ory decline are associated with chronic hypoxia, cere-
bral tissue ischemia, and neurometabolic disorders 
(Ergul et al., 2012; Pitocco et al., 2013).The concept of 
“brain insulin resistance”, according to which insulin 
receptors exist in the limbic system along with neu-
rotransmitter receptors, is of certain interest. Their role 
in the mechanisms of synaptic plasticity in the hippo-
campus has now been established. In particular, it has 
been shown that insulin rapidly mobilizes functional 
GABA-A receptors on postsynaptic membranes of hip-
pocampal neurons and improves synaptic transmission. 
In addition, a regulatory role of insulin in the function-
ing of AMPA and NMDA receptors of hippocampal 
neuronal membranes has been established (Spinelli et 
al., 2019). Insulin can act as a mediator by accelerating 
the synthesis and synaptic trafficking of acetylcholine, 
dopamine, and other mediators. With time there is a 
depletion of insulin receptors in the CNS and a weak-
ening of the function of other neurotransport systems, 
which to some extent explains the processes of cogni-
tive aging (Kleinridders et al., 2014). In addition, it has 
been experimentally established that insulin also has a 
neuroprotective effect under conditions of oxidative 
stress or DM (Soto et al., 2019). Pathomorphological 
studies have determined a decrease in the expression of 
insulin and insulin-like growth factor-1 (IGF) in the 
hippocampus, cerebellum, pons, and basal ganglia, as 
well as neuronal losses in the hippocampus and frontal 
neocortex (Jafferali et al., 2000). In the brain, insulin 
and IGF-1 mediate numerous effects, including glucose 
utilization and energy metabolism, oxidative stress, ge-
netic regulation of other neurotrophic factors and their 
receptors, cholinergic gene expression and tau-protein 
phosphorylation, and formation regulation. They also 
exhibit anti-inflammatory and anti-apoptotic effects 
(Dandona et al., 2007). Decrease of insulin regulation 
inhibits early response genes c-fos and c-jun with sub-
sequent expression of IGF1 and IGF2, nerve growth 
factor, neurotrophin-3 and their receptors (Griffiths et 
al., 1998; Zhang & Li, 2017). Also, insulin and IGF 
provide neurotrophic support in the hippocampus. It is 
known that diabetic neurovascular pathology is a meta-
bolic disorder whose pathogenesis is based on the lack 
of insulin requirement for glucose to enter both nerve 
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tissue and the vascular wall. Hyperglycemia contributes 
to a significant (up to fourfold) increase in neuronal 
glucose levels with subsequent disruption of intracellu-
lar glucose metabolism and neuronal damage (Barrett et 
al., 2017). This results in the development of secondary 
processes in the form of oxidative stress and protein 
glycosylation. At the same time, it was found that insu-
lin activates the movement of GLUT4 to the plasma 
membrane in hippocampal neurons by mechanisms 
similar to those observed in peripheral tissues. It is 
considered that due to this, hippocampal neurons can 
significantly increase glucose utilization during neuronal 
activity growth (Cisternas et al., 2019). But it was found 
that elevated plasma glucose levels of up to 6.1 
mmol/L were associated with greater atrophy of struc-
tures associated with aging and neurodegeneration pro-
cesses, in particular, the hippocampus and amygdalin. 
This indicates the relevance of glycemic control and 
correction in the subclinical course of DM or its ab-
sence. Disregarding the interdependence and similarity 
of pathogenesis, damages to the neuronal and vascular 
systems are fundamentally different, including the ther-
apeutic approaches. Studies have established the role of 
hippocampal dysfunction in diabetes mellitus and its 
role in the development of DE (Spinelli et al., 2019). In 
particular, it was electrophysiologically discovered that 
behavioral and mnemastic deviations in diabetic ani-
mals are associated with a deficit of long-term potenti-
ality in the CA1 area of the hippocampus (Kumar, 
2011). This factor, which reflects the synaptic plasticity 
of the hippocampus, was prevented by insulin therapy, 
while interventional treatment to normalize hyperglyce-
mia had only a partial effect on long-term potentiality 
(Ho et al., 2013). The role of hyperglycemia in the acti-
vation of damage mechanisms and activation of apop-
tosis in the rat hippocampus has also been established 
(Chen et al., 2019). Induction of apoptosis in the hip-
pocampus may be associated with an increase in the 
Bax/Bcl-2 and Bax/Bcl-xl ratio as well as caspase-3 ac-
tivity (Liu et al., 2013). It was experimentally deter-
mined that streptozotocin-induced diabetes led to cho-
linergic receptor dysfunction and reduced the neuro-
protective activity of the GABAergic system in the hip-
pocampus, indicating a high vulnerability of neurons of 
this brain formation and a relationship between the de-
velopment of cognitive impairment and deficit (Sherin 
et al., 2012).

Processes of systemic neuronal inflammation in the 
CNS also correlate with manifestations of cognitive defi-
cits and are associated with increased levels of inflam-
matory cytokines (IL-1β, TNF-α and IL-6) against a 
decrease in BDNF in the hippocampus (Fourrier et al., 
2019; Dugue et al., 2017). Long-term hyperglycemia leads 
to the activation of cyclooxygenase-2 expression that in 
turn results in the increase in biosynthesis of prostaglan-
din E2, which inhibits glucose-stimulated insulin secre-
tion that disturbs cell tolerance to glucose and plays a 
significant role in the pathogenesis of DM. It has been 
experimentally established that streptozotocin-induced 
diabetes leads to an increase in the immunoreactivity of 
the inducible form of cyclooxygenase-2 (Cox-2) in the 
dentate gyrus and CA3-zone of the hippocampus and 
can thereby influence the synaptic plasticity processes in 
this structure (Nam et al., 2011).

In general, such disorders can be the cause of rapid 
development of neurodegenerative changes in DM. The 
leading role in the pathogenesis of these complications 
belongs to the negative impact of oxidative stress on 
the function of the cells of the central nervous system, 

and in particular the hippocampus, provided both high 
intracellular glucose levels and impaired microcirculation 
(Kükürt et al., 2021; Li et al., 2023). (Fig. 1).

OXIDATIVE STRESS

The main source of free-radical oxidation processes 
in DM is a state of chronic hyperglycemia. The devel-
opment of neuronal dysfunction and the appearance 
of signs of cognitive deficit are based on disorders of 
carbohydrate metabolism, which lead to self-oxidation 
of glucose, to activation of the polyol (sorbitol) and 
hexozoamine pathways of glucose metabolism with 
intracellular accumulation of their reaction end prod-
ucts, to an increase in intracellular glutathione and 
ascorbate redox systems, as well as disorders of the 
metabolism of NO and prostaglandins, non-enzymatic 
glycosylation of proteins and formation of glycosyla-
tion end products with the subsequent development 
of neuroinflammatory processes and cytoxic edema 
of neuronal tissue (Kükürt et al., 2021; Belenichev, 
2013). Hypoxia observed in DM is an additional fac-
tor contributing to the increased formation of reac-
tive oxidants. The accumulation of peroxidation prod-
ucts under conditions of hyperglycemia leads to the 
interaction of glucose with amino groups of proteins, 
increasing their glycosylation and oxidation (auto-oxi-
dative oxidation). Non-enzymatic glycosylation of an-
tioxidant defense enzymes leads to a decrease in their 
activity and even complete inactivation (Belenichev et 
al., 2015). The greatest number of free radicals in the 
organism refers to combinations of reactive oxygen 
with a very short lifetime: the superoxide oxygen rad-
ical anion (O2

–) and alkoxy radical (RO*) – 10–6 s, hy-
droxyl radical (OH–) – 10–9 s, peroxyl radical (ROO) 
– 10–12 s (Collin, 2019; Edge & Truscott, 2021).

Figure 1. Molecular and biochemical cascade of links of diabetic 
encephalopathy pathogenesis.
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NITROXIDERGIC SYSTEM AND NITROSATIVE STRESS

The unique chemical nature and large number of 
intracellular targets for NO and its physiologically 
active oxidative-redox forms leave open the question 
of the way and the specificity in which the damag-
ing effect of nitric oxide is mediated in the neuron 
under ischemic conditions. Numerous studies have 
shown the direct involvement of NO in the process 
of neuronal destruction in ischemia, arterial hyper-
tension, and DM. A slight increase in NO concen-
tration activates the synthesis of chaperone proteins 
and NO-dependent activation of HSP70 may consti-
tute an important endogenous cellular defense mech-
anism. However, iNOS hyperexpression is suppressed 
by HSP70 by reducing the activation of the iNOS 
transcription factor (NFκB), which leads to the lim-
itation of nitrosative stress and neuroapoptosis (Bele-
nichev et al., 2015). Now, there is an active study of 
NO targets and whether NO is sufficiently cytotoxic, 
or whether its derivatives are more active (Aquilano 
et al., 2011; Liu et al., 2019). Studies in recent years 
have established that NO, and especially the products 
of its conversion, such as peroxynitrite (ONOO–), 
nitrosonium ion (NO+), nitroxyl (NO–) and diazotri-
oxide (N2O3), are major factors in the realization of 
nitrosative stress, which results in direct interaction of 
NO with metals (hem iron of hemoglobin, myoglobin, 
iron-containing enzymes, as well as non-heme iron of 
iron-sulfur proteins and DNA, copper and zinc of ac-
tive enzyme centers), and indirect interaction of NO+ 
(S-, N-, O-nitrosation) with thiol, phenolic, hydroxyl 
and amino groups of proteins and DNA. Such inter-
action leads to receptor desensitization, inhibition of 
mitochondrial enzyme activity and fragmentation of 
nucleic acids (Belenichev et al., 2015; Liu et al., 2019).

GLUTATHIONE LINK OF THE THIOL-DISULFIDE SYSTEM

Hyperglycemia promotes the activation of the sor-
bitol pathway of glucose metabolism, which, together 
with activation of NADPH oxidase, leads to depletion 
of the NADPH cytosolic level and, consequently, of 
the reduced glutathione (GSH) level (Yan, 2018). (Fig. 
2). A decrease in GSH levels below normal values can 
serve as an indicator of impaired cellular redox sta-
tus and changes in the redox-dependent regulation of 
genes. The consequence of this disturbance is a signif-
icant change in the mechanism of cellular redox-de-
pendent signaling, controlled both non-enzymatically 
and enzymatically with the participation of glutathi-
one transferase and glutaredoxin isoforms (Luo et al., 
2016; Ohiagu et al., 2021). It is known that GSH is 
a neurotransmitter and neuromodulator (in micromo-
lar concentrations it is an agonist of glutamate recep-
tors; in millimolar concentrations, it modulates the 
SH groups of NMDA receptors). Oxidized forms of 
glutathione in concentrations above 200 μM decrease 
the expression of early response genes, and in con-
centrations of 5 mM or more, it activates p53-depen-
dent apoptosis and reduces HSP levels (Belenichev et 
al., 2020). GSH, competitively binding to nitric oxide, 
forms a complex in the form of S-nitrosoglutathione, 
which forms a depot of endogenous NO (further NO 
release is catalyzed by the thioredoxin system). Also, 
the release of NO from S-nitrosoglutathione occurs 
with glutamyltranspeptidase to form S-nitrosocyste-
inylglycine as a producer of NO. Cystine, which is 

reduced to cysteine, takes part in the transport of 
S-nitrosoglutathione. These reactions are controlled 
by glutathione reductase and glutathione transferase. 
Nitrosative stress results in oxidative modification of 
low molecular weight thiols, formation of homocyste-
ine and its cytotoxic derivatives which enhance thiol 
oxidation (Ren et al., 2017; Aoyama, 2021; Belenichev 
et al., 2015). It should be noted that the increased in-
tracellular levels of cytotoxic forms of NO and de-
creased levels of reduced glutathione may be asso-
ciated with deprivation of the heat shock protein 
(HSP70) level (Belenichev et al., 2020).The action of 
NO formed with the participation of mtNOS results 
in the opening of mitochondrial pores and the release 
of pro-apoptotic proteins into the cytosol. The open-
ing of the pores is due to oxidation or nitrosylation 
of the thiol groups of the cysteine-dependent portion 
of the mitochondrial inner membrane protein (ATP/
ADP-antiporter), and this converts it into a permeable 
nonspecific pore channel (Pavlov et al., 2017). The in-
teraction of NO with members of the Bcl-2 superfam-
ily is also reflected in the fact that the action of nitric 
oxide in the cell decreases significantly the level of in-
tracellular Bcl-2 protein, possibly through caspase-in-
duced splitting or p53-dependent inhibition of its ex-
pression (Shamas-Din et al., 2013; Fricker et al., 2018; 
Török et al., 2002). The proapoptotic effect of nitric 
oxide is also expressed in its induced increase in the 
expression of apoptogenic BaX proteins. GSH and its 
precursor N-acetylcysteine can modulate NF-κB, in-
hibit IL-1β expression, and exhibit anti-inflammatory 
effects (Belenichev et al., 2020; Pavlov et al., 2017). It 
is known that increased production of TNF-α, IL-1β, 
IL-6, and iNOS occurs against a background of GSH 
deficiency (Skelly et al., 2013).

Figure 2. Disturbance in the coupling of NO/SH system in diabe-
tes mellitus and nitrosative stress activation.

1078



Vol. 70 						      755Molecular and biochemical mechanisms of diabetic encephalopathy

MITOCHONDRIAL DYSFUNCTION

Mitochondrial dysfunction (MD) has no etiological 
and nosological specificity and is a typical pathological 
process. However, it leads to disruption of mediator re-
uptake (noradrenaline, dopamine, serotonin), ion trans-
port, impulse generation and conduction, protein synthe-
sis, processes of transcription and translation, and activa-
tion of “parasitic” energy-producing reactions, resulting 
in significant energy expenditure in the neuronal cell. 
The role of MD in the development of various patho-
logical conditions, including neurodegenerative ones, has 
also been confirmed in DM (Norat et al., 2020; Wang et 
al., 2020; Pessoa & Duarte, 2023).

It was experimentally determined that diabetes mellitus 
leads to a significant decrease in the membrane potential 
of rat brain mitochondria. These changes were accompa-
nied by a decrease in the ATP content and ATP/ADP 
ratio in brain synaptosomes, which indicates diabetes-in-
duced disorders in the functioning of the electron-trans-
port chain and energy coupling of the electron transfer 
process with ATP synthesis (Belenichev et al., 2015; Pinti 
et al., 2019; Singh et al., 2021).

In conditions of hypoperfusion of brain tissues, 
compensatory mechanisms are depleted and energy 
deficiency develops, which leads to an increase in Ca2+ 
levels in the cell cytoplasm because energy-dependent 
pumps that “load” Ca2+ into the cisterns of the en-
doplasmic reticulum or “unload” it from the cell are 
blocked. These processes activate Ca2+-dependent 
phospholipases. One of the defense mechanisms pre-
venting the accumulation of calcium ions in the cyto-
plasm is their capture by mitochondria. However, it 
increases their metabolic activity aimed at maintaining 
intramitochondrial charge and proton pumping. This 
is accompanied by an increase in ATP expenditure. In 
general, a vicious circle occurs when oxygen deficiency 
disrupts energy exchange and stimulates the formation 
of ROS damaging mitochondrial and lysosome mem-
branes, which can lead to mitochondrial dysfunction. 
In turn, mitochondrial dysfunction leads to the initi-
ation of apoptosis and irreversible damage and death 
of the neuron (Norat et al., 2020). In addition, the key 
enzyme of the Krebs cycle, aconitate hydratase (aconi-
tase), is highly sensitive to the effects of oxidative and 
nitrosative stress (Pessoa & Duarte, 2023). In DM its 
activity is significantly reduced, and this leads to im-
paired mitochondrial glucose oxidation, and ATP de-
ficiency (Sivitz & Yorek, 2010; Kuretu, 2023) (Fig. 3).

ENDOTHELIAL DYSFUNCTION

Hyperglycemia is a trigger in the pathogenesis of di-
abetic encephalopathy. As a result of protein kinase C 
activation, there is an increase in the concentration of 
endothelin-1 and production of growth factors: vascular 
endothelial growth factor VEGF, epidermal growth fac-
tor EGF and transformed growth factor TGF-β (Ergul, 
2011; Heydarpour et al., 2020; Wu & Derynck, 2009; 
Chen et al., 2020). Also in hyperglycemia, there is an in-
creased incorporation of glucose into the hexose-substi-
tuted pathway, resulting in increased transcription of in-
flammatory cytokine genes, which also contributes to the 
formation of vascular inflammation and proatherogenic 
state (Shi et al., 2016; Wang et al., 2020). Currently, oxi-
dative stress is considered the main universal mechanism 
of development of all complications in DM, in particu-
lar, as a result of endothelial dysfunction. Moreover, hy-
perglycemia-induced oxidative stress triggers damage re-
actions to protein structures of ion channels and recep-
tors, as well as activation and phosphorylation of cytoso-
lic phospholipase A2 (cPLA2) with increased formation 
of arachidonate and prostaglandin E2, which leads to 
changes in vascular permeability (Wang & Hsiao, 2020; 
Sun et al., 2021). As a result of oxidative stress, DNA 
damage occurs, an obligatory stimulus for the activation 
of the nuclease enzyme poly(ADP-ribose) polymerase, 
which depletes the intracellular concentration of NAD+, 
reducing the level of glycolysis, slowing electron trans-
port and ATP formation, blocking glyceraldehyde-3-fos 
activity, which leads to endothelial dysfunction and de-
velopment of diabetic complications (Liu et al., 2017; 
Pacher & Szabó, 2005) (Fig. 4).

HEAT SHOCK PROTEINS

Clinical studies of HSP70 levels in diabetes are lim-
ited. It is known that patients with DM1 had elevated 
blood levels of HSP72, which decreased significantly 
after treatment (Ludwig et al., 2014). However, another 
case-control study reported reduced serum HSP70 lev-
els in type 1 diabetic patients with and without micro-
vascular complications (Atalay et al., 2004). Increased 

Figure 3. Formation of mitochondrial dysfunction in diabetes 
mellitus and its consequences.

Figure 4. Pathogenesis of endothelial dysfunction in diabetes 
mellitus.
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serum HSP70 levels were also found in patients with 
type 2 DM not treated with insulin (Nakhjavani et al., 
2010). A decrease in iHSP70 expression and an increase 
in eHSP70 expression are found in patients with obesity 
and metabolic diseases, including DM2. HSF-1, which is 
one of the HSP72 transcription factors, is also repressed 
in subjects with DM2 (Seibert et al., 2022). HSF-1 ex-
pression in skeletal muscle was found to be five times 
lower in obese and DM2 patients than in a control 
obese group.

The family of heat shock proteins HSPs (Heat shock 
proteins) is considered to be one of the most studied 
cytoprotective factors (Kim et al., 2020; Deka & Saha, 
2018; Belenichev et al., 2022). There is a class of pro-
teins (chaperones) whose main function is to restore 
the correct tertiary structure of damaged proteins, as 
well as to form and dissociate protein complexes. Many 
chaperones are heat shock proteins, that is, proteins 
whose expression is initiated in response to increased 
temperature or other cellular stresses (Belenichev, 2013; 
Ortan et al., 2018). HSPs act as intracellular chaperones 
that maintain cell proteostasis in normal and under var-
ious stress conditions (hyperthermia, hypoxia, oxidative 
stress, radiation, etc.).

The most interesting is the HSP70 protein as an 
important component of the system of endogenous 
cyto- and neuroprotection, which, first of all, per-
forms the function of intracellular chaperones and 
provides the processes of folding, holding and trans-
port of synthesized proteins, as well as their degra-
dation, both in normoxia and under stress-induced 
denaturation (Turturici et al., 2011). It is known that 
the heat shock protein family 70 includes: inducible/
stress-inducible block HSP72/HSP70i, constitutive/
physiological protein HSP73/HSC70, constitutive glu-
cose-regulating mitochondrial protein GRP75, consti-
tutive heme oxygenase-1 (HO–1) participates in biliru-
bin metabolism (Belenichev et al., 2023). The consti-
tutive form of HSP70 is still present in all subcellular 
compartments and participates in the functioning of 
cell life support systems in normoxia. On the con-
trary, the inducible form of HSP70 appears in cells in 
response to stress, including ischemic stroke (Turturici 
et al., 2011). In response to stress, ischemia, hypoxia, 
etc., a sharp increase in the level of HSP70 is reg-
istered, and its highest concentration is observed in 
vital parts of cells: nuclear, perinuclear space, mito-
chondria, endoplasmic reticulum, which indicates the 
importance of chaperone70 in protecting cells from 
death. As nuclear pre-ribosomes resume functioning, 
the concentration of HSP70 in the nucleus decreases 
and increases in the cell cytoplasm. Thus, the level of 
HSP70 can be considered as a marker of cellular and 
tissue damage. Hyperproduction of HSP70 in cells 
inhibits the development of autophagy as an alterna-
tive, more “radical” mechanism of cellular stress re-
sponse (Belenichev, 2013; Ortan et al., 2018). Recent 
studies have established a direct cytoprotective effect 
of HSP70, which is realized by regulating the pro-
cesses of apoptosis and cell necrosis. HSP70 inhibits 
mitochondrial and cytoplasmic pathways of apoptosis. 
Thus, HSP70 inhibits the transition of procaspase 9 
into active caspase 9 and disrupts apoptosome forma-
tion in the cytoplasm of cells. Against the background 
of HSP70 hyperexpression the level of anti-apoptot-
ic protein Bcl-2 increases, which prevents the release 
of cytochrome c from mitochondria and translocation 
of apoptosis-inducing factor (AIF) into the nucle-
us preventing cell apoptosis. HSP70 protein inhibits 

TNFα-induced apoptosis and also effectively inhibits 
the development of Fas- and TRAIL- (TNF-related 
apoptosis-inducing ligand) mediated apoptosis in dif-
ferent cell types. Accumulation of HSP70 in cells in-
creases their resistance to staurosporine, and doxoru-
bicin, known as apoptosis inducers (Naka et al., 2014). 
Ubiquitination of the insulin-like growth factor-1 re-
ceptor is inhibited by HSP10 and HSP60 which re-
sults in insulin-like growth factor-1 receptor signaling 
in cardiac muscle in streptozotacin-induced DM (Shan 
et al., 2003). It is known that ischemia and hypergly-
cemia lead to the development of local inflammation. 
In this situation, HSP70 blocks the activation of the 
inflammatory transcription factor NF-κB and inhib-
its its cytokine-mediated translocation to the nucleus 
(Belenichev, 2013). HSP70 inhibits the production of 
proinflammatory cytokines (TNF-α, IL-6), inhibits the 
activity of matrix metalloprotein kinases (MMPs) and 
inducible nitric oxide synthase (iNOS) in models of 
ischemia in vitro and in vivo (Belenichev et al., 2015). 
It was found that HSP70 in astrocyte culture under 
ischemia inhibits proapoptotic Jun N-terminal kinas-
es (JNK) and p38 mitogen activating protein kinase 
(MAPK), disrupting the apoptosis signaling pathway 
(Giffard et al., 2008). The studies demonstrated a di-
rect relationship between HSP70 and TNFα expres-
sion levels, iNOS in microglia, and MMP-9 in astro-
cytes. When IL-1b interacts with receptors, the nucle-
ar transcription factors AP-1 and NF-κB are activated, 
which alters the behavior of target cells and leads to 
the development of an acute cellular response, to the 
expression of other pro-inflammatory factors, to the 
stimulation of iNOS and cytotoxic NO produced by 
astrocytes, to an increase in mitochondrial pore per-
meability and to the initiation of neuroapoptosis. The 
IL-1b signaling pathway that enhances mechanisms of 
delayed neuronal death may be regulated by HSP70 
(Kim et al., 2020). An increase in HSP70 concentra-
tion within the physiological norm leads to an in-
crease in IL-1β to levels necessary for its participation 
in cyto- and neuroprotection; while HSP70 deficiency 
can lead to a significant increase in IL-1. Overexpres-
sion of HSP70 attenuates IL-1β expression by inhib-
iting the C/EBPβ and C/EBPδ transcription factors 
(Senf et al., 2008). HSP70 can prevent the production 
of inflammatory cytokines by inhibiting NF-κB-depen-
dent transcription (Lyu et al., 2020; Ferat-Osorio et al., 
2014). Many studies investigating the mechanisms of 
endogenous neuroprotection in ischemia show that 
the glutathione link of the thiol-disulfide system is re-
activated against the background of an increase in the 
level of HSP70, and the introduction of exogenous 
HSP70 leads to an increase in the functional activi-
ty of the glutathione system (Belenichev et al., 2020). 
HSP70 proteins mobilize antioxidant resources in neu-
rons by increasing the level of both cytosolic and mi-
tochondrial pools of reduced glutathione (Belenichev, 
2013; Belenichev et al., 2015; Zhang et al., 2022). The 
data on the role of HSP in the stabilization of hy-
poxia-inducible factor (HIF-1a), which in conditions 
of ischemia is responsible for providing proliferation, 
apoptosis, angiogenesis, stabilization of protein mol-
ecules under oxidative stress, have recently emerged 
(Belenichev et al., 2023). Under hypoxia conditions, 
HSP 70 is displaced from the complex with HIF-1a, 
thus, during 20–30 min of hypoxia, protecting the 
factor structure from targeted proteolysis. It is likely 
that HSP 70 is able to increase the lifetime of factor 
HIF-1a under pre- and post-hypoxia conditions and 
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is required for cells to respond appropriately to oxy-
gen deprivation under ischemic conditions (Kim et al., 
2020). HIF-1a determines the ability to activate the 
compensatory energy shunt and HSP 70 determines 
the ability of its long-term function. This statement is 
supported by the works of other researchers. It was 
found that one of the chaperones, the HSP 90 pro-
tein, is able to bind to the PAS domain of B-factor 
and stabilize it. Another cellular chaperone, HSP 70, 
recognizes a different structural motif of the HIF-1a 
molecule, the so-called oxygen-dependent degradation 
(ODD) domain (Dery et al., 2005). It should be not-
ed that the role of these inter-protein interactions is 
unclear; it is assumed that they are required for the 
stabilization of HIF-1a under normoxia conditions. 
Under hypoxia conditions, at least one of the chap-
erones (HSP 70) is displaced from the complex with 
HIF-1a by the ARNT protein, which protects the fac-
tor structure from targeted proteolysis during 20–30 
min of hypoxia. Thus, HSP 70 is able to increase the 
lifetime of the HIF-1a factor under pre- and post-hy-
poxia conditions and is required for cells for an ap-
propriate response to oxygen deprivation (Belenichev 
et al., 2022; Belenichev et al., 2023; Kim et al., 2019).

Under DM, HSP levels are higher in some tissues 
and lower in other tissues. Defects in response to 
heat shock are seen in diabetic wounds. Both chaper-
ones play important roles in cardiac defense. HSP60 
expression is impaired in the heart of diabetic animals 
and this may contribute to diabetic cardiomyopathy 
(Atalay et al., 2004). Also, expression of HSP72 is sup-
pressed in streptozotacin-induced DM. A decrease of 
HSP70 was found in the mitochondria and cytosol of 
neurons in the CA1 hippocampus and sensorimotor 
cortex of rats with streptozotocin-induced DM (Chen 
et al., 2013)15. Lower levels of HSP70 expression have 
been reported in insulin-sensitive tissues such as mus-
cle and heart. There is evidence of decreased HSP70 
protein levels in exercising diabetic animals with in-
creased mRNA expression. Insulin resistance may 
contribute to a decrease in HSP70 levels in the heart 
and brain. It is hypothesized that increased expression 
of HSP70 in the brain is found in insulin sensitivity, 
in the brain as well as in peripheral tissues (Moin et 
al., 2021).

HSP70 demonstrates diverse mechanisms of ac-
tion on the development of inflammation and insulin 
resistance. Extracellular eHSP70 plays a role as a li-
gand for TLR2 and TLR4 in surrounding cells, which 
activates JNK via MEKK4/7 and suppresses NF-κB 
through IRAK4 activation (Mulyani et al., 2020; Zhang 
et al., 2013). eHSP70 also regulates the expression of 
eNOS, iNOS and other cytokines such as TNFα and 
IL1β (Belenichev et al., 2023; Kim et al., 2020; Deka 
& Saha, 2018; Giffard et al., 2008). Activation of JNK 
leads to increased inflammation, triggers insulin re-
sistance mechanisms and enhances the formation of 
mitochondrial dysfunction. In contrast, intracellular 
iHSP70 inhibits JNK activation and suppresses patho-
logical mechanisms associated with its activation such 
as inflammation, insulin resistance, mitochondrial dys-
function, and ROS production (Bironaite et al., 2012; 
Nagai & Kaji, 2023). The effect of HSP70 action de-
pends on the iHSP70/eHSP70 ratio. A higher level of 
iHSP70 compared to eHSP70 leads to a decrease in 
inflammation processes (Krause et al., 2015; Oliveira et 
al., 2022; Seibert et al., 2022; Alemi et al., 2019).

LABORATORY DIAGNOSTICS

As a molecular marker in DM, it is necessary to de-
termine the iHSP70/eHSP70 ratio in patients’ serum 
or lymphocytes instead of total HSP70, which leads to 
a departure from the real picture of the pathological 
process. In healthy people, it is about 1 (Krause et al., 
2015; Seibert et al., 2022). An [eHSP70]/[iHSP70] ratio 
of more than 5 indicates a significant pathological pro-
cess – inflammation, insulin resistance, and endothelial 
dysfunction in DM (Mulyani et al., 2020). The lower the 
ratio or the dynamics are more negative, the better the 
outcome of the disease.

PERSPECTIVES ON THE DEVELOPMENT OF 
PHARMACEUTICAL PRODUCTS

Such a role of chaperone proteins in cellular re-
sponses in pathological conditions raises the question 
of developing new drugs capable of providing modu-
lation/protection of the genes encoding the synthesis 
of HSP 70 and HIF-1a proteins. Strategies aimed at 
modulating HSP70 in DM (prolonged exercise, phar-
macological modulation of HSP70) require adherence 
to and maintenance of iHSP70 expression, thus pre-
venting progression toward more severe DM and al-
lowing restoration of insulin sensitivity. Thus, HSP70 
is attractive as a therapeutic target in the treatment of 
DM.
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Silencing lncRNA EZR‑AS1 induces apoptosis and attenuates the 
malignant properties of lung adenocarcinoma cells
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Adenocarcinoma is one of the major subtypes of lung 
cancer. This study aimed to investigate the effect of si-
lencing long non-coding RNA (lncRNA) EZR‑AS1 on the 
biological behaviors of lung adenocarcinoma (ADC) cells. 
EZR‑AS1 expression levels in lung ADC tissues and cells, 
as well as in adjacent non-cancerous tissues, were de-
termined using quantitative reverse transcription poly-
merase chain reaction (qRT-PCR). EZR‑AS1 was knocked 
down in two lung ADC cell lines using small interfering 
RNA specific for EZR‑AS1 (siEZR‑AS1). Proliferation, mi-
gration, and apoptosis of EZR‑AS1-knockdown cells were 
assessed using the CCK-8 viability assay, flow cytometry, 
or wound healing experiments. The levels of proteins re-
lated to migration pathways were evaluated using west-
ern blotting analysis. EZR‑AS1 contents were significant-
ly higher in lung ADC tissues and cells than in the levels 
in the non-cancerous tissues and cells (p<0.01). Trans-
fection of ADC cell lines H1437 and H1975 significantly 
downregulated EZR‑AS1 levels in both cell lines. Cyto-
toxicity assays revealed that the viability of EZR‑AS1-
knockdown cells significantly decreased over culture 
time, and a significant level of apoptosis was induced 
(p<0.01). Wounding healing experiments revealed that 
EZR‑AS1-knockdown significantly reduced the migration 
rate of both cell lines (p<0.01). Furthermore, proteins 
related to migration pathways such as vimentin, MMP2, 
and MMP9 were significantly downregulated, whereas 
the E-cadherin level was significantly increased after 
EZR‑AS1 knockdown. Our work demonstrated that EZR-
AS1 is associated with ADC progression, and silencing 
this gene inhibits proliferation and reduces migration of 
ADC cells in vitro. The altered expression of metastasis-
related genes was likely responsible for the reduced mi-
gration ability after EZR-AS1 knockdown.
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INTRODUCTION

With the increasing number of cancer patients world-
wide in recent years, the total prevalence and mortality 
rate of lung cancer have always been among the highest, 
particularly in China (Bade & Dela Cruz, 2020; Bai et al., 
2018; Cao & Chen, 2019). Annually, there are about 1.8 
million new cases of lung cancer and nearly 1.6 million 
people die because of lung cancer. Studies show that the 
five-year survival rate of patients is 4–17% (Klimaszews-
ka-Wisniewska et al., 2018; Musika et al., 2021). Histo-
logically, lung cancer is divided into four types including 
small-cell lung  cancer  (SCLC), squamous cell carcinoma, 
adenocarcinoma (ADC), and large-cell carcinoma (Den-
isenko et al., 2018). ADC accounts for the highest pro-
portion of lung cancers and is responsible for up to 40% 
of all lung cancers in China (Wu et al., 2021). However, 
the specific mechanisms of the occurrence, development, 
and metastasis of ADC are still largely unclear, and eluci-
dation of these mechanisms will be of great significance 
in the management of the disease.

Long non-coding RNAs (lncRNAs) are endogenous 
RNAs that have more than 200 nucleotides in length 
but do not encode proteins (Saigoh et al., 1998). They 
play various roles in numerous biological activities and 
processes, including epigenetic regulation, DNA meth-
ylation, histone modification, cell cycle regulation, post-
transcriptional and post-translational regulation of DNA 
expression, and histone modification (Hosseini et al., 
2017). LncRNAs have been demonstrated to participate 
in the occurrence, proliferation, invasion, metastasis and 
prognosis of many tumors, including lung cancer. For 
example, the level of lncRNA DANCR is elevated in tis-
sues isolated from high-grade lung cancer and DANCR 
knockdown reduces the progression of lung cancer in 
a xenograft mouse model (Figg et al., 1978); HOTAIR 
level is upregulated in lung cancer and the level is cor-
related with the degree of metastasis and outcome with 
poor prognosis (Loewen et al., 2014); and lncRNA ezrin 
antisense RNA 1 (EZR‑AS1) is highly expressed in vari-
ous cancers such as cutaneous squamous cell carcinoma 
(cSCC), colon cancer, breast cancer, and esophageal 
squamous cell carcinoma (ESCC) compared with non-
cancer tissues (Bai et al., 2018; Ghaffari et al., 2019; Lu et 
al., 2021; Xie et al., 2011).

EZR‑AS1, 362 bp in length, is an endogenous lncR-
NA transcribed from the antisense strand of the EZR 
gene that is located on chromosome 6q25.3 (Liu et al., 
2019). As a cytoskeletal-membrane linker protein, ezrin 
is highly expressed in lymph node metastases but not in 
matched primary tumors, and downregulating ezrin with 
a small-molecule compound could impede the migration 
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ability of cancer cells (Ghaffari et al., 2019). Knockdown 
of EZR‑AS1 results in reduced proliferation ability of 
breast cancer cells in vitro and arrests the cell cycle by 
inactivating the Wnt/β-catenin pathway (Bai et al., 2018). 
In ESCC, high EZR expression was found to be the 
cause of poor overall survival and is considered a new 
molecular marker to predict the prognosis of ESCC pa-
tients (Xie et al., 2011). However, the role of EZR‑AS1 
in ADC remains to be elucidated.

In the present work, the effect of silencing lncRNA 
EZR‑AS1 on the growth, migration, and apoptosis of 
lung ADC cells was investigated in an attempt to explore 
the therapeutic option of ADC by lncRNA.

MATERIALS AND METHODS

Reagents and instruments

Fetal bovine serum (FBS; Cat. no. 26140079) was 
purchased from Sigma-Aldrich‑Aldrich USA). The 
RPMI‑1640 medium (cat. no. 11875119), Tris-buffered 
saline (TBS; cat. no. BP2471100), BCA protein as-
say kit (cat. no. 712853), and Annexin V-FITC kit (cat. 
no. 331200) was obtained from Thermo Fisher Scien-
tific (USA). The BeyoRT III cDNA Synthesis Kit (with 
gDNA EZeraser) (cat. no. D7180M), Trizol total RNA 
extraction reagent (cat. no. R0016), and BeyoFast SYBR 
Green qPCR Mix (cat. no. D7260), and Lipofectamine 
6000 transfection reagent (cat. no. C0526), cell counting 
kit-8 (cat. no. C0037), and RNase A (Cat. no. ST579) 
and E-cadherin (cat. no. AF0138; dilution 1:1500) and 
vimentin (cat. no. AF0318; dilution, 1:1000), MMP9 (cat. 
no. AF7935, dilution 1:1500), MMP2 (cat. no. AF1420, 
dilution 1:1500), and GAPDH (cat. no. AF2819, dilution 
1:1200), goat horseradish peroxidase (HRP)-conjugated 
anti-rabbit IgG (cat. no. A0208, dilution 1:2000) and a 
chemiluminescent kit (cat. no. GS009) was purchased 
from Beyotime (Shanghai, China). A microplate reader 
(GloMax® Discover) was purchased from Promega 
(USA). Flow cytometry (FACS LSR) data were obtained 
from BD Biosciences (USA). An inverted light micro-
scope (IX73P2F) was obtained from Olympus (Tokyo, 
Japan). A Real-time PCR Detection System (CFX96) was 
obtained from Bio-Rad, Hercules, CA, USA.

Cell culture

The human lung adenocarcinoma cell line H1437 
(cat. no. CRL-5872), H1975 cells (cat. no. CRL-5908), 
lung epithelial cell line HBEC3-KT (cat. no. CRL-4051) 
and NL20 (cat. no. CRL-2503) were obtained from 
ATCC, Manassas, VA, USA. The cells were grown in 
RPMI‑1640 medium added with 10% FBS, penicillin 
(100 U/ml), and mycomycin (100 μg/ml) in a humidi-
fied incubator with 5% CO2 at 37°C. The medium was 
changed every 2–3 days when the cell culture reached 
the logarithmic phase.

Clinical specimens

Clinical specimens (lung ADC samples and matched 
paracancerous tissues) were isolated from 50 patients 
who underwent surgical treatment at The First Affili-
ated Hospital of Chengdu Medical College in Chengdu, 
China, between July 2017 and January 2019. All ADC 
were primary, and the patients had not received any ra-
diotherapy or chemotherapy prior to surgery. This study 
was approved by the Ethics Committee of Sichuan Uni-

versity (approval no. SU3312D). Informed consent was 
secured from each patient.

Quantitative reverse transcription polymerase chain 
reaction (RT-qPCR)

Total RNA was prepared from tissues and cells using 
TRIzol reagent based on the manufacturer’s protocols. 
RNA (1 µg) was reversely transcribed into cDNA using 
the BeyoRT III cDNA synthesis kit and the resultant 
cDNA was used as a template for RT-qPCR assays with 
primers designed using Primer Premier 5 (https://www.
bioprocessonline.com/doc/primer-premier-5-design-pro-
gram-0001). RT-qPCR was carried out on CFX96 Real-
time PCR System using BeyoFast SYBR Green qPCR 
mix based on the manufacturer’s instructions, with the 
cycling parameters: pre-denaturing at 95°C for 3 min, 
followed by 40 cycles of denaturing at 95°C for 10 s, 
annealing for 30 s with a final extension at 72°C for 
30 s. The GAPDH gene was employed as the endog-
enous expression reference. The expression level rela-
tive to GAPDH was determined using the 2−ΔΔCt meth-
od as outlined described (Livak & Schmittgen, 2001). 
The primers used for EZR‑AS1 were forward: 5’‑CC-
CTCTCCAATGAAGCCTCTC‑3’ and reverse: 5’‑AC-
CGAAAATGCCGAAACCAG‑3’; and for GAPDH 
forward: 5’‑GTCTCCTCTGACTTCAACAGCG‑3’ and 
reverse, 5’‑ACCACCCTGTTGCTGTAGCCAA‑3’.

Transfection

Cells were cultured to 70–80% confluency and di-
vided into aliquots for transfection using Lipofectamine 
6000 transfection reagent, based on the manufacturer’s 
instructions. The cells were either non-transfected (non-
transfected, control), transfected with 0.5 μg siNC (siNC, 
scrambled control), siEZR‑AS1 or pEZR‑AS1 (positive 
control). siRNA (5’‑AAA UAA UAC UAC AAU UAA 
A‑3’) was synthesized by Wigen Biomedicine (Shanghai, 
China). After transfection, cells were grown in 96 well 
plates containing RPMI‑1640 medium at 37°C for 48 h 
and then used for subsequent experiments.

Cell viability assay

The viability of treated cells was determined using a 
CCK-8 cell counting kit based on the manufacturer’s 
protocols. Briefly, cells were inoculated into the wells of 
96‑well plates at a density of 5×104 cells/well and grown 
in RPMI‑1640 medium at 37°C in 5% CO2. At prede-
termined time points, 20 μl CCK-8 solution was drop-
added to the wells and the cells were incubated at 37°C 
with 5% CO2 for 4 h. After the incubation, optical den-
sity (OD) of the plates was determined at 460 nm using 
a microplate reader. All assays were performed in tripli-
cates. Cell viability was calculated as follows: ODsample/
ODcontrol ×100%.

Apoptosis analysis

The apoptosis of treated cells was assessed using the 
ApoDETECT Annexin V-FITC kit based on the manu-
facturer’s protocols. Briefly, after transfection, the cells 
were inoculated into the wells of 6-well plates at 5×104 

cells/well containing RPMI‑1640 medium. The cells were 
cultured at 37°C in 5% CO2 to a confluence between 
50 and 70%, harvested after centrifugation at 750×g at 
25°C for 10 min, washed with 1 ml PBS three times, 
and digested with RNase A (100 μg/ml) at 37°C for 20 
min. The digested cells were resuspended in pre-chilled 
binding buffer in an ice bath, and stained with Annexin 
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V-FITC (3 μl) and PI-PE (7 μl) in the dark at 25°C for 
10 min. After the staining, the cells were loaded onto a 
FACS LSR flow cytometer for analysis with built-in soft-
ware. All assays were carried out in triplicates.

Wound healing assay

To assess the migration ability, cells were cultured on 
slides in the wells of 6‑well plate containing RPMI‑1640 
medium with 10% FBS at 37°C. At 100% confluence, a 
scratch was created on the monolayer with the tip of a 
10 μl pipette as previously described (Justus et al., 2014). 
Serum-free RPMI‑1640 medium was added and cell mi-
gration was recorded at 0 and 48 h with an inverted light 
microscope (at 100× magnification) and cell migration 
distances were calculated using Image‑Pro Plus software 
obtained from Media Cybernetics, Inc. USA.

Western blot analysis

To assess the levels of specific proteins, treated cells 
were collected after centrifugation at 500 g at 25°C for 
10 min, rinsed twice with pre-chilled PBS, and lysed in 
the radioimmunoprecipitation assay (RIPA) buffer. The 
total levels of protein in the lysates were determined us-
ing a BCA  protein  assay kit following the supplier’s in-
structions. After boiling at 100°C for 5 min, 60 µg de-
natured proteins were loaded to the gels and separated 
by 12% polyacrylamide gel electrophoresis (SDS-PAGE). 
The separated proteins on the gels were blot-transferred 
to polyvinylidene fluoride (PVDF) membranes, then 
blocked by gentle shaking in 5% non-fat milk solution 
in 1× TBS containing 0.1% Tween 20 (TBST) for 4 h 
at 25°C. After blocking, the membrane filters were in-
cubated with antibodies to E-cadherin, vimentin, MMP9, 
MMP2, and GAPDH (served as internal control) at 4°C 
overnight, rinsed three times at room temperature with 
TBS buffer, reacted with goat HRP-conjugated anti-
rabbit IgG at 25°C for 2 h. Immunoreactive bands on 
the blots were developed using a chemiluminescent kit 
in the dark following the manufacturer’s protocols. The 
gray values of the reactive bands were determined using 
Quantity One software.

Statistical analysis

Data are shown as the means ± standard error derived 
from three independent experiments. One-way ANOVA 
with post-hoc Tukey’s honest significant difference test 
was applied to compare the means among the groups. 
A value of p<0.05 was considered to be statistically sig-
nificant.

RESULTS

EZR‑AS1 level is highly elevated in lung ADC tissues 
and cells

We first determined the level of EZR‑AS1 mRNA 
in lung ADC tissues and cells as well as in non-can-
cerous tissues and cells. RT-qPCR analysis showed that 
EZR‑AS1 were significantly upregulated in ADC tissues 
in comparison with the adjacent healthy tissues obtained 
from patients undergoing surgical resection (p<0.01; 
Fig.  1A). Furthermore, EZR‑AS1 mRNA levels in ADC 
cell lines H1437 and H1975 were significantly elevated 
compared to those in the non-cancer cell lines HBEC3-
KT and NL20 (p<0.01; Fig. 1B).

EZR‑AS1 knockdown reduces the viability of ADC cells

We then tested whether silencing EZR‑AS1 inhib-
its the growth of ADC cells. H1437 and H1975 cells 
were transfected with siEZR‑AS1 using Lipofectamine-
mediated transfection. RT-qPCR analysis showed that 
siEZR‑AS1 transfection resulted in significantly reduced 
EZR‑AS1 levels in both cell lines compared with the 
controls (non-transfected cells or cells transfected with 
siNC) (p<0.01; Fig. 1C). The cell counting assay showed 
that the viability of H1437 and H1975 cells decreased 
over time compared to the controls (p<0.01; Fig. 2A). 
After 72 h of culture, the viability of H1437 and H1975 
cells was less than 10%, while that of controls (non-
transfected cells or cells transfected with siNC) was over 
90% (p<0.01; Fig. 2A). Flow cytometry study revealed 
a significant increase in apoptosis after the cells were 

Figure 1. Determination of expression level of long non‑coding RNA EZR‑AS1 (ezrin antisense RNA 1) in lung ADC tissues and cells 
by RT-qPCR. 
(A) EZR‑AS1 levels in lung ADC and healthy tissues. (B) EZR‑AS1 levels in lung ADC cell lines (H1437 and H1975) and non-cancer lines 
(HBEC3-KT and NL20). (C) EZR‑AS1 levels in ADC cell lines H1437 and H1975 transfected with siEZR‑AS1 (si, small interfering RNA), siNC 
(NC, negative control). All assays were repeated three times. **denotes p<0.01 compared to si‑NC or non-transfected cells using one-way 
ANOVA.
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transfected with siEZR‑AS1 in both cell lines at 48 h 
after transfection compared with the controls (p<0.01; 
Fig. 2B).

EZR‑AS1 knockdown suppresses the migration of ADC 
cells

To evaluate the functions of EZR‑AS1 in lung ADC 
progression, cell migration assays based on wound-heal-
ing experiments were performed. The results showed 
that cell migration rates were significantly reduced af-

ter H1437 and H1975 cells were transfected with 
siEZR‑AS1 compared to the controls (p<0.01; Fig. 3).

EZR‑AS1 knockdown alters the levels of metastasis-
related proteins

Since the migration rate of lung ADC cells was re-
duced after EZR‑AS1 knockdown, the levels of a few 
selected genes that are related to invasion and metasta-
sis pathways were analyzed. Western blotting was used 
to measure the protein levels of E-cadherin, vimentin, 
MMP2, and MMP9 in cells after EZR‑AS1 knockdown. 

Figure 2. Cell viability and apoptosis of lung ADC cells after transfection with siEZR-AS1. 
(A) Cell viability was assessed using the CCK-8 assay at different culture times in lung ADC cell lines H1437 and H1975; (B) apoptosis by 
flow cytometry 48 h after transfection with siEZR-AS1 in lung ADC cell lines H1437 and H1975. Right panel: flow cytometry, left panel: 
statistical analysis of flow cytometry data. (si, small interfering RNA), siNC (NC, negative control). All assays were repeated three times. 
**denotes p<0.01 compared to si‑NC or non-transfected cells using one-way ANOVA.

Figure 3. Migration of lung ADC cell lines H1437 and H1975 after transfected with siEZR-AS1. 
(A) cell migrations in wound healing experiment and (B) statistical analysis of migration rate. Scale bar, 100 μm. (si, small interfering 
RNA), siNC (NC, negative control) and pEZR-AS1 (positive control). All assays were repeated three times. **denotes p<0.01 compared to 
si‑NC or non-transfected cells using one-way ANOVA.
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The band imaging showed that the levels of these pro-
teins were all significantly downregulated, except for E-
cadherin, which was significantly upregulated compared 
to the controls (p<0.01; Fig. 4).

DISCUSSION

EZR‑AS1 is implicated in disease progression in 
various cancers, such as cSCC, ESCC, breast cancer, 
and colorectal cancer (Bai et al., 2018; Liu et al., 2019; 
Lu et al., 2021; Peng et al., 2017), its biological role of 
EZR‑AS1 in lung ADC is largely unknown. In the pre-
sent study, it was found that EZR‑AS1 levels were signif-
icantly elevated in lung ADC tissues and cells compared 
to those in non-cancerous tissues and cells. After trans-
fection with siEZR‑AS1 specifically targeting EZR‑AS1, 
EZR‑AS1 levels in the lung ADC cell lines H1437 and 
H1975 were significantly downregulated compared to the 
controls. After EZR‑AS1 knockdown, the viability and 
migration rates of H1437 and H1975 cells were remark-
ably reduced, while apoptosis was significantly increased. 
EZR‑AS1 knockdown also leads to the altered expres-
sion of migration-related genes, thus reducing the migra-
tion ability of lung ADC cells and affecting ADC pro-
gression.

Previously, it was found that silencing EZR‑AS1 in-
hibits TGF-β-mediated signaling, leading to reduced 
growth and EMT of colorectal cancer cells (Liu et al., 
2019), and EZR‑AS1 knockdown significantly reduced 
phosphorylated (p)‑PI3K/PI3K and p‑AKT/AKT levels 
in cSCC, leading to reduced cell viability and migration 
ability (Lu et al., 2021). Furthermore, silencing EZR‑AS1 
significantly suppressed the migration, tumorigenic-
ity, and metastatic lymph nodes of ESCC cells in mice 
(Zhang et al., 2018). In the present experiments, we first 
profiled the level of EZR‑AS1 mRNA in lung ADC and 
revealed that EZR‑AS1 was higher in both ADC tissues 
from patients and cells established from ADC patients 
than in non-cancer tissues and cells. This is consistent 
with previous findings in cSCC, ESCC, breast cancer, 
and colorectal cancer (Bai et al., 2018; Liu et al., 2019; 
Lu et al., 2021; Peng et al., 2017), further confirming that 
EZR‑AS1 is deregulated in cancer cells and involved in 
cancer progression.

To evaluate the effect of EZR‑AS1 knockdown on the 
malignant behavior of ADC cancer cells, we transfected 
two ADC cell lines with siRNA specific for EZR‑AS1 
using Lipofectamine-mediated transfection. RT-qPCR 
analysis revealed that in siEZR-AS1-transfected cells, 
EZR‑AS1 mRNA levels were significantly lower than 
those in the controls (both non-transfected cells and 
siNC-transfected cells), demonstrating that siEZR-AS1 is 
effective in specifically knocking down EZR-AS1. Sub-
sequent analysis revealed that ADC cell viability was sig-
nificantly reduced following EZR-AS1 silencing, suggest-
ing that EZR-AS1 is likely essential for the occurrence 
and development of ADC. lncRNAs have been shown 
to play various roles in cancer occurrence, development, 
growth, invasion, migration, and prognosis (Bhan et al., 
2017; Peng et al., 2017). They can either promote or in-
hibit the proliferation and metastasis of cancer cells, and 
knockdown of lncRNAs often results in suppression of 
cancer cell proliferation(Kong et al., 2019; Zhen et al., 
2018). Apoptosis is an important process that regulates 
tumorigenesis and cancer development (Wong, 2011). 
Increased apoptosis is often associated with reduced pro-
liferation and viability of cancer cells (Kou et al., 2020). 
For example, lncRNA NEAT1 knockdown inhibits cell 
proliferation and increases caspase 3 activity and apop-
tosis in hepatocellular carcinoma (HCC)  cells (Kou et 
al., 2020), and downregulation of lncRNA MAGI2-AS3 
inhibits proliferation and triggers apoptosis in prostate 
cancer by acting as a microRNA-424-5p sponge (Wei et 
al., 2022). Previously, downregulation of EZR‑AS1 was 
found to increase apoptosis in breast cancer cells by 
modulating the Wnt/β-catenin pathway (Bai et al., 2018) 
and in colorectal cancer cells by inhibiting transforming 
growth factor-β signaling (Liu et al., 2019). These find-
ings were consistent with our data. Apoptosis is also 
associated with the expression of specific proteins such 
as Bax, Bcl2, and cleaved-caspase3. In EZR-AS1 knock-
down cSCC cells, Bax was significantly upregulated and 
Bcl‑2 was significantly reduced, suggesting that EZR‑AS1 
likely functions as an oncogene that contributes to the 
malignancy of lung cancer (Lu et al., 2021).

Several mechanisms have been reported in EZR‑AS1-
knockdown-induced loss of cell viability. Lu et al. found 
that the inhibition of the PI3K/AKT signaling path-

Figure 4. Level of metastasis-related proteins in lung ADC cell lines H1437 and H1975 after transfected with siEZR-AS1. 
Right panel: typical Western blots, left panel: statistical analysis of relative protein content. All assays were repeated three times. **de-
notes p<0.01 compared to si‑NC or non-transfected cells using one-way ANOVA.
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way was associated with EZR‑AS1-knockdown-induced 
reduction in cell viability and increase in apoptosis in 
SCC13 and SCL‑1 colon cancer cells (Lu et al., 2021). 
Using LncTar, a software for predicting lncRNA-RNA 
interactions by means of free energy minimization, they 
found that focal adhesion kinase (FAK) is a target of 
EZR‑AS1, and FAK is a crucial regulator in PI3K/AKT 
signaling pathway and its expression was suppressed af-
ter EZR‑AS1-knockdown. This might be the reason that 
the PI3K/AKT signaling pathway is deactivated after 
EZR‑AS1-knockdown. This signaling pathway plays a 
critical role in cell survival and in protecting cancer cells 
from apoptosis (Xu & Zhang, 2021). In breast cancer, 
EZR-AS1 protected β‑catenin from degradation and 
EZR-AS1 knockdown inactivated the Wnt/β-catenin 
pathway (Bai et al., 2018). Since cyclin D1 and c-Myc are 
target genes of β-catenin, EZR-AS1 knockdown would 
downregulate the expression of cyclin D1 and c-Myc 
leading to reduced cell viability and migration (Saroha 
et al., 2022). Needless to say, more experiments such as 
ribonucleoprotein Immunoprecipitation (RIP) and chro-
matin immunoprecipitation (ChIP) may be carried out to 
further confirm and elucidate the mechanisms associated 
with the biological functions of EZR‑AS1-knockdown.

Metastasis and treatment resistance are the main rea-
sons for clinical recurrence  and poor prognosis in pa-
tients with ADC. Several genes, such as RHOB and 
MMPs, and signaling pathways, such as the TGF-β/
Smad signaling pathway, have been identified as meta-
static effectors in ADC. Wound-healing experiments 
showed that after EZR-AS1 downregulation, the migra-
tion rate of ADC cells was significantly reduced, suggest-
ing that silencing EZR-AS1 may regulate the expression 
of metastasis-related genes such as MMP2 and MMP9, 
as reported previously (Lu et al., 2021). To confirm this 
is true for lung ADC cells, we also examined the levels 
of several metastasis-related proteins such as E-cadherin, 
vimentin, MMP2, and MMP9, in the cells after EZR-
AS1 knockdown. E-cadherin is important for maintain-
ing cell integrity, and reduced E-cadherin expression can 
lead to EMT events (Guilford, 1999; Wells et al., 2008). 
Our analysis demonstrated that E-cadherin level was 
upregulated in EZR-AS1 knockdown-cells with reduced 
migration ability. It is possible that the increased E-cad-
herin may result in mesenchymal to epithelial reverting 
transitions (MErT) (Chao et al., 2010). When E-cadherin 
is upregulated in bladder cancer cells, growth and me-
tastasis are inhibited as a result of deactivation of the 
β-catenin/TCF target genes (Li et al., 2018). As such, the 
upregulation of E-cadherin has been explored as a thera-
peutic option in cancer treatment (Howard et al., 2008).

In addition, vimentin expression was downregulated 
following EZR-AS1 knockdown. Vimentin codes for one 
of the 71 human intermediate filament (IF) proteins that 
are required for the migration of cancer cells that have 
undergone EMT. Vimentin can integrate the mechani-
cal input and signals from the surrounding environment 
to promote cell migration and various other signaling 
pathways, such as the AKT pathway, also participate in 
regulating the migration of cancer cells through vimentin 
(Sim et al., 2021). The gene is highly expressed in vari-
ous epithelial cancers, including prostate, gastrointestinal, 
and cervical cancers (Lin et al., 2017; Satelli & Li, 2011). 
Overexpression and silencing of vimentin by manipula-
tion of URI (unconventional prefoldin RPB5 interactor) 
expression increases or decreases the migration and inva-
sion ability of cervical cancer cells, respectively and vi-
mentin knockdown by vimentin small hairpin RNA de-

creases colorectal cancer (CRC) cell migration (Wang et 
al., 2021).

Matrix metalloproteinases  (MMPs) are prominent pro-
teinases associated with tumorigenesis. They regulate 
signaling pathways that are responsible for cell growth, 
inflammation, and angiogenesis in a non-proteolytic 
manner and are involved in EMT, a crucial step in the 
invasion and migration of tumor cells, because they de-
compose and modify the extracellular matrix  (ECM) and 
cell-to-ECM and cell-to-cell interface contacts, facilitating 
the detachment and separation of epithelial cells from 
the surrounding tissue (Radisky & Radisky, 2010). MMP2 
and MMP9 are particularly potent in digesting the com-
ponents that make up the basement membrane, such 
as laminin and collagen IV, or interstitial collagen frag-
ments, resulting in cancer metastasis (Barillari, 2020; Cui 
et al., 2017; Vandooren et al., 2013). Our study showed 
that EZR-AS1 knockdown reduced MMP2 and MMP9 
expression, which could be partially responsible for the 
reduced cell migration ability observed in siEZR-AS1-
transfected ADC cell lines.

CONCLUSION

Taken together, our results demonstrated that EZR-
AS1 is highly expressed in both lung ADC tissues and 
cells. Knockdown of EZR-AS1 with siRNA led to re-
duced cell viability, increased apoptosis, and reduced 
migration ability compared with the control. Alterations 
in the levels of metastasis-related proteins such as E-
cadherin, vimentin, MMP2, and MMP9 likely contribute 
to the reduced migration ability after EZR-AS1 knock-
down. Since silencing of EZR-AS1 results in reduced 
ADC viability, this strategy should be explored in animal 
models to confirm the therapeutic effect for potential 
application in human ADC therapy.
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Could the lake ecosystems influence the pathogenicity of the 
SARS-COV-2 in the air?
Janusz Boratyński✉

Ludwik Hirszfeld Institute of Immunology and Experimental Therapy, Polish Academy of Sciences, Laboratory of Biomedical Chemistry “Neolek”, 
53-114 Wrocław, Poland

During the first 200 days of the Covid-19 pandem-
ic in Poland, lower morbidity and mortality due to  
SARS-COV-2 infection were recorded in three regions 
covered by many small and large lakes (West Pomera-
nia 5.8 deaths/100 000 population, Warmian & Masur-
ian 7.6 deaths/100 000 population, Lubusz 7.3 deaths 
/100 000 population, compared to Poland average of 
16.0 deaths/100 000 population). Moreover, in Meck-
lenburg (Germany), bordering West Pomerania, only 23 
deaths (1.4 deaths/100 000 population) were reported 
during the same period (Germany 10 649 deaths, 12.6 
deaths/100 000 population). This unexpected and in-
triguing observation would not have been noticed if 
SARS-CoV-2 vaccinations were available at that time. 
The hypothesis presented here assumes the biosynthe-
sis of biologically active substances by phytoplankton, 
zooplankton or fungi and transfer of these lectin-like 
substances to the atmosphere, where they could cause 
agglutination and/or inactivation of pathogens through 
supramolecular interactions with viral oligosaccharides. 
According to the presented reasoning, the low mortal-
ity rate due to SARS-CoV-2 infection in Southeast Asian 
countries (Vietnam, Bangladesh, Thailand) could be ex-
plained by the influence of monsoons and flooded rice 
fields on microbiological processes in the environment. 
Considering the universality of the hypothesis, it is im-
portant whether the pathogenic nano- or micro par-
ticles are decorated by oligosaccharides (as in case of 
the African swine fever virus, ASFV). On the other hand, 
the interaction of influenza hemagglutinins with sialic 
acid derivatives biosynthesized in the environment dur-
ing the warm season may be linked to seasonal fluc-
tuations in the number of infections. The presented 
hypothesis may be an incentive to study unknown ac-
tive substances in the environment by interdisciplinary 
teams of chemists, physicians, biologists, and climatolo-
gists.

Keywords: COVID-19, SARS-CoV-2, phytoplankton, atmosphere, lec-
tin, lake

Received: 11 October, 2022, revised: 07 December, 2022, accepted: 
19 January, 2023, available on-line: 03 March, 2023

✉e-mail: janusz.boratynski@hirszfeld.pl
Abbreviations: LU, Lubusz region, W&M, Warmian and Masur-
ian region, WP, West Pomerania region, PL, Poland, *Infections per 
100 000 inhabitants, **deaths per 100 000 inhabitants.

INTRODUCTION

The global COVID-19 pandemic has led to an un-
precedented mobilization of the scientific community. 
This defence is taking place on multiple fronts, similar 

to military operations, and the ongoing battle constant-
ly brings new strategies into play. Pioneering research 
on transfection of conglomerates of mRNA and cati-
onic lipids initiated by Robert Malone in 1987 (Malone 
et al., 1989) and the intuition, perseverance, and efforts 
of Katalin Karikó (Karikó et al., 2008), Uğur Şahin and 
Collaborators ushered perspectives for RNA vaccines 
(Niknam et al., 2022; Dolgin, 2021; Yin et al., 2022). In 
2020 Food and Drug Administration office (USA) is-
sued an emergency use authorization for RNA vaccines 
to the Pfizer–BioNTech and Moderna companies.

Independently, the effectiveness of many substances, 
ranging from low-molecular compounds to proteins, in-
cluding antibodies and plasma of convalescent plasma 
therapy, has been tested. The first large-scale use of the 
convalescent plasma therapy was to stop the rinderpest 
epidemic in Poland in 1921 (Orzechowska et al., 2018). 
For therapeutic use in humans, plasma is sterilized with 
oxidants that modify methionine and tryptophan resi-
dues. This may result in the weakening of the effector 
activities of antibodies, including their interaction with 
the Fc receptor and complement activation (Mo et al., 
2016). Therefore, it may be necessary to move away 
from routine sterilization technologies and reassess the 
effectiveness of improved plasma preparations (Li et al., 
2020; Pan et al., 2022). Figure 1 illustrates the participa-
tion of the environment (bodies of water, atmosphere, 
pollens) that may modulate the activity of SARS-CoV-2 
virus (Kisajno Lake, Warmia & Masurian Region, Po-
land) © Worldisbeautiful.eu)

Figure 1. Illustration of the main assumptions of the hypothesis: 
Lake Kisajno (W&M) represents the place of biosynthesis of ac-
tive substances.
Plant pollens indicate the role of various substances that affect 
the activity of the SARS-CoV-2 (Picture: Kisajno Lake, Warmian & 
Masurian Region, Poland). © Worldisbeautiful.eu
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MATERIALS, OBSERVATIONS, AND DISCUSSION

The hypothesis of influence of aquatic plankton and 
fungi on airborne pathogen agglutination/inactivation 
(referred to hereafter as “the hypothesis”) is based 
on official reports, perceptiveness, and reflection. Al-
though some conclusions may seem controversial, in 
the Author’s view, they should inspire further investi-
gations. Analyses of the course of the pandemic were 
prepared by Michał Rogalski (Report based on data 
from the Ministry of Health, Rogalski, 2022). During 
the initial stages of the pandemic, significantly fewer 
infections and deaths were recorded in three regions 
of Poland (LU, W&M, WP) as compared to the rest 
of Poland.

Figure 2 illustrates the epidemiological situation in Po-
land during the first 200 days of the COVID-19 pan-
demic. The curves are a collection of 2281 independent 
points, each of which represents one human tragedy. 
The chart is therefore a tribute to those who died during 
the global COVID-19 pandemic around the world.

Two events may be important for the hypothesis con-
struction:
•	 1. Despite the enormous effort of science the intro-

duction of vaccination was not immediate and did not 
obscure the observation of the first period of pan-
demic progression,

•	 2. The winter of 2019/20, preceding the pandemic in 
Poland, was mild and the lakes in question did not 
freeze. The liquid water, in which the microorgan-
isms lived, was constantly in contact with the air, and 
the transport of biomass could happen all the time. 
Therefore, the alleged “antiviral substances of lake 
origin” could protect the inhabitants of the land of 
the lakes.
Statistical significance of the difference between 

mortality curves for lake districts and the rest of Po-
land was calculated in GraphPad Prism using Akaike’s 
(Bozdogan, 2000) Information Criterion. Differentia-
tion between the curves for each data set is >99.99%. 
(Poland lake districts – blue line: Y=0.0072×–
0.1999. R2=0.943, the rest of Poland – red line: 
Y=0.0355×–0.3074. R2=0.9772) indicating a limited 
progression of the disease in areas covered with lakes 

(LU+W&M+WP) compared to the rest of Poland. 
However, after 200 days of the pandemic, significant 
perturbations appeared. After this period, both inso-
lation and temperature decreased, which affected the 
biological life in the lakes (Edwards et al., 2016).

The further course of the pandemic is shown in the 
Fig. 3A and 3B and Table 1. Figures 3A and 3B show 
the ratio of the officially recorded data of SARS-
CoV-2 infections or deaths in Poland to the numbers 
of infections in lake-covered regions for the first year 
of the pandemic. The ratio of (LU+W&M+WP)/PL 
shows differences in the dynamics of the pandemic in 
lake districts compared to the rest of Poland. The in-
tersection of the blue and red curves coincides with 
the onset of temperatures at which the lakes reach 
their freezing point. The data may suggest the pos-
sibility of a protective role of lakes during the COV-
ID-19 pandemic. Paradoxically, the protective role of 
lakes presumably delayed the induction of herd im-
munity, contributing to an increase in infections and 
deaths in the cold period while the lakes froze (winter 
2020/21).
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Figure 2. Cumulative mortality per 100 000 population during 
the first 200 days of the COVID-19 pandemic in Poland (from 
March 2020 to 19 September 2020). 
Blue line: deaths per 100 000 inhabitants in “lake-rich regions”: 
LU+W&M+WP, red line: deaths per 100 000 inhabitants in the rest 
of Poland (source data: Rogalski, 2022). Statistical significance 
(different curves for all data set >99.99%). was calculated using 
GraphPad Prism, Akaike’s Information Criterion (Bozdogan, 2000).
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Figure 3A. Coronavirus infections/100 000 population in 
(LU+W&M+WP) (blue) and in the rest of Poland [PL- (LU+ 
W&M+WP)] (red). 
The bold purple line shows the ratio between cases per 100 000 
population in the (LU+W&M+WP) and the cases in the rest of Po-
land (May 2020/March 2021). It should be added that the official 
reports on the number of SARS-CoV-2 infections in Poland can be 
considered as estimates (data for May 2020–March 2021).

Figure 3B. Cumulative coronavirus deaths/100 000 population 
in the lake-rich regions (LU+W&M+WP), (blue) and in the rest of 
Poland [PL- (LU+W&M+WP)] (red). 
The bold purple line depicts the ratio between mortality in the 
(LU+W&M+WP) regions and the rest of Poland (data for May 
2020–March 2021).
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Table 1. Cumulative COVID-19 cases and deaths in Poland’s lake-rich regions between May 1, 2020, and April 1, 2021. 
LU, Lubusz region; W&M, Warmian and Masurian region; WP, West Pomeranian region; PL***, Poland excluding the three lake-rich regions 
(LU+W&M+WP). Table presents the total number of COVID-19 cases and deaths since the beginning of the pandemic (Rogalski, 2022).

Region Date Infections/100 000 
population

Number of  
infections

Deaths/100 000  
population Number of deaths

LU 1 May 2020 8.6 87 0 0

W&M 10.5 148 0.07 1

WP 23.7 401 0.59 10

PL*** 36.3 12469 1.84 632

LU 1 Jun 2020 11.7 118 0 0

W&M 12.7 179 0.07 1

WP 31.7 536 1.12 19

PL*** 62.9 24159 3.04 1054

LU 1 Jul 2020 15.0 151 0 0

W&M 17.8 250 0.07 1

WP 36.1 611 1.30 22

PL*** 94.1 32293 4.28 1470

LU 1 Aug 2020 40.6 410 0.99 10

W&M 26.7 379 0.14 2

WP 43.8 741 1.36 23

PL*** 135.1 46348 4.92 1686

LU 1 Sep 2020 69.9 706 1.39 14

W&M 63.5 902 0.64 9

WP 67.8 1132 1.59 27

PL*** 190.2 65252 5.85 2008

LU 1 Oct 2020 105 1046 1.88 19

W&M 124 1745 1.20 17

WP 110 1869 2.15 36

PL*** 258.9 88821 7.20 2470

LU 1 Nov 2020 724 7310 7.20 72

W&M 654 9292 7.55 106

WP 679 11478 5.79 98

PL*** 1025 351813 16.0 5507

LU 1 Dec 2020 2188 22097 36.8 372

W&M 2330 32702 40.2 565

WP 2269 38460 35.0 497

PL*** 2574 882979 47.1 16154

LU 1 Jan 2021 3114 31457 67.7 684

W&M 3805 54032 84.1 1195

WP 3758 62762 62.3 1041

PL*** 3293 1129575 75.9 26031

LU 1 Feb 2021 3690 37273 95.0 960

W&M 4738 67289 119.5 1679

WP 4732 75903 90.7 1536

PL*** 3787 1299088 96.3 33034

LU 1 March 2021 5478 43945 116.4 1176

W&M 5985 82089 140 1988

WP 5314 87416 114 1901

PL*** 4260 1461250 115 39521
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The impact of the inland water ecosystems and climate 
in neighbouring and distant countries on the COVID-19 
pandemic

To further evaluate this hypothesis, the epidemiol-
ogy of COVID-19, as of October 2020, was analysed 
in countries neighbouring Poland and having similar 
climate and inland water reservoirs. The observed mor-
tality per 100 000 population in the five chosen regions 
was as follows: Lithuania, 4.0**, Latvia, 2.5**, Estonia, 
5.3**, Finland, 6.2** (Worldometer COVID-19, 2023), 
Kaliningrad Oblast, 9.7**, while in the reference regions 
it reached 21.6** in Europe and 17,5** in Russia (De-
velopment of Number of Coronavirus, Russia, 2022). 
Due to the impact of soil and lakes acidification, Sweden 
was excluded from the present considerations (Almer & 
Dickson, 2021). As shown in Fig. 4 during the first pe-
riod of the pandemic, each of the five analysed regions 
reported low mortality rates from COVID-19. For ex-
ample, in Mecklenburg-Vorpommern, a German land 
bordering Western Pomerania and rich in lakes, only 23 
(1.43**) deaths were recorded until November 1, 2020, 
while, at the same time, the mortality rate for the en-
tire Germany amounted to 10 649 (12.8**) deaths. Also 

later, the pandemic situation in Mecklenburg (62.5**) 
remained more favourable than in the rest of Germany 
where it amounted to 101.6** (83292) deaths (2 May 
2021). (Development of number of Coronavirus cases: 
Mecklenburg-Vorpommern, Germany, 2022)

In addition, the progression of the pandemic was ana-
lysed in three Asian countries: India, Bangladesh (Beaney 
et al., 2021), and Iran. These countries differ in climate 
and population density, which amounts to 460, 1260 and 
52 inhabitants/km2, respectively The official COVID 
mortality data for the period from the beginning of the 
pandemic to November 14, 2022 are as follows: India 
37.7**, Bangladesh 17.5**, and Iran 168.2** (Worldom-
eter COVID-19 Coronavirus Pandemic, 2023). These 
numbers, opposite to expected in terms of the relation-
ship between population density and mortality due to 
COVID-19, prompt discussion. Two of the distinguish-
ing features of these countries, apart from population 
density, are climate and rainfall. Bangladesh has tropical-
monsoon warm climate, India is a hot tropical country, 
and Iran is mainly arid and semiarid. In the context of 
the presented hypothesis, the spread and growth of phy-
toplankton, zooplankton and fungi in rice-growing areas 
cannot be overlooked (Nam et al., 2022, Anyanwu et al., 
2001). For example, in Bangladesh, rice fields cover over 
7% of the country’s land area. Other global rice produc-
ers also show low mortality due to COVID-19 (for ex-
ample: Thailand – 47.4**, Vietnam – 43.6** (December 
2022).

Moreover, in the light of this hypothesis, the micro-
biological status of the warm seas of Southeast Asia 
should also be considered (Cochran et al., 2017; Gao et 
al., 2021).

Therefore, it would be interesting to study and com-
pare the antiviral properties of substances produced and 
released into the atmosphere by phytoplankton, zoo-
plankton, and fungi in various climatic zones in Central 
Europe, Southeast Asia, Canada, etc.

Transfer of lake biomass into the atmosphere.

The aquatic environment is in constant equilibrium 
with the atmosphere. I assume that phytoplankton, un-
der the influence of wind and waves, is blown off the 
surface of lakes or thrown out onto the coastline of 
small and large lakes to undergo biodegradation, bio-
transformation, drying, etc., and is disseminated by wind 
in the local atmosphere. In the case of the Great Lakes 
in the USA, biological matter from the lakes was found 
about 25 km from the coastline (May et al., 2018). More-
over, gas bubbles from the depths of the lakes transfer 
biological matter to the surface of water. These bubbles 
burst upon reaching the air/water boundary, transfer-
ring biomass into the atmosphere (Blanchard & Syzdek, 
1970, Cochran et al., 2017, Kim et al., 2020). This can be 
compared to the behaviour of bubbles on the surface of 
carbonated beverages. A pioneering study on the transfer 
of biological matter (B. fluorescens liquefaciens and B. fluores-
cens putidus) from water reservoirs to the atmosphere was 
conducted in 1887 by Odo Bujwid (Bujwid, 1887).

LU 1 April 2021 6137 61983 146 1472

W&M 7678 109032 172 2442

WP 6480 108216 130 2172

PL*** 5917 2029658 138 47503

Figure 4. Map of the selected fragment of Central Europe: (1) 
W&M – Warmian & Masurian (Poland), (2) WP – West Pomerania 
(Poland), (3) LU – Lubusz (Poland), (4) Mecklenburg (Germany), 
(5) Kaliningradskaja Obłast (Russia), (6) Lithuania, (7) Latvia,  
(8) Estonia, (9) Finland, (10) Sweden.
The map was made using ArcGIS 10.7.1 software and the geo-
graphical data were taken from WWF and Eurostat databases 
(https://www.worldwildlife.org/pages/global-lakes-and-wetlands-
database, https://ec.europa.eu/eurostat/web/gisco/geodata).
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The interaction of gas bubbles with the matter present 
in aqueous environment is a multifaceted process widely 
used in flotation technology (Krasowska, et al., 2019). 
The surroundings of the lakes are sometimes accompa-
nied by a subtle odor, which can result from biological 
life in the lakes. Phytoplankton content in Polish lakes 
fluctuates qualitatively and quantitatively from year to 
year and month to month (Napiórkowska-Krzebietke & 
Hutorowicz, 2006).

Cyanobacteria (blue–green algae), a constituent of 
phytoplankton, produce chemically diverse antiviral com-
pounds such as lectins, cyclic peptides, lipopeptides, 
fatty acids, alkaloids, and saccharides (Codd et al., 2016, 
Mazur-Marzec et al., 2021, Sami et al., 2020, Singh et al., 
2017). Aggregates of blue-green algae in water often dis-
play compact, strong, spongy structures resulting from 
specific and nonspecific interactions with a variety of 
macro- and nanomolecules.

For a long time, it was believed that lectins play a role 
in the plant world only. The overthrow of this dogma in 
1975 opened new perspectives in science, medicine, and 
technology. The antiviral activity of lectins against SARS-
CoV-2 has been investigated, but all studies have been 
conducted in an aquatic environment (Wang et al., 2021, 
Gupta & Gupta, 2022, Nabi-Afjadi et al., 2022, Stravalaci 
et al., 2022, Simplicien et al., 2022).The virus, being mo-
lecularly dispersed in air (Greenhalgh et al., 2021, Nissen 
et al., 2020), could interact with water (moisture) and/
or with organic and inorganic pollutants (Yang & Marr, 
2020, Domingo & Rovira, 2020, Ishmatov, 2022, Damia-
lis et al., 2021, Rzymski et al., 2022).

From the perspective of the presented consideration, 
the key point would be to investigate the interaction be-
tween viral oligosaccharides (Zhang et al., 2021, Banerjee 
& Mukhopadhyay, 2016) and macro- and nanoparticles 
of lake origin in the air. A resulting hybrid nanoparticle, 
similar in architecture to a conjugate vaccine, could not 
only interact with the virus itself but could also activate 
the immune system.

The aim of this hypothesis is to explain the reasons 
for the lower COVID-19 infection and death rates in the 
lake-rich regions. Three regions of Poland (LU, W&M, 
WP) have a large number of lakes (covering 4.4% of 
the total region area) and low population density (70/
km2 versus 120/km2 for the entire Poland). In Poland, 
the average population density relies on the number of 
cities rather than the uniform dispersion of the popu-
lation. Moreover, the official population density reports 
do not include mass tourism to these lake areas. Despite 
many analyses, the search for consensus linking popula-
tion density with pandemic progression is still ongoing 
(Moosa & Khatatbeh, 2021).

CONCLUSIONS

The hypothesis presented herein raises the following 
questions:
•	 How would the transfer of biological matter from the 

lakes to the atmosphere take place?
•	 How can the substances from phytoplankton poten-

tially neutralize the SARS-CoV-2 virus?
•	 What is the epidemiological situation in Poland and 

its neighbouring lake-rich countries?
•	 What could be the practical consequences of the ex-

istence of antiviral bio-aerosols?
It should be added that the official reports on the 

number of SARS-CoV-2 infections in Poland can be 
considered as estimates. The observed fluctuations in the 

number of infections may be due to the seasonal pres-
ence of biological substances released into the environ-
ment. For example, it was shown that the presence of 
pollen in the air correlates with increased COVID-19 
morbidity (Damialis et al., 2021).

The type of chemical supramolecular bonds between 
a virus and a carrier (hydrogen bonds, van der Waals 
forces, ion-ion, and π-cation interactions) may be crucial 
for its biological activity. Hypothetically, interactions of 
pathogens with airborne contaminants could contribute 
to viral infectivity in two different ways. If, as a result of 
the interaction, the virulence factors are not blocked, the 
pathogen’s activity may increase (Damialis et al., 2021) 
in a mechanism of avidity. Conversely, if the molecules 
critical for viral infectivity are blocked, pathogenicity 
may be reduced.

The moderate sensitivity and selectivity of the interac-
tions between lectins and sugars (Sharon & Lis, 2001) 
enables for the potential application of this mechanism 
to a broad range of viruses. If the mutations do not sig-
nificantly alter the glycosylation of viral envelope, these 
“airborne lectins” could neutralize also the new strains 
(Markov et al., 2022, Barre et al., 2022). Interactions of 
pathogen’s sugars with lectins in aerosols could contrib-
ute to local inactivation of the dispersed viruses. As an 
example, assuming this line of thinking is correct, the 
inactivation of the ASF virus could be a result of an in-
teraction of its glycolipids (Del Val & Vinuela, 1986) or 
saccharides (Zhu, 2022) with molecularly dispersed lec-
tins from selected legume seeds.

From a practical point of view, spraying of the nano-
components present in phytoplankton in the air in popu-
lated areas (city centres, transportation vehicles, etc.) could 
entrap viral particles via lectin-virus interactions and lower 
the transmission rate at low cost and low risk. Hybrid na-
noparticles (lectin-agglutinated viruses) suspended in the 
still air would sediment faster than virus particles alone, 
according to Stokes’s law (though air turbulences would 
interfere with the sedimentation process) (Adamczyk, 
2006). Agglutination and/or aggregation of viruses may 
affect their biological activity and modify their physico-
chemical properties (Gerba & Betancourt, 2017, Del Val 
& Vinuela, 1986, Szermer-Olearnik et al., 2017).

The interpretation of the reasoning presented in the 
hypothesis goes beyond the environment of water bodies 
and includes the air temperatures.

This is prompted by the report on the course of the 
COVID-19 pandemic in 2020–2023 (Fig. 5).
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Figure 5. Infectivity and mortality during the COVID-19 pan-
demic in Poland (2020–2023). Based on Worldometer COVID-19 
Coronavirus Pandemic (2023).
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Comparing the infection rates in warm and cold sea-
sons, it can be observed that low disease propagation 
was found in the warm periods and conversely, high 
incidence occurred in cold periods. The seasons of the 
year are arbitrarily determined (cold period: 1st Nov/1st 
March, warm period: 1st May/1st Oct). The reduced 
mortality observed at the end of 2022 may be due to 
the changes in the profile of viruses circulating in the 
environment.

Table 2 presents the influence of the seasons on the 
progression of the COVID-19 pandemic in Poland. Ac-
cording to the main idea of the hypothesis, this phenom-
enon could be explained by the release into the atmos-
phere of biologically active substances related to vegeta-
tion, agriculture, and putrefactive processes of decay, es-
pecially during warm periods (Góralska et al., 2022).

A similar correlation applies to the widely studied in-
fluenza. Viral hemagglutinins which are an integral part 
of viruses play a key role in the pathogenesis of infec-
tion through interactions with sialic acid terminated gly-
cans.

One may ask why the number of flu cases decreases 
in the warm season. According to the hypothesis, one of 
the reasons that can be considered is the release of sialic 
acid derivatives into the atmosphere. Numerous bacte-
ria species biosynthesize sialic acid polymers (González-
Clemente et al., 1989) and fungi produce a variety of the 
derivatives of sialic acid (Alviano et al., 1999). These sub-
stances released into the atmosphere could agglutinate 
and/or neutralize influenza viruses.

Addressing these complex problems highlighted by 
the hypothesis presented here, would require interdisci-
plinary efforts in medicine, biology, chemistry, climatol-
ogy, and biophysics. The first step could be the attempt 
at isolation of the alleged active substances from the at-
mosphere using electroseparators dedicated for biologi-
cal components (Maineli et al., 2002). Another approach 
could be used to pass air through the filters containing 
immobilized oligosaccharides to specifically adsorb the 
sought-after biomolecules. The task of isolating the ac-
tive substance from the air could prove similar in scale 
to the challenge of obtaining 8 mg erythropoietin from 
2550 litres of urine (Miyake et al., 1987) (the value of 
the erythropoietin market in 2021 was USD 8.8 billion). 
The observation would not have been made if it had not 
been for two facts. Until January 2021, the progression 
of the pandemic was not hindered by vaccination pro-
grams as the introduction of vaccines followed the ob-
served phenomena. Moreover, the winter of 2019/2020 
was exceptionally warm and Polish lakes did not freeze 
for the first time in many years, enabling the “biology 
and biochemistry in water” to interact with the air con-
stantly.

Appendix (Dec. 2022).

COVID-19 deaths/100 000 inhabitants: Poland 314** 
(LU 332**, WP 278**, W&M 326**), Finland 140**, 
Latvia 331**, Lithuania 355**, Estonia 213**, Germany 
190**, Mecklenburg 162.5**, Canada 126** (more than 
9% of Canada is covered by lakes), USA 332**, all coun-
tries 85.6** (Worldometer COVID-19 Coronavirus Pan-
demic, 2023).
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Oil oxidation is important in terms of taste, nutritive 
component quality and toxic effect of the oil. In this 
study, the oxidized sunflower oil was used along with 
chia seed in rabbits for the determination of its effects 
on various hematological and serum biochemical pa-
rameters as well as on liver histopathology. Three rab-
bits were fed with oxidized oil (obtained by heating) at 
the dose rate of 2 ml/kg body weight by mixing it with 
green fodder. The other rabbit groups were fed with 
Chia seed at dose rate of 1, 2 and 3 g/kg along with 
oxidized sunflower oil. Chia seed was fed alone to three 
rabbits at the dose rate of 2 g/kg body weight. All rab-
bits were fed regularly for twenty-one days. For the de-
termination of hematological and biochemical param-
eters, whole blood and serum samples were collected on 
different days during feeding period. For histopathology, 
liver samples were used. Significant changes (p<0.05) 
were noted in the hematology and biochemical indices 
in the rabbits that were fed with oxidized sunflower oil 
alone, and along with different doses of Chia seed. In a 
dose-dependent manner, all these parameters were sig-
nificantly improved (p<0.05), when the amount of Chia 
seed was increased. The biochemical and hematological 
indices were in normal range in the group fed only with 
Chia seed. In oxidized oil fed group, liver histopatho-
logical analysis showed that cholestasis was present at 
both sides (bile pigment secretion) and zone 3 necro-
sis with mild inflammatory cells. Mild vacuolization of 
hepatocytes was also observed. In Chia seed fed group, 
hepatocyte vacuolization and mild necrosis was noted. 
It was concluded that oxidized sunflower oil alters the 
biochemical and hematological parameters and causes 
liver abnormalities. Chia seeds act as an antioxidant and 
retrieve those alterations.

Keywords: Chia seed, hematological parameters, oxidized sunflower 
oil, rabbits
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INTRODUCTION

Vegetable oils and fats are important constituents of 
foods and are essential components of our daily diet 
(Brahmi et al., 2020). Vegetable oils are obtained by me-
chanical expelling or solvent extraction of oleaginous 
seeds (soybeans, rapeseed, sunflower, etc.) or oleaginous 
fruit like palm and olive (Vidrih et al., 2010). Vegetable 
oils generally contain triglycerides (about 98 g/100 g) 
(Qian et al., 2020). Triglyceride is formed from a reaction 
between glycerol and fatty acids and other substances in 
a small proportion (Gnanaprakasam et al., 2021). Some 
of them such as diglycerides, vitamins, phytosterols, to-
copherols and polyphenols have important health ben-
efits in humans (Gharby et al., 2021; Chew et al., 2016), 
and therefore, they should not be removed during pro-
cessing. Other compounds known for their negative ef-
fect on the quality and stability of oils include free fatty 
acids, unsaponifiable matters, waxes, pigments, solid im-
purities (mainly fibers), oxidation products (peroxides, 
aldehydes, ketones, alcohols, and oxidized fatty acids) 
(Gharby et al., 2016; Aliyar-Zanjani et al., 2019; Said et 
al., 2022). Several plants contain different chemicals 
which can be used for treatment of various diseases if 
they are consumed entirely or in parts with lower cost 
and less side effects (Sana et al., 2022; Bisht et al., 2021). 
Sunflower oil is one of the most widely grown essential 
oils in the world. The total world’s oilseed production 
is forecasted at nearly  647 million tons (United States 
Department of Agriculture Foreign Agricultural Service 
Oilseeds: World Markets and Trade. 2022). In 1998, the 
world’s seed oil was about 28.5 million tons and, as a 
vegetable oil, only soybean (Glycine max) and Brassica spe-
cies (Brassica napus and Brassica campestris) produced more 
oil (Flagella et al., 2002). Sunflower (Helianthus annuus) is 
used in food, for oil, as a dye, for medicinal purposes, 
and as an ornamental plant species. Sunflower oil has 
been used since ancient times as a food and as a me-
dicinal plant to cure many ailments. From a dietary point 
of view, a diet enriched in monounsaturated fatty acids 
has been recommended to reduce cholesterol in blood 
plasma (Dimitrijevic and Horn 2018). Sunflower is often 
used to produce oils from seeds but is also used as a 
protein source for human consumption as well as food 
(Choe and Min 2006). Oil oxidation is important in 
terms of palatability, nutritional quality and acidity of ed-
ible oils. Various chemical compounds, autoxidation and 
photosensitized oxidation are responsible for the degra-
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dation of edible oils during production and storage with 
respect to oxygen (Khan et al., 2022; Knez et al., 2019).

Salvia hispanica, also called Chia, is an annual herba-
ceous plant native to southern Mexico and northern 
Guatemala. It belongs to Lamiales, family Labiatae, sub-
family Nepetoideae, and genus Salvia (Segura-Campos et 
al., 2014). The Salvia genus comprises of about 900 spe-
cies, which have been extensively distributed for thou-
sands of years in many regions of the world, including 
South Africa, North, Central and South America, and 
Southeast Asia (Grancieri et al., 2019; Ullah et al., 2016; 
Campos et al., 2016; Das et al., 2018; Mohd Ali et al., 
2012).

Many studies have reported that Chia today is 
grown not only in Mexico and Guatemala, but also in 
Australia, Bolivia, Columbia, Peru, Argentina, Ameri-
ca, and Europe. Today, Mexico is known as the larg-
est producer of Chia in the world (Silva et al., 2016). 
Chia is the dietary seed of Salvia hispanica, a flowering 
plant, known for its antioxidants that is often used in 
food production (Coorey et al 2016). Recently, Chia 
seeds have been given more consideration and have 
become one of the most popular foods in the world 
based on their medicinal values and nutritional prop-
erties (Ullah et al., 2016; Das et al., 2018; Mohd Ali et 
al., 2012; Silva et al., 2016). Coorey et al. (2016) dem-
onstrated that Chia is an excellent food ingredient as 
it contains a huge amount of α-linolenic acid and is 
easily added to commercial foods. In addition to that 
it has also been reported that Chia seeds contain high 
percentage of fatty acids, which make it crucial for 
health, antioxidant, and antimicrobial property (Ullah 
et al., 2016; Mohd Ali et al., 2012; Ixtaina et al., 2008; 
Reyes et al., 2008). Furthermore, several other stud-
ies (Grancieri et al., 2019; Silva et al., 2016; Ixtaina et 
al., 2008; Reyes et al., 2008; Ayerza et al., 2016; Mu-
ñoz et al., 2012) demonstrated that the Chia is an oil 
seed composed of fats, carbohydrates, dietary fiber, 
proteins, vitamins (A, B, K, E, D), minerals and anti-
oxidants and its benefits of using as a nutritional sup-
plement are numerous, such as supporting digestive 
system, helping the intestinal mucosa, stronger bones, 
reducing the risk of constipation, irritable bowel dis-
ease, heart diseases, diabetes, and many more (Silva et 
al., 2016; Correy et al., 2016; Ixtaina et al., 2008; Reyes 
et al., 2008; Ayerza et al., 2016; Muñoz et al., 2012; de 
Falco et al., 2018). In the region of Malakand, Khy-
ber Pakhtunkhwa, Pakistan, different food items are 
fried and cooked using either ghee or oils. Persistent 
heating causes ghee and oil oxidation, hence, making 
it toxic. Therefore, the present study was aimed to 
check the toxic effects of oxidized sunflower (Helian-
thus annus) oil on hematological and biochemical pa-
rameters in rabbits. As Chia seeds (Salvia hispanica) are 
sources of one of the potent antioxidants, they were 
used to check its curing potential against the toxic ef-
fects of oxidized sunflower (Helianthus annuus) oil.

MATERIALS AND METHODS

Materials

Sunflower oil was purchased from local market of 
Matta, Swat, Khyber Pakhtunkhwa, Pakistan. The sun-
flower oil was selected based on its high linoleic acid and 
oleic acid content. Chia seeds and rabbits (n=60) were 
purchased in the local market of Chakdara, Lower Dir, 
Khyber Pakhtunkhwa. EDTA containing tubes and gel 

tubes were purchased from the local market for whole 
blood collection and serum isolation. Formaldehyde and 
chloroform were provided by organic chemistry labora-
tory, Department of Chemistry, University of Malakand.

Thermal oxidation of oil

Sunflower oil samples were subjected to a five-hour 
long regular heating on hot plates at 100°C. These sam-
ples were then kept at –20°C to prevent them from fur-
ther chemical changes.

Experimental animal clustering and feeding

Rabbits were reared in Bio-park of University of 
Malakand. Food and water were freely available to all the 
animals. They had an average weight of 1200 grams at 
the start of the experiment, and among the 60 rabbits, 
21 individuals were selected for the experiment based 
on body weight and health status. The study was start-
ed after the approval of the ethical committee, Depart-
ment of Biotechnology, University of Malakand. Rabbits 
were divided into seven groups, each having three rab-
bits (n=3). Groups were labelled as NC, NO, OO, C, 
CO1, CO2 and CO3 representing negative control, nor-
mal sunflower oil, oxidized oil, Chia seed only, Chia seed 
with oxidized oil (low dose), Chia seed with oxidized oil 
(medium dose) and Chia seed with oxidized oil (high 
dose), respectively. The negative control group was fed 
with green fodder and water. NO was fed with normal 
sunflower oil at a dose of 2 ml/kg with fodder and wa-
ter. Group OO was fed with oxidized sunflower oil at 
a dose of 2 ml/kg. Group C was given Chia seed at a 
dose of 2 g/kg. Group CO1 was fed with Chia seed at 
a dose of 1g/kg and oxidized sunflower oil at a dose of 
2 ml/kg. Group CO2 was fed with Chia seed at a dose 
of 2 g/kg and oxidized sunflower oil at a dose of 2 ml/
kg. Group CO3 was fed with Chia seed at a dose of 3 
g/kg and oxidized sunflower oil at a dose of 2 ml/kg. 
The feeding was continued for 21 consecutive days and 
blood samples were collected at day 0, 11 and 21 for 
hematological parameters and serum biochemical param-
eters.

Hematological and serum biochemical parameters

The whole blood was used for the analyses of hemo-
globin (Hb), platelets (P), white blood cells (WBCs), 
neutrophils (N), lymphocytes (L), monocytes (M), eosin-
ophils (E) and basophils (B) count by using a fully auto-
mated blood hematology analyzer (ERBA – XL 1000). 
About 5 ml of blood was collected and transferred to 
gel tubes to isolate serum. The serum was used for the 
analyses of total triglyceride (TG), total cholesterol (C), 
blood glucose (S), alanine transferase (ALT), creatinine, 
urea, high density (HDL) and low density lipoproteins 
(LDL) level.

Histopathological examination of liver

At the end of the experiment, rabbits were slaughtered 
according to the method described by Hussain and oth-
ers (Hussain et al., 2022) and their liver was isolated and 
preserved in formalin buffer (10%). Tissues sectioning 
were made, stained and histopathologically examined as 
described by Khan and others (Khan et al., 2022). Pre-
pared slides were observed under the light microscope, 
model no. M 7000 D (SWIFT, Japan) and images were 
taken by a digital camera coupled with a microscope 
with a resolution of 2.4 Mpixel.
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Statistical analysis

Data were analyzed by one way analysis of variance 
(ANOVA) and Tukey test using online statistical soft-
ware, prism demo version 05 (www.graphpad.com). Data 
were presented as mean from triplicate results (n=3) 
with standard deviation. The mean and standard devia-
tion were sorted out for each parameter.

RESULTS

Effects on hematological parameters

Results showed no significant effect (p<0.05) on the 
Hb level; however, the platelet count remarkably de-
creased in all groups after the 21st day. The platelet 
count was the lowest in the CO3 group. Similarly, no 
significant change was observed for neutrophils and lym-
phocyte count. The monocyte count doubled in both 
CO2 and CO3 groups. The eosinophile number in-
creased in all groups, but such increase was not remarka-
bly high. The results from all measurements (day 0, 11th 
and 21st day) were combined in Table 1. Different bio-
chemical parameters of the rabbits were shown in Fig. 1.

Effects on biochemical parameters

The glucose level was significantly (p<0.05) high in 
the oxidized oil (OO) group; however, groups C and 
CO1 also reflected substantial elevated sugar level. The 
urea level remained the same in all groups except for 
CO3 that showed a significant decrease at 21st day. The 
SGPT/ALT level were significantly (p<0.05) increased 
in all groups, especially among OO, C, CO1, CO2, and 

CO3 variants. After the 21st day, the cholesterol levels in 
NC, NO and CO2 groups remained almost like day 0 
values. However, in the OO group, the cholesterol level 
was high, and the result was the opposite in the C group, 
wherein cholesterol levels decreased. In CO1 variant, the 
total cholesterol level significantly (p<0.05) increased, as 
compared to CO3, where the cholesterol level decreased 
on the 21st day. The triglyceride values were significantly 
(p<0.05) elevated in all groups, but they were remarkably 
high in OO, CO1, and CO2 variants. The HDL levels in 
all groups showed no significant change. The LDL levels 
increased in all groups except CO3 wherein, a significant 
decrease was noted; pertinent to mention, the OO group 
showed the most negatively correlated LDL values. The 
results of biochemical parameters on days 0, 11 and 21 
were combined in Table 2.

Histopathological pattern

At the end of the experiment, the rabbits were slaugh-
tered, and liver samples were collected for the histo-
pathological analysis. Liver slides were studied under 
10X and 40X magnitude for detailed histopathological 
changes. Results have been presented in Fig 2. Liver 
histopathology of control variant showed that endothe-
lial linings of central veins had normal morphology, and 
no evidence of pericentral fibrosis was noted. Kupffer 
cells were non-reactive. The orientation of the hepatic 
cord was very good. Hepatic portal veins and arteries 
showed a normal structure (Fig 2A). On the contrary, 
in the oxidized oil fed group, cholestasis was present 
on both sides (bile pigment secretion). Zone 3 necrosis 
with mild inflammatory cells was noted. Mild hepatocytic 
vacuolization was also observed (Fig 2B). However, in 
the normal oil fed group, there was mild zone 2 necro-

Figure 1. Effects of oxidized sunflower oil and Chia seed on different biochemical parameters in rabbits.
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sis especially central vein inflammation and fatty changes 
(Fig 2C). In Chia seed fed group, there was hepatocyte 
vacuolization and visible signs of mild necrosis (Fig 2D).

DISCUSSION

It is common practice to repeatedly heat vegetable 
oils at high temperatures during cooking. Oils are heat-
ed during food preparation or deep frying. The present 
study aimed to sort out the effect of Chia seed against 
oxidized sunflower oil in rabbits. In our findings, lym-
phocyte count was significantly increased, while there 
was a low number of platelets, neutrophils, and mono-
cytes after feeding with oxidized oil as compared to 
control. The results for these parameters were similar to 
control ones when fed with Chia seeds. Similar to our 
results, fresh palm oil was fed to rats, and it was ob-
served that heated oil decreased PCV, Hb level, RBCs 
and increased WBCs (Mesembe et al., 2004). Similarly, 
oxidized olive oil significantly altered hematological pa-
rameters in rats (Khan et al., 2017). No effects of repeat-
edly heating cooking oil were observed on hematological 
parameters after its administration to Wistar rats (Shue 
et al., 1968; Perumalla et al., 2016), which is not in ac-
cordance with our findings.  In our study, we heated the 
sunflower oil for 5 hours at 100oC which may have led 
to the accumulation of free radicals and altered the he-
matological parameters. The consumption of Chia has 
shown good digestibility, hypoglycemic effects, improved 
lipid and glycemic profiles, and reduced fat deposition in 
the animal liver.

There was a statistically significant increase in creati-
nine and urea level in rabbits that were fed with oxidized 
sunflower oil, and the Chia seed reduced their levels to 

normal. The co-administration of oxidized oil and Chia 
seed decreased the creatinine and urea level in a dose-de-
pendent manner. Much of the toxicity of severely heated 
food oils has been associated with a non-urea-adducting 
fatty acid (urea filtrate) fraction (Shue et al., 1968; Billek 
et al., 2000). Certain fractions of the heated oils, the total 
polar materials cause growth retardation, increased liver 
and kidney weights and disorders of the enzyme system, 
but only if fed in high doses (Billek et al., 2000; Ani et 
al., 2015).

 The significant increase in serum creatinine con-
centration in the group fed with thermo-oxidized palm 
oil may be suggestive of possible renal system damage. 
Creatinine levels in plasma are usually measured to de-
termine acute or chronic renal insufficiency. They are 
usually raised in renal disease (Ani et al., 2015; Toscano 
et al., 2014). Chia seeds contain high fiber and linolenic 
fatty acid which may reduce the creatinine level of the 
rabbits. Salvia hispanica controls blood pressure (BP) and 
its associated cardiometabolic factors. Also, Chia flour 
could reduce ambulatory and clinical BP in both treated 
and untreated hypertensive individuals (Toscano et al., 
2014; Al-Othman et al., 2006).

For rabbits fed with un-oxidized sunflower oil, the 
ALT level was normal. Oxidized sunflower oil increased 
ALT level in rabbits. In the group which was fed with 
Chia seeds, ALT level was in normal range. Oxidized 
oil promotes serum ALT level significantly (Khan et al., 
2017; Al-Othman et al., 2006; Zeb et al., 2019), leading to 
hepatotoxicity. Unoxidized oil is beneficial for liver as it 
has oleuropein that protects hepatocytes from damage. It 
had been observed that oxidative stress induced by ran-
cid oils leads to liver injury, which caused an increase in 
the ALT level (Zeb et al., 2019; Aguilera et al., 2002). In 

Figure 2. Histopathology of the normal rabbit liver (2A), oxidized oil-fed rabbits (2B), normal oil (2C) and Chia seed-fed rabbits (2D).
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our study, unoxidized oil had no effect on cholesterol 
level, while oxidized sunflower oil elevated the choles-
terol level in rabbits. Chia seeds had a positive effect on 
lowering blood cholesterol level. Similar to our results, 
blood cholesterol levels were increased by oxidized olive 
oil in rats (Khan et al., 2017; Kritchevsky et al., 2000) and 
by oxidized sunflower in rabbits (Khan et al., 2022). The 
Chia seed significantly decreased serum cholesterol level 
when compared to oxidized and un-oxidized sunflower 
oil treatments. Oxidized sunflower oil elevates the blood 
cholesterol level, while chia seed decreases its level. After 
absorption, it increases serum cholesterol level and may 
lead to atherosclerosis (Lou et al., 2012).

The oxidized sunflower oil fed group significantly in-
creased the triglyceride level of rabbits, while Chia seed 
decreased the triglyceride level in rabbits. Thermally oxi-
dized oils keep users at risk to arteriosclerosis and car-
diovascular diseases due to the depletion of phenolic 
as well as antioxidants in its constituents. A significant 
(p < 0.05) increase in the triglyceride level was observed 
when rabbits were fed with the oxidized olive oil (Khan 
et al., 2017), oxidized sunflower oil (Zeb et al., 2017) and 
mustard oil (Carmena et al., 1996). The HDL concentra-
tion after feeding with oxidized sunflower oil was sig-
nificantly decreased, whereas LDL values were increased 
as compared to normal group. Chia seed significantly 
increased HDL and decreased LDL level in rabbits. It 
has been suggested that HDL cholesterol and its con-
stituents is increased after feeding sunflower oil, which 
helps in prevention of heart diseases (Lou et al., 2012; 
Carmena et al., 1996; Quiles et al., 1998). A significantly 
higher LDL susceptibility to oxidation was observed af-
ter sunflower oil intake in comparison with virgin olive 
oil, despite an increase in LDL α-tocopherol concentra-
tion in sunflower oil group (Aguilera et al., 2004). His-
tological studies revealed that un-oxidized sunflower oil 
caused no significant effect on the liver morphology and 
functions. Oxidized sunflower oil caused necrosis in cen-
trilobular regions. It has also been reported that thermal-
ly oxidized ground nut oil leads to some liver diseases 
(Aguilera et al., 2004; Jimoh et al., 2004; Abdel Raouf et 
al., 2012). On the other hand, Chia seed caused no sig-
nificant changes, as hepatocyte vacuolization and mild 
necrosis were present in the liver.

CONCLUSIONS

In comparison to unoxidized oil, it has been deter-
mined that oxidized sunflower oil significantly affects 
hematological and biochemical parameters of serum and 
alters liver histological pattern in rabbits. Chia seed on 
the other hand, minimizes harmful effects of oxidized oil 
and display antioxidant potential.
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Gastric ulcer is the most prevalent disorder affecting a 
large population. Rosa brunonii Lindl. fruit (RBF) has tra-
ditionally been used to treat stomach pains. Therefore, 
the current work aimed to isolate, characterize, and in-
vestigate the gastro-protective effect of Rosa brunonii 
Lindl. fruit chloroform extract (RBFCE) against ethanol-
induced gastric ulcers in rats. Quercetin 3-O-glucoside 
(QUE-G) was isolated and characterized by modern spec-
troscopic techniques. RBFCE was orally administered at 
250 mg/kg, 500 mg/kg, and 750 mg/kg doses for ten 
days. Gastric ulcer was induced by a single dose of ab-
solute ethanol (5 ml/kg) on the last day of the study. 
Histological changes were calculated, along with ulcer 
inhibition and the ulcer index (UI). Gastric juice volume, 
pH, acidity, mucus content, and protein content were 
evaluated to understand the mechanism underlying its 
gastroprotective effect. Omeprazole (OMP) was used as 
the positive control. RBFCE at a dose of 750 mg/kg sig-
nificantly (p<0.01) reduced the UI (3.54) and increased 
the protection rate (67.63%) compared to the nega-
tive (ulcer) control group. Treatment with RBFCE in a 
dose-dependent manner increased the gastric pH, mu-
cus content, and total protein while decreasing gastric 
juice volume and total acidity. Histopathological studies 
showed severe gastric mucosal injury and edema in ulcer 
control animals compared to extract-treated groups. This 
study demonstrated that oral administration of RBFCE 
possesses a significant gastroprotective effect due to its 
anti-secretory and cytoprotective mechanisms. Our find-
ings support the traditional use of RBF to treat the gas-
tric ulcer.

Keywords: gastroprotective, Rosa brunonii Lindl. fruit, ulcer, querce-
tin 3-O-glucoside
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INTRODUCTION

Gastric ulcer is one of the common digestive disorders 
affecting 10% of world population. It is a complex and 
multifactorial disease, characterized by pathological lesion 

in digestive tract, gastrointestinal bleeding, perforations 
and erosions of gastric mucosa (Saranya et al., 2011). It 
occurs as a result of imbalance between invasive and de-
fensive factors. Stress, smoking, alcohol consumption, nu-
tritional deficiencies, infection by Helicobacter pylori (Yu et 
al., 2022) and use of non-steroidal anti-inflammatory drugs 
(NSAIDs) cause imbalance in the gastric acid, pepsin, mu-
cus secretion, prostaglandins and sulfhydryl compounds 
(Zakaria et al., 2016b). The imbalanced secretions cause 
mucosal damage, which can lead to perforations and 
bleeding if not treated properly (Yuan et al., 2006; Balan 
et al., 2014; Kangwan et al., 2014; Khoder et al., 2016; Kim 
et al., 2019). Conventional pharmacotherapeutic treatments 
for gastric ulcers include acid suppressants, that may have 
certain side effects like impotence, osteoporotic bone 
fracture, gynecomastia and iron deficiencies (Baiubon et 
al., 2016; Zakaria et al., 2016b; Yu et al., 2017). Further-
more, the symptoms of gastric ulcers may usually reoccur 
on discontinuation of antiulcer therapy (Kangwan et al., 
2014). Consequently, antiulcer remedies with minimal side 
effects are required for possibility of their long use (Kang 
et al., 2009). Mucosal protective agents can be a good al-
ternative as they are considered to have relatively low side 
effects (Shim et al., 2017). Beside use of synthetic drugs to 
cure gastric ulcers, people also rely on phytomedicines as 
an alternative therapeutic source which being natural are 
considered without side effects (Rozza et al., 2012; Chat-
terjee et al., 2014).

Rosa brunonii Lindl., also called “Himalayan musk 
rose,” is a member of the Rosaceae family and found 
in the western Himalayas. Locals use the plant’s roots, 
known as “Rajatarini,” to cure inflammation in the eyes. 
Plant flowers are used to produce gulkand, a sweet pre-
serve used as a laxative and a remedy for stomach aches. 
Literature reported substantial in-vitro antioxidant activ-
ity of crude extract from Rosa brunonii Lindl. flowers 
(Ahmad et al., 2020). Some of the compounds such as 
quercetin-3-O-rhamnoside, astragalin and tiliroside were 
isolated from RBF such as quercetin-3-O-rhamnoside, 
astragalin with strong antioxidant properties (Ishaque et 
al., 2017) which increased the medicinal value of RBF. 
RBFCE possess significant hepatoprotective potential 
against Rifampicin/Isoniazid induced toxicity in rats. 
It possess various classes of phytochemicals including 
cardiac glycosides, flavonoids, steroids, phenolic com-
pounds, terpenoids, anthraquinones and proteins (Ah-
mad et al., 2020). 

Rosa brunonii Lindl. is of particular interest due to its 
widespread use in folklore medicine and the presence of 
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highly antioxidant bioactive secondary metabolites. Fur-
thermore, no reports showing gastroprotective effects 
of RBFCE were found in the literature, which encour-
aged us to appraise the possible anti-ulcer potential of 
the plant (Aziz et al., 2023; Saleem et al., 2023, Sana et al., 
2022). Given the preceding, the current study sought to 
isolate and characterize bioactive metabolites from RB-
FCE and investigate its potential gastroprotective effects 
in ethanol-induced gastric ulcers in rats. The medium 
polar chloroform fraction was selected for the study due 
to the ease of separating bioactive secondary metabolites 
for further trials.

MATERIALS AND METHODS

Collection of plant material

Fruits and leaves of Rosa brunonii Lindl. were collect-
ed from Murree, Punjab Pakistan, identified at Depart-
ment of Botany, GC University, Lahore (Pakistan) under 
voucher specimen number, GC.Herb.Bot.3314 for future 
reference. 

Chemicals and Reagents

Omeprazole (Dr. Reddy Pharma, India) and carbox-
ymethylcellulose (CMC) (India) were kindly provided 
by Next Pharmaceuticals (Pvt) Ltd. Pakistan. Silica gel 
(Merck), Bovine serum albumin (BSA) and Alcian blue 
dye 8GX were obtained from BioShop (Canada) and 
Uni-chem (China). Ethanol, methanol, hexane, dimethyl 
sulphoxide, chloroform (CHCl3) and ethyl acetate were 
obtained from Sigma Aldrich Chemicals (Germany) and 
of analytical grade.

Preparation of extract

The fruits of  Rosa brunonii  Lindl. were washed with 
distilled water, shade-dried, and crushed using a mechan-
ical grinder. Extraction was carried out by reported mac-
eration method with slight modifications (Sambandam et 
al., 2016). Finely ground powdered material (500 g) was 
dipped into 5 L of CHCl3. The extract was filtered, and 
the solvent was evaporated using a rotary evaporator. 
The resulting semisolid residue was weighed and kept at 
–4°C in an airtight container for later use. The semisolid 
residue was fractionated using a solvent extraction tech-
nique that began with hexane and progressed through 
chloroform, ethyl acetate, and methanol. The chloroform 
fraction was dried, examined, and evaluated for anti-ul-
cer activity.

Isolation and characterization of compound

Isolation was carried out by using conventionally re-
ported isolation method with slight modifications (Ah-
madu et al., 2007). Silica gel (60 mesh) was added in 
hexane to form slurry and loaded into the column. The 
column was packed carefully by minimizing the bubble in-
terruption. Sample of RBFCE weighing about 187 g was 
loaded onto the column packed with silica gel. Separation 
was started with non-polar solvent, hexane as an eluent. 
Polarity of the eluent was raised by mixing 10% CHCl3 at 
one time and up to 100% CHCl3. In order to further raise 
the polarity of the eluent, 10% ethyl acetate was added at 
each step. Thin layer chromatography (TLC) was continu-
ously carried out after every 10% rise in polarity of eluent. 
Fractions showing same Rf values were combined and at 
the end (1-6), (11-16) and (19-25) fractions were obtained. 

On the basis of TLC, fractions (19-25) were loaded onto 
the Sephadex LH-20 column and eluted with ethyl acetate 
and polarity was increased by adding 25% CH3OH at each 
step. At 100% CH3OH as an eluent, polarity was further 
raised by adding 1.0% water in the eluent. At polarity of 
97.0% CH3OH and 3.0% water, the pure compound was 
eluted and showed single spot on TLC plate under UV 
light at mobile phase ratio of ethyl acetate, methanol and 
water (10:5:3) and (7:5:3). The isolated compound was 
weighed using calibrated Sartorious TE214S weighing bal-
ance. Melting point of compound was determined using 
Melting point apparatus (SMP-10), FTIR of the com-
pound was performed on IR Prestige-21, NMR spectra 
was obtained on NMR, Bruker (500 MHz) and mass was 
determined by LC-MS/MS (Agilent).

Experimental animals

The experiment was carried out on healthy adult 
Wistar albino rats of either sex (172–204 g) obtained 
from a local animal house facility and acclimatized for 
1 week under standard environmental conditions with 
free access to food and water ad libitum. The study was 
carried out according to the protocols approved by the 
Animal Ethical Committee of the University of Punjab, 
College of Pharmacy. The animals were divided into dif-
ferent groups, detailed in the proceeding text.

Acute toxicity study

The acute toxicity of RBFCE was studied to deter-
mine the safe dose of the extract. Rats were divided into 
three groups (n=6 in each) and given a vehicle (CMC, 
5  ml/kg), a low dose (1000 mg/kg), a medium dose 
(2500 mg/kg), and a high dose (5000 mg/kg) of RBF-
CE. Before dosing, rats were deprived of food for 24 
h with free access to water. Food was also withheld for 
another 4 hours after dosing. Animals were monitored 
for morbidity and mortality for 4 hours and then daily 
for 14 days.

Determination of gastroprotective effect 

The gastroprotective effect of RBFCE was studied in 
an ethanol-induced gastric ulcer rat model, which was 
deprived of water just 2 h before starting the experimen-
tal procedure. The animals were randomly divided into 
six groups (n=6) and treated for 14 days with extract 
and drug as follows:

Normal control group: Animals received drinking wa-
ter to show the normal gastric parameters.

Negative control group: Animals were given vehicle 
solution 5 ml/kg 0.5% CMC. (Hariprasath et al., 2012; 
Rahim et al., 2014). This group was only included to 
check the effect of CMC on gastric parameters.

Positive control group: Animals were given OMP (20 
mg/kg p.o, OD) for 14 consecutive days (Al-Wajeeh et 
al., 2016).

Low dose RBFCE group: Animals were given RBFCE 
(250 mg/kg/p.o, OD) for 14 consecutive days.

Medium dose RBFCE group: Animals were given RB-
FCE (500 mg/kg/p.o, OD) for 14 consecutive days.

High dose RBFCE group: Animals were given RBF-
CE (750 mg/kg/p.o, OD) for 14 consecutive days.

All therapies were given through intragastric gavage. 
After 30 min of above mentioned treatments, 10% etha-
nol solution was given orally to all animals on the first 
day of the trial, with the exception of the normal con-
trol group. From second day of trial, animals in all other 
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groups received 30% (v/v) ethanol orally for 14 days, 
except normal control group.

Sample collection and processing

On the 14th day, all animals were anesthetized with an 
overdose of xylazine and ketamine and sacrificed after 1 
h of ethanol administration (Ketuly et al., 2013). After 
cutting stomach tissues along the larger curvature, gastric 
contents were collected in glass tubes. Gastric mucosa 
was inspected after stomach tissues were cleaned with 
ice-cold normal saline (Das et al., 2012). The number of 
lesions, their details, and their scores was all recorded. 
Stomach tissues were then fixed in 10% formalin solu-
tion to evaluate histopathological parameters (Qaiser et 
al., 2018). 

Macroscopic and microscopic evaluation

The excised stomach tissues were observed under 
magnifying glass and dissecting microscope to count le-
sions present on inner side of the stomachs (Dashputre 
et al., 2011; Qaiser et al., 2018). 

Ulcer scoring

Ulcer scoring was carried out as follows on the basis 
of their intensity (Raju et al., 2009).

0 No ulcer

0.5 reddish mucosa

1 red spots

1.5 hemorrhagic streaks

2 profound ulcers

3 punctures/perforations

Ulcer index

Ulcer index was calculated using the formula (Ahmad 
et al., 2015; Gul et al., 2015).
Ulcer Index=[UN+US+UP]×10–1

Where UN=average number of ulcers per animal, 
US=average of severity score, and UP=percentage of 
animals with ulcer.

Percentage protection

The percentage protection by RBFCE was calculated 
by the following formula and compared with negative 
control group (Raju et al., 2009).

% age protection=

Estimation of gastric content volume, pH and total acidity

Following the stomach opening, the entire gastric 
contents were put into the test tubes and centrifuged 
for 10  minutes at 1000 rpm. The volume and pH of 
the supernatant were determined using a 5 mL burette 
and a pH metre (Thermo Orion thermoscientific 3-star). 
The supernatant (1 ml) was titrated against freshly pre-
pared 0.1N NaOH using phenolphthalein as an indicator 
(Shukla et al., 2017). Correction factor of 0.1 N NaOH 
was also calculated.

Total activity=

 

Results were expressed in terms of the clinical units 
(mEq/L).

Gastric mucous content determination

Estimation of gastric mucous content was carried out 
by using standard curve of alcian blue according to the 
reported protocol (Hajrezaie et al., 2015).

Protein content determination

Protein content was assessed by using standard curve 
of bovine albumin solution (BSA standard curve) (Mark-
well et al., 1981).

Histopathological investigations of gastric ulcer

The separated stomachs were sliced along the larg-
er curvature and rinsed in ice-cold normal saline. The 
stomach tissues were partially preserved in a 10% forma-
lin solution and further processed by embedding them 
in paraffin wax. For histological investigation, 3–5 mm 
thick slices were cut and stained with hematoxylin and 
eosin (Hajrezaie et al., 2015). The sections were photo-
graphed after being evaluated under a light microscope 
for histological changes such as ulceration, decongestion, 
necrosis, congestion, and erosions on an arbitrary scale 
(Bancroft et al., 2013).

Statistical analysis

Data was articulated as the mean ± S.E.M., where 
applicable. Data for gastric content volume, pH, total 
acidity, percentage protection and protein content were 
analyzed using one-way analysis of variance (ANOVA). 
Tukey’s post hoc multiple comparison test was applied 
for determination of statistical difference among all 
groups. p<0.05 considered significant. Graph Pad Prism® 
(Version 8.0.1 (244) for Windows) was used for statisti-
cal calculations and plotting graphs.

RESULTS

Acute oral toxicity

During the observation period, no behavioral changes 
or signs of toxicity were observed in any of the treated 
rats. During the 14-day observation period following oral 
administration of all three doses of RBFCE, none of the 
rats died.

Characterization of isolated compound

Characterization of the isolated compound was carried 
out by spectral studies such as IR, NMR, and mass spec-
troscopy and melting range. The observed data was ex-
amined and compared with the published data for pos-

Table 1. Physical characteristics of the isolated compound.

Source Rosa brunonii Lindl. Fruit

state Yellowish powder

yield 34 mg

molecular weight 464.3

molecular formula C21H20O12

melting range 233–237
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sible flavonoid glycoside and found matched with QUE-
G. The observations regarding compound under study 
are as follows in Table 1.

The proton NMR showed peaks in aromatic region 
and the presence of a sugar moiety. The splitting of aro-
matic proton exhibited two distinct coupling patterns, 
one was meta coupling (J – 2.0 Hz) and the other 1,4,5 
coupling pattern. As hydroxyl was normally appeared at 
carbon number 5 in flavonoid that normally hydrogen 
bonded with carbonyl, therefore meta coupling could be 
suggested in A ring and 3,4-disubstituted pattern in B 
ring of flavonoid that was also matched with the pub-
lished data (Table 2). Anomeric proton appeared at δ 5.2 
ppm as doublet and six other protons from 3.60 to 3.25 
δ ppm due to possible sugar moiety. The experimental 
data was matched with the NMR data of QUE-G ac-
cording to literature. 

IR spectrum confirms the characteristic of flavonol 
system. Peaks at wave numbers 3214 cm–1 indicates OH-
stretching and at 1671 cm–1 conforms presence of –
C=O group. Similarly, the molecular formula of isolated 
compound was determined as C21H20O12 by NMR and 
mass spectrum. The molecular weight (464.30 g/mol) of 
the isolated compound also confirms the isolated com-
pound as QUE-G (Fig. 1). Melting range of the isolated 

compound (233–237°C) confirms that compound under 
study is QUE-G as it has melting point 236°C.

Macroscopic evaluation of stomach tissue treated with 
RBFCE

Macroscopic evaluation of control animals showed the 
normal mucosa without any signs of erosion/ulceration. 
Gross appearance of ulcer control tissue exhibited vari-
ous notable lesions and signs of ulcerations. No remark-
able signs of ulcerations were observed in the positive 
control group. On the other hand, macroscopic evalua-
tion of low dose RBFCE treated group showed marked 
degree of erosion as compared to medium and high 

Table 2. C13 and H1 NMR data of isolated compound

C.No Multiplicity 13C-NMR (δ) 1H-NMR (δ)

Experimental Reported  
(Kuruüzüm-Uz et al., 2013) Experimental Reported  

(Kuruüzüm-Uz et al., 2013)

O

C-2 C 157.61 157.30

C-3 C 134.22 134.50

C-4 C 178.08 178.30

C-5 C 161.63 161.90

C-6 CH 98.49 98.90 6.21, d 
(J= 2.0 Hz)

6.18 d 
(J= 2.0 Hz) 

C-7 C 164.63 165.30

C-8 CH 93.31 93.60 6.40, d 
(J= 2.0 Hz)

6.37 d 
(J= 2.0 Hz)

C-9 C 157.06 157.80

C-10 C 104.28 104.40

C-1’ C 121.79 121.90

C-2’ CH 114.60 114.80 7.73, d 
(J= 2.5 Hz)

7.70, d 
(J= 2.0 Hz)

C-3’ C 144.50 144.70

C-4’ C 148.44 148.70

C-5’ CH 116.16 116.40 6.89, d 
(J=8.6 Hz) 6.86, d (J=8.4 Hz)

C-6’ CH 121.67 122.00 7.61, dd (J=8.5, 2.5Hz) 7.58, dd (J=8.4, 2.0 Hz)

C-1’’ CH 102.93 103.20 5.26, d 
(J=7.5 Hz) 5.22, d (J=7.6 Hz) 

C-2’’ CH 74.33 74.60 3.37, t 
(J=9.5 Hz) †

C-3’’ CH 76.98 77.00 3.73, dd
(J=2.5, 12.0 Hz) †

C-4’’ CH 69.81 70.10 3.59, dd (J =5.5, 12 Hz) †

C-5’’ CH 76.71 77.20 3.25, m †

C-6’’ CH2 61.15 61.40 3.51, m †

Figure 1. Structure of quercetin-3-O-glucoside.

1111

http://C.No


Vol. 70 						      637 Effects of Rosa brunonii Lindl. fruit on gastric mucosal injury

dose treated groups. Gross appearance of gastric mucosa 
showed milder injuries in low dose extract treated group 
compared to medium and high dose and negative con-
trol groups as shown in Fig. 2.

Effect of RBFCE on ulcer score, ulcer index and 
percentage protection

Ethanol administration significantly (p<0.001) in-
creased the ulcer score (Mean=4.91±1.11) and ulcer 
index (Mean=10.94) in negative control group com-
pared to the normal animals (0 ± 0.00). Low dose 
of RBFCE decreased (p>0.05) the ulcer score to 

–26.80% (Mean=3.60±1.00), ulcer index to –18.72% 
(Mean=8.90) and increased the percentage protec-
tion by 18.72% compared to the negative con-
trol group. Likewise, oral administration of medium 
dose of RBFCE reduced (p<0.05) the ulcer score to 
–45.80% (Mean=2.70±0.90), ulcer index to -–32.70% 
(Mean=7.40) and increased the percentage protection 
by 32.67% compared to the negative control group. 
Moreover, high dose of RBFCE reduced (p<0.01) the 
ulcer score to –61.0% (Mean=1.92±0.70), ulcer index 
to –45.10% (Mean=6.00) and increased the percentage 

Figure 2. Macroscopic examination of:
(a) Normal rats (b) Rats pre-treated with CMC (negative control group) showing severe mucosal injuries (c) OMP 20 mg/kg (positive con-
trol) showing normal looking mucosa (d) RBFCE 250 mg/kg treated group indicates surface erosions (e) RBFCE 500 mg/kg treated group 
indicates relatively protected mucosal surface with only focal erosion (f) RBFCE 750 mg/kg treated group indicates no injuries to gastric 
mucosa.

Table 3. Title!

Group
Mean ± S.E.M.

Ulcer no Ulcer Score Ulcer Incidence (%) Ulcer index Ulcer Inhibition (%)

Normal Control 0 0 0 0 0

Negative control 4.5±0.67 *** 4.92±0.46*** 100 10.94 0

Positive control 0.67±0.42 1.17±0.74 33.33 3.52 68.20

Low dose RBFCE 3.33±0.30 3.60±1.00 82.00 8.90 18.72

Medium dose RBFCE *3.00±0.40 *2.70±0.90 68.00 7.40 32.67 

High dose RBFCE **2.20±0.60 **1.92±0.70 56.00 6.00 45.10

The results are expressed in the form of mean ±  S.E.M. Significant at p<0.05*, 0.01** and 0.001***, ns=not significant compared to negative control.

Table 4. Effect of RBFCE on gastric juice parameters

Sr. No. Group Name Gastric volume (mL) Gastric pH Total acidity (mEq/L)

1 Normal control 1.33±0.25 4.03±0.18 27.5±3.45

2 Negative control 3.97±0.49*** 2.9±0.26 89.83±3.0***

3 Positive control 1.4±0.26 6.48±0.18 37.5±3.80

4 Low dose RBFCE **2.53±0.30 *3.22±0.34 ***67.66±7.80

5 Medium dose RBFCE ***2.30±0.29 **3.60±0.40 ***58.60±5.10

6 High dose RBFCE ***1.95±0.50 ***4.40±0.30 ***52.00±6.00
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protection by 45.10 % compared to the negative con-
trol group (Table 3).

Effect of RBFCE on Gastric content volume, acidity, pH

Ethanol administration significantly (p<0.001) in-
creased the gastric content volume and acidity 
(p<0.001) by 197.5% (Mean=3.96±1.19) and 226.70% 
(Mean=89.83±7.35) while decreased the pH –28.10% 
(Mean=2.90±0.64), respectively compared to the nor-
mal group. Low dose of RBFCE reduced (p<0.05) the 
gastric content volume to -36.13% (Mean=2.53±0.30), 
acidity (p<0.05) to –24.70% (Mean=67.66±7.80) and in-
creased the pH (p<0.05) by 10.92% (Mean=3.22±0.34) 
compared to the negative control group. Likewise, me-
dium dose of RBFCE reduced (p<0.01) the gastric con-
tent volume to –42.90% (Mean=2.30±0.29), acidity to 
–34.70% (Mean=58.60±5.10) and increased the pH by 
23.0% (Mean=3.60±0.40), compared to the negative con-
trol animals. High dose of RBFCE reduced (p<0.01) the 
gastric content volume to –50.84% (Mean=1.95±0.50), 
acidity (p<0.01) to –42.10% (Mean=52.00±6.00) and in-
creased the pH by (p<0.01) 50.60% (Mean=4.40±0.30) 
in comparison with negative control group (Table 4).

Effect of RBFCE on mucous and protein content 

Ethanol administration to negative control group sig-
nificantly decreased the mucous and protein content 
(p<0.05) by –18.32% (Mean=323.33±45.46) and protein 
by –47.94% (Mean=36.24±5.57) (p<0.01), respective-
ly, compared to the normal group as shown in Fig. 1 
and 2, respectively. Oral treatment of low dose of RB-
FCE increased (p<0.05) the mucous content by 9.28% 
(Mean=368.17±12.27), and protein content 10.82% 
(Mean=45.50±2.03) compared to the negative control 
group. Likewise, oral administration of medium dose of 
RBFCE increased the mucous content (p<0.05) 18.60% 
(Mean=380.16±10.12) and protein content by 29.70% 
(Mean=53.17±2.04) (p<0.01), compared to the nega-
tive control group. Oral treatment of high dose of RB-
FCE increased the mucous content (Fig. 3) (p<0.05) by 
21.40% (Mean=392.66± 9.01) and protein content by 
56.92% (Mean=56.87±2.41) (p<0.001) compared to the 
negative control group as shown in Figs. 4 and 5.

Effect of RBFCE on histopathology of stomach tissue

Histological evaluation of gastric tissue of normal 
control rats showed the normal looking mucosa without 
any surface erosion/ulceration. Submuscosa and muscu-
laris properia were unremarkable. Rats of negative con-
trol group (CMC pre-treated) showed marked degree of 
mucosal surface ulceration and inflammation. Metaplastic 
change was also present. On the other hand, animals of 
positive control group showed only focal erosion. How-
ever, no mucosal or submucosal inflammation was seen. 
Animals of low dose RBFCE (250 mg/kg) treated group 

Figure 3. Mucous content of normal, negative control, positive 
control, low dose RBFCE, medium dose RBFCE and high dose 
RBFCE groups. 
The results of low, medium and high dose RBFCE groups were 
compared with negative control group.

Figure 4. BSA standard curve

Figure 5. The protein content of normal, negative control, posi-
tive control, low dose RBFCE, medium dose RBFCE and high 
dose RBFCE groups. 
The low, medium and high dose RBFCE groups were compared 
with negative control group.

Figure 6. Histopathological evaluation of stomach tissues of :
(a) normal rats (b) Rats pretreated with CMC (negative control 
group) (c) OMP 20 mg/kg (positive control group) (d) RBFCE 250 
mg/kg treated group (e) RBFCE 500 mg/kg treated group (f) RBF-
CE 750 mg/kg treated group. Histopathological images (a), (c) and 
(d) were magnified at 200X. However, images (b), (e) and (f) were 
magnified at 400X.
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reflected mucosa with focal erosion and inflammation. 
The histopathological investigations of medium dose 
RBFCE treated group (500 mg/kg) showed normal sur-
face epithelium having only focal erosion without inflam-
matory changes. The high dose RBFCE group (750 mg/
kg) showed normal looking mucosal epithelium without 
surface erosion/ulceration and inflammation (Fig. 6).

DISCUSSION

The present study investigated the acute oral toxic-
ity and gastroprotective effect of RBFCE on ethanol-
induced gastric ulcer model and its possible mechanism. 
Characterization of isolated compound, QUE-G con-
firms the presence of flavonoid class of compound. Fla-
vonoids are safe and effective therapeutic agents for the 
treatment of gastrointestinal diseases. Previously, QUE-
G has been isolated from Azadirachta indica (Tatke et 
al., 2014), Prangos ferulaceae (Razavi et al., 2009), Manihot 
glaziovii (Hakim et al., 2020), and Byrsocarpus Coccineus etc.
(Ahmadu et al., 2007). However, this compound was the 
first report from RBF. QUE, a naturally occurring bio-
flavonoid is commonly found as QUE-G in herbs, fruits, 
and vegetables. Presence of glucose moiety makes QUE 
more stable compared to aglycone form. Only, a very 
small quantity of naturally occurring QUE lacks a glyco-
side chain. Bioavailability of QUE-G is much better then 
aglycone form (without glycoside chain) (Kaşıkcı et al., 
2016), which is commonly available form of QUE as a 
supplement. It is a globally recognized safe complemen-
tary or alternative medicine used for different a various 
comorbidities including heart (Patel et al., 2018), liver (Li 
et al., 2018), and stomach (Ekström et al., 2011). It also 
possess anticancer (Vafadar et al., 2020) and neuropro-
tective potential (Khan et al., 2018; Salehi et al., 2020). 
QUE inhibits several cytochrome P450 isoenzymes, i.e., 
CYP3A4, CYP2C8 CYP2C9 and CYP1A2 (Umathe et 
al., 2008; Samala et al., 2016) and considered to be in-
volved in herb-drug interactions (HDIs). Therapeutic 
profile of glucoside form is identical to that of aglycone 
form. QUE also possess significant antiulcer and gastro-
protective activity due to its antioxidant, anti-secretory, 
antihistaminic and proton pump inhibiting properties (de 
Lira Mota et al., 2009). QUE-G possesses cardiovascular 
benefits (Terao, 2023).

The toxicity study demonstrated that rats treated with 
RBFCE did not show any sign of toxicity or mortality 
and LD50 value was found above 5000 gm/kg. All the 
three orally administered once daily doses of RBFCE 
(250, 500, 750 mg/kg) to rats for 10 days for gastropro-
tective activity, were safe. OMP, a widely used proton 
pump inhibitor for the treatment of gastric ulcers, was 
used as positive control, in line with the literature (Nor-
din et al., 2014). After one hour on last (14th) day of 
treatment, single dose (5 ml/kg) of absolute ethanol was 
orally administered to animals. Ethanol is most widely 
used in experimental models to assess the gastropro-
tective activity in rats (Sidahmed et al., 2015). It rapidly 
penetrates into the gastric mucosa, increases mucosal 
absorptivity (Sidahmed et al., 2013) and releases vasoac-
tive mediators (histamine, leukotrienes C4 and endothe-
lin-1). The vasoactive mediators cause blood flow stasis 
in circulation of mucous membrane and increasing le-
sions in mucosa. In addition, ethanol also reduced the 
mucus production, gastric mucosal blood flow, bicarbo-
nate secretion, prostaglandin production, tissue levels of 
DNA, RNA and proteins, which leads to tissue injury. 
Formation of superoxide and reactive oxygen species 

generates oxidative stress which, in turn results ruptur-
ing of the blood vessels that contributes to the hemor-
rhage, tissue necrosis and disrupting the protective mu-
cosal layer (Fahmy et al., 2015). In the present study, 
oral administration of ethanol to rats produced hemor-
rhagic red streaks of various sizes on the gastric mucosa 
of the control group. RBFCE pre-treated groups (250, 
500, 750 mg/kg) showed protected gastric mucosa and 
significantly reduced the rate of ethanol-induced damage 
to the gastric mucosa, compared to the negative control 
group. RBFCE showed gastroprotective effect in dose 
dependent manner, comparable to the OMP group (Ta-
ble 1). Pretreatment with RBFCE significantly reduced 
UI, maximum being seen at 750 mg/kg, similar to that 
of the OMP.

Any agent that reduces the gastric acid secretion or 
increases the mucous secretion is an effective gastropro-
tective agent (Oliveira et al., 2014). Gastric secretions in 
rats were studied because they may contribute to RB-
FCE’s gastroprotective action. The ulcer control group 
had a lower pH, a higher volume of gastric juice, and 
total acidity. Pre-treatment with either OMP or different 
doses of RBFCE significantly decreased gastric juice vol-
ume and total acidity, coupled with a significant increase 
in gastric pH when compared to the ulcer control group. 
Oral administration of RBFCE for 10 days strengthened 
the gastrointestinal system in such a way that gastric vol-
ume and the total acidity was significantly reduced in the 
treated rats with a corresponding increase in pH com-
pared to the negative control group. A decrease in gas-
tric juice volume could be due to less acid production, 
as evidenced by the pH and total acidity of the gastric 
juice. These findings indicated presence of therapeutically 
active compounds in RBFCE that reduced the acidity of 
gastric acid secretions, which was increased by ethanol 
administration. Therefore, anti-secretory effect RBFCE 
could be a possible mechanism of gastroprotection. The 
gastric epithelium, which is surrounded by a continuous 
mucous layer, acts as the first line of mucosal defense 
against luminal acid by acting as a barrier against luminal 
pepsin to protect the underlying mucosa from proteolyt-
ic digestion. Mucus comprises mucin-type glycoproteins 
detectable by amount of alcian blue binding (Zakaria et 
al., 2016a). Microscopic evaluation revealed the compre-
hensive damage to gastric mucosa in ulcer control group 
(Fig. 2). Animals treated with RBFCE showed protection 
to gastric mucosa with significant reduction in inflamma-
tion in dose dependent manner. The daily RBFCE treat-
ment for 10 days found to amplify the amount of gastric 
mucous as compared to the vehicle. Increased mucous 
content may be liable to gastric cytoprotection. There-
fore, it may be another possible mechanism of gastro-
protective effect of RBFCE. 

Stomach from normal control animals in histopatho-
logical examination showed normal-looking mucosal sur-
face which indicates absence of any signs of ulceration in 
normal control group. The presence of focal mucosal in-
flammation and metaplastic changes in stomach of nega-
tive control animals indicates development of ulceration. 
Gastric metaplastic cells may transform into precancer-
ous cells which increase the risk of gastric cancer if un-
treated. While the positive control group revealed mu-
cosa and part of submucosa with only focal erosion, but 
no mucosal or submucosal inflammation was observable. 
Stomach section from low dose (250 mg/kg) RBFCE 
treated animals showed mucosa with focal erosion and 
mild chronic inflammation while the medium dose RB-
FCE treated group (500 mg/kg) exhibited normal sur-
face epithelium with mild degree of erosion. Rest of the 
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mucosa was normal looking without evidence of inflam-
mation. On the other hand, high dose RBFCE treated 
animals (750 mg/kg) revealed normal looking mucosal 
epithelium without surface erosion/ulceration, metaplas-
tic and inflammatory changes which indicates protective 
potential of RBFCE at medium and high doses. A high 
dose of RBFCE could significantly reduce gastric lesions 
and histological damage in a dose-dependent manner 
comparable to OMP. The present findings supported 
the ethnopharmacological use of RBF and highlighted its 
potential to be used as herbal gastroprotective medicine. 
Some of the limitations of the research work include (1) 
study was performed in rats but not in humans (2) only 
preliminary data was collected (3) study was performed 
on extract, not on isolated compound.

CONCLUSIONS

RBFCE showed a significant gastroprotective effect 
against ethanol-induced gastric ulcer, as reflected by a 
decreased gastric juice volume and acidity, parallel to 
an increased gastric mucus secretion. The above activ-
ity could be attributed to QUE-G, major bioactive flavo-
noid isolated from RBFCE in this study. These findings 
deliver considerable evidence in favor of the folk use of 
RBF in the treatment of gastric disorders.
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Molecular cloning of glutathione reductase from Oryza sativa, 
demonstrating its peroxisomal localization and upregulation by 
abiotic stresses
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Abiotic stress is a major constraint on crop productivity 
and in the agricultural field, multiple abiotic stresses act 
synchronously leading to substantial damage to plants. 
A common after-effect of abiotic stress-induced dam-
age in plants is an increased concentration of reactive 
oxygen species (ROS) leading to oxidative damage. Glu-
tathione reductase (GR) plays a significant role in curtail-
ing ROS. Apart from the GR enzyme, the peroxisome as 
an organelle also plays a significant role in ROS homeo-
stasis. Here, we report a peroxisome localized GR, whose 
expression was found to be upregulated by various abi-
otic stresses. The in silico analysis also revealed that the 
peroxisomal localization of GR could be a common phe-
nomenon in angiosperms, suggesting that it could be a 
suitable candidate against abiotic stress combinations.
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INTRODUCTION

Abiotic stress is one of the significant factors which 
limits the yield of crops. Due to the untimely onset of 
abiotic stress conditions, crops worth millions of dollars 
are lost annually worldwide (Wang et al., 2003;  Wania et 
al., 2016). Abiotic stress leads to a series of detrimental 
activities in the plant, which cause either partial or com-
plete loss of yield (Yousuf et al., 2012; Harshavardhan 
et al., 2017). One such after-effect is an increase in the 
cellular concentration of reactive oxygen species (ROS), 
which has been observed as a common phenomenon in 
the case of all types of abiotic stresses. Uncontrolled in-
crease and accumulation of ROS can lead to oxidative 
damage to the cell, such as oxidation of nucleic acids, 
protein denaturation, breakdown of cell and organelle 
membrane, lipid peroxidation, and carbohydrate oxida-
tion (Scandalios, 1993; Noctor & Foyer, 1998). This im-
balance in the redox state of the cell is dangerous and 
could be lethal if left unchecked. ROS also plays a sig-

nificant role in regulating the response of plants, against 
environmental stimuli by a redox-dependent reprogram-
ming of signalling pathways (Harshavardhan et al., 2017), 
thereby making ROS not only an oxidative deterrent but 
also a signalling molecule (Mittler et al., 2004; Miller et 
al., 2010). Hence, a delicate balance between ROS pro-
duction and scavenging needs to be maintained, mak-
ing ROS homeostasis very crucial. To defend them-
selves from this abiotic stress-induced oxidative damage, 
plants have developed various mechanisms. One such 
mechanism is the glutathione reductase (GR) mediated 
ascorbate-glutathione pathway, also known as the Foyer-
Halliwell-Asada pathway (Asada, 2006; Foyer & Noc-
tor, 2011). In plant cells, GR activity has primarily been 
found in the chloroplast (70–80%) with a minor pres-
ence in mitochondria and cytosol (Edwards et al., 1990; 
Creissen et al., 1994). However, with recent development 
in molecular and proteomic techniques, the peroxisomal 
localization of Arabidopsis thaliana GR has also been dem-
onstrated (Kataya & Reumann, 2010). Also, it is perti-
nent to mention that the peroxisomes in association with 
chloroplast and mitochondria are primarily responsible 
for cellular ROS homeostasis (Foyer & Noctor, 2003; 
Habib et al., 2016; Dietz et al., 2016; Huang et al., 2016). 
The significant role of peroxisomes in ROS scavenging 
and abiotic stress tolerance makes a peroxisome-localized 
GR of special significance.

Peroxisomes are small, single membrane-bound or-
ganelles whose proteome is encoded by nuclear genes, 
synthesized on cytosolic ribosomes, and imported in a 
signal-dependent manner (Hu et al., 2012; Emmanouilidis 
et al., 2016). Depending upon the protein location, per-
oxisomal proteins could be divided into two broad cate-
gories- peroxisomal membrane and matrix proteins, both 
of which are imported in entirely different manners. GR 
happens to be a peroxisomal matrix protein (Kataya & 
Reumann, 2010). The peroxisomal matrix proteins are 
largely imported either by peroxisomal targeting signal 
(PTS) type one or PTS type two (Gould et al., 1987; 
Swinkels et al., 1991). The bulk of the matrix proteins is 
imported by PTS type 1 while a comparatively smaller 
number of matrix proteins are imported by PTS type  2 
(Brocard & Hartig, 2006; Lazarow, 2006). After being 
synthesized on cytosolic ribosomes, PTS1 and PTS2 
containing proteins are recognized by their respective 
cytosolic receptors, PEX (peroxin) 5 and PEX7 respec-
tively, which ultimately bring them to peroxisome with 
the help of other PEX proteins (Kunze, 2019; Kim & 
Hettema, 2015; Kunze et al., 2011; Kiel et al., 2009; Nie-
derhoff et al., 2005; Reumann, 2004; Bottger et al., 2000; 
Lametschwandtner et al., 1998; Albertini et al., 1997). 
The PTS1 is located at the C-terminus of protein and 
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is primarily represented by the last three amino acids, 
however, the upstream residues also play a significant 
role in PEX5 binding (Neuberger et al., 2003; Brocard 
& Hartig, 2006; Lingner et al., 2011; Lametschwandtner 
et al., 1998; Reumann, 2004; Fodor et al., 2012; 2015), 
while the PTS2 is located at N-terminus, represented by 
a nonapeptide (Petriv et al., 2004; Lazarow, 2006). It has 
also been observed that depending upon the composi-
tion of amino acids present at the C-terminus, the PTS1 
shows a varying degree of efficiency in peroxisome tar-
geting (Gatto et al., 2000; Stanley et al., 2006) and this 
has led to the classification of PTS1 into a canonical and 
noncanonical type (Skoulding et al., 2015). The canonical 
ones lead to efficient and strong targeting while the non-
canonical ones are comparatively less efficient and lead 
to weak targeting of the protein to the peroxisome. The 
strong and weak efficiencies have been explained based 
on the time required for the fluorescent detection of the 
peroxisome targeting under in vitro conditions (Skoulding 
et al., 2015; Chowdhary et al., 2012).

In this work, we reported the peroxisome localization 
of GR and its involvement in abiotic stress tolerance in 
the monocot model plant Oryza sativa (rice) which is a 
crop of global significance and is responsible for feeding 
more than half of the world’s population, especially in 
Asian, African continents, and other third world nations.

MATERIALS AND METHODS

Data retrieval for in silico work

The protein sequences of A. thaliana and O. sativa 
GR were retrieved from The Arabidopsis Information 
Resource (TAIR, Tanya et al., 2015, https://www.arabi-
dopsis.org/) and the rice genome annotation database 
(Kawahara et al., 2013, http://rice.uga.edu/) respectively. 
For multiple sequence alignment, CLUSTAL W 2.1 pro-
gram (Larkin et al., 2007) was used at pir.georgetown.edu 
(Cathy et al., 2003). The OsGR was used as a query in 
protein BLAST at NCBI and 80 GR orthologs were ob-
tained.

Plant material and growth condition

For all experiments, O. sativa IR 64 (Indica rice) vari-
ety was used. This is an abiotic stress-sensitive variety. 
The seeds were obtained from National Rice Research 
Institute, Cuttack, India. The seeds were sterilized with 
70% ethanol for 2 min followed by rinsing with distilled 
water three times each for 2 min. The sterilized seeds 
were kept in germination paper pre-wet with distilled 
water, which was incubated in dark for 24 h followed by 
shifting to the plant growth room maintained at 28±2ºC, 
60% humidity, and a light/dark cycle of 16/8 h. For all 
experimentation, 11 days old seedlings were used. The 
abiotic stresses were induced by treatment with 200 mM 
sodium chloride (saline stress), 4±2°C (cold stress), and 
45±2°C (heat stress) for 2 h. The untreated seedlings 
served as a control and were used for the calculation of 
the relative transcript level of OsGR.

RNA extraction and cloning of OsGR

For RNA extraction, 100 mg of seedling was used 
and crushed in liquid nitrogen followed by extraction 
using RNeasy plant mini kit (Qiagen) as per the manu-
facturer’s protocol, with the modification of inclusion of 
in-column DNase digestion step (RNase free DNase set, 
Qiagen). The extracted RNA was checked for its quan-

tity and quality using a microvolume spectrophotometer 
(ThermoFisher Scientific) and agarose gel electrophore-
sis.

The extracted RNA was converted to cDNA using 
Revert Aid First Strand cDNA Synthesis Kit (Ther-
moFisher Scientific) as per the manufacturer’s manual. 
The obtained cDNA was used for polymerase chain re-
action (PCR) amplification using the primers: Forward 
AATTGCGGCCGCGATGGCTAGGAAGATGCT-
CAAG, Reverse TATGTCTAGAGCTACAAGTTT-
GTCTTTGGCTTGGATGATGG, using HiFidelity pol-
ymerase (Qiagen), with PCR cycle of denaturation 94ºC 
for 20 s, annealing 60ºC for 30 s and extension 72ºC 
for 90 s. The obtained PCR product was checked for 
amplification using agarose gel electrophoresis followed 
by digestion using NotI and XbaI restriction enzymes. 
The digested product was resolved in an agarose gel fol-
lowed by gel purification using the GenJET gel extrac-
tion kit (ThermoFisher Scientific). The digested product 
was cloned into the pCAT plant expression vector, as 
an enhanced yellow fluorescent protein (EYFP) fusion 
product under the control of a double 35 S cauliflower 
mosaic virus (CaMV) promoter (Fulda et al., 2002). The 
insert was verified using automated DNA sequencing.

Subcellular localization of OsGR

For subcellular localization studies, the biolistic bom-
bardment method was used, in which onion epidermal 
cells were transformed with plasmid constructs coated 
on gold particles, which were further examined under a 
fluorescent microscope after an appropriate incubation 
time. Under standard conditions, the transformed onion 
epidermal cells are examined after 18–24 h post-trans-
formation. However, it has also been observed that the 
sensitivity of detection of the reporter protein in per-
oxisome increases after an extended incubation time at 
reduced temperature (Lingner et al., 2011, Chowdhary et 
al., 2012).

The gene of interest (OsGR) was cloned as an EYFP 
fusion product and as a peroxisomal marker, Ds-Red-
SKL was used (Matre et al., 2009). In the case of sin-
gle transformation experiments pCAT plasmid contain-
ing EYFP-OsGR was coated with gold particles, while 
in the case of double transformation experiments pCAT 
plasmid containing EYFP-OsGR and peroxisomal mark-
er (Ds-Red-SKL) together were coated with gold parti-
cles and bombarded to onion epidermal cells (Ma et al., 
2006). The onion slices were placed on wet blotting pa-
per in Petri dishes and stored at room temperature in 
the dark followed by analysis using fluorescent micros-
copy or after additional incubation at 10°C for 1 to 6  d. 
Image capture and analysis were done as explained in 
Chowdhary et al., (2012).

Expression analysis by real-time PCR

The expression analysis of peroxisomal GR was carried 
out by real-time PCR technique using SYBR green chemis-
try. For this, the total RNA was extracted from stress-treat-
ed and control (untreated) plants as explained above, its 
concentration was determined, equalized, and converted to 
cDNA using high-capacity cDNA reverse transcription kit 
(ThermoFisher Scientific) as per the manufacturer’s manual. 
Total RNA, 1 µg, was converted to cDNA, which was di-
luted and further used for quantitative real-time PCR us-
ing SYBR green chemistry. Real-time PCR was performed 
using QuantiNova 2X PCR master mix containing SYBR 
green dye with ROX as passive reference dye (Qiagen) in 
QuantStudio 5 (ThermoFisher Scientific) real-time PCR 
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machine. The conditions for real-time PCR were as follows: 
initial denaturation at 95°C for 2 min, followed by 40 cy-
cles of 95°C for 15 s, 60°C for 60 s, and 72°C for 60 s. 
To obtain the melting curve a program of 95°C for 15 s 
and 60°C for 1 min was followed. All qPCR analyses were 
performed in three biological replicates. O.  sativa actin was 
used as an endogenous control for the normalization of 
the transcript. The relative transcript level or “fold change” 
(degree of change in expression between the treated sample 
and untreated sample) was calculated by the ∆∆CT method 
using the formula, relative transcript level/fold change = 
2-∆∆CT, where ΔΔCT = ΔCT test sample – ΔCT calibrator 
sample (ΔCT test sample = CT test – CT reference, ΔCT cal-
ibrator = CT calibrator – CT reference; test sample = stress 
treated sample, calibrator = untreated sample, reference = 
endogenous control) (Livak & Schmittgen, 2001). The data 
provided represents an average of three biological replicates 
of independent samples and the values depicted represent 
mean ± standard deviation. The primer used for expression 
analysis were, OsGR Forward primer – CGACCTTTGA-
CAGCACTGTTGG, reverse primer – TGGTCAAGGTC-
CGCATTGTCAC, OsActin forward primers – CAGCCA-
CACTGTCCCCATCTA, Reverse primer – AGCAAG-
GTCGAGACGAAGGA.

RESULTS

Bioinformatics analysis of OsGR

The protein sequence of A. thaliana and O. sativa GR 
were aligned using CLUSTAL W 2.1 and the alignment 
revealed the significant conservation among both se-
quences (Fig. 1). The peroxisome targeting of A. thaliana 

GR is dependent on the PTS type 1, which is localized 
at the C-terminus of the protein. In the case of AtGR 
the PTS1 is represented by TNL> (Kataya & Reumann, 
2010, the symbol “>” represents the end of the poly-
peptide). The presence of the same tripeptide in O. sa-
tiva GR provided a hint for peroxisomal localization of 
OsGR via PTS1 (Fig. 1). Hence, OsGR was fused at the 
C-terminus of the EYFP, so that the targeting signal is 
freely available for the cytosolic receptor, PEX5 binding 
followed by peroxisome targeting (Fig. 1).

Molecular cloning and subcellular localization of OsGR

The cDNA of the O. sativa was used as a template 
for PCR-based cloning of GR. The primer sequences 
and PCR cycle are explained in the materials and meth-
od section. The PCR amplified product was found to be 
of 1500 bp and was cloned in the pCAT vector under 
the control of a double 35 S CaMV promoter. The gene 
was cloned as a C-terminal fusion of enhanced yellow 
fluorescent protein (EYFP, Fig. 1). The sequence of 
the cloned gene was verified using automated DNA se-
quencing. No mutations were detected.

Onion epidermal cells transformed with EYFP, which 
served as a negative control showed uniform cytosolic fluo-
rescence (Fig. 2A). The OsGR, which was expressed as a 
fusion protein with EYFP, showed green cytosolic fluores-
cence after 24 h of incubation (Fig. 2B1), however the same 
was observed in small punctuate structures after an extend-
ed time of incubation (Fig. 2B2). The identity of fluorescing 
punctuate structures was confirmed by double transforma-
tion experiments co-expressing peroxisomal marker DsRed-
SKL. The double transformation experiments demonstrated 
the overlapping of both green and red fluorescence from 

Figure 1. Multiple sequence alignment of GRs from Arabidopsis thaliana and Oryza sativa.
GR sequences were obtained from the database and aligned using CLUSTAL W 2.1. “*”represents the same amino acids, “:”represents the 
similar amino acids present in both the sequences. The red rectangle highlights the PTS1 tripeptide with seven upstream residues. The 
figure at the bottom shows the diagrammatic representation of the interaction of PEX5 with the C-terminus end of GR. The solid black 
and blue rectangle represents the OsGR and PEX5, respectively.
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EYFP and peroxisomal marker respectively, (Fig. 2C), con-
firming the identity of the punctuate fluorescing organelle 
to be peroxisome. Since fluorescence could not be detected 
in peroxisome 24 h post-transformation and it took an ex-
tended time of incubation for the fluorescence to be detect-
ed in peroxisome it was presumed that the GR is targeted 
to peroxisome with lesser efficiency and hence the PTS1 
present in GR was termed as weak or non-canonical PTS1.

Expression analysis of OsGR

For OsGR gene expression analysis, the abiotic stress-
treated seedlings were used for RNA extraction, fol-
lowed by cDNA synthesis and real-time PCR. The un-
treated seedlings were used as a control. The expression 
data were represented as relative transcript level or “fold 
change” which essentially means the change in the degree 
of expression between the treated sample and untreated 
samples. The details are explained in the materials and 
method section. Expression analysis was performed with 
respect to heat, cold, and salinity (sodium chloride) stress-
es. All the treatments were provided for 2  h. In the case 
of heat stress, the change in the transcript accumulation 
was observed to a tune of 3.1-fold (Fig. 3), meaning that 
GR gene transcripts accumulated 3.1 times more in the 
heat stress as compared to untreated samples. This was 
followed by cold and saline stress with transcript level ac-
cumulation of about 3.7 and 10.4-fold respectively (Fig. 
3). This demonstrated that the expression of peroxisomal 

localized GR in O. sativa upregulated in the presence of 
heat, cold, and salinity stress conditions.

DISCUSSION

Abiotic stress is the major bottleneck in the sustainabil-
ity of the global agricultural system. The harmful effect of 
abiotic stress is further compounded when more than one 
abiotic stress factor negatively affects the plant in synchro-
ny, which is more often the case in field conditions. This 
phenomenon has been termed stress combinations (Zan-
dalinas et al. 2020; 2021) or stress matrix (Mittler, 2006). 
This necessitates the development of crop varieties that 
would be tolerant to multiple abiotic stresses. Hence, can-
didate genes are required which would be effective against 
most if not all the abiotic stresses. Since the production 
of ROS is a common factor among all abiotic stresses, we 
intend to investigate the problem of abiotic stress combi-
nations from the perspective of ROS homeostasis.

Since, peroxisomes play a significant role in cellular ROS 
homeostasis, a peroxisome-localized candidate participating 
in ROS homeostasis would be of greater significance. Using 
in vitro subcellular localization techniques, we reported a GR 
isoform from Oryza sativa to be localized in peroxisomes. 
Previously, Kataya & Reumann, (2010) have reported the 
localization of A. thaliana GR in peroxisomes. The peroxi-
some targeting of GR is mediated via a non-canonical type 
of PTS1. The PTS1 tripeptide of GR is represented by 
TNL> in both A. thaliana (Kataya & Reunann, 2010) and 
O. sativa. In the case of non-canonical PTS1, the seven up-
stream residues also play a significant role in binding with 
the cytosolic receptor PEX5 (Fodor et al., 2012; Brocard & 
Hartig, 2006; Lingner et al., 2011), which is represented by 
SPSSKPKTNL> and AHKPKPKTNL> (underlined resi-
dues PTS1 tripeptide, others, seven upstream residues) in 
the case of O. sativa and A. thaliana respectively. Being a 
non-canonical type of PTS1, the targeting is not very ef-
ficient and requires an extended incubation time for the 
fluorescence to be detected in the peroxisome (Lingner et 
al., 2011; Chowdhary et al., 2012). To further understand 
the peroxisome targeting signal of GRs in angiosperms we 

Figure 2. Experimental validation of peroxisome localization of 
Oryza sativa GR by in vitro subcellular targeting.
The OsGR was cloned in the pCAT plant transient vector under 
the control of a double 35 S CaMV promoter. The plasmids were 
coated with gold particles and bombarded biolistically to onion 
epidermal cells. The onion epidermal cells were incubated in dark 
for 24 h at room temperature or low temperature for an extended 
time period (24 h RT plus 6 d cold ca. 10°C) followed by analysis 
using fluorescent microscopy. EYFP alone was included as nega-
tive control (A). 24 h p.t., EYFP fluorescence was detected in cy-
tosol only (B1), while after extended incubation the EYFP fluores-
cence was detected in punctuate structures (B2). The identity of 
the dot-like punctuate structure was confirmed by double trans-
formation experiments, where peroxisomes were labelled with 
Ds-Red-SKL. The green (C1) and red fluorescence (C2) from EYFP 
and Ds-Red-SKL> respectively merged to show yellow fluores-
cence (C3) confirming the punctuate structure to be peroxisomes. 
The green rectangle bar fused to black depicts the diagrammatic 
representation of OsGR fused at the C-terminus of EYFP, while the 
red rectangular bar represents the Ds-RED-SKL>. The upper and 
bottom halves of the image show the single and double transfor-
mation experiments respectively.

Figure 3. Expression analysis of OsGR.
The expression analysis was performed using the RNA isolated 
from Oryza sativa seedlings after the treatments. RNA extraction 
was done by RNeasy plant mini kit, (Qiagen) followed by cDNA 
synthesis (High-Capacity cDNA Reverse Transcription Kit, Ther-
moFisher Scientific). The cDNA obtained was used for expression 
analysis by real-time PCR using SYBR green chemistry. OsActin 
was used as endogenous control. The assays were repeated with a 
minimum of three replicates and ΔΔCT values were calculated, rel-
ative transcript level (fold change) was determined, and the graph 
was plotted. The x and y-axis show the various abiotic stress treat-
ments and fold change, respectively. The data represent three bio-
logical replicates and error bars have been shown.
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obtained GR protein sequences from 80 plant species, and 
the last ten amino acids were aligned by multiple sequence 
alignment (Supplementary Fig. 1 at https://ojs.ptbioch.edu.
pl/index.php/abp/). The alignment revealed that all the se-
quences were terminating with TNL> suggesting that the 
presence of a peroxisomal GR could be a common feature 
among angiosperms. At the -4 position, all the 80 GR or-
thologs have lysine while at the -5 position 73 sequences 
have proline except six sequences, one each from Elaeis 
guineensis, Gossypium hirsutum, Gossypium Raimondi, Amborella 
trichopoda, Cinnamomum micranthum, and Phoenix dactylifera have 
alanine and one sequence namely Brachypodium distachyon had 
leucine. At the -6 position, 75 sequences had lysine while 
asparagine was present at four places (one sequence each 
from Citrus clementina, Olea europaea and two sequences from 
Citrus sinensis) and glutamine was present at one place (Phoe-
nix dactylifera). The most favourable amino acid at the -7 po-
sition is glycine which is present in 35 sequences followed 
by serine present in 29 sequences. At -8, -9 and -10 posi-
tions variability increases. The analysis curtailed here reveals 
that the consensus PTS1 sequence for peroxisomal GRs 
present in the angiosperms would be [G/S/T/N/A/V] 
[L/N/Q] [P/A/L] [K] [T] [N] [L]> at -7, -6, -5, -4, -3, -2 
and -1> positions, respectively. Figure 4 demonstrates the 
diagrammatic representation of the propensity of specific 
amino acids to remain present at specific positions.

Further, the expression pattern of peroxisomal GR 
was investigated under various abiotic stress conditions. 
It was found to be upregulated upon heat, cold, and sa-
linity stress in increasing order. GR expression has been 
reported to get affected due to stress conditions in vari-
ous plant species, however, all previous reports are of 
either chloroplastic or cytosolic variants. Salinity and 
drought stress-dependent upregulation of GR has been 
demonstrated in Cicer arietinum and O. sativa respectively 
(Yousuf et al., 2012). A positive correlation between tol-
erance to low temperature (LT)-induced photoinhibition 
and high GR activities has been observed in O. sativa 
(Guo et al., 2006; Huang & Guo, 2005), C. sativus (Hu et 
al., 2008), (Xu et al., 2008), Glycine max (Sun et al., 2011), 
Cucumis melo (Fogelman et al., 2011) and Citrullus lanatus 

(Gill et al., 2013). Increased GR activity has been widely 
observed in plant species like T. aestivum (Hasanuzzaman 
et al., 2012), Z. mays (Kumar et al., 2012), Cucumis sativus 
(Dai et al., 2012), N. tabacum (Tan et al., 2011) and Pha-
seolus aureus (Kumar et al., 2011) under high temperature 
(HT) stress. Thus, the upregulation in the expression of 
GR is postulated to play an important role in plant pro-
tection against various forms of abiotic stresses (Trivedi 
et al., 2013; Gullner et al., 2001; Reisinger et al., 2008).

The overexpression of enzymes of the ascorbate-glu-
tathione (AsA-GSH) pathway has been demonstrated to 
confer abiotic stress tolerance in plants by reducing the 
stress-induced cellular reactive oxygen species (ROS). 
The work has been critically reviewed by Hasanuzzaman 
et al., (2019). It has been observed that in Vigna radiata 
(Nahar et al., 2016) and Solanum lycoperisum (Sabeeha et al., 
2022), the upregulation of AsA-GSH cycle components 
leads to saline stress and heavy metal (mercury) stress 
tolerance, respectively. The overexpression of AsA-GSH 
enzymes from Pennisetum glaucoma in S. lycopersicum has 
been reported to be responsible for the reduced accumu-
lation of malondialdehyde and H2O2 (Raja et al., 2022). 
The impairment of AsA-GSH cycle enzymes has been 
demonstrated to increase saline stress sensitivity in A. 
thaliana (Huang et al., 2005). Further, the overexpres-
sion of Malpighia glabra monodehydroascorbate reductase 
(MDHAR) leads to saline stress tolerance in Nicotiana ta-
bacum (Eltelib et al., 2012). The transgenic O. sativa plants 
overexpressing MDHAR from Acanthus ebracteatus were 
found to demonstrate enhanced saline tolerance (Sultana 
et al., 2012). The overexpression of MDHAR and  dehy-
droascorbate reductase (DHAR) in N. tabacum (Eltayeb 
et al., 2007) and A. thaliana (Ushimaru et al., 2006) have 
been demonstrated to increase saline stress tolerance. 
The overexpression of APX has been demonstrated 
to reduce the toxic effects of stress-induced H2O2 and 
enhance salinity tolerance in N. tabacum (Badawi et al., 
2004). Similarly, the overexpression of APX in N. taba-
cum has been demonstrated to relieve it from high and 
low-temperature stress (Yabuta et al., 2002).

It has also been suggested that different GR isoforms 
can be stimulated by varied environmental signals and can 
have different functional manifestations in the response 
to stress in plants (Stevens et al., 1997). This further sup-
ports our analysis that a peroxisomal localized GR could 
have a more pronounced effect in imparting ROS scaveng-
ing properties to plants and hence providing better abiotic 
stress tolerance. It is also pertinent to mention here that 
ample literature is available about chloroplastic and cytosolic 
forms while no work has yet been reported on peroxiso-
mal GR. This would be the first report of a full-length GR 
to be localized in peroxisome from a monocot plant and 
its involvement in abiotic stress tolerance. Since both per-
oxisome and GR are the key entities in cellular ROS ho-
meostasis, a peroxisome localized GR would be of much 
significance in contributing to the abiotic stress tolerance in 
plants. The in silico analysis also revealed that the peroxiso-
mal localization of GR could be a universal feature among 
angiosperms. Further, we also reported that the GR was in-
duced by multiple abiotic stress conditions, suggesting that 
this could also be effective in providing stress tolerance un-
der stress combination or stress matrix situations as well, 
however, further studies need to be done in this regard.

CONCLUSION

In the nutshell, we reported a peroxisome localized GR 
from the monocot model plant Oryza sativa. The in silico 

Figure 4. Graphical representation of PTS1 domain present in 
GR of various angiosperm plants.
The 80 numbers of GR sequences from various dicot and mono-
cot plant species were obtained from NCBI. The sequences were 
aligned using CLUSTAL W 2.1 (Supplementary Fig. 1 at https://
ojs.ptbioch.edu.pl/index.php/abp/). From the multiple sequence 
alignment, the consensus amino acids were derived. The y-axis 
shows the propensity of the presence of specific amino acid at a 
specific position while the x-axis represents the position of amino 
acids in the C-terminus of the respective protein. “>” denotes the 
end of the polypeptide chain. Each square represents one amino 
acid. The bigger the size of the squares, the higher the propen-
sity of amino acids to remain present at that specific position. The 
empty squares represent the high variability.
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analysis also revealed that the peroxisomal localization of 
GR could be a common feature amongst angiosperms. The 
peroxisome localized GR was also found to be induced by 
multiple abiotic stress conditions. The role of GR in ROS 
homeostasis combined with its peroxisome localization and 
induction by multiple abiotic stress conditions suggests that 
it could be a prime candidate for the development of toler-
ance against abiotic stress combinations.
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The current study investigated the in-vivo and in-silico 
anti-inflammatory effect of Aloe barbadensis in edema 
induced rat and its blood biomarkers. 60 albino rats 
(160-200 g) were divided into 4 groups. The 1st group 
(control) comprised of 6 rats that were treated with sa-
line. The 2nd group (standard) comprised of 6 rats that 
were treated with diclofenac. The 3rd and 4th experi-
mental groups consisted of 48 rats, treated with A. bar-
badensis gel ethanolic and aqueous extracts respectively 
at doses of 50, 100, 200 and 400 mg/kg. According to 
paw sizes, groups III and IV showed 51% and 46% in-
hibition respectively at the 5th hour, as compared to 
group II with 61% inhibition. Correlation was negative 
between biomarkers in group III, while, positive in group 
IV. Blood samples were collected; C-reactive protein and 
interleukin-6 were measured using commercially avail-
able ELISA kits. Similarly, biomarkers showed significant 
effect in dose-dependent manner. In molecular docking, 
for CRP both ligands aloe emodin and emodin showed 
–7.5  kcal/mol binding energy as compared to diclofenac 
with –7.0  kcal/mol. For IL-1beta, both ligands showed 
–4.7 kcal/mol binding energy as compared to diclofenac 
–4.4 kcal/mol. Hence, we concluded that A. barbadensis 
extracts can be used as an effective drug for managing 
inflammation.
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biomarkers, computational analysis
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INTRODUCTION

Inflammation is an immunological reaction of vascular 
tissues to detrimental stimuli like foreign organisms and 
allergens (Riddle et al., 2022) It involves an intricate array 
that modulates enzyme activation, mediator discharge, 
tissue damage and repair. Carrageenan is a phlogistic 
intermediary causing edema in pathophysiological reac-
tions (Rahmawati et al., 2022) Macrophage releases IL-6, 
in addition to resident cells into circulation at the site 
of infection. IL-6 stimulates the production of CRP in 
the liver. IL-1β and TNF-α also triggers IL-6. Increas-

ing CRP levels causes a discharge of TNF-α, IL-1β and 
IL-6 leading to an inflammation cascade (Mahnashi et al., 
2021) Many NSAIDs or SAIDs encompass an edge to 
manage diseases but often pose serious health issues, so 
there should be remedies with natural origins with fewer 
adverse effects (Grzybowski et al., 2018)

The traditional medical system is an ancient health-
care system dating back to 5000 years and includes many 
indigenous practices including Ayurveda, Siddha, and 
Unani (Maurya et al., 2022) Research on remedial plants 
has been intended to authenticate its traditional exploita-
tions in the management of different kinds of ailments 
through the inflection of molecular and biochemical 
pathways (Zhang et al., 2019) According to the World 
Health Organization, 80% of the world’s inhabitants use 
phytotherapeutic drugs to meet their basic health and 
11% of essential therapeutic drugs are of plant origin 
(Annad et al., 2019) Asphodelaceae family includes the 
largest genus “Alloeh,” and 548 accepted species pos-
sessing potential biological activities. Among them, Aloe 
barbadensis possesses a legendary medicinal reputation. It 
is a multifunctional xerophytic medicinal plant having 
75 bioactive compounds (Leitgeb et al., 2018) The gel 
is transparent mucilaginous jelly present in parenchyma 
cells. It has the ability to penetrate the deepest body tis-
sues and ensures good health. A. barbadensis has effec-
tive anti-inflammatory activity through the inflection of 
molecular and biochemical pathways (Alven et al., 2021)

A. barbadensis is cultivated worldwide and broadly 
dispersed in arid regions. It grows in an extensive va-
riety of habitats. PH ranges from 7.0 to 8.5 and the 
required temperature ranges from 4°C to 21°C. Fully 
drained grimy topsoil is considered to be ideal for the 
nurture of the Aloe plant. The Egyptians called it the 
“Plant of immortality” due to its ability to colonize and 
ameliorate severe conditions in completely denuded 
or less vegetated landscapes (Salehi et al., 2018) A. bar-
badensis has abundant therapeutic applications like anti-
inflammatory, anti-diabetic, antioxidant, antiseptic, an-
ticancer, immunomodulatory, antipyretic and analgesic 
activity (Majumder et al., 2019) These properties have 
been credited to a range (100) of secondary metabo-
lites called phytochemicals present in them. The outer 
green epidermis consists of mostly glycosides, pre-anth-
raquinones and anthraquinones. Acemannan and phe-
nolic compounds are the main component of the outer 
pulp. Salicylic acid, proteins, vitamins, minerals, and en-
zymes are present in the inner leaf pulp (Wu et al., 2022) 
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A. barbadensis reduces the leukocyte adhesion and pro-
inflammatory cytokines like IL-β, interleukin 17, TNF-α 
and interleukins by inhibiting cyclooxygenase pathway 
and lessens prostaglandin E2 production via arachidonic 
acid (Gupta et al., 2020) Increasing CRP levels causes the 
discharge of TNF-α, IL-1β and IL-6. Whilst, promot-
ing edema, CRP has some anti-inflammatory effects by 
stimulating the discharge of anti-edemic mediators such 
as IL-1ra and IL-10 (Del Giudice et al., 2018) Bioinfor-
matics is a promising field based on the application of 
computational techniques to resolve biological problems. 
It is an effective approach that provides favors such as 
ligand-receptor binding affinity, time organization and 
drug-drug interactions. Hence, it aids researchers to de-
sign the latest drugs for disease management. Anti-edem-
atous effect of A. barbadensis and the molecular docking 
of some of its constituents by inflammatory proteins 
identified its potential inhibitors (Dali et al., 2019) The 
current study is designed to investigate the effect of 
A.  barbadensis in the induced inflammatory rat model 
and its blood biomarkers with molecular docking assay.

MATERIALS AND METHODS

Sample collection and preparation of A. barbadensis gel 
extract

Fresh leaves of A. barbadensis were collected as a sam-
ple from the University of the Punjab, Lahore and were 
identified by the staff members of the botany depart-
ment. After the identification, the leaves were washed 
with water. Lower 1 inch of leaf base and spines around 
the leaf were removed using a clean knife. Aloe gel was 
collected, dried, weighed and mixed with distilled wa-
ter and 70% ethanol (semi-polar solvent) Bottles were 
placed at room temperature for 15 days. Extracts were 
filtered by Whatman no.1 paper and filtrate was permit-
ted to peter out in rotary and glass Petri plates for 1 
week as shown in Fig. 1A. When dried, the extract was 
scratched, measured and stored in labelled Eppendorf 
for further use (Abubakar et al., 2020).

Experimental rats

Albino rats of either sex weighing (160–200 g) were 
purchased from the University of Lahore and kept in 
polypropylene cages in the animal house of (UOL) Be-
fore experimental work, rats were kept in fasting condi-
tion. After that, they were given distilled water and bal-
anced feed (Alyas et al., 2020)

Drugs used in the experiment.

A. barbadensis gel ethanolic and aqueous extracts were 
prepared at concentrations of 50, 100, 200 and 400 mg/
kg. Diclofenac, normal saline was given at 10 ml/kg and 
100 mg/kg respectively. Carrageenan for inducing in-
flammation was given at 100 mg/kg.

Procedure

Carrageenan-induced paw edema.

1% carrageenan of 100 mg/kg was injected into all 
rat groups in the left hind paw in the sub-planter region 
for inducing edema. Paw sizes were taken with a Vernier 
caliper before and after the injection of carrageenan (Ou 
et al., 2019)

Grouping and treatment schedule

In group I (control) rats were injected with normal sa-
line 10 ml/ kg in the sub-planter region of the hind paw. 
Paw size was measured with a Vernier calliper. At first, 
paw size increased due to edema but after 4or 5 hours it 
begins to decrease and normalized after 18 hours.

In group II (standard) rats were injected with di-
clofenac 100 mg/kg in sub-planter region of the hind 
paw. Paw size was measured with a Vernier calliper. At 
first paw, size was increased due to edema but after in-
jecting diclofenac, it has begun to decrease and got nor-
malized after 3 hours.

In group III and IV A. barbadensis gel extracts at dos-
es of 50, 100,200 and 400 mg/kg, were injected Fig.  2A. 
Paw size was measured with a Vernier calliper. The For-
mula for calculating the anti-inflammatory activity is giv-
en below (Choudhury et al., 2016)

% inhibition =  ×100

Collection of blood samples and assessment of 
inflammatory biomarkers

At the end of the experiment blood samples were col-
lected via cardiac puncture in EDTA tubes exclusive of 
anticoagulant, Fig. 2B, left for 10 minutes. Tubes were 
centrifuged at 4000 r/min for 10 minutes and obtained 
serum was put at –20ºC for further treatment (Sakr et al., 
2019) Different values of edema biomarkers like C-reac-
tive protein and interleukin-6 were examined using com-
mercially available ELISA kits (DiaMetra, Italy) Different 
concentrations of inflammatory biomarkers were evalu-
ated at different concentrations of dose. Protocols of the 
above-mentioned parameters are attached in annexure-I 
and annexure-II.

Anti-inflammatory activity model

Inflammation in the albino rats’ paw was caused by the 
carrageenan and reduced by the diclofenac and ethanolic 
leaf extracts of C. paradisi (50, 100, 200 and 400  mg/kg) 

Figure 1. (A) Filtrate of plant extract in glass Petri plates to dry 
at room temperature. (B) Prepared A. barbadensis gel extracts at 
4 different concentrations of 50, 100, 200 and 400.

Figure 2. (A) Rats were injected with A. barbadensis gel extract 
in the sub-planter region of the left hind paw. (B) Blood sam-
ples collection by cardiac puncture for blood biomarker.
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A total of 36 albino rats were equally divided into three 
groups (control, standard, and experimental) In the con-
trol group, rats were treated with normal saline. In the 
standard group, rats were treated with diclofenac (100 
mg/kg), and in the experimental group, rats were treated 
with the C. paradisi leaf aqueous extract. First, the size of 
the hind paw of rats was measured, followed by injecting 
the carrageenan doses (50, 100, 200, and 400 mg/kg) into 
the hind paw at the sub-planter region. The carrageenan 
doses start producing inflammation in the rat’s hind paws. 
After 3 hours of carrageenan injection, the doses of C. 
paradisi leaf extract and diclofenac (12.5, 25, 50, and 100 
mg/kg) were injected into the hind paw, and the paw size 
was measured at the time interval of 1, 2, and 3  h.

Anti-pyretic Activity Model

Pyrexia is induced in antipyretic activity in albino rats 
by normal saline and yeast and then treated with leaf eth-
anolic extracts of C. paradisi (50, 100, 200 and 400 mg/
kg) for reducing fever. The rats in this model were also 
divided according to the anti-inflammatory activity model. 
In the control group, rats were treated with normal saline 
(2 ml/kg) below the nape of the neck, and in the stand-
ard group, rats were treated with normal saline + brewer’s 
yeast. In the experimental group, rats were treated with 
doses of ethanolic leaf extracts of C.  paradisi. After inject-
ing yeast, fever developed after 21 hours, and the highest 
temperature, 101.81 Fahrenheit was measured.

In silico anti-inflammatory activity of A. barbadensis

To begin with in silico analysis, different computational 
tools including chemskech, chimera, pymol, pyrx, depth 

residue and discovery studio were used in support of the 
anti-inflammatory effect of A. barbadensis.

Selection and preparation of ligands

Aloe emodin  and emodin are chemical compounds of 
the anthraquinone family present in the Aloe gel, which 
possesses an anti-inflammatory role. Therefore, analysis 
was done targeting these intermediates using as it may 
control the undue inflammation and consequently pre-
vents acute inflammatory infections. Three ligand mol-
ecules emodin, aloe emodin and diclofenac were selected 
for molecular docking studies. ChemSketch was assessed 
for the 3D structure of ligand molecules as shown in 
Fig. 3A, B, C.

Protein preparation and prediction of the active site

CRP and IL-1β were selected for in silico studies as 
target proteins. The 3D structures of CRP and IL-1β 
were occupied from Swiss prot, subsequent to open in 
Chimera. Out of four, one chain of IL-1β was selected. 
All unnecessary ions and metals were removed. The ge-
ometry of all hetero groups was assured and the struc-
ture of the protein was saved as a PDB file. The active 
sites of CRP and IL-1β were found in depth residue.

Protein-ligand docking

To identify the potential anti-inflammatory drug or li-
gand molecule for a particular protein, PyRx was used 
for virtual screening. In this procedure, both target pro-
teins CRP and IL-1b and ligand molecules were opted 
from pdb files; fasten to the binding pocket of the re-
ceptor protein. Following to docking run, results were 
estimated on the strength of bond interaction, binding 
site energy and ligand-molecule interface. Discovery stu-
dio was used to fashion complexes of proteins-ligand 
molecules and 3D structure of complex for high-quality 
observation respectively. The Chimera tool was operated 
to generate the 3D structure of the complex for high-
quality observation.

Emodin, aloe-emodin and diclofenac have molecular 
formulas C15H10O5, C15H10O5 and C14H11Cl2NO2 with 
PubChem ID 3220, 10207 and 3033 respectively.

Statistical analysis

The data were subjected to homogeneity of variance 
to check normality and preceded to one-way ANOVA 

Figure 3. 3D structure of ligand molecules. 
(A) Emodin and (B) Aloe-emodin are chemical compounds of aloe 
gel, selected as ligand molecules to target inflammatory proteins. 
(C) Diclofenac is a standard drug to target edema proteins.

Table 1. % age inhibition of paw size in group III (A. barbadensis gel ethanolic extracts) in dose-dependent manner exhibiting sig-
nificant p<0.05 decrease at 5th hour (mean±S.D 30.83d±0.60) with 51% inhibition p-value<0.0001. While no such effect was demon-
strated in group I (control) (mean ±S.D. 62.33a±1.67).

Treatment
Reaction Time with mean ±S.D. (% inhibition) per hour

1-hour 2-hour 3-hour 4-hour 5-hour

Group I 45.17a±1.66 47.83a±2.29 55.67a±2.58 64.17a±1.66  62.33a±1.67

Group II 33.17c±1.19
(48%)

34.33d±0.80
(46%)

33.50c±2.03
(52%)

29.50d±1.06
(54%)

 25.00e±0.73
(61%)

Dose 50
mg/kg

39.50b±0.76
(17%)

40.17b±1.08
(27%)

40.33b ±1.20
(29%)

37.00b±0.58
(21%)

 36.00b±0.52
(23%)

Dose 100
mg/kg

37.50b±0.76
(18%)

38.00bc±0.58
(21%)

39.00b±1.00
 (30%)

35.50bc±0.56
(44%)

34.50bc±0.43
(45%)

Dose 200
mg/kg

34.00c±0.58
(47%)

38.83bc±0.60
(39%)

41.00b ±1.29
(36%)

36.17b±1.62
(43%)

32.67cd±0.33
(49%)

Dose 400
mg/kg

33.17c±0.60
(46%)

35.50cd±0.76
(43%)

38.50b ±1.02
(38%)

32.50cd±0.43
 (49%)

30.83d±0.60
(51%)

p-value  < 0.0001  < 0.0001  < 0.0001  < 0.0001  < 0.0001

Superscripts on different means within the column differ significantly at p<0.05.
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using PROC GLM in SAS software (version 9.1) Dun-
can’s multiple range test, Pearson correlation method 
and Dunnett’s t-test were used considering p<0.05.

RESULTS

In this study, the anti-edematous effect of A. barbaden-
sis gel ethanolic and aqueous extracts at different con-
centrations (50, 100, 200 and 400 mg/kg) was observed 
against rat models of acute edema. The results showed a 
significant difference between the groups of rats treated 
with the extracts and the control group.

Effect of A. barbadensis on paw sizes in rat

All groups showed a significant increase in paw 
edema volume injected with 1% carrageenan. Group I 
showed the most pronounced increase in paw volume 
(45.17a±1.66, 47.83a±2.29, 55.67a±2.58, 64.17a±1.66 
and 62.33a±1.67) after 1 to 5 hours of injection. While, 
group III and IV treated with A. barbadensis gel extracts 
at different concentrations (50, 100, 200 and 400 mg/
kg) reduced paw edema at 1 to 5 hours as compared to 
group I. showed an improvement in the edema volume 
as compared to group I. The improvement was more 
pronounced at the 5th hour in a dose-dependent man-
ner with PI 23, 45, 49 and 51% closer to diclofenac 
treated group 61% as shown in Table 1. Group IV 
treated with A. barbadensis gel aqueous extracts showed 

(p<0.05) % inhibition activity 29, 36, 41 and 46 % closer 
to group III. A. barbadensis gel ethanolic extract (group 
III) showed the most pronounced effect as compared to 
A. barbadensis gel aqueous extracts (group IV) as shown 
in Table 2.

Effect of A. barbadensis on immunological and 
biochemical parameter

Carragenan is an intermediary of edema cascade. C-
reactive protein is produced in the liver by IL-6 and is 
involved in edema and innate immune reactions. In re-
sponse to inflammation, IL-6 is triggered by macrophages 
and neutrophils into the bloodstream and increases CRP 
and IL-6 levels in the blood. Hence, both CRP and IL-6 
are broadly recognized as edema biomarkers. To addi-
tionally expose the means of the action of A. barbadensis 
gel extracts, the immunological and biochemical parame-
ters in inflammation and pro-inflammatory cytokines like 
CRP and IL-6 were analyzed by ELISA method. A. bar-
badensis gel extracts significantly (p < 0.05) reduced the 
elevated levels of CRP and IL-6 in blood. CRP biomark-
er values significantly differ in group III (4.75d±0.02) and 
IV (6.94d±0.04) as compared to group I (control) with 
elevated levels of CRP (9.48a±0.22) IL-6 values also dif-
fer significantly (p<0.05) at different doses in extract-
treated groups III (13.48d±0.02) and IV (14.23e±0.03) as 
compared to group I control (17.21a±0.10) as shown in 
Table 3.

Table 2. % age inhibition of paw size in group IV (A. barbadensis gel aqueous extracts) in dose-dependent manner demonstrating sig-
nificant p<0.05 decrease at 5th hour (mean ±S.D. 34.50e±0.56) with 46% inhibition p-value<0.0001.While, no such surge was shown 
in group I (control) (mean ±S.D. 62.33a±1.67).

Treatment
Reaction Time with mean±S.D (% inhibition) per hour

1-hour 2-hour 3-hour 4-hour 5-hour

Group I 45.17ab±1.66 47.83a±2.29 55.67a±2.58 64.17a±1.66 62.33a±1.67

Group II 33.17d±1.19
(48%)

34.33c±0.80
(46%)

33.50c±2.03
(52%)

29.50e±1.06
(54%)

25.00f±0.73
(61%)

Dose 50
mg/kg

48.00a±0.73
(12%)

50.33a±0.80
(19%)

51.17a±1.54
(20%)

45.83b±1.11
(27%)

45.50b±0.43
(29%)

Dose 100
mg/kg

45.00ab±0.58
(18%)

47.67a±0.67
(14.5%)

46.17b±1.35
(28%)

43.17bc±0.83
(33%)

41.17c±0.60
(36%)

Dose 200
mg/kg

42.33bc±0.88
(34%)

44.17b±0.91
(31%)

45.17b±1.01
(29%)

40.50c±0.76
(36%)

38.17d±0.60
(41%)

Dose 400
mg/kg

39.50c±0.76
(38%)

41.67b±0.76
(35%)

41.67b±1.05
(35%)

35.33d±1.02
(45%)

34.50e±0.56
(46%)

Superscripts on different means within the column differ significantly at p<0.05.

Table 3. Effect of A. barbadensis gel extracts on biomarkers CRP (ng/ml) and IL-6 (pg/ml) in group III and IV representing significant 
p-value<0.0001 reduction in edema as compared to group I (control).

Treatment
CRP(ng/ml) IL-6(pg/ml)

Group III Group IV Group III Group IV

Group I 9.48a±0.22 9.48a±0.22 17.21a±0.10 17.21a±0.10

Group II 2.48e±0.08 2.48e±0.08 10.42e±0.04 10.42f±0.04

Dose 50 mg/kg 5.28b±0.01 7.76b±0.08 14.08b±0.05 14.92b±0.06

Dose 100 mg/kg 5.17bc±0.01 7.55bc±0.03 13.80c±0.03 14.60c±0.02

Dose 200 mg/kg 4.93cd±0.04 7.39c±0.03 13.58d±0.02 14.43d±0.03

Dose 400 mg/kg 4.75d±0.02 6.94d±0.04 13.48d±0.02 14.23e±0.03

p-value  < 0.0001 < 0.0001  < 0.0001 < 0.0001

Superscripts on different means within the column differ significantly at p<0.05.
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The most significant (p<0.05) effect of both extracts 
was observed at a dose of 400 mg/kg closer to group II 
(standard) treated with diclofenac drug (2.48e±0.08) in a 
dose-dependent manner, where p-value<0.0001.

Comparison study of biomarker CRP

By comparing CRP biomarker in group III and IV 
doses vs group I and II, there is a significant p<0.001 
mean difference between treated groups at different 
doses. Group III was treated with a dose of 400 mg/kg 
vs control and standard group has a mean difference of 
–4.7300 and 2.26500 respectively. Group IV was treated 
with a dose of 400mg/kg vs control and standard group 
has a mean difference of -2.5367 and 4.45833 respective-
ly as shown in Table 4.

Comparison study of biomarker IL-6

By comparing IL-6 biomarker at different doses, 
group III treated with a dose of 400 mg/kg vs control 
and standard has a mean difference of –3.73167 and 
3.05667, respectively. Group IV treated with a dose of 
400 mg/kg vs control and standard group has a mean 
difference of –3.19264 and 3.80333, respectively as 
shown in Table 5.

Correlation study

The study of correlations is fundamental to the com-
prehension of biological methods. Correlation analysis is 
abundantly used to interpret, quantify, and visualize the 
association between measured values.

According to Pearson’s correlation, there was a strong 
positive correlation (0.19) between biomarker CRP and 
IL-6 (p<0.05) in the control group. While, it was nega-
tive (–0.18) in the standard group and all doses of 50, 
100, 200 and 400 mg/kg as highly strong negative corre-
lation (–0.71), weak negative (–0.07), strong negative cor-

relations (–0.27) and (–0.29) correspondingly. In group 
IV there was a strong negative correlation at higher dos-
es of 200 and 400mg/k (–0.69) and (–0.06) respectively.

A positive correlation was observed between the IL-6 
marker and paw size where the correlation was signifi-
cant at (p<0.05) A strongly positive association was evi-
dent with increasing dose rate at 100, 200 and 400 mg/
kg i.e. 0.18, 0.58 and 0.89 in group III and 0.2, 0.21 and 
0.74 in group IV correspondingly.

Based on the results, CRP marker and paw sizes de-
picted a negative correlation of –0.37 in both the control 
group and the standard group. At the 4th hour, there 
was a positive correlation at a dose of 50 and 100 mg/
kg as (0.22) and (0.4) However, the correlation was 
weakly negative at a dose of 200 and strongly negative 
at 400 mg/kg i.e. –0.06 and –0.51 correspondingly. At 
the end of the 4th hour, there was a negative correla-
tion between the biomarker IL-6 and paw sizes (p<0.05) 
in the experimental group IV at doses 50, 100 and 200 
as (–0.9), (–0.36) and (–0.05), respectively as shown in 
Table 6.

In-silico analysis

In-silico analysis examined the potential of A. barbaden-
sis to target cytokine IL-1b and CRP. The molecular 
binding energy of ligands against CRP scored –7.5Kcal/
mol for aloe emodin and emodin and –7.0 Kcal/mol 
for diclofenac. IL-1b has –4.7Kcal/mol energy for aloe 
emodin and emodin and –4.4 Kcal/mol for diclofenac. 
While aloe emodin exhibited the highest score among 
the three as shown in Fig. 4.

Protein structure analysis and binding pocket with ligands

IL-1b has one chain, and CRP has five chains. All li-
gand molecules and proteins were adjusted in the grid 
box.

Table 4. Comparisons of CRP biomarker means through Dunnett’s t–test

Group III (Ethanolic extracts)

Treatment comparison Difference between means Simultaneous 95% confidence limits Significance

Dose 50 vs group I –4.1967 –4.5680 –3.8253 ***

Dose 100 vs group I –4.3050 –4.6763 –3.9337 ***

Dose 200 vs group I –4.5483 –4.9197 –4.1770 ***

Dose 400 vs group I –4.7300 –5.1013 –4.3587 ***

Dose 50 vs group II 2.79833 2.64663 2.95004 ***

Dose 100 vs group II 2.69000 2.53829 2.84171 ***

Dose 200 group II 2.44667 2.29496 2.59837 ***

Dose 400 vs group II 2.26500 2.11329 2.41671 ***

Group IV (Aqueous extracts)

Dose 50 vs group I –1.7183 –2.1149 –1.3218 ***

Dose 100 vs group I –1.9233 –2.3199 –1.5268 ***

Dose 200 vs group I –2.0900 –2.4866 –1.6934 ***

Dose 400 vs group I –2.5367 –2.9332 –2.10401 ***

Dose 50 vs group II 5.27667 5.06355 5.48979 ***

Dose 100 vs group II 5.07167 4.85855 5.28479 ***

Dose 200 group II 4.90500 4.69188 5.11812 ***

Dose 400 vs group II 4.45833 4.24521 4.67145 ***

In a comparison of the experimental group IV with the control and standard group, our results showed a significant difference where, ***p<0.001.
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Docking analysis with hydrogen bonds and binding energies

CRP and IL-1beta with ligand molecules inter-
action. CRP is represented by silver color, the bind-
ing pocket: golden color, ligand molecules aloe emodin: 
green, emodin: reddish brown and diclofenac purple as 
shown in Fig. 5. Diclofenac with CRP has 2 hydrogen 
bonds at TRP-204 (2.86 Å) and ARG-205 (2.14 Å) It 
has 2 hydrophobic bonds at PHE-197 (4.71 Å) and 

ASP-175 (3.56 Å) Emodin with CRP has 1 hydrogen 
bond at ASN-203(1.90 Å) and 2 hydrophobic interac-
tions at TRP-204(4.04 Å) and ASP-175(5.20 Å) Aloe-
emodin with CRP has 1 hydrogen bond at ARG (2.90 
Å) and 2 hydrophobic interactions at ASP-175(3.77Å) 
and TRP-205 (5.24 Å) as shown in Fig. 6.

IL-1β is represented by grey color, the binding pocket: 
golden and ligand molecules aloe emodin: green, emo-
din: red and diclofenac purple as shown in Fig. 6. Di-

Table 6. Correlation between Paw sizes, CRP and IL-6

Treatment
CRP and IL-6 IL-6 and paw sizes CRP and Paw sizes

Group III Group IV Group III Group IV Group III Group IV

Control 0.19 0.19 0.34 0.33 –0.37 0.04

Standard –0.18 –0.18 0.06 0.06 –0.37 –0.37

Dose 50 mg/kg –0.71 0.09 –0.33 0.12 0.22 –0.9

Dose 100 mg/kg –0.07 0.45 0.18 0.2 0.4 –0.36

Dose 200 mg/kg –0.27 –0.69 0.58 0.21 –0.06 –0.05

Dose 400 mg/kg –0.29 –0.06 0.89 0.74 –0.51 0.04

1Correlation was significant at p≤0.05.

Figure 4. Graphical representation of binding energy of (A) CRP 
and (B) IL-6 with 3 ligand molecules: Emodin; red, Aloe-emodin; 
green and diclofenac: purple.

Table 5. Comparisons of IL-6 biomarker means through Dunnett’s t-test

Group III (Ethanolic extracts)

Treatment comparison Difference between means Simultaneous 95% confidence limits Significance

Dose 50 vs group I –3.13667 –3.33813 –2.93521 ***

Dose 100 vs group I –3.41000 –3.61146 –3.20854 ***

Dose 200 vs group I –3.63167 –3.83313 –3.43021 ***

Dose 400 vs group I –3.73167 –3.93313 –3.53021 ***

Dose 50 vs group II 3.65167 3.51733 3.78601 ***

Dose 100 vs group II 3.37833 3.24399 3.51267 ***

Dose 200 group II 3.15667 3.02233 3.29101 ***

Dose 400 vs group II 3.05667 2.92233 3.19101 ***

Group IV (Aqueous extracts)

Dose 50 vs group I –2.28833 –2.49598 –2.08069 ***

Dose 100 vs group I –2.61500 –2.82264 –2.40736 ***

Dose 200 vs group I –2.78000 –2.98764 –2.57236 ***

Dose 400 vs group I –3.19264 –2.98500 –2.77736 ***

Dose 50 vs group II 4.50000 4.35519 4.64481 ***

Dose 100 vs group II 4.17333 4.02852 4.31814 ***

Dose 200 group II 4.00833 3.86352 4.15314 ***

Dose 400 vs group II 3.80333 3.65852 3.94814 ***

Figure 5. C-reactive protein and ligand molecules (A) emodin 
and aloe emodin (B) diclofenac.
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clofenac with IL-1β has 1 hydrogen bond at TYR-237 
(2.42 Å) and 2 hydrophobic bonds at GLU-227 (3.86 Å) 
and TYR-237 (4.95 Å) Emodin with IL-1β has 2 hydro-
gen bonds at GLU-227 (1.96 Å) and ASN-254 (2.54 Å) 
Aloe-emodin with IL-1β has 1 hydrogen bond at GLU-
227 (2.21 Å) shown in Fig. 7.

DISCUSSION

The present study was evaluated to assess the me-
dicinal capacity of A. barbadensis against induced inflam-
mation in rat paw. Plant-derived remedies exhibit high 
medicinal properties when extracted via organic solvents. 
Previous studies reported carrageenan for its biphasic 
outcomes triggered by the production of endogenous 
mediators in addition to the discharge of serotonin and 
histamine in the earliest hour compelling vasodilatory 
cores, following period is mediated by the discharge of 
prostaglandins, free radicals, interferons, interleukins, 
tumor necrosis factor, lysozyme and bradykinin in the 
progression of inflammation from two to six hours post 
carrageenan injection. Major cells of the immune system 
are concerned in these processes including mast cells, 
basophils, and neutrophils. This time is insightful to 
evaluate the anti-edematous effect of natural and clini-
cally efficient drugs. These natural antioxidants have the 
ability to detoxify and neutralize free radicals to protect 
against oxidative stress-induced cellular injuries (Jyothi et 
al., 2022; Rosales et al., 2020)

In our study, inflammation was significantly (p<0.05) 
reduced in groups III and IV in dose-dependent man-
ner. A higher dose of 400 mg/kg showed 51% and 46% 
inhibition of paw edema effective as imitating the action 
of the drug diclofenac with 61% inhibition. High con-
centration of anthraquinones, like aloe-emodin, carboxyl-
ic acid and polysaccharides in aloe-gel may trigger an im-
mune response, while lower dose do not persuade such 
an effect. Results of another study were concurrent with 
our findings (Gupta et al., 2020; Pradhan et al., 2021)

Previous studies have shown that edema may be clari-
fied by reducing cyclooxygenase and PGE2 levels from 
arachidonic acid. Presence of phytoconstituents, phenolic 
compounds, flavonoids like quercetin and salicylic acid, 
choline, vitamins, folic acid, B1, B2, B6, C, β-carotene 
and α-tocopherol in aqueous extract of A. barbadensis gel 
may be accountable for anti-inflammatory activity in sub-
acute edema model. The results of another study were 
concurrent with our findings (Gul et al., 2023; Naureen et 
al., 2023, Naveed et al., 2022b; Jhundoo et al., 2020) CRP 
is an acute phase protein and IL-6 is a reliable biomarker 
(cell signaling agent) which amplifies at the inflammation 
site. The previous studies reported CRP as a key role in 
inflammatory courses and host retorts to infections to-
gether with the complement pathway, nitric oxide (NO) 
release, apoptosis, phagocytosis, and the assembly of cy-
tokines, predominantly tumor necrosis factor-α and in-
terleukin-6. Group I demonstrated a noteworthy eleva-
tion in serum levels of CRP and IL-6 post-carrageenan 
injection. In a similar trend, others reported remarkable 
elevation in serum levels of IL-6 and CRP in rats subse-
quent to 4 hours post carrageenan injection (Acharya et 
al., 2019)

A higher dose of extract (400 mg/kg) has exposed an 
enhanced inhibitory effect in IL-6 than the lower dose 
(50mg/kg) in groups III and IV. For CRP, it demon-
strated inhibition of increased serum cytokines and pro-
teins in dose-dependent manner. The use of A. barbaden-
sis in some inflammatory cascades confirmed the occur-

Figure 6. Interlukin-1β and ligand molecules (A) emodin and 
aloe emodin (B) diclofenac

Figure 7. Binding affinities of CRP with ligand molecules (A) 
emodin and aloe emodin (B) diclofenac. 
The dotted red lines represent the hydrogen bonds. While dotted 
blue lines represent hydrophobic interactions.

Figure 8. Binding affinities of IL-1β with ligand molecules (A) 
emodin and aloe emodin (B) diclofenac. 
The dotted red lines represent the hydrogen bonds. While, dotted 
blue lines represents hydrophobic interactions.
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rence of active biochemical compounds and minerals 
and gallic acid related to these edema inhibition activities 
(Asci et al., 2017) The correlation was positive between 
biomarkers CRP and IL-6 in group IV in our findings. 
Similarly, other reports are in concurrence with our data 
set showing that classic and trans-pathways together take 
part in the inflammatory bout, although, both pathways 
are diverse. Through classic signaling in the liver, IL-6 
up-regulates the production of CRP, with lipolysis. IL-6 
correlates well with the severity of other inflammatory 
processes interceding the edema reaction (Vreugdenhil et 
al., 2018)

Molecular docking is a new strategy to analyze bind-
ing energy or interaction. Results evidenced that phyto-
constituents emodin and aloe-emodin showed interaction 
with active sites of protein concerned with inflammation 
and have utmost inhibitory potential against CRP and 
IL-1beta and could be practiced in the treatment of ede-
ma disorders. The binding interaction of the phytocon-
stituents of A. barbadensis and standard drug diclofenac 
against edema cytokines like IL-1beta and protein CRP 
exhibited maximum affinity –7.5 by aloe emodin, di-
clofenac with –7.0 Kcal/mol and emodin with –4.5 
Kcal/mol binding score. Aloe-emodin demonstrated the 
utmost part for inhibiting edema, which are in accord-
ance with our findings (Syed et al., 2023; Sana et al., 2023; 
Khushnuma et al., 2023; Aziz et al., 2023; Ahmad et al., 
2023; Naureen et al., 2023; Kaloni et al., 2019; Modak et 
al., 2021; Saleem et al., 2023; Naveed et al., 2022a)

CONCLUSIONS

Use of SAID and NSAIDS possibly helpful in disease 
management but their adverse impacts pretence health 
problems. Therefore, therapies with safe natural sourc-
es are mandatory. Our study concluded that potentially 
bioactive phytochemicals in A. barbadensis detoxify and 
counteract free radicals to reduce edema. Hence, our 
study supports the traditional use of A. barbadensis gel 
extract as an effective and safe drug against inflamma-
tion.
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The aim of this study was to examine the protective role 
of various lipids (olive and soya oil) and vitamin (E and C) 
against the toxicity of thermally oxidized ghee in rabbits. 
Vanaspati ghee was thermally oxidized on a hot plate at 
100°C for ten consecutive hours, and the oxidized ghee 
was stored in a refrigerator at –20°C until administra-
tion. Thirty male rabbits were purchased as experimental 
animals at a local market and were divided into ten cor-
responding groups of three based on their body weight. 
The blood samples of 5 ml were collected on day 0, 7,

 

and 14 of the experiment for the analysis of hematologi-
cal and biochemical serum parameters. We observed that 
oxidized ghee significantly elevated ALT level by affect-
ing liver hepatocytes. Furthermore, vitamin E rapidly de-
creased the ALT levels compared to vitamin C and other 
oils. The oxidized ghee caused a significant increase in 
cholesterol compared to the other groups. Vitamin E and 
C showed the best antioxidant activity and decreased 
cholesterol levels to normal. Histopathological examina-
tions of the normal rabbits’ liver sections revealed no sig-
nificant histological abnormality. The liver of the rabbits 
fed with oxidized ghee had an intact lobular architecture 
but the portal tracts showed inflammation and mild fibro-
sis, the bile ducts showed proliferation, and the hepato-
cytes showed feathery degeneration. In the liver sections 
from the groups fed with oxidized ghee and different 
doses of olive oil inflammation in portal tracts and large 
vacuoles in the hepatocytes were observed. The group 
fed with oxidized ghee and vitamin E had intact lobular 
architecture with no significant histological abnormal-
ity in portal tracts but fatty changes were present in the 
hepatocytes. These findings support the antioxidant ac-
tivity of vitamins C and E as they reduced liver infection 
caused by oxidized ghee. It was concluded that oxidized 
ghee was highly toxic and not safe for consumption. The 
present study indicated that soya bean oil and vitamin E 
were more effective in protecting against the toxicity of 
thermally oxidized ghee than olive oil and vitamin C.

Keywords: olive oil, soybean oil, vanaspati ghee, hepatotoxicity, ALT, 
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INTRODUCTION

Vegetable oils and fats make up a significant portion 
of our daily diet. Lipids comprise triglycerides, choles-
terol, and antioxidants, among others, and when sub-
jected to cooking or heating can convert into oxidized 
compounds like hydroperoxides, epoxides, and hydrox-
ides (Fatiha et al., 2020; Zeb & Khan, 2019; Kamal et 
al., 2003). The three above types of oxidized compounds 
produced during heating usually convert into other com-
pounds; however, the hydroperoxides convert into a va-
riety of oxidized products that have been documented 
to be toxic for humans; and some of them are deemed 
to contribute to liver cancer (Zeb & Mehmood., 2012). 
Lipids, react with reactive oxygen species in a process is 
known as lipid peroxidation, which proceeds by a free 
radical chain reaction mechanism enhancing the produc-
tion of free radicals (Gutteridge 1995; Halliwell & Gut-
teridge 1990). Free radicals significantly contribute to 
developing diseases like diabetes, atherosclerosis, can-
cer, chronic inflammatory disorders, and neurodegen-
erative diseases (Mobin, 2012). Free radicals are usually 
neutralized by enzymes (superoxide dismutase, catalase, 
and glutathione peroxidase) and antioxidants (vitamin E, 
vitamin C, carotenes, flavonoids, glutathione, uric acid, 
and taurine) (Jadhav & Priyanka, 2016). The benefits 
of olive oil for human health have been well reported 
and documented in the literature. Olive oil comprises 
monounsaturated fatty acids, like oleic acid, vitamin E, 
and polyphenols, which have beneficial effects on car-
diac health (Nocella et al., 2018). Particular attention has 
been given to VOO (virgin olive oil) because it contains 
antioxidants such as lipophilic and hydrophilic phenols 
(Kiritsakis et al., 2020). Olive oil also contains 3,4-dihy-
droxy phenyl ethanol, an antioxidant with antithrom-
botic action (Paiva et al., 2017). Vitamins E and C are 
known antioxidants that prevent the harmful effect of 
free radicals (Chan & Alvin, 1993). The co-loading of 
antioxidant vitamins E and C in olive oil emulsions has 
shown to be effective in maintaining the peroxide values 
(Cuomo et al., 2020). Soybean oil is the leading edible 
vegetable oil in the world and is usually consumed in 
partially hydrogenated forms (Cinelli et al., 2020). It con-
tains many aromatic compounds, such as eugenol, which 
have antioxidant properties; it is worth mentioning that 
this oil is also one of the richest sources of vitamin E 
(Applewhite, 1981; Lee & Shibamoto, 2000). Commonly 
known as hydrogenated vegetable oils, Vanaspati ghee 
and banaspati ghee are high in trans fats, are hazard-
ous to health, contributing to diseases like cardiovas-
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cular diseases, obesity, and cancer (Rusin & Krawczyk, 
2011). Ghee, when heated up to 120°C, becomes oxi-
dized and hazardous for health, and is known as ther-
mally oxidized ghee (Iqbal, 2014). It has been reported 
that thermally oxidized ghee causes in vivo toxicity by 
increasing hydroperoxide production and decreasing the 
radical scavenging assay (RSA) value. Oxidized ghee’s 
toxicity increases with the oxidation time, leading to hy-
pertriglyceridemia, and increase in total cholesterol and 
LDL-cholesterol level (Zeb & Mehmood, 2012). As ghee 
is used to fry and cook food in our society, and per-
sistently heated for a long time, hence, ghee oxidation 
occurs and its oxidative products, toxic to humans, accu-
mulate in food. Therefore, in this study we describe the 
toxic effects of the heated ghee on a number of hemato-
logical and biochemical parameters and liver histology in 
rabbits. Moreover, a number of antioxidant oils and vi-
tamins were used along with oxidized ghee to determine 
their effect against the ill effects of thermally oxidized 
ghee.

MATERIALS AND METHODS

Materials:

The Vanaspati ghee used in this research was from 
Halal Associated Industries Limited. The olive oil was 
packed and exported by Aceites Borges Pont, S.A.U, 
marketed in Pakistan by Zaitoon Pakistan (Pvt) Ltd, Is-
lamabad, Pakistan. The soya bean oil utilized in this ex-
periment was from Agro Processors and Atmospheric 
Gasses Pvt Ltd. The vitamin E: DL-alpha tocopherol ac-
etate was from Merck Pharmaceuticals (Private Limited, 
200 mg), and the Vitamin C was from Abbot Laborato-
ries (Pak, 500 mg).

Thermal oxidation of ghee:

Vanaspati ghee was thermally oxidized on a hot plate 
at 100°C for ten consecutive hours, and oxidized ghee 
was stored in the refrigerator at –20°C until administra-
tion.

Experimental animals

Approval of the study was granted by Advanced Stud-
ies and Research Board and Ethical committee of Isla-
mia College University, Peshawar, Pakistan. Rabbits were 
purchased from the dealers in Chakdara city and kept 
in the Bio-Park for two weeks. Green fodder and wa-
ter were provided ad libitum. The experiments were con-
ducted in the Biotechnology Department, University of 
Malakand, Chakdara, Dir (Lower), Khyber Pakhtunkhwa, 
Pakistan.

Experimental groups

After acclimatization, thirty rabbits were divided into 
ten replicate groups based on their body weight. Each 
group comprised three male rabbits. Group A (NC) 
served as negative control and was fed a regular diet.. 
Group B (OG) was provided with oxidized ghee at the 
dose rate of 2 g per a kg of body weight. Group C was 
fed with oxidized ghee at the dose rate of 2 g/kg, and 
1  g/kg of olive oil as an antioxidant. Group D was fed 
with oxidized ghee at 2 g/kg and an extra virgin olive oil 
at a dose rate of 2 g/kg body weight. Group E was fed 
with oxidized ghee at 2 g/kg, and 1 g/kg of soya bean 
oil. Group F was fed with oxidized ghee at 2 g/kg, and 

2 g/kg of soya-bean oil. Group G was fed with oxidized 
ghee at 2 g/kg, and vitamin E at 100 mg/kg. Group H 
was fed with oxidized ghee at 2 g/kg and vitamin E at 
200 mg/kg. Group I was fed with oxidized ghee at 2 g/
kg, and vitamin C was given as an antioxidant at 100 
mg/kg.. Group J was fed with oxidized ghee at 2 g/kg 
with vitamin C as an antioxidant at 200 mg/kg.

Blood collection

The 5 ml blood samples were collected on experimen-
tal day, 0, 7, and 14, to analyze hematological and bio-
chemical parameters of the serum. Strict aseptic condi-
tions were applied during the blood sampling.

Hematological parameters

Three milliliters of the whole blood samples were 
transferred to heparinized tubes. A fully automated 
blood hematology analyzer (SYS MIX, Japan) was used 
to measure total red blood cells number, hemoglobin 
concentration, hematocrit value, mean corpuscular cell 
volume, mean corpuscular hemoglobin, mean corpus-
cular hemoglobin concentration, total leukocyte count, 
and neutrophils, eosinophils, lymphocytes, and platelets 
count.

Analysis of the biochemical parameters

Biochemical parameters of the serum were analyzed 
using total cholesterol and triglycerides test kits (Merck, 
Germany) and human HDL-c, LDL-c, ALT, and glucose 
assay kits (HUMAN Diagnostics, Germany).

Histopathology

The rabbits were sacrificed at the end of the experi-
ment, and their livers were dissected and stored in a for-
malin solution as previously described in Ayaz and oth-
ers (Ayaz et al., 2017). Each animal’s liver was washed 
in normal saline solution and cut into slices. The slices 
were embedded in paraffin after dehydration with 100% 
ethanol and fixation with 10% formalin. The slices were 
then cut into 4 to 5 micrometers thick sections and 
stained with hematoxylin-eosin (HE, M 7000 D, SWIFT, 
Japan). A light microscope was used to examine the sec-
tions, while a 1.3 MP digital camera placed atop the mi-
croscope was used to capture images.

Statistical Analysis

All the experimental points consisted of 3 different 
samples. Data were analyzed by one-way analysis of vari-
ance (ANOVA) using GraphPad Prism version 5.

RESULTS

Analysis of blood biochemical parameters

After 7 days of the experiment, rabbit blood samples 
were collected, and serum was isolated from the samples 
for biochemical measurements.

It was observed that oxidized ghee significantly elevat-
ed the ALT level, suggesting affecting liver hepatocytes. 
Vitamin E decreased ALT level to the greatest extent, as 
compared to vitamin C and other oils that were fed.

The oxidized ghee diet caused significant raise in cho-
lesterol levels that was mitigated with vitamins C and E, 
olive oil and soybean oil. The groups fed with vitamin E 
and C showed the greatest improvement of cholesterol 
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level parameters, that were close to normal. . A signifi-
cant decrease in cholesterol level was observed also in 
the groups that were fed with olive oil and soya bean 
oil, but it still remained above the normal range.

As shown in Table 1, oxidized ghee significantly el-
evated the level of triglycerides in serum. Vitamin E and 
C significantly decreased the triglycerides’ level increased 
by oxidized ghee. At day 14, no significant difference 
(P<0.05) was observed between the mean values of tri-
glycerides’ levels in soya bean oil (2 g/kg) and vitamin 
E 200 g/kg fed groups. There was also no significant 
difference (P<0.05) between vitamin E (100 mg/kg) and 
vitamin C (100 mg/kg) fed groups. The triglycerides’ 
levels differed significantly (P<0.05) between the remain-
ing experimental groups. Olive oil lowered the triglyc-
erides’ level, but to a smaller extent than other antioxi-
dants tested.

Oxidized ghee significantly lowered HDL serum lev-
els. Soya bean oil and olive oil counteracted this effect, 
increasing HDL level close to normal. Vitamin E and C 
also increased HDL level but still it was below normal. 
There was significant difference in HDL serum level 
among all the groups except vitamin E and C groups. 
Figure 1 demonstrates that oxidized ghee significantly in-
creased LDL level. There was a significant decrease in 
LDL level in the groups that were fed with soya bean 
oil, vitamin E and C but still it was above the normal 
range. Olive oil also lowered LDL level, but its effect 
was weaker than other antioxidants.

Statistical significance of the comparison between the 
means in a row is denoted with letters: the same let-
ter shows no significant difference between the means, 
while different letters represent a significant difference 
(P<0.05).

Effects on hematological parameters

Whole blood samples were analyzed for complete he-
matology for each of the groups. As shown in Table 2; 
at day 14, the groups fed with soya bean oil and vitamin 
E had increased TRBC, Hb, PCV, and MCH level com-
pared to the ghee fed group. Vitamins E and C showed 
better antioxidant activity as compared to other oils in 
reference to MCHC. Oxidized ghee significantly elevated 
TLC and decreased neutrophil number whereas olive 
and soya bean oils counteracted this effect on neutro-
philes. In addition, soya bean oil significantly decreased 
lymphocytes count increased by the oxidized ghee. Soya 
bean oil and vitamin C significantly increased platelets 
count lowered by the oxidized ghee.

Liver histopathology

Histopathological examination of the rabbits’ liver 
sections are demonstrated in Fig. 2. Hepatocytes of the 
Group A (normal control) revealed no significant histo-
logical abnormality (Fig. 2A–2B). Liver sections from the 
Groups B and C showed intact lobular architecture but 
the portal tracts showed inflammation and mild fibrosis. 
The bile ducts showed increased proliferation and the 
hepatocytes displayed feathery degeneration. (Fig. 2C–
2D and 2E–2F). In the liver sections from Groups D 
to G; the portal tracts showed inflammation; and large 
vacuoles were present in the hepatocytes (Fig. 2G–2H to 
2M–2N). The liver sections of rabbits in groups H and 
I showed intact lobular architecture with no significant 
histological abnormality in portal tracts but fatty changes 
in hepatocytes were present (Fig. 2O–2P and 2Q–2R). 
Liver sections of rabbits in Group J showed abnormali-
ties similar to the rest of the non-normal control groups, Ta

bl
e 

1.
 B

io
ch

em
ic

al
 p

ar
am

et
er

s 
in

 t
he

 s
tu

di
ed

 g
ro

up
s 

of
 r

ab
bi

ts
 m

ea
su

re
d 

on
 d

ay
 7

 a
nd

 d
ay

 1
4 

of
 t

he
 t

re
at

m
en

t.
 

.
G

ro
up

s
A

LT
 (I

U
/L

)
Ch

ol
es

te
ro

l (
m

g/
dl

)
TG

 (m
g/

dl
)

H
D

L 
(m

g/
dl

)
LD

L 
(m

g/
dl

)
G

lu
co

se
 (m

g/
dl

)

D
ay

 7
D

ay
 1

4
D

ay
 7

D
ay

 1
4

D
ay

 7
D

ay
 1

4
D

ay
 7

D
ay

 1
4

D
ay

 7
D

ay
 1

4
D

ay
 7

D
ay

 1
4

N
C*

62
±0

.2
6a

62
±1

.0
a

67
±0

.2
 a

70
±1

.1
a

60
±2

.1
a

63
±1

.5
a

48
±1

.8
a

47
±1

.0
a

21
±1

.8
a

2 
±1

.5
a

11
3±

1.
0a

11
2±

2.
1a

O
G

*2
 2

 g
m

/k
g

11
8±

0.
15

b
14

8±
1.

5b
12

1±
0.

26
b

13
0±

2.
0b

11
2±

1.
6b

12
1±

2.
0b

30
±1

b
26

±2
.0

b
92

±1
.5

b
10

4±
2.

1b
12

4±
2.

1b
95

±1
.0

b

O
O

 1
 g

m
/k

g
83

±0
.2

6c
81

±2
.1

c
10

9±
0.

30
c

11
1±

2.
1c

10
7±

2.
0b

10
3±

2.
2c

35
±0

.6
8b

37
±2

.0
c

74
±1

.4
c

78
±1

.4
c

75
±1

.0
c

61
±2

.2
c

O
O

 2
 g

m
/k

g
80

±0
.2

5d
74

±1
.6

d
11

5±
0.

15
d

11
6±

1.
5d

10
4±

3.
0b

99
±2

.2
d

40
± 

c
42

±1
.6

a
76

±1
.5

d
76

±1
.5

c
80

±2
.0

c
71

±1
.3

d

SO
1 

2 
gm

/k
g

85
±0

.1
5e

80
±2

.5
e

92
±0

.2
6e

10
0±

1.
7e

10
4±

2.
5b

10
0±

2.
2d

40
±1

c
42

±1
.8

a
50

±2
.5

e
49

±1
.6

d
80

±2
.5

c
66

±2
.1

d

SO
 2

 g
m

/k
g

75
±0

.2
5f

72
±1

.8
d

89
±0

.3
1f

85
±2

.2
f

85
±2

.1
c

79
±1

.7
e

42
±2

c
43

±2
.1

a
47

±1
.6

e
40

±2
.4

e
10

5±
1.

5d
77

±2
.1

e

Vi
ta

m
in

 E
 1

00
 m

g/
kg

55
±0

.2
1g

53
±1

.5
f

75
±0

.2
7g

69
±1

.1
a

97
±2

.1
d

93
±1

.8
f

30
±2

.3
b

31
±1

.9
d

48
±2

e
38

±0
.8

5d
83

±3
.5

c
94

±1
.3

b

Vi
ta

m
in

 E
 2

00
 m

g/
kg

51
±0

.3
1h

56
±1

.8
f

71
±0

.3
0h

68
±2

.1
a

89
±1

.0
e

83
±1

.5
e

32
±1

.3
b

35
±2

.0
c

40
±2

.0
f

33
±1

.0
f

88
±2

.1
e

10
3±

2.
5f

Vi
ta

m
in

 C
 1

00
 m

g/
kg

84
±0

.1
5i

86
±1

.0
g

81
±0

.3
1i

76
±2

.0
g

93
±2

.5
d

88
±1

.5
f

34
±1

.5
b

36
±1

.5
c

48
±2

.0
e

47
±1

.0
d

76
±3

.2
c

85
±2

.0
g

Vi
ta

m
in

 C
 2

00
 m

g/
kg

73
±0

.3
5j

70
±2

.0
d

76
±0

.3
j

71
±1

.0
a

75
±2

.0
e

70
±1

.5
g

37
±2

b
40

±2
.1

c
39

±1
.0

f
3 

±2
.0

f
10

2±
1.

0f
10

5±
2.

0f

O
O

, o
liv

e 
oi

l; 
SO

, s
oy

a 
be

an
 o

il;
 N

C,
 n

or
m

al
 c

on
tr

ol
; O

G
, o

xi
di

ze
d 

gh
ee

1135



308											           2023K. Saleema and others

namely, sinusoidal dilation due to fats (Fig. 2S–2T). 
These findings revealed that vitamin E had superior an-
tioxidant activity among the tested antioxidants because 
it effectively decreased liver inflammation caused by oxi-
dized ghee.

Statistical significance of the comparison between the 
means in a row is denoted with letters: the same let-
ter shows no significant difference between the means, 
while different letters represent a significant difference 
(P<0.05)

DISCUSSION

This study showed that feeding rabbits with oxidized 
ghee at 2 g per kg body weight resulted in elevated ALT, 
triglycerides, total cholesterol and LDL levels, and over-
all decrease in HDL levels. Although this intervention 
decreased blood glucose levels, they remained in the 
reference range. These results corroborate similar recent 
study, where high triglycerides, cholesterol and LDL lev-
els as well as low glucose level were observed in mice 
fed with heated ghee. Also, HDL level was low in ani-

Figure 1. Hematological and biochemical parameters in the studied groups pf rabbits at different timepoints.
Significant difference (P<0.05) in glucose levels at day 14 was observed among all the groups, however, glucose levels were all in normal 
reference range in each group.
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mals that were fed with thermally oxidized oils (Zahid et 
al., 2022; Hina et al., 2022; Sana et al., 2022; Chinu & Ra-
jamohan., 2011). Another study conducted in 2015 sup-
ports the findings of this study, i.e., high level of ALT, 
total cholesterol, triglycerol and LDL, as well as low glu-
cose were observed in rabbits fed with oxidized corn oil 
(Aziz et al., 2023; Uddin et al., 2015). In the current pa-
per, a decrease in TRBC, Hb, PCV, MCH, MCHC, neu-
trophils was observed in the rabbits fed with oxidized 
ghee. The platelets count was low but still in the nor-
mal range. Conversely, total leucocytes and lymphocytes 
numbers were increased above norm. When oxidized 

ghee was fed to animals, it led to harmful effects on the 
blood cells (Sana et al., 2022; Zeb & Ullah, 2015). Ud-
din and his coworkers (Uddin et al., 2015) observed a 
decrease in TRB, hemoglobin, HCT, and an increase in 
WBC count in rabbits fed with oxidized corn oil. In the 
present study, it was observed that oxidized ghee was 
hepatotoxic and had adverse effect on liver histopathol-
ogy. The liver tissue showed intact lobular architecture 
but the portal tracts showed inflammation and mild fi-
brosis, as well as accumulation of fat deposition in portal 
tract. The bile ducts showed signs of proliferation. The 
hepatocyte showed feathery degeneration. Similar results 

Figure 2. Histopathology of the rabbit liver samples
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were reported by Rahman and his team (Rahman et al., 
2012), in Long Evans rats, which showed scattered hepa-
tocellular necrosis and degeneration of hepatocytes when 
fed with ghee (Zeb & Ullah, 2015; Rehman et al., 2012).

The effect of olive oil and its high polyphenol con-
tents have been studied before and the results support 
the present study’s findings, i.e., increased HDL levels, 
decreased cholesterol, TG, and LDL levels in oxidized 
ghee fed rabbits (Covas et al., 2006). However, our 
study’s results are a little different from one of the ear-
liest papers published in 1996 that stated that olive oil 
protects low-density lipoprotein from oxidative activi-
ties (Jassim et al., 2010). It has also been observed that 
feeding of olive oil along with mercuric chloride gradu-
ally normalized serum ALT level (Wiserman et al., 1996; 
Youcef et al., 2014). Administration of olive oil appeared 
to decrease Hb concentration, WBC, platelet, and lym-
phocyte numbers in the treated rats, however, the differ-
ence was statistically significant only in the case of the 
platelet count (Nandakumaran et al., 2014).

In the present study, rabbits fed with olive oil along 
with oxidized ghee had intact lobular architecture of the 
liver but their portal tracts showed inflammation and 
their hepatocytes contained large vacuoles. Szende and 
colleagues observed that olive oil reduced hepatotoxicity 
of oral carbon tetrachloride (CCl4) (Szende et al., 1994). 
Olive oil partially protected the liver from mercuric chlo-
ride (HgCl2) induced damage. A prominent recovery in 
the form of normal hepatocytes and greatly reduced 
centrilobular necrosis were observed. Pronounced sinu-
soid with granular hepato-cytoplasm were also present 
(Nandakumaran et al., 2014). Similar results were report-
ed by another study in rats, in which the ingestion of ol-
ive oil protected the liver from ethanol-induced oxidative 
damage by affecting the cellular redox potential (Kasdal-
lah et al., 2008).

A significant mitigating effect against ghee-induced 
hepatotoxicity was observed for soya bean oil. This ef-
fect was dose dependent. One study showed that feed-
ing rats with non-oxidized soya bean oil alone induced 
significant and dose-dependent alteration in biochemi-
cal and hematological parameters (Robaina et al., 1995; 
Salahuddin et al., 2013). Another study conducted using 
soybean oil showed that animals fed with the oil had 
changes in the liver, including distinct enlargement of 
central veins and erythrocyte accumulation, enlargement 
and congestion of sinusoids (Salahuddin et al., 2013).

In the present study, we observed a protective role 
of vitamin E against the oxidized ghee-induced toxic-
ity. Rabbits fed with oxidized ghee and vitamin E at 100 
mg/kg or 200 mg/kg had decreased ALT, triglycerides, 
total cholesterol, and LDL levels, and increased HDL 
level in the direction of norm but still outside of the ref-
erence range. Similar results have previously been report-
ed in case of mice fed with hight fat diet and high-fat 
and high-cholesterol diet by increasing serum total trigyl-
cerides, cholesterol, and altered alanine aminotransferase, 
aspartate aminotransferase, and alkaline phosphatase  
(Liang et al., 2021). It was also observed that vitamin E 
increased TRBC, Hb, PCV, MCH, MCHC, and neutro-
phil counts, and decreased TLC and lymphocyte count, 
but not to such an extent that these indicators were 
within the normal range. Amer and his research team 
also support these results showing that. vitamin E and 
C reduce oxidative damage to RBC and platelets (Amer 
et al., 1991).

In our study, the protective effect of vitamin E 
against oxidized ghee induced toxicity was also observed 
in the liver histopathology,. An intact lobular architec-Ta
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ture with no significant histological abnormality in por-
tal tracts was observed, however mild inflammation and 
mild fibrosis were detected in the portal tracts. These 
results are in agreement with the results of earlier stud-
ies which showed that vitamins E and C significantly 
improved liver fibrosis (Amer et al., 2006). Also, vitamin 
C, when fed along with sodium fluoride (NaF) partially 
protected the liver from NaF toxicity (Stawiarska et al., 
2012). Uboh and his colleagues in 2012 demonstrated 
that in a model of gasoline vapor-induced liver injury in 
rats, vitamin E and C had protective effect on liver his-
topathology. The hepatoprotective effect was significant-
ly higher in case of vitamin E than vitamin C (Uboh et 
al., 2009). These findings support the results obtained in 
our study. In the previous studies, oxidized ghee caused 
inflammation and degeneration of hepatocytes (Zeb & 
Uddin 2017b), which is in concordance with our results. 
Also, both, enlargement of hepatic capillaries and severe 
liver necrosis were observed in the previous studies (Ji-
moh et al., 2004). .In our histopathological findings, we 
observed a protective role of olive oil, soybean oil, and 
vitamins E and C against the oxidized ghee effects, and 
only mild liver inflammation and fibrosis (groups that 
received antioxidants together with the oxidized ghee ) 
were observed in oxidized ghee fed animals co-fed with 
these antioxidants.

CONCLUSIONS

The experiment presented here was designed to exam-
ine a protective role of various lipids (olive and soya oil) 
and vitamins (E and C) against thermally oxidized ghee 
toxicity in rabbits. Oxidized ghee diet altered the hema-
tological and biochemical parameters and induced abnor-
malities in liver histopathology in rabbits. Soya bean oil 
and vitamin E were the most effective against the toxic 
effects of thermally oxidized ghee as compared to olive 
oil and Vitamin C. It is recommended that ghee can be 
substituted with soya bean oil. Further studies can be 
conducted to identify the oxidative products accumulat-
ed in oxidized ghee and test other antioxidants’ potential 
against the toxic effects of the oxidized ghee.
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