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ABSTRACT -- Purpose: Among abused substances, methamphetamine is a psychostimulant drug widely used
recreationally with public health importance. This study investigated the effect of methamphetamine on
proliferation, differentiation, and apoptosis of human adipose tissue stem cells (AdSCs). Methods: AdSCs were
isolated from human abdominal adipose tissue and were characterized for mesenchymal properties and growth
kinetics. MTT assay was undertaken to assess methamphetamine toxicity on proliferation and differentiation
properties and apoptosis of hAdSCs. Results: Isolated cells were shown to have mesenchymal properties and a
population doubling time (PDT) of 40.1 h. Following methamphetamine treatment, expressions of KI-67 and
TPX2 as proliferation genes and CollAl and PPARYy as differentiation genes decreased. Methamphetamine
administration increased the expression of Bax and decreased Bcl-2 genes responsible for apoptosis. Conclusions:
Our data suggested when AdSCs were exposed to methamphetamine, it decreased proliferation and differentiation
properties of stem cells together with an increase in apoptosis. These findings can be added to the literature,
especially when methamphetamine is used recreationally for weight loss purposes.

INTRODUCTION can significantly influence basic homeostatic
systems and protective functions resulting in
Over the last decade, drug addiction has been enhancement of synaptic and extra-synaptic levels of
designated as a costly, chronic, debilitating disease serotonin, noradrenaline and dopamine leading to
affecting several tissues (1). Among abused mitochondrial dysfunction, oxidative stress and
substances, methamphetamine is a psychostimulant inflammation that are responsible for several side
drug widely used recreationally with public health effects (8).
importance inducing behavioral changes due to high Methamphetamine can induce hyperthermia
level of methamphetamine-induced dopamine in the and a potentially lethal rise in core body temperature,
brain (2). Its low cost, high availability and easily while this hyperthermia has a significant impact on
synthesized in laboratories from inexpensive thermogenic brown adipose tissue that may be
ingredients have made it an increasingly popular responsible for the weight loss following
recreational drug worldwide. Its consumption methamphetamine use (9). The in vitro effect of
enhances the release and also blocks the reuptake of various substances has previously been studied on
dopamine producing euphoric effect lasting for 4 to mesenchymal stem cells (MSCs) including human
24 h (3,4). adipose tissue stem cells (AdSCs) (10-13). Adipose
Methamphetamine abuse can impair cognitive tissue is an important source of MSCs, termed as
performance and it can cause neurotoxicity and adipose tissue-derived stem cells. They are easily
neurodegenerative injuries (5) and lead to anxiety, obtained with little donor site morbidity making them
emotional disorders, convulsions, and even death (6). an appropriate source in regenerative medicine. They
It can be a strong risk factor for stroke, tachycardia, were demonstrated to be immunoprivileged and

tachypnea, and hypertension (7). Methamphetamine
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genetically stable in long-term culture in comparison
to bone marrow-derived stem cells (BMSCs) (14).

As methamphetamine users pose several
challenges to centers providing alcohol and other
drug evaluation, treatment, and healthcare, these
centers expect a high rate of budget to present their
services. Also, as methamphetamine is illegally used
in different countries for various purposes such as
alertness, enhancement of sexual pleasure, and
weight loss (4), this study targeted in vitro effect of
methamphetamine on growth kinetics, proliferation,
apoptosis, and differentiation of human AdSCs to
clarify the harms in these cells when weight loss is
targeted in methamphetamine users.

METHODS

Adipose Tissue Preparation

Adipose tissue was provided from Department of
Surgery, Shiraz University of Medical Sciences,
Shiraz, Iran from the abdominal region of a 40-year-
old man who underwent abdominoplasty and gave a
written consent letter. All procedures of this study
were in accordance with the rules of the institution
Ethics Committee and the Helsinki Declaration on
sampling tissues (IR.AIAU. 1395.6). The adipose
tissue sample was transferred in a sterile Falcon tube
(BD, USA) containing phosphate buffer saline (PBS,
Sigma, USA) and one percent penicillin
streptomycin (Sigma, USA) and fungisone (Sigma,
USA). Quickly after sampling, the tube was taken to
the cell culture laboratory of the Stem Cell
Technology Research Center of Shiraz University of
Medical Sciences, Shiraz, Iran. The tissue sample
was washed several times with PBS to reach a clear
fluid with adipose tissue sample.

Isolation of Adipose-Derived Stem Cells
After removing the PBS from the tube, the adipose
tissue was chopped into small pieces and was treated
with 5 mL of 0.2% collagenase enzyme type 1
(Sigma, USA) and placed in water bath at 37 °C for
30 minutes, while the tube was stirred every 5
minutes. The specimen was centrifuged for 5 min at
1200 rpm and the supernatant was removed, while
the pellet was treated with 5 mL of Dulbecco’s
Modified Eagle Medium (DMEM, Biowest, France)
to neutralize the enzyme. After passing through a 0.7
um filter, the debris was removed and 5 mL of
DMEM was added to the remained and spinning was
undertaken again at 1200 rpm for 5 min.

The supernatant was taken out and the
remained precipitate was resuspended in 1 mL of

DMEM and transferred into a culture flask
containing 4 mL of DMEM supplemented with 10%
fetal bovine serum (FBS, Gibco, USA), 1%
glutamine, and 1% penicillin/streptomycin and the
flasks were placed in an incubator at 37 °C with 5%
CO; and saturated humidity. The medium was
changed every 3 days until 80% confluency. The
cells were later harvested by 0.25% trypsin- EDTA
(1X) (Gibco, USA) and subcultured to reach the 3
passage.

Cell Characterization:
Morphology

AdSCs were assessed morphologically using an
invert microscope to be spindle shaped and adhered
to the bottom of culture flasks. Images were captured
for the cells by a digital camera (ELWD 0.3/0D75,
Nikon, Tokyo, Japan) at different passages.

Characterization by

Characterization by Flow Cytometry

Flow cytometry was performed using a CyFlow CL
(Partec, Minster, Germany) machine and aliquots of
5 x 10° AdSCs at 3" passage. Expression of surface
markers was evaluated for expression of CD44 and
CD90 as mesenchymal markers and expression of
CD34 and CD45 as hematopoietic markers.

Characterization by Osteogenic Differentiation
Osteogenic induction was also performed to confirm
mesenchymal properties of isolated cells. Briefly, 1
x 10* AdSCs at 3™ passage and 80% confluency were
transferred into two 35 mm culture dishes (Corning,
Germany) containing the control media of DMEM-
F12 (Bio West, France) supplemented with 10%
FBS, 1% penicillin/streptomycin and 1% L-
glutamine (Sigma, USA). The osteogenic media
consisted of DMEM-F12, 10% FBS, 1% penicillin-
streptomycin, L-glutamine, 50 pg/mL L-ascorbic
acid-2-phosphate  (Merck, Germany), 100 nM
dexamethasone (Sigma, USA), and 10 mM B-
glycerophosphate (Merck, Germany). The media was
changed every 3 days. On day 21%, cultures were
fixed with 70% ethanol for 15 min and then stained
with 2% alizarin red S (Sigma, USA) and visualized
under light microscope to confirm mineralization.
Alizarin red staining binds to calcium ions in
mineralized deposits leading to a brilliant red
staining.

Characterization by Adipogenic Differentiation

For adipogenic differentiation, 1 x 10* AdSCs at 3™
passage and 80% confluency were seeded in two 35
mm culture dishes containing the control media of
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DMEM-F12 supplemented with 10% FBS, 1%
penicillin/streptomycin and 1% L-glutamine and the
adipogenic medium containing DMEM low glucose,
10% FBS, 100 nM dexamethasone, 100 UM ascorbic
acid, and 200 uM of indomethacin (Sigma, USA).
The plates were maintained for 21 days and media
change was conducted every 3 days. Finally, cells
were fixed using a 10% formalin solution for 10
minutes and were subjected to Oil Red O (Sigma,
USA) staining method, which specifically stained
lipid droplets in red color.

Population Doubling Time (PDT)

To enumerate AdSCs, 3 x 10* cells/per well at 3"
passage were seeded into 24-well culture plates. The
cell number was determined for 7 days after cell
trypsinization, while 3 replicates were performed for
each time point. AdSCs were stained by trypan blue
(Sigma, USA) and quantified by a hemocytometer
using a light microscope. The PDT, as the time
required for a cell culture to be doubled in number,
was evaluated by the formula of PDT =T In2/In (Xe
/ Xb), as T was the incubation time in hours, Xb was
the cell number at the beginning of the incubation
time and Xe was the cell number at the end of the
incubation time (15).

Cell Viability

Trypan blue exclusion test using 0.4% trypan blue in
PBS was undertaken to assess the number of viable
and nonviable cells.

MTT Assay

MTT assay was used to determine the toxicity of 2
different therapeutic doses of 6 and 60 pg/mL of
methamphetamine (Sigma-Aldrich, USA) which are
considered and described as recreational doses (16).
These doses were exposed to AdSCs to determine the
optimum dose regarding cell viability during 24 h in
order to confirm the safe doses (6 and 60 pg/mL).
Before experiments, it was dissolved in normal
saline. The dose 6 pg/mL of methamphetamine was
added once and twice with a 6 hours interval and the
dose 60 pg/mL identically was treated once and
twice with 6-hour time interval too. The control
untreated cells were incubated with culture medium
for 4 h. An MTT solution in 0.1 mM phosphate-
buffered saline (PBS) was added to each well for
each sample, and the plates were incubated at 37 °C
for 4 hours. Cells were enumerated for 10 days when
3 x 10* cells/per well at 3™ passage were seeded into
five wells of 12-well culture plates (One plate as
control and 4 as methamphetamine treated cells). The

experiments were repeated three times and each time
with 3 x 10* cells of 3" passage per well (15).

Gene Expression Analysis

The total RNAs from the AdSCs were isolated by an
RNA extraction kit (Cinnagen Inc., Iran) and RNA
purity, integrity and concentration were assessed at
optical density of 260/ 280 nm and using 1% agarose
gel electrophoresis. The complementary DNA
(cDNA) was provided based on manufacturer’s
guideline using 1 pg RNA by RevertAid™ First
Strand cDNA Synthesis kit (Fermentas Inc.).
Real-time PCR was undertaken on an Applied
Biosystems StepOne™ Instrument (ABI, Step One,
USA) based on guidelines of RealQ Plus 2x Master
Mix Green (Ampligon Inc.). Real-time PCR for
expression analysis of the primer pairs for GAPDH,
Bax, Bcl-2, COL1A1, PPARy KI-67 and TPX2 were
designed and demonstrated in Table 1.

Table 1. Primers used in the present study.

Genes Primer Sequences Sizes,
base pai

BAX Forward: 57 108
GCCCTTTTGCTTCAGGGTTTCA -3’
Reverse: 5
CAGCTTCTTGGTGGACGCAT -3°

KI-67 Forward: 5 112
CCTGCTCGACCCTACAGAGTG-3’
Reverse: 5
GTTGCTCCTTCACTGGGGTCT-3’

PPARa Forward: 5 121
CTATCATTTGCTGTGGAGATCG-3’
Reverse: 5
AAGATATCGTCCGGGTGGTT-3”

PPARy Forward: 5’- CTATGGAGTTCATGCTTGT 177
30
Reverse: 5
CTGATGGCATTATGAGACA-3’

GAPDH Forward: 5 207
GGCTGTTGTCATACTTCTCATG-3’
Reverse: 5

CCATCTTCCAGGAGCGAGA-3’

Real-time quantitative PCR machine was
applied to determine the expression level of
COL1A1, Bax and Bcl-2 genes in response to
different doses of methamphetamine treatment. The
GAPDH was the housekeeping gene and the internal
control. The real-time PCR was set at 94 °C for 10
minutes followed by 94 °C for 40 cycles of 15
seconds, 60 °C for 60 seconds and extension steps.
All reactions were performed in triplicate. After each
run, gel electrophoresis and melting curve analysis
were used to confirm specific amplification of
targets. The amplification signals of different
samples were normalized to GAPDH Ct (cycle
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threshold), and then delta-delta CT (2"24%) method to
compare the mRNA level of test versus control
represented as fold change in data analysis (15).

DATA ANALYSIS

The experiments were repeated three times and each
time with 3 x 10* cells of 3™ passage per well. This
cell viability and metabolic activity data is presented
as mean + SD of three independent experiments. As
triplicate measures of each of the three samples were
performed for the gene expression analysis, data is
reported as mean £ SEM. Findings were analyzed by
the one-way analysis of variance (ANOVA with
Tukey post-hoc analysis using Prism software
(version 6.0, GraphPad Software Inc., San Diego,
CA, USA). The P value was considered statistically
significant when it was < 0.05.

RESULTS

Cell Characterization

Seven days after seeding of cells at different passages
(Passage 1-3), a fibroblast like, elongated, spindle
shaped morphology was visible, and when the cells
were visualized under a inverted microscope, they
were adherent to the bottom of the culture flasks (Fig.
1A-1D). Analysis of Alizarin red staining illustrated
osteogenic potential of AdSCs at 3™ passage (Fig.
1E). Adipogenesis of cells was shown by formation
of lipid droplets stained with Oil Red O staining, 21
days after induction in red color, in comparison to the
control (Fig. 1F). AdSCs were positive for
expression of CD44 and CD90 as mesenchymal
markers and negative for CD34 and CDA45 expression
as hematopoietic markers (Fig. 1G).

Growth Kinetics

Growth curve and PDT of AdSCs in absence of
methamphetamine treatment were demonstrated in
Figure 2 until 7 days. The PDT was 40.1 h revealing
that the proliferation of AdSCs had an increasing
trend until day 6™ and then a decline in cell number
was noted.

MTT Assay

The doses of 6 and 60 pug/mL of methamphetamine
used once and twice with 6 h time interval on AdSCs
revealed a decreasing trend in cell proliferation till
the 7" day when compared to the control group. This

decrease was more when methamphetamine was
added twice per day and when the dose of
methamphetamine increased from 6 to 60 pg/mL
(Table 2).

Table 2. Applied different doses of methamphetamine to
3 x 10* AdSCs/per well at 3" passage in 24-well culture
plates. Enumeration was undertaken 3 times for each time
point during a period of 7 days.

METH Viability (Mean P value
concentration + SD)
(uM)

0.6 782+22 0.0018

1.2 76.1+2.6 0.0018

6 709+4.4 0.0037

12 70.8+5.2 0.0061

40 68.1+3.8 0.0017

60 67.3+£3.1 0.0009

130 39.2+33 0.0001

807 PDT =40.1h
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Figure 2. Growth curve and PDT of AdSCs isolated from
human adipose tissue from three independent assays
(mean £ SD; n=3).

Gene Expression Analysis

Regarding the expression of apoptotic genes,
exposure to methamphetamine resulted to an
increase in Bax expression of 1.13 + 0.12-fold
change for 6 pg/mL and 2.78 + 0.38-fold change for
60 pg/mL of methamphetamine, (P = 0.01), and a
decrease in BCL-2 expression of 0.83 + 0.049-fold
change for 6 pg/mL and 0.46 + 0.064-fold change for
60 pg/mL of methamphetamine (P = 0.009) (Fig. 3A
and B). For differentiation gene of COL1AL, there
was a decrease of 0.69 + 0.037-fold change for 6
pg/mL and a decline of 0.36 + 0.033-fold change for
60 pg/mL of methamphetamine when AdSCs were
treated with ((P < 0.0001 and P < 0.0001,
respectively) (Fig. 3C). The results for the PPARy
differentiation gene showed a significant
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Figure 1. Morphology of human AdSCs. A: primary culture (x40); B: First passage (x40); C: 2™ passage (x40); and D: 3™
passage (x40). E: Analysis of alizarin red S staining and Oil Red O staining revealed osteogenic potential of AdSCs (x40).
F: Oil Red O staining denoted to adipogenic potential of the cells (x40). G: Flowcytometry showed the cells to be negative
for CD34 and CD45 and positive for CD44 and CD90.
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Figure 3. Using real-time quantitative PCR and assessment of the effect of 6 and 60 ug methamphetamine on various genes:
A: Bax, B: Bcl-2, C: COL1A1, D: PPARy, E: KI-67 and F: TPX2. Expression data relative to those of the reference gene are

given from triplicate measures of three independent assays as mean + SEM. Statistical significance was defined as *P value
< 0.05; and **P value < 0.01.
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reduction in its expression as 0.8 + 0.07-fold change
for 6 pg/mL and 0.35 + 0.066-fold change for 60
pg/mL of methamphetamine (P < 0.05) (Fig. 3D).
Methamphetamine was shown to decrease the
expression of proliferation gene KI-67 as 0.7+0.05-
fold change for 6 pg/mL and 0.68 + 0.05-fold change
for 60 pg/mL of methamphetamine (P = 0.02 and P
= 0.02, respectively) (Fig. 3E) and the expression of
proliferation gene of TPX2 when AdSCs were
exposed to 6 and 60 pg/mL of methamphetamine, the
fold change was 0.77 + 0.06 and 0.40 + 0.04,
respectively (P = 0.03) (Fig. 3F).

DISCUSSION

Methamphetamine or crystal belongs to a family of
noncatecholamines, that when abused, it induces
euphoria and alertness because of its long half-life
action (6). In chronic methamphetamine abuses,
anorexia, malnutrition, and weight loss happen and
causes cell death in certain tissues (16).
Methamphetamine-treatment of rat striatal cell line
was shown to induce apoptosis via activating the
mitochondrial cell death pathway (17). This induced
cell loss was shown in mice substantia nigra too (18).
It was found that methamphetamine can decrease the
dentate gyrus stem cell population by delaying cell
cycle and decreasing self-renewal capacities (19).
Methamphetamine can cause cellular apoptosis
due to neurotoxicity and the involvement of
autophagy and results in neuropathological
dysfunction and irreversible brain damages (20, 21).
Methamphetamine-treatment with human
neuroblastoma cells (SH-SYS5Y cells) exhibited
excitotoxicity and an increase in oxidative stress and
mitochondrial dysfunction that play a major role in
the increase of Bax gene and death signaling cascade
(6, 11, 22, 23). The BCL-2 family decreased (6, 11,
22, 23), which is another important regulator of
apoptosis. The members of BCL-2 family are
subdivided into two groups of anti-apoptotic, such as
Bcl-2 and Bcl-XL, and pro-apoptotic including Bax
and Bak proteins (6, 11, 22). Similarly in our study,
the expression of Bax increased and Bcl-2 decreased
denoting an apoptotic effect of methamphetamine on
AdSCs. Regarding the difference between two doses
of methamphetamine, the low dose of 6 pg/mL
reaches a plateau effect with a cell viability of 78.2%.
Utilizing the dose of 60 pg/mL changed the viability
to 67.3% that did not show a significant difference,
but when the dose of 130 pg/mL was utilized, a
significant decrease in cell viability to 39.2% was
noticed that was regarded a toxic dose for AdSCs

treated with methamphetamine. Jamshidi et al. found
an increase in apoptosis and a decrease in growth
kinetics of AdSCs following cannabis use (23).
Sazmand et al. reported identical results with an
increase in apoptosis when BMSCs were subjected to
cannabis (11).

Proliferation is a process in which the cell
number increases as a result of cell growth and
division to maintain the pool size of the progenitor
cells. Since methamphetamine is a cationic lipophilic
molecule, it can diffuse to the mitochondria via
cellular membrane, leading to perturbation of normal
mitochondrial function and mitochondrial toxicity
(24). This creates a buildup of positively charged
molecules inside the mitochondria and disturbs the
electrochemical gradient of the electron transport
chain which is needed for adenosine triphosphate
(ATP) synthesis and mitochondrial membranes (25).
These functions are necessary for cell survival, and
failure in these functions initiates a signaling
cascade, which results in cell death. Toxic effects of
methamphetamine on embryonic stem cell (ESC)-
derived neurons were also shown before declining
the outgrowth of dendrites in a dose dependent
manner (26, 27). Identically in our study, AdSCs
treated with methamphetamine were negatively
affected by a decrease in proliferation genes of KI-67
and TPX2.

Histologically, it was shown that a significant
increase in inflammation, degeneration and necrosis
of adipose tissue happens in experimental rats after
methamphetamine use (5). This toxic effect for
methamphetamine on uterine tissue in rat animal
model as uterine cysts was also described before (4).
Change in blood chemistry, pro-inflammatory
cytokines, and apoptotic genes following
methamphetamine use was reported by several
authors (6) that confirm our findings related to toxic
effect of methamphetamine on AdSCs. The effect of
methamphetamine on differentiation process was
previously shown by Bento et al. (26). They
presented the effect of methamphetamine on
stem/progenitor cells obtained from early postnatal
mice and found that methamphetamine inhibited
neuronal differentiation, while the subventricular
zone stem cells were more sensitive (26). Another
study revealed that exposure to methamphetamine
could result in a decreased and suppressed
osteogenesis in MSCs (28). Identically in our study,
a decrease in expression of COL1A1l and PPARY for
osteogenic and adipogenic differentiation were
noted, when AdSCs were treated with
methamphetamine.
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A limitation of this study was the inability to
find any studies investigating methamphetamine
effect on adipose tissue; however, this limitation
provides opportunities for future research directions
when targeting methamphetamine use for weight loss
purposes. Future studies can consider non-health-
related database sources and further explore the gray
literature from conference proceedings too.

In conclusion, our data refer to a first study
investigating the effect of methamphetamine on
AdSCs at cellular and molecular levels regarding
apoptosis,  proliferation, and differentiation
properties. These are important findings that can be
added to the literature especially when targeting
weight loss in methamphetamine users.
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