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Introduction: Sarcopenia, characterised by age-associated decline in skeletal 
muscle mass and function, is driven by multifactorial mechanisms including 
oxidative stress, chronic inflammation, and genomic instability. The imbalance 
between reactive oxygen species (ROS) and antioxidant defence contributes to 
mitochondrial dysfunction and DNA damage, thereby affecting cellular 
metabolism and promoting muscle degeneration. Tocotrienol-rich fraction 
(TRF), a potent antioxidant form of vitamin E, has shown potential in 
modulating oxidative and inflammatory pathways. However, in vivo evidence 
exploring TRF’s multifaceted role in ageing muscle remains limited. This study 
investigates the correlation between oxidative stress and inflammation with the 
metabolomics profile in ageing skeletal muscle in a rat model and its modulation 
by tocotrienols.
Methods: Young (3 months) and old (21 months) male Sprague-Dawley rats were 
divided into control and TRF-supplemented groups (n = 10). TRF was 
administered orally (60 mg/kg/day) for 3 months. Antioxidant enzymes, lipid 
peroxidation products: malondialdehyde (MDA) and 4-hydroxynonenal (4- 
HNE); and inflammatory markers: C-reactive protein (CRP), Interleukin-6 (IL-6), 
and tumour necrosis factor alpha (TNF-α) were quantified, alongside DNA 
damage, using the comet assay. Muscle histology was assessed using 
hematoxylin and eosin (H&E) staining. Pearson correlation analysis was 
performed between selected metabolites and biological markers.
Results: Ageing significantly increased oxidative damage, pro-inflammatory 
markers, and DNA fragmentation, while reducing antioxidant enzyme activities 
and disrupting metabolic profiles. Although TRF supplementation did not 
significantly restore muscle mass or overall body composition, it effectively 
enhanced antioxidant defence by increasing Superoxide dismutase (SOD) and 
catalase (CAT) activities, reducing lipid peroxidation (MDA and 4-HNE), 
attenuating inflammatory responses, preserving DNA integrity, and improving 
muscle histological features. Importantly, correlation analyses revealed that 
ageing is associated with a coordinated metabolic shift linking amino acid and 
carnitine metabolism with antioxidant defence, inflammation, and genomic 
stability. TRF supplementation weakened these maladaptive biomarker and 
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metabolite associations while strengthening correlations between protective 
metabolites (e.g., taurine, histidine, pantothenic acid) and antioxidant enzymes, 
alongside inverse relationships between lipid peroxidation and inflammatory 
markers (e.g., MDA, prostaglandin factor 2-alpha, PGF2α) and redox-supportive 
metabolites.
Discussion: Collectively, these findings indicate that TRF acts primarily as a 
preventive intervention by restoring redox balance, dampening inflammatory 
signalling, and stabilising metabolic and inflammatory coupling, highlighting its 
potential as a nutritional strategy for preserving muscle health and genomic 
integrity during ageing.
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Introduction

As individuals age, they often experience a steady loss of skeletal 
mass, strength, and functional ability, a condition known as 
sarcopenia [1]. While some degree of muscle loss is a normal 
aspect of ageing, sarcopenia represents a more severe, clinically 
relevant decline that adversely affects mobility, contributes to 
physical impairment, and diminishes overall quality of life [2, 3]. 
Interestingly, the prevalence of sarcopenia varies considerably across 
populations and age groups, with estimates indicating that 5%–13% 
of individuals aged 60–70 years old are affected, increasing 
dramatically to 11%–50% in those aged 80 years old and above 
[4, 5]. This rising prevalence highlights the urgent need for regular 
screening and early intervention, particularly among high-risk 
groups such as older adults and individuals with comorbid 
conditions like cancer or chronic kidney disease [6, 7].

Ageing is accompanied by an increase in oxidative stress, which 
arises when the production of ROS surpasses the capacity of the 
body’s antioxidant defense. The increase in ROS contributes to 
cellular damage, particularly within skeletal muscle tissue [8, 9]. In 
addition, the increased oxidative burden impairs mitochondrial 
function, heightening the risk of muscle atrophy and facilitating 
the progression of sarcopenia [10, 11]. Notably, age-related ROS 
accumulation can activate apoptotic signalling pathways, leading to 
muscle cell death and a consequent decline in both muscle mass and 
function [12]. Furthermore, oxidative damage to mitochondrial 
DNA (mtDNA) may worsen these effects by disrupting 
mitochondrial efficiency, thereby perpetuating a feedback loop of 
declining mitochondrial function and increasing oxidative 
stress [13, 14].

Inflammation is a significant contributor to the ageing process 
and is commonly referred to as “inflammaging”, a condition 
characterised by chronic, low-grade inflammation [15]. Increased 
concentrations of proinflammatory cytokines, including tumour 
necrosis factor alpha (TNF-α) and interleukin (IL-6), have been 
closely linked to the loss of muscle mass and reduced muscle 
strength [16, 17]. Inflammation also disrupts muscle protein 
synthesis, leading to impaired regeneration and loss of muscle 
mass [18]. The close relationship between oxidative stress and 
inflammation underscores the potential of anti-inflammatory 
strategies to prevent or slow the progression of sarcopenia.

DNA damage is a key contributor to both ageing and sarcopenia. 
In muscle cells, the accumulation of DNA lesions has been 
associated with increased senescence and apoptosis, ultimately 

leading to muscle loss [19]. Previous studies have shown that 
aged muscle cells are more prone to damage compared to 
younger ones [20–22]. This genomic instability compromises the 
regenerative capacity of ageing muscles, further accelerating 
functional decline [23].

Current management strategies typically emphasize resistance 
training and targeted nutritional support to enhance muscle mass 
and function, underscoring the condition’s modifiability through 
lifestyle intervention [24, 25]. Recognized as a geriatric syndrome, 
the timely diagnosis and treatment of sarcopenia are critical for 
improving patient outcomes and mitigating risks of adverse events, 
including falls, disability, and mortality [26, 27].

The potential of tocotrienol-rich fraction (TRF), a subgroup of 
the vitamin E family, as a therapeutic strategy against ageing and 
sarcopenia is gaining increasing attention. Structurally, tocotrienols 
possess an unsaturated isoprenoid side chain, which enhances their 
mobility within lipid bilayers and facilitates more efficient 
incorporation into cell membranes, particularly in metabolically 
active tissues such as skeletal muscle [28]. This structural distinction 
contributes to greater antioxidant efficiency, particularly through 
enhanced incorporation into lipid bilayers, enabling more effective 
protection of mitochondrial and cellular membranes against lipid 
peroxidation [29]. This antioxidant effect is essential, as an 
overabundance of free radicals can harm skeletal muscle cells, 
leading to reduced muscle function and cellular ageing. 
Importantly, TRF has been shown to enhance the expression of 
essential antioxidant enzymes, such as superoxide dismutase and 
glutathione peroxidase, which play a vital role in safeguarding cells 
against oxidative damage [29]. In addition to direct free radical 
scavenging, TRF also exerts non-antioxidant regulatory effects, 
including the modulation of antioxidant enzyme expression such 
as SOD and CAT, as well as the activation of redox-sensitive 
signalling pathways, notably nuclear factor erythroid 2-related 
factor 2 (Nrf2), which play critical roles in maintaining cellular 
redox homeostasis during ageing [29, 30].

In addition, tocotrienols have been shown to regulate 
proinflammatory cytokine levels, thereby reducing the 
inflammatory environment that contributes to muscle 
degeneration [31]. Recent preclinical research indicates that TRF 
supplementation may help maintain mitochondrial function, 
minimize oxidative damage in muscle tissue, and enhance muscle 
fibre regeneration, positioning it as a promising option for 
addressing sarcopenia [32–34]. However, despite these promising 
findings, evidence from in vivo models remains limited, particularly 
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in the context of integrated analysis of oxidative stress, 
inflammation, and DNA damage in ageing. Thus, further 
investigation is warranted to elucidate the mechanistic effects of 
TRF on muscle health during ageing and to explore its potential as a 
multifaceted intervention against sarcopenia.

While previous studies have primarily examined oxidative 
stress, inflammation, or metabolic alterations in isolation, ageing 
is increasingly recognized as a condition characterized by 
dysregulation of interconnected biological networks. Therefore, 
the present study adopts a metabolite-biomarker correlation 
approach to provide an understanding of how metabolic 
pathways interact with oxidative stress, inflammation, and DNA 
damage. This approach allows for the identification of network-level 
interactions rather than isolated endpoints, which is particularly 
relevant in complex, multifactorial conditions such as ageing and 
sarcopenia. Importantly, this integrative analysis enables evaluation 
of how TRF modulates the coupling between metabolic and 
physiological processes, representing a key strength and novel 
contribution of the present study.

Materials and methods

Animal groups and experimental design

Forty male Sprague-Dawley (SD) rats, aged 3 months, were 
purchased from the Laboratory Animal Resources Unit (LARU), 
Universiti Kebangsaan Malaysia. The animals were randomly 
assigned into two age groups: young (3 months old) and old 
(21 months old). Only male rats were used in this study to 
minimize variability associated with hormonal fluctuations, 
particularly those related to the estrous cycle, which can 
influence oxidative stress, inflammatory responses, and metabolic 
profiles [35]. This approach is commonly adopted in ageing and 
metabolomics studies to improve internal consistency and reduce 
biological variability, thereby allowing clearer interpretation of 
intervention effects. Each age group was randomly subdivided 
into control and supplemented subgroups, comprising 10 rats per 
subgroup, based on a previous study, with slight modifications [36]. 
All animals were assumed to be healthy at the time. Following a one- 
week acclimatisation period, rats were individually housed with free 
access to food and water ad libitum. The control groups received 
refined, bleached, and deodorized (RBD) palm olein. In contrast, the 
supplemented groups were administered a tocotrienol-rich fraction 
(TRF) at 60 mg/kg body weight/day over 3 months via oral gavage 
[37]. Blood samples were collected via retro-orbital sinus at baseline 
and at 1.5 and 3 months following the start of supplementation. 
Upon completion of the supplementation period, all animals were 
euthanized, and the gastrocnemius soleus muscles from both hind 
limbs were excised, rapidly frozen in liquid nitrogen, and stored 
at −80 °C for subsequent analysis. All experimental procedures were 
conducted in accordance with institutional ethical guidelines and 
were approved by the Universiti Kebangsaan Malaysia ethical 
committee (approval number BI-OK/FP/2020/SUZANA/25- 
MAR/1099-MAR-2020DEC.2022). Group allocation, experiment 
conduct, outcome assessment, and data analysis were all 
performed by investigators with knowledge of the group 
assignments (no blinding applied).

Preparation of TRF supplementation

TRF (Golden TriTM E70) and RBD palm olein were generously 
supplied by SIME Darby Plantation Berhad (Selangor, Malaysia). 
Each Gram of Gold TriTM E70 contained 74% tocotrienols, 
comprising 24% α-tocotrienol, 4% β-tocotrienol, 32% γ- 
tocotrienol, and 14% δ-tocotrienol. The remaining content 
consisted of alpha-tocopherol. The RBD palm olein was 
characterised by 0.054% free fatty acids, 0.043% moisture and 
impurities, 0.45% peroxide values, and a 64.71% iodine value. 
The TRF supplementation was prepared weekly by mixing 2.4 g 
of TRF with 40 mL of RBD palm olein in a Falcon tube under light- 
protected conditions. The mixture was vortexed thoroughly to 
ensure homogeneity, wrapped in aluminum foil, and stored at 
4 °C until use.

Measurement of bone integrity via DEXA

Bone integrity was assessed using dual-energy X-ray 
absorptiometry (DEXA) to determine bone mineral content 
(BMC), bone mineral density (BMD), fat percentage, fat mass, 
lean mass + bone mineral content, and total mass. Whole-body 
DEXA scan utilizes two low-dose X-ray beams that are differentially 
absorbed by bone and soft tissue, enabling differentiation among fat, 
bone mineral, and lean tissue based on their density profile. During 
scanning, a movable arm passed over the rat’s body to measure bone 
density along the central skeletal axis. Each scan was non-invasive 
and completed within approximately 4 min.

Measurement of oxidative stress and 
inflammatory markers

Plasma levels of interleukin-6 (IL-6) and tumour necrosis factor- 
alpha (TNF-α) were measured using the PrimePlex Multiplex 
Protein Detection assay service provided by Prima Nexus Sdn 
Bhd (Selangor, Malaysia), a multiplex platform that enables 
simultaneous analysis of multiple biomarkers within a single 
panel. Plasma C-reactive protein (CRP) levels were measured 
using an ELISA kit (Cat No: ELK1055; ELK Bio-technology Co. 
Ltd., Wuhan, China). Serum levels of superoxide dismutase-1 (SOD- 
1; Cat No: ELK8178), lipid peroxide (LPO; Cat No: ELK8896), and 
catalase (CAT; Cat No: ELK5986) were measured using ELISA kits 
from ELK Biotechnology Co. Ltd. Each serum sample was analysed 
in duplicate. Levels of malondialdehyde (MDA; Cat No: ELK8612) 
and 4-hydroxynonenal (HNE; Cat No: ELK8373) in each muscle 
tissue were measured in triplicate using ELISA kits from ELK 
Biotechnology Co. Ltd. Each gastrocnemius muscle tissue sample 
was tested in duplicate. This study was designed as a hypothesis- 
testing experiment with oxidative stress markers (SOD, CAT, MDA, 
4-HNE) and inflammatory markers (CRP, IL-6, TNF-α, PGF-2α) 
defined as the primary outcome measures used to guide sample size 
determination.

Assessment of DNA damage by the 
comet assay

The comet assay was performed with slight modifications to the 
protocol described by Singh et al. [38]. Fully frosted microscope 

British Journal of Biomedical Science 
Published by Frontiers 

Institute of Biomedical Science 03

Saud Gany et al. 10.3389/bjbs.2026.16208

https://doi.org/10.3389/bjbs.2026.16208


slides were initially coated with a thin layer of 0.6% normal melting 
point agarose (Sigma-Aldrich, St. Louise, MO, USA), followed by 
the placement of a coverslip to ensure even spreading. The slides 
were then left at room temperature for 10 min to allow the gel to 
solidify. A second layer was then added by mixing 5 μL of whole 
blood with 0.6% low-melting-point agarose. The slides were placed 
on ice for 20 min to ensure complete solidification. Following this, 
coverslips were gently removed, and the slides were immersed in 
freshly prepared, cold lysing solution (2.5 M NaCl, 100 mM 
Na2EDTA-2H2O, 10 mM Tris at pH 10, 1% sodium 
N-lauroylsarcocinate, 1% Triton X-100, and 10% dimethyl 
sulfoxide) for one hour at 4 °C. Subsequently, the slides were 
transferred to a horizontal electrophoresis tank filled with freshly 
prepared cold buffer (0.3 M NaOH and 1 mM Na2EDTA) and 
incubated for 20 min to allow DNA unwinding. Electrophoresis was 
then carried out for 20 min at 25 V, with the current adjusted to 
300 mA. After electrophoresis, the slides were rinsed three times 
with neutralization buffer (0.4 M Tris Base, pH 7.5) to remove 
residual alkali, then stained with ethidium bromide (20 μg/mL) 
(Sigma-Aldrich). The slides were air-dried at room temperature in 
preparation for analysis. DNA migration patterns were observed 
under a fluorescence microscope (Olympus BX53, Shinjuku, Tokyo, 
Japan) at ×40 magnification. Photomicrographs of 500 randomly 
selected, nonoverlapping cells per slide were captured. Each sample 
was prepared in duplicate. All procedures were conducted under 
low-light conditions to minimize artificial DNA damage and to 
avoid fluorescent dye bleaching. Comet images were analysed using 
ImageJ software (National Institutes of Health and the Laboratory 
for Optical and Computational Instrumentation (LOCI, University 
of Wisconsin)). Parameters used to assess DNA damage included 
tail DNA percentage, tail length, tail moment, and olive moment.

Histological analysis

Gastrocnemius and soleus muscle tissue were fixed in 10% 
neutral buffered formalin to ensure long-term preservation. The 
gastrocnemius muscle tissue was sectioned longitudinally, while 
the soleus muscle tissue was sectioned transversely. Both tissue 
types were placed in plastic cassettes processed using an 
automated vacuum tissue processor (STP 120 Spin Tissue 
Processor, Thermo Fisher Scientific, Waltham, Massachusetts, 
USA). Following fixation and processing, the tissue was 
embedded in paraffin blocks (Surgipath® Paraplast®, Leica 
Biosystems Richmond Inc., Illinois, USA). Tissue sections were 
cut at a thickness of 5 μM using a manual rotatory microtome 
(RM2135 Manual Rotatory Microtome, Leica, Nussloch, 
Germany). These sections were floated in a 38 °C water bath 
(Leica HI1210 Water Bath, Leica, Nussloch, Germany) to flatten 
them before mounting on a glass microscope slide. The mounted 
slides were subsequently dried in a 50 °C oven for 30 min 
(Menmert, Buechenbach, Germany). Hematoxylin and eosin 
(H&E) staining was performed using an automated slide 
stainer (Leica, Biosystem, Deer Park, Illinois, USA). After 
staining, slides were mounted with DPX mounting medium 
(VWR International Ltd., Poole, England) and coverslips were 
applied. Stained sections were examined under a light microscope 
(Olympus BX53, Tokyo, Japan), and representative images were 
captured for analysis.

Metabolomics analysis

The metabolomics analysis used in this study was derived from 
our previously published work Saud Gany et al. [39], which 
employed an untargeted liquid chromatography–mass 
spectrometry (LC-MS)-based platform for muscle tissue 
metabolite profiling. Briefly, gastrocnemius muscle samples were 
extracted and analysed using LC-MS, followed by data 
preprocessing including peak detection, alignment, and 
normalisation. Metabolite identification was performed based on 
database matching and MS/MS spectral confirmation.

Data were subjected to appropriate scaling and statistical 
analysis, including multiple testing correction, to identify 
significantly altered metabolites. Full details of the analytical 
platform, sample preparation, quality control procedures, 
metabolite identification criteria, and statistical thresholds are 
described in the original publication. In the present study, these 
previously identified metabolites were used for correlation analyses 
with oxidative stress, inflammatory, and DNA damage markers.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 
10.0 Software. Data were first tested for normality using the Shapiro- 
Wilk test. For data that followed a normal distribution, a two-way 
ANOVA was conducted, followed by Tukey post-hoc tests. All results 
are presented as mean ± standard deviation (SD), with a significant value 
of p < 0.05. Pearson’s correlation analysis was performed between 
oxidative stress markers, anti-inflammatory markers, and DNA 
damage parameters, with differentially expressed metabolites 
identified in a previous metabolomics study [39].

Results

Effect of TRF on bone integrity

Figure 1 depicts the assessment of bone mineral content (BMC), 
bone mineral density (BMD), fat percentage, fat mass, lean mass 
combined with BMC, and overall mass through DEXA scanning. 
Analysis of BMC revealed a significantly higher level at 0 month in the 
old control and old supplemented groups compared to their young 
counterparts (Figure 1A). Additionally, both the young control and 
supplemented groups showed significant increases at 1.5 and 3 months 
compared to their baseline. Similar trends were observed in BMD 
analysis, with the old control and old supplemented groups 
demonstrating significantly higher levels than their younger 
counterparts (Figure 1B). Furthermore, both the young control and 
supplemented groups showed a significant increase at 1.5 and 
3 months of TRF supplementation compared with baseline.

At 1.5 months, the old control group had a significantly higher fat 
percentage than the young control group (Figure 1C). Similarly, the fat 
percentage in the old supplemented group increased significantly from 
baseline. Both the young control and supplemented groups also 
showed notable increases in fat percentage relative to their 
respective baseline measurements at 0 month. These patterns were 
consistent with the observed changes in fat mass (Figure 1D). 
Additionally, when evaluating lean mass in combination with bone 
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FIGURE 1 
Bone integrity status following TRF supplementation. Bone mineral content (A), bone mineral density (B), fat percentage (C), fat mass (D), lean mass + 
bone mineral content (E), and total mass (F) for the control and supplementation groups in young and aged rats. Symbols indicate significant differences at 
p < 0.05; a significant difference compared to the young control group at 0 month; b significant difference compared to the young supplemented group 
at 0 month; c significant difference compared to the old control group at 0 month; d significant difference compared the old supplemented group at 
0 month; e significant difference compared to the young control group at 1.5 months; f significant difference compared to the young supplemented 
group at 1.5 months; h significant difference compared to the old supplemented group at 1.5 months; * significant difference compared to the control 
group at the same time point; and # significant difference compared to the supplemented group at the same time point. Statistical analysis was performed 
using ANOVA followed by Tukey’s post hoc test.
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mineral content (BMC), both the old control and old supplemented 
groups showed significantly higher values than those in the younger 
groups (Figure 1E). Both the young control and supplemented groups 
showed significant increases after 1.5 and 3 months compared to their 
baseline at 0 month, while the old control group exhibited a significant 
decrease in lean mass combined with BMC at 1.5 months compared to 
its baseline. For total mass, the old control and supplemented groups 
showed significantly higher values than the young control and 
supplemented groups (Figure 1F). Additionally, both the young 
control and supplemented groups exhibited significant increases 
after 1.5 and 3 months compared to baseline at 0 month. These 
changes showed that ageing alters body composition; however, 
supplementation with TRF in this study did not significantly 
reverse these effects.

TRF reduces oxidative stress in the blood 
and muscle

The investigation into oxidative stress markers yielded 
several noteworthy findings. Firstly, significant changes were 
observed in superoxide dismutase (SOD) activity: the young 
control group showed a notable decrease after 3 months 

compared to baseline and 1.5 months, whereas the young 
supplemented group showed a significant increase after 
3 months (Figure 2A). Moreover, the old supplementation 
group showed a significant increase in SOD activity after 
3 months. Secondly, catalase (CAT) activity varied 
significantly among experimental groups, with the old control 
group showing a significant reduction compared to the young 
control group, both at baseline, and its level increased in older 
rats after 3 months of TRF supplementation (Figure 2B). 
However, the old supplemented group noted an intriguing 
increase in CAT activity after 3 months compared to their 
respective controls. Furthermore, lipid peroxidation (LPO) 
levels increased significantly in both the control group and 
the young supplemented group after 3 months, compared to 
baseline, and in the old control group compared to the young 
control group at baseline (Figure 2C).

Finally, both malondialdehyde (MDA) and 4-hydroxynonenal 
(4-HNE) levels demonstrated a significant increase int he old control 
group compared to the young control group (Figure 3). Conversely, 
a significant decrease in MDA and 4-HNE levels was observed in the 
old supplementation group compared with their respective controls. 
These findings underscore the intricate relationship between 

FIGURE 2 
Levels of oxidative stress activities for the young control group, young supplemented group, old control group, and old supplemented group at three 
different time points: 0 month, 1.5 months, and 3 months of TRF supplementation. (A) Superoxide dismutase, (B) Catalase activity, and (C) Lipid 
peroxidation. Symbols denote significant values, p < 0.05. * Indicates significant difference between young supplemented and young control group; # 
indicates significant difference between old supplemented and old control group; ** indicates significant difference between control and 
supplemented group; b indicates significant difference with the young supplemented group at 0 month; f indicates significant difference with the young 
supplemented group at 1.5 months; and d indicates significant difference with the old supplemented group at 0 month. Data are presented as mean ± SD, 
and analysed using RM ANOVA with Tukey’s post hoc analysis. N = 34 (n = 5-8, young control group; n = 4-9, young supplemented group; n = 4–10, old 
control group; and n = 4-7, old supplemented group.
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oxidative stress markers in ageing rats and highlight the potential 
benefits of TRF supplementation in attenuating oxidative damage.

TRF suppresses inflammation in the blood

Analysis of CRP levels revealed a significant difference in the young 
supplemented group at 3 months compared to the same group at 
1.5 months (Figure 4A). Additionally, significantly lower CRP levels 
were observed in the old supplemented group compared to the young 
supplemented group at 3 months. Evaluation of TNF-α levels 
demonstrated a statistically significant reduction in the young control 
group at 3 months compared to 0 month. Overall, after 1.5 months of 
TRF supplementation and continuing through to 3 months, TNF-α 
concentrations in both the old control and old supplemented groups 
declined to below detectable levels (Figure 4B). Analysis of IL-6 levels 
showed a significant difference in the young control group, particularly 
at 3 months after TRF supplementation compared to baseline (0 month) 
(Figure 4C). No significant differences in IL-6 levels were observed 
across the experimental time points in other groups.

PGF-2α levels, which were measured in the rat urine, showed 
significantly higher levels in the old control rats compared to the 
young control group at 0 month (Figure 4D). Similarly, the old 
supplemented group exhibited significantly higher PGF-2α levels 
than the young supplemented group at 0 month. After 1.5 months, a 
significant increase in PGF-2α was observed in the old 
supplemented group compared to the young supplemented 
group. Furthermore, at 3 months, the young control group 
showed a significant increase in PGF-2α levels compared to its 
baseline value at 0 month.

TRF affects DNA integrity in whole blood

The effects of TRF supplementation on DNA damage, which is 
represented by tail length (TL) (Figure 5A), tail DNA percentage 

(TDP) (Figure 5B), tail moment TM (Figure 5C), and olive moment 
(OM) (Figure 5D), were measured using the comet assay. In the 
young control group, tail length, tail moment, and olive moment 
were significantly reduced after 1.5 months, followed by a significant 
increase at 3 months. In contrast, the young supplemented group 
showed a significant increase in tail DNA percentage, tail moment, 
and olive moment at 3 months compared with baseline and 
1.5 months. Interestingly, there was a significant increase in all 
four parameters in the old supplemented group after 1.5 months of 
TRF supplementation, which was then significantly reduced after 
3 months of supplementation. Notably, at 1.5 months, the old 
supplemented group showed significantly higher tail length, tail 
moment, and olive moment than the young supplemented group; 
however, by 3 months, these levels were significantly lower in the old 
supplemented group than in the young supplemented group. These 
findings highlight both age- and time-dependent effects of TRF 
supplementation on DNA integrity, with older rats demonstrating a 
beneficial reduction in DNA damage markers following prolonged 
TRF intake.

TRF improved muscle regeneration in 
aged rats

Histological findings

Staining of cross-sections of soleus muscle tissue with 
hematoxylin and eosin (H&E) in control and supplemented 
groups of young and old rats revealed significant differences in 
the thickness of connective tissue surrounding the muscle fibres. The 
connective tissue was thicker in the old control group compared to 
the young control group (Figures 6A,C), but there was a reduction in 
thickness in the supplemented groups for both young and old rats 
(Figures 6B,D). In longitudinal sections of gastrocnemius muscle 
tissue stained with H&E in control and supplemented groups of 

FIGURE 3 
Levels of Malondialdehyde (MDA) and 4-Hydroxynoneal (HNE) for the young control group, young supplemented group, old control group, and old 
supplemented group. Symbols denote significant values, p < 0.05. * Indicates significant difference between the young control group and old control 
group, ** indicates significant difference between the old control group and old supplemented group. Data are presented as mean ± SD, and analysed 
using ANOVA with Tukey’s post hoc analysis. N = 27 (n = 9, young control group; n = 5, old control group; n = 5, old supplemented group; n = 5, old 
supplemented group.

British Journal of Biomedical Science 
Published by Frontiers 

Institute of Biomedical Science 07

Saud Gany et al. 10.3389/bjbs.2026.16208

https://doi.org/10.3389/bjbs.2026.16208


young and old rats (Figure 7), it was observed that there were 
numerous nuclei infiltrating muscle fibres in the old control group 
(Figure 7C), but not in the young control group (Figure 7A). 
However, in rats given TRF treatment for 3 months, no nuclear 
infiltration was observed in either the young or old supplemented 
groups (Figures 7B,D).

Correlation between oxidative stress, 
inflammation, and metabolomics profile

The heatmap illustrates the correlation patterns among 
oxidative stress, inflammatory markers, and DNA damage 
markers with significant metabolites across all groups (Figure 8). 
Strong positive correlations are observed between metabolites such 
as glutathione, S-lactoylglutathione, carnosine, citicoline, and leucyl 
glycine with antioxidant enzymes (CAT, SOD), suggesting potential 
protective roles. Several metabolites, including taurine, inosine, and 
leucine, show positive associations with inflammatory markers, 
whereas certain amino acid derivatives show negative 
correlations, suggesting possible anti-inflammatory effects. DNA 
damage parameters (TL, TDP, TM, OM) also correlate positively 
with metabolites linked to antioxidant activity, where some lipid- 

derived metabolites exhibit positive associations with DNA damage 
indices, implying potential pro-damage effects.

Building on the overall correlation patterns observed across all 
groups, the group-specific heat map further highlights distinct 
relationships between metabolites and biomarkers influenced by 
age and supplementation. In the old supplemented (OT) group, 
metabolites such as carnosine, histidine, 3-methylhistidine, 
pantothenic acid, L-acetyl carnitine, and carnitine show strong 
positive correlations with antioxidant enzymes (SOD, CAT), 
alongside negative correlations with oxidative stress indices (LPO, 
MDA, HNE) (Figure 9). These trends are substantiated by the scatter 
plots, where significant negative associations between MDA and 
carnosine (r = −0.9961, p = 0.0339), 3-methylhistidine (r = −0.9979, 
p = 0.0021), and carnitine (r = −0.9865, p = 0.0115) in the OT group 
(Figure 10A). Conversely, for antioxidant parameters, strong 
positive associations are observed in the old control (OC) groups 
between SOD activity and histidine (r = 0.9832, p = 0.0168) and 
pantothenic acid (r = 0.9568, p = 0.0432), and in the OT group 
between SOD and pyroglutamic acid (r = 0.9617, p = 0.0329) 
(Figure 10B). Extending these findings, Figure 10C shows a 
significant correlation between CAT and metabolites in aged 
animals. In the OC group, CAT activity shows strong positive 

FIGURE 4 
Levels of inflammatory markers of the young control group, young supplemented group, old control group, and old supplemented group at three 
different time points: 0 month, 1.5 months, and 3 months. (A) C-Reactive protein; (B) Tumour necrosis alpha; (C) Interleukin-6; and (D) Prostaglandin 
Factor 2-alpha. Symbols denote significant values, p < 0.05. * Indicates significant difference between the young control group and the young 
supplemented group; ** indicates significant difference between the old control group and the old supplemented group; a indicates significant 
difference with the young control group at 0 month; e indicates significant difference with the young control group at 1.5 months; and f indicates 
significant difference with the young supplemented group at 1.5 months. Data are presented as mean ± SD, and analysed using ANOVA with Tukey’s post 
hoc analysis. N = 39 (n = 9–10, young control group; n = 9, young supplemented group; n = 5–10, old control group; n = 4–10, young 
supplemented group.
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correlations with histidine, 3-methylhistidine, and pantothenic acid, 
indicating an age-related coupling between amino acid-associated 
metabolic pathways and catalase-mediated antioxidant defence. In 
contrast, these associations are attenuated or absent in the OT 
group, suggesting that supplementation modulates CAT-linked 
metabolic responses and may contribute to redox homeostasis. 
No significant correlations were observed in the young groups. 
The convergence of findings from the heat map and scatter plots 
underscores the role of specific metabolites, particularly amino acid 
derivatives and carnitine species, in modulating oxidative stress and 
supporting antioxidant capacity, with effects most evident in aged 
animals receiving supplementation.

Extending on the oxidative stress findings, the group-specific heat 
map of inflammatory markers reveals distinct relationships between 
metabolites and inflammation, modulated by age and supplementation. 
In the YC group, niacinamide shows a strong negative correlation with 
CRP, while taurine exhibits a strong positive correlation (Figure 11). 
These associations are confirmed in the scatter plots, where CRP is 
significantly negatively correlated with niacinamide (r = −0.8874, p = 
0.0032) and positively correlated with taurine (r = 0.8539, p = 0.0070) 
(Figure 12A). In the YT group, PGF-2α displays significant negative 

correlations with L-acetyl carnitine (r = −0.7491, p = 0.0324) and 
glutamine (r = −0.7258, p = 0.0415), suggesting supplementation- 
related modulation of inflammatory signalling.

In contrast, the OT group shows a shift towards positive 
associations, with PGF-2α correlating strongly with pyroglutamic 
acid (r = 0.9773, p = 0.0227) and spermine (r = 0.9617, p = 0.0483) 
(Figure 12B). The heat map also suggests that TNF-α shows 
moderate correlations with several amino acid derivatives and 
metabolites that are lipid-related across groups, although these 
did not reach statistical significance in the scatter plots 
(Figure 12C). Overall, the integration of heat map and scatter 
plot analysis demonstrates that specific metabolites, particularly 
niacinamide, taurine, L-acetyl carnitine, glutamine, pyroglutamic 
acid, and spermine, are strongly associated with inflammatory 
status, with the direction and strength of these associations 
varying according to age and supplementation.

In relation to the inflammation-associated metabolite patterns, 
the group-specific heat map for DNA damage parameters (tail 
length, tail DNA%, tail moment, olive moment) shows clear age- 
and supplementation-dependent trends (Figure 13). In the YC 
group, metabolites such as 3-methylhistidine, taurine, and inosine 

FIGURE 5 
DNA damage levels of the young control group, young supplemented group, old control group, and old supplemented group at three different time 
points: 0 month, 1.5 months, and 3 months. (A) Tail length, (B) Tail DNA%, (C) Tail moment, and (D) Olive moment. Symbols denote significant values, p < 
0.05. * indicates significant difference between young control group and old control group; # indicates significant difference between young 
supplemented group and old supplemented group; a indicate significant difference compared to young control group at 0 month; b indicates 
significant difference compared to young supplemented group at 0 month; c indicates significant difference compared to old control group at 0 month; d 
indicates significant difference compared to old supplemented group at 0 month; e indicates significant difference compared to young control group at 
1.5 months; and f indicates significant difference compared to young supplemented group at 1.5 months. Data are presented as mean ± SD, and analysed 
using ANOVA with Tukey’s post hoc analysis. N = 39 (n = 9–10, young control group; n = 9, young supplemented group; n = 5–10, old control group; n = 
3–10, old supplemented group).
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FIGURE 6 
Cross-sectional muscle fibres stained with H&E in rat muscle tissue. Rats supplemented with palm oil: (A) young group and (C) old group. Rats 
supplemented with TRF: (B) young group, and (D) old group. Muscle fibres are surrounded by connective tissue layers (labelled with a star), and each 
muscle fibre is enveloped by endomysium (labelled with an arrow). The images were taken at ×40 magnification.

FIGURE 7 
Longitudinal sections of muscle fibres and soleus muscle fascicles. Rats supplemented with palm oil: (A) young group, and (C) old group. Rat 
supplemented with TRF: (B) young group, and (D) old group. Many nuclei can be seen infiltrating into the muscle fibres (circled). The images were taken 
at ×40 magnification.
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exhibit strong negative correlations with multiple DNA damage 
indices, suggesting potential protective roles in maintaining 
genomic stability. These associations are substantiated by the 
scatter plots, where 3-methylhistidine is significantly negatively 
correlated with tail length (r = −0.7971, p = 0.0308) and olive 
moment (r = −0.77876, p = 0.0354), while inosine shows strong 
negative associations with tail length (r = −0.9304, p = 0.0061) and 
olive moment (r = −0.9670, p = 0.0017) (Figure 14). In the OT group, 
taurine stands out with negative correlations to tail DNA% % 
(r = −0.6902, p = 0.0587) and tail moment (r = −0.6951, p = 
0.0569), indicating a possible enhancement of its DNA-protective 
role through supplementation. The heat map also highlights positive 
correlations between specific lipid-related metabolites and DNA 
damage indices in OC rats, although these were not statistically 
significant. Overall, the data suggest that specific amino acid 
derivatives and nucleosides, most notably 3-methylhistidine, 
taurine, and inosine, are associated with reduced DNA damage, 
with the most potent effects evident in YC and, to a lesser degree, in 
supplemented aged animals.

Discussion

Our findings revealed clear and consistent changes in the aged 
group across various biological parameters, including oxidative 
stress, inflammation, DNA damage, and metabolite levels. These 
changes reflect the natural physiological shifts that occur with 
ageing, particularly the decline in cellular function and redox 
balance. The significant differences observed between the young 
and old groups highlight how ageing affects the body at multiple 
levels, setting the stage for understanding how interventions might 
help slow or counteract these effects.

One of the key indicators of age-related physiological decline 
observed in this study was the alteration in body composition. 
DEXA analysis revealed a significantly higher BMC and BMD in 
the old groups compared to the young groups, which reflects the 
natural attainment of peak bone mass in adulthood [40, 41]. 
Additionally, markers of an increase in fat percentage and fat 
mass were observed in the older groups, consistent with age- 
associated fat accumulation reported in previous studies [42, 43]. 

FIGURE 8 
Correlation between oxidative stress markers, inflammatory markers and DNA damage parameters and significant metabolites after 3 months of 
supplementation in young and old rats (control and supplemented groups). White numbers are Pearson’s correlation, while black numbers are Spearman’s 
correlation. Bold numbers are considered significant with a p-value <0.05. LPO: Lipid peroxidation; SOD: superoxide dismutase; MDA: Malondialdehyde; 
HNE: 4-Hydroxynonenal; CAT: Catalase activity; PGF-2α: Prostaglandin Factor 2-alpha; CRP: C-Reactive Protein; TNF-α: Tumour necrosis factor 
alpha; IL-6: Interleukin-6; TL: Tail Length; TDNA: Tail DNA percentage; TM: Tail Moment; OM: Olive moment.
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Notably, a reduction in muscle mass was evident in older animals, 
indicating early signs of sarcopenia, a progressive loss of muscle 
tissue commonly associated with ageing.

Although these changes reflect hallmark features of ageing, TRF 
supplementation did not significantly reverse the decline in muscle 
mass or overall body composition. This may be due to the advanced 
age-related deterioration in the study subjects, suggesting that TRF 
may be more effective as a preventive agent than as a therapeutic 
intervention. These findings suggest that TRF primarily exerts 
cytoprotective rather than anabolic effects in ageing muscle. The 
observed improvements in antioxidant defence, inflammatory 
modulation, and DNA integrity indicate that TRF supports 
cellular homeostasis and mitigates molecular damage, rather than 
directly promoting muscle hypertrophy or reversing established 
structural decline. The absence of significant effects may also be 
related to the dosage or duration of TRF administration, suggesting 
that higher doses or more prolonged supplementation may be 
necessary to produce measurable improvements. The lack of 
significant changes in muscle mass may also be influenced by the 

duration and timing of the intervention. Given that the animals were 
already aged, structural degeneration may have progressed beyond a 
reversible stage. It is plausible that earlier or longer-term 
supplementation could yield more pronounced effects on muscle 
mass and body composition, particularly if administered prior to the 
onset of significant age-related deterioration.

The findings in this current study underscore the potential of 
TRF supplementation to enhance antioxidant defence mechanisms, 
particularly by improving SOD and CAT activities in aged rats, 
thereby mitigating age-associated oxidative stress. Ageing can 
significantly impact SOD and CAT activity and lead to changes 
in the antioxidant defence system [44]. In fact, the effect of ageing on 
SOD and CAT activity has been observed in domestic cats, with 
older cats showing a reduced ability to digest energy and protein, 
possibly reflecting changes in enzyme activity [44].

The increase in activity of SOD in ageing muscle due to TRF 
supplementation may be attributed to TRF’s ability to regulate 
antioxidant enzyme activity. This aligns with previous studies 
showing a significant increase in SOD activity after 6 months of 

FIGURE 9 
Correlation between oxidative stress markers (LPO, SOD, MDA, HNE, and CAT) and significant metabolites after 3 months of supplementation in 
young and old rats (control and supplemented groups). White numbers are Pearson’s correlation, while black numbers are Spearman’s correlation. Bold 
numbers are considered significant with a p-value <0.05. LPO: Lipid peroxidation; SOD: Superoxide dismutase; MDA: Malondialdehyde; HNE: 4- 
Hydroxynonenal; CAT: Catalase activity; YC: young control; YT: young supplemented; OC: old control; OT: old supplemented.
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TRF supplementation [32]. The increase in SOD activity is also 
consistent with findings that TRF supplementation enhances the 
proliferative capacity of stress-induced senescent myoblasts and 
regulates satellite cell renewal, indicating its potential in 
improving muscle regeneration and function [45]. Furthermore, 
TRF has been shown to restore the morphology of aged human 
diploid fibroblasts, thereby reducing senescence-associated β- 
galactosidase activity and DNA damage, demonstrating its 
capacity to counteract cellular ageing [46]. Additionally, TRF has 
been reported to promote myogenic differentiation and prevent 
replicative senescence of myoblasts, suggesting its potential in 
preventing muscle ageing [47].

The effects of TRF on catalase activity in muscle during ageing 
can be explained by considering TRF’s role in regulating antioxidant 
enzyme activity. Although the references provided do not directly 
discuss the specific impact of TRF on CAT activity in ageing muscle, 
a general understanding of TRF’s influence on antioxidant enzymes 
can provide relevant insights. TRF has been shown to induce the 
activity of antioxidant enzymes such as SOD [48]. The increased 
SOD activity due to TRF supplementation may indirectly affect CAT 
activity, as SOD dismutates superoxide ions to produce hydrogen 
peroxide, which CAT then decomposes [48]. Furthermore, the 
therapeutic potential of increased SOD activity in protecting 
against neurotoxicity caused by oxidative stress may also 
influence CAT activity [49].

Analysis of MDA and 4-HNE levels revealed a significant 
elevation in the aged control group relative to the young control 
group, indicating an age-associated increase in lipid peroxidation 
and heightened oxidative stress in ageing muscle tissue. Notably, 
after 3 months of TRF supplementation, the TRF-supplemented 

aged group exhibited a significant reduction in both MDA and 4- 
HNE levels compared with the aged control, suggesting a potential 
antioxidative effect of TRF. This reduction suggests the possible 
ameliorative effects of TRF on lipid peroxidation and its ability to 
address age-related oxidative damage. MDA and HNE are markers 
of lipid peroxidation; thus, their reduction indicates a decline in lipid 
peroxidation. These findings suggest that even if the overall level of 
lipid peroxidation does not change significantly, the specific 
assessment of MDA and HNE provides more detailed and 
meaningful insights. The observed reduction in MDA and HNE 
following TRF supplementation highlights TRF’s potential to 
mitigate lipid peroxidation, underscoring its promise in 
addressing oxidative stress in ageing muscle tissues.

The increase in MDA and HNE plays a crucial role in muscle 
ageing through lipid peroxidation. Both of these chemicals, 
produced from lipid peroxidation, are highly reactive and can 
form covalent adducts with proteins, indicating increased lipid 
damage [50]. Previous studies reported elevated plasma levels of 
MDA and HNE, indicating accelerated lipid peroxidation in various 
conditions, including uraemia and autoimmune diseases [51]. This 
mechanism is recognised as a contributing factor in the 
development of autoimmune conditions and various age-related 
diseases [52, 53]. The significance of MDA and HNE in lipid 
peroxidation extends beyond their ability to form protein 
adducts; they also exert broader toxic and mutagenic effects, 
highlighting their critical role in mediating oxidative stress [54]. 
Moreover, elevated levels of MDA and HNE may result from 
increased hydroxyl radical production, which intensifies oxidative 
stress and promotes lipid peroxidation [55]. Although overall lipid 
peroxidation levels did not change significantly after TRF 

FIGURE 10 
Scatter plots illustrating the correlation between oxidative stress marker (malondialdehyde, MDA) levels and significant metabolites after 3 months of 
supplementation in young and old rats (control and supplemented groups) (A); Scatter plots illustrating the correlation between antioxidant enzymes 
superoxide dismutase (SOD), (B) and catalase (CAT), (C) and significant metabolites after 3 months of supplementation in young and old rats (control and 
supplemented groups). Each point represents one subject (n = 4 – 8 per group), and correlation values (r) and significance levels (p) are provided on 
plots, which are significant (red: negatively correlated; green: positively correlated).
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supplementation in the aged group, the significant reductions in 
MDA and HNE suggest that TRF may mitigate lipid peroxidation in 
the context of muscle ageing. These findings offer a more detailed 
and meaningful perspective on the effects of TRF on lipid 
peroxidation in ageing muscle tissue.

TRF supplementation has been shown to reduce MDA and HNE 
values after 3 months of supplementation. This may be due to TRF’s 
potent antioxidant properties, which can scavenge free radicals and 
ROS generated during lipid peroxidation. By neutralising these 
harmful molecules, TRF may help prevent the formation of 
MDA and 4HNE, thereby reducing oxidative stress levels [56]. 
Moreover, previous studies have confirmed that tocotrienols can 
inhibit lipid peroxidation by preventing lipid oxidation in cell 
membranes, thus reducing the availability of substrates for MDA 
and 4HNE formation [57]. Studies have also shown that tocotrienols 
can modulate the activity of enzymes involved in lipid metabolism 
and antioxidant defence pathways [58]. In the present study, TRF 
was found to enhance the activity of antioxidant enzymes such as 
SOD, which plays a crucial role in neutralising ROS and mitigating 
lipid peroxidation. This finding aligns with previous studies 

indicating that SOD catalyses the dismutation of superoxide 
radicals into oxygen and hydrogen peroxide, thereby lowering 
superoxide radical concentration, which is a major contributor to 
ROS and lipid peroxidation [59]. By reducing superoxide levels, 
SOD helps prevent the initiation of lipid peroxidation, a chain 
reaction that produces lipid hydroperoxides, which subsequently 
form MDA and 4HNE [60].

Additionally, TRF has been proven to possess anti-inflammatory 
properties that can reduce inflammation caused by oxidative stress 
[61]. By reducing inflammatory responses, TRF may indirectly lower 
MDA and 4-HNE production, which are often associated with 
inflammatory processes. In this study, the effects of TRF 
supplementation on various inflammatory markers were 
investigated across different age groups. Specifically, the levels of 
CRP, IL6, TNF-α, and PGF-2α were measured in control and TRF- 
supplemented groups. In the control group, CRP levels were 
significantly higher compared to the supplemented 
group. Moreover, IL6 and TNF-α levels decreased in the young 
control group after 3 months of observation, although no other 
significant changes were observed. Interestingly, PGF-2α levels were 

FIGURE 11 
Correlation between inflammatory markers and significant metabolites after 3 months of supplementation in young and old rats (control and 
supplemented groups). White numbers are Pearson’s correlation, while black numbers are Spearman’s correlation. Bold numbers are considered 
significant with a p-value <0.05. PGF2α: Prostaglandin factor 2-alpha; CRP: C-Reactive protein; TNF-α: Tumour necrosis factor alpha; IL6: Interleukin 6; 
YC: young control; YT: young supplemented; OC: old control; OT: old supplemented.
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significantly higher in the old supplemented group after 1.5 months 
of receiving TRF. These findings suggest that TRF supplementation 
may have potential anti-inflammatory effects, as indicated by the 
observed reduction in CRP levels and modulation of IL6 and TNF-α 
in the young control group.

The findings on increased CRP levels are consistent with 
previous studies recognising CRP as a marker of systemic 
inflammation associated with age-related muscle deterioration, 
known as sarcopenia [62]. Studies also report that increased 
inflammatory signalling in ageing muscle may reduce muscle 
regeneration potential, further contributing to muscle ageing 
[63]. Moreover, previous studies indicated that elevated CRP 
levels in the context of muscle ageing may reflect a state of 
chronic low-grade inflammation associated with structural and 
functional changes in aged muscle [64]. Additionally, high levels 
of pro-inflammatory cytokines, including CRP, IL6, and TNF-α, 
have been linked to muscle wasting and increased muscle ageing. 
This suggests their involvement in complex inflammatory signalling 
networks related to muscle homeostasis and age-associated 
impairments [65].

However, the measured IL6 and TNF-α levels did not show a 
significant increase, as expected, given prior studies showing that 
pro-inflammatory markers such as IL6 and TNF-α increase with age. 
The lack of increase or detection of IL6 and TNF-α levels in this 
study after 3 months may be due to timing mismatches with the peak 
expression of these cytokines, which may have transiently increased 
earlier or later than the time of measurement. Another reason could 
be that the supplementation or intervention successfully suppressed 
IL6 and TNF-α production. Another possible reason for the lack of 
increase in IL6 and TNF-α levels is the inevitable variability in 

cytokine levels among individual rats. Factors such as genetics, 
lifestyle, and overall health status can influence cytokine 
production. Furthermore, inflammation is a complex and 
dynamic process involving multiple cytokines and signalling 
pathways. Although IL6 and TNF-α are key players, other 
cytokines and mediators may also be involved in the 
inflammatory responses. Changes in IL6 and TNF-α may be 
masked by compensatory mechanisms or interactions with other 
inflammatory molecules.

In the current study, PGF-2α was measured via a urine test. 
Urinary PGF-2α may serve as an inflammatory marker in ageing 
muscle. In older and obese individuals, higher levels of circulating 
inflammatory markers and/or cytokines are associated with low 
muscle content, suggesting that muscle tissue itself may regulate 
inflammatory markers [66]. PGF-2α is a bioactive prostaglandin 
associated with various physiological and pathological processes, 
including inflammation [67]. Prior research has demonstrated that 
8-iso-PGF2α, a type of isoprostane, can suppress monocyte adhesion 
to microvascular endothelial cells, which is an initial step in the 
inflammatory response. This suggests its role in modulating 
inflammation [68].

Oxidative stress, characterised by an imbalance between ROS 
generation and the body’s antioxidant defence capacity, can lead to 
damage of cellular components, including DNA [69, 70]. The 
buildup of oxidative DNA damage, exemplified by the formation 
of 8-hydroxy-2′-deoxyguanosine (8-OHdG), has been documented 
during ageing and in numerous pathological conditions, 
highlighting the contribution of oxidative stress to DNA damage 
[71]. Additionally, chronic inflammation has also been linked to 
ROS production, which can directly contribute to DNA damage and 

FIGURE 12 
Scatter plots illustrating the correlation between inflammatory marker (C-reactive protein, CRP) and significant metabolites after 3 months of 
supplementation in young and old rats (control and supplemented groups) (A); Scatter plots illustrating the correlation between prostaglandin factor 2- 
alpha (PGF-2α), (B) and tumor necrosis factor alpha (TNF-α), (C) and significant metabolites after 3 months of supplementation in young and old rats 
(control and supplemented groups). Each point represents one subject (n = 4 – 8 per group), and correlation values (r) and significance levels (p) are 
provided on plots, which are significant (red: negatively correlated; green: positively correlated).
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genomic instability [70]. The roles of DNA damage in age-associated 
inflammation are also well-documented, where excess cytoplasmic 
DNA is thought to drive inflammatory responses and cellular 
senescence [71]. Together, oxidative stress, DNA damage, and 
inflammation form an interconnected network that contributes to 
ageing and age-related diseases.

Earlier studies have reported a progressive increase in the 
percentage of DNA present in the comet tail with advancing age, 
indicating a gradual accumulation of DNA damage over time [72]. 
These observations are in line with the findings of the present study, 
which demonstrated increased DNA damage in aged rats.

Histological analysis complemented these findings by revealing 
a consistent reduction in connective tissue thickness and nuclear 
infiltration in the muscle of TRF-supplemented rats. This provides 
strong evidence for TRF’s potential to enhance muscle function and 
counteract age-related changes in body composition. In the context 
of metabolomic analysis, TRF supplementation led to significant 
shifts in muscle metabolite profiles associated with tissue 
remodelling, fiber atrophy, and mitochondrial function in both 
young and old rats.

In this study, metabolite changes were compared between the 
control and TRF-supplemented groups in young and old rats using 
muscle tissue. The metabolomic findings, derived from the same 
experimental cohort, were previously reported in an earlier 
publication from this study [39]. In this present article, we 
extended this analysis by performing correlation analysis between 
the metabolomic data and the physiological and biochemical 
parameters, providing deeper insight into the functional 
relevance of the observed metabolic shifts. The observed 
correlations suggest that TRF appears to modulate redox-related 
amino acid and acylcarnitine metabolism in aged muscle in a 
manner indicative of reduced oxidative damage and refined 
regulation of antioxidant enzyme activity, rather than a simplistic 
linear relationship between antioxidant availability and enzymatic 
response. This is supported by the correlations between metabolites 
and biomarkers observed, which collectively suggest a shift toward 
improved endogenous antioxidant buffering and mitochondrial 
metabolic regulation.

Key metabolites implicated in redox homeostasis, particularly 
carnosine and histidine-related compounds, demonstrated strong 

FIGURE 13 
Correlation between DNA damage parameters and significant metabolites after 3 months of supplementation in young and old rats (control and 
supplemented groups). White numbers are Pearson’s correlation, while black numbers are Spearman’s correlation. Bold numbers are considered 
significant with a p-value <0.05. TL: tail length; TDNA: tail DNA percentage; TM: tail moment; OM: olive moment; YC: young control; YT: young 
supplemented; OC: old control; OT: old supplemented.
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FIGURE 14 
Scatter plots illustrating the correlation between DNA damage indices (tail length, tail DNA %, tail moment, and olive moment) and significant 
metabolites after 3 months of supplementation in young and old rats (control and supplemented groups). Each point represents one subject (n = 4 – 8 per 
group), and correlation values (r) and significance levels (p) are provided on plots, which are significant (red: negatively correlated; green: positively 
correlated). YC, young control; YT; young supplemented; OC, old control and OT, old supplemented.
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associations with oxidative stress markers. Carnosine, a histidine- 
containing dipeptide abundant in skeletal muscle, is known to 
scavenge reactive oxygen and nitrogen species, chelate redox- 
active metals, and form adducts with lipid peroxidation products 
while supporting glutathione (GSH) homeostasis [73, 74]. Its 
negative correlation with MDA in the TRF-supplemented group 
suggests that higher carnosine availability is linked to reduced lipid 
peroxidation, consistent with its established antioxidant and anti- 
glycation roles [75]. Similarly, histidine and its derivatives, which 
contribute to intracellular buffering and metal ion interaction [76], 
showed positive correlations with SOD and catalase in the control 
group, indicating that under higher oxidative stress conditions, 
histidine metabolism may track with increased enzymatic 
antioxidant demand [77].

In contrast, 3-methylhistidine, a marker of myofibrillar 
proteolysis [78], exhibited positive correlations with SOD and 
catalase in older controls, reflecting a state in which muscle 
protein breakdown, oxidative stress, and compensatory 
antioxidant enzyme activity are closely coupled [79, 80]. This 
pattern is characteristic of sarcopenic muscle, where chronic 
oxidative stress drives both proteolysis and upregulation of 
antioxidant defences [81]. Similarly, pantothenic acid, a precursor 
of coenzyme A essential for mitochondrial β-oxidation [82], was 
positively associated with antioxidant enzymes in controls, 
suggesting adaptive upregulation of energy metabolism and redox 
defences in response to metabolic stress [83].

TRF supplementation altered these relationships substantially. 
Negative correlations between carnosine, 3-methylhistidine, and 
carnitine with MDA, alongside inverse relationships between 
long-chain acylcarnitines and catalase activity, indicate a 
metabolic environment characterized by lower oxidative burden 
and reduced reliance on maximal antioxidant enzyme induction 
[75]. The emergence of a positive association between pyroglutamic 
acid, an intermediate of the γ-glutamyl cycle [84, 85], SOD further 
suggests tighter coupling between glutathione cycling and 
superoxide detoxification under TRF [86]. This may reflect a 
more efficient or regulated redox buffering system, where low- 
molecular-weight antioxidants and glutathione metabolism play a 
more prominent role relative to stress-driven enzymatic responses.

Importantly, the divergence in correlation patterns between 
control and TRF-supplemented groups suggests a shift in how 
antioxidant systems integrate metabolic signals. In the control 
state, positive associations between histidine, 3-methylhistidine, 
pantothenic acid, and antioxidant enzymes are consistent with a 
response driven by damage, wherein increased oxidative stress 
simultaneously promotes muscle breakdown, metabolic 
adaptation, and enzyme upregulation [87]. In contrast, the TRF- 
associated pattern, which is characterized by reduced lipid 
peroxidation, altered acylcarnitine handling, and diminished 
coupling between proteolysis markers and antioxidant enzymes, 
supports a model in which primary oxidative stress is attenuated, 
thereby reducing the need for sustained high enzymatic antioxidant 
activity [29].

These findings align with established features of sarcopenia, 
including elevated oxidative stress, increased lipid peroxidation, 
mitochondrial dysfunction, and enhanced myofibrillar proteolysis 
[88]. The observed TRF-associated metabolomic shifts, particularly 
the enhanced role of carnosine, glutathione cycle intermediates, and 

carnitine metabolism, are consistent with improved mitochondrial 
redox handling and attenuation of oxidative damage [29, 39]. While 
correlation analysis does not establish causality, these data, together 
with prior mechanistic evidence demonstrating TRF-mediated 
modulation of antioxidant enzyme expression and lipid 
peroxidation, support the interpretation that TRF contributes to 
a partial normalization of the redox-metabolic milieu in ageing 
muscle. This normalization appears to involved a transition from 
stress-responsive, enzyme-dominated antioxidant activity toward a 
more balances system integrating intrinsic antioxidant metabolites 
and mitochondrial metabolic flexibility.

To gain deeper insight into the metabolic pathways linked to 
oxidative stress, inflammation, and DNA damage in ageing, we 
conducted Pearson’s correlation analysis between the identified 
metabolites and relevant biochemical markers. This strategy 
enables us to pinpoint metabolites that may serve as indicators 
or regulators of these physiological changes.

Findings from the same cohort study, previously published [39] 
reported significant alterations in a range of metabolites in the aged 
control group compared to the young control group. These included 
notable changes in amino acids, dipeptides, nucleosides, and 
metabolic intermediates such as histidine, 3-methylhistidine, 
hydroxycinnamic acid, phenylalanine, leucyl-glycine, valyl- 
proline, prolyleucine, aspartyl phenylalanine, N6-Me-adenosine, 
decanoyl carnitine, L-palmitoyl carnitine, glyceric acid, malic 
acid, xanthine, tyrosine, tryptophan, pantothenic acid, and 
uridine [39]. These shifts reflect age-associated metabolic 
dysregulation and provide a biochemical basis for further 
investigation into oxidative stress, inflammation, and genomic 
instability observed with ageing.

The correlation analysis between selected metabolites and 
oxidative stress markers revealed distinct age- and supplement- 
dependent metabolic responses in skeletal muscle. In aged 
control rats, a strong positive correlation between CAT and the 
metabolites histidine, pantothenic acid, and 3-methylhistidine 
points to the body’s adaptive antioxidant response to ageing- 
related oxidative stress [89]. Histidine, known for its free radical- 
scavenging and buffering properties, along with its derivative 
anserine (1-methylhistidine), supports mitochondrial and redox 
balance during oxidative challenge [90]. Pantothenic acid, a 
precursor of coenzyme A (CoA), plays a key role in energy 
metabolism and redox regulation [91, 92]. Its adequacy is vital 
for mitochondrial function, and elevated levels have been linked to 
increased antioxidant activity, including glutathione synthesis, 
which suggests a protective metabolic adjustment during 
oxidative stress [92, 93]. Additionally, higher levels of 3- 
methylhistidine, which is an indicator of muscle protein 
breakdown, may reflect increased muscle turnover to support 
energy or antioxidant demands during ageing, underlining the 
importance of maintaining muscle health and nutrient intake in 
the elderly [94, 95].

TRF supplementation appears to moderate the association 
between CAT and metabolites like histidine and pantothenic acid 
in aged rats, suggesting improved redox balance and reduced 
oxidative stress. This shift implied a lowered physiological 
demand for compensatory antioxidant responses. In the control 
group, strong CAT and metabolite correlations indicate a 
heightened need for oxidative stress management. In contrast, 
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the weakened correlation seen with TRF supplementation suggests 
stabilised metabolic and redox states, likely due to enhanced 
mitochondrial and cellular function [96, 97]. Furthermore, TRF 
may modulate gene expression linked to metabolic stress and 
inflammation, supporting muscle recovery and resilience in 
ageing populations through its impact on amino acid pathways, 
including those involving histidine [97, 98].

In aged controls, a strong positive correlation between SOD and 
the selected metabolites highlights the importance of glutathione 
metabolism and CoA synthesis in managing oxidative stress. 
Histidine contributes to the production of antioxidant peptides 
like anserine and carnosine, while pyroglutamic acid supports 
glutathione activity [99, 100]. These relationships suggest a 
coordinated antioxidant response in ageing. However, ageing is 
often marked by reduced antioxidant enzyme activity, increasing the 
need for compensatory mechanisms [101]. Studies show that 
supplementation with TRF boosts SOD and glutathione activity, 
reducing oxidative burden and improving redox balance [32, 97]. 
The weakened correlations between SOD and these metabolites after 
TRF supplementation suggest a reduced need for metabolic 
compensation, reflecting enhanced antioxidant capacity. TRF 
likely exerts its effects by upregulating SOD and supporting 
mitochondrial health, possibly via Nrf2 pathway activation, which 
improves the body’s natural antioxidant defence [102].

In TRF-supplemented aged rats, the negative correlation 
between MDA and metabolites like carnosine and carnitine 
suggests TRF’s strong antioxidant potential in reducing oxidative 
damage. Since high MDA reflects oxidative stress-related cellular 
damage, its reduction suggests that TRF supports a better redox 
balance in ageing muscle [103]. Carnosine, known for buffering and 
antioxidant functions, helps neutralise ROS and protect muscle cells 
[104]. Carnitine aids in mitochondrial fatty acid transport, 
promoting energy metabolism and muscle function [105]. Their 
inverse relationship with MDA suggests that TRF plays a role in 
preserving these metabolites, thereby enhancing cellular defence and 
muscle health. Studies confirm TRF’s ability to lower oxidative 
markers like MDA and improve energy metabolism by boosting 
antioxidant enzymes [96, 106]. This not only protects muscle tissue 
but may also combat age-related sarcopenia and frailty by 
maintaining key metabolites and reducing oxidative burden [107].

The significant negative correlations between PGF2α, an 
inflammatory mediator, and metabolites such as glutamine and 
L-acetyl carnitine in young rats supplemented with TRF suggest 
that TRF plays a key role in regulating inflammation, supporting 
metabolic balance under stress. PGF2α is known to rise during 
oxidative stress or tissue injury, and its inverse relationship with 
glutamine indicates a potential compensatory increase in this amino 
acid to support antioxidant defence, glutathione synthesis, and 
tissue repair [108, 109]. Similarly, the inverse relation with 
L-acetyl carnitine, a metabolite involved in fatty acid oxidation 
and mitochondrial function, suggests that TRF may enhance 
cellular energy metabolism while reducing inflammation [110]. 
L-acetyl carnitine has been shown to suppress pro-inflammatory 
cytokines and improve mitochondrial bioenergetics, contributing to 
a more efficient and adaptive response to oxidative and 
inflammatory stress [111, 112]. These findings indicate that TRF 
supplementation supports mitochondrial health and amino acid 
metabolism, creating a protective mechanism that reduces PGF2α 

levels and helps maintain cellular function under 
physiological stress.

The strong inverse correlation between citicoline and TNF-α in 
old rats suggests that TRF may reduce inflammation by enhancing 
membrane integrity and suppressing pro-inflammatory cytokines. 
Citicoline, a precursor of phosphatidylcholine, supports membrane 
stability and has documented anti-inflammatory and 
neuroprotective effects, which are particularly beneficial in ageing 
tissues prone to oxidative and inflammatory damage [113, 114]. 
Conversely, the positive correlations between PGF2α, spermine, and 
pyroglutamic acid reflect heightened metabolic activity in response 
to inflammation. Spermine, a polyamine involved in cell 
maintenance and stress responses, appears to increase alongside 
inflammation, suggesting a compensatory signalling mechanism in 
aged muscle [115]. Pyroglutamic acid, linked to glutathione 
metabolism, likely rises to support antioxidant defence under 
inflammatory stress, indicating an adaptive attempt to maintain 
redox balance [116]. In contrast, aged control rats exhibited weak or 
disrupted correlations between inflammatory markers and 
metabolic indicators, suggesting impaired metabolic 
responsiveness and flexibility. This breakdown in metabolic- 
inflammation coupling is consistent with chronic inflammation 
in ageing and highlights TRF’s role in restoring more adaptive 
biochemical responses [117, 118].

In young control rats, positive correlations between 3- 
methylhistidine and tail length and olive moment suggest that 
muscle protein breakdown in youth may reflect active 
regeneration and healthy muscle function rather than damage or 
decline [119, 120]. This indicates a more resilient and dynamic 
metabolic state in younger animals. However, this association 
weakens in aged or TRF-supplemented rats, likely due to age- 
related metabolic changes such as reduced muscle mass, 
hormonal shifts, and impaired protein synthesis [121, 122]. 
Although TRF offers antioxidant benefits, it may not fully 
counteract the diminished metabolic adaptability seen with 
ageing [47, 123]. The lack of this protective correlation in older 
or TRF-supplemented animals highlights the complexity of age- 
related metabolic regulation. It suggests that while 3-methylhistidine 
is a useful marker of muscle catabolism, its interpretation should 
consider the broader physiological context, particularly age and 
oxidative stress levels [94, 122].

The correlations between taurine levels and DNA 
fragmentation markers in old supplemented rats highlight 
taurine’s potential role in protecting against age-related 
oxidative stress and DNA damage. Negative associations with 
tail DNA% %, tail moment, and olive moment suggest that 
higher taurine levels are linked to lower DNA damage in aged 
muscle tissue [124, 125]. Taurine is known for its antioxidant 
and membrane-stabilising properties, which help reduce 
oxidative stress and support cellular health. Importantly, 
taurine is highly enriched in skeletal muscle, where it 
regulates ion channel function, maintains membrane stability, 
and supports mitochondrial quality control and calcium 
homeostasis, while also acting as a key cytoprotective 
osmolyte and indirect antioxidant. Consistent with these 
roles, previous studies have demonstrated that taurine 
supplementation improves oxidative balance, enhances 
mitochondrial function, and attenuates muscle atrophy, partly 
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through modulation of key signalling pathways such as P13K/ 
Akt/mTOR and NF-κB/FOXO-Atrogin1/MuRF1 that are central 
to muscle proteostasis [126]. In conditions of oxidative stress or 
muscle overuse, taurine has also been shown to reverse oxidative 
damage and restore contractile function, which may contribute 
to limiting DNA damage [127], in line with the present findings.

Interestingly, these protective correlations were absent in both 
young and old control groups, indicating that TRF may enhance 
taurine’s antioxidant effects specifically in older animals under 
oxidative stress [124]. This suggests that TRF is essential in 
amplifying taurine’s protective role against DNA damage in aged 
tissues. The synergy between taurine and TRF supports interpreting 
taurine not merely as a passive biomarker, but as part of an adaptive 
antioxidant and membrane-stabilising response that becomes more 
evident when oxidative stress is pharmacologically attenuated. 
Collectively, this interaction represents a promising therapeutic 
strategy to reduce age-related muscle degeneration and genomic 
instability [128]. As ageing is marked by decreased repair capacity 
and increased oxidative damage, this combination may help 
preserve muscle integrity and counteract frailty in older adults [129].

The negative correlations between inosine levels and markers of 
DNA damage in young control rats suggest that inosine may play a 
protective role in preserving DNA integrity during early life. As a purine 
nucleoside with anti-inflammatory and cytoprotective properties, higher 
inosine levels appear to be linked with reduced DNA fragmentation, 
indicating a supportive role in maintaining healthy muscle tissue when 
DNA repair processes are more active [130]. Inosine is known to combat 

oxidative stress and has shown protective effects in various cell models 
[131]. Its effectiveness seems more pronounced during youth, a period 
marked by cellular repair capacity and high metabolic activity. However, 
the lack of similar associations in older or supplemented animals 
suggests that ageing or interventions may diminish inosine’s ability 
to activate these protective pathways, reflecting shifts in metabolic and 
repair mechanisms over time [132].

Summary table

What is known about this topic

• Ageing increases oxidative stress, inflammation, and DNA 
damage, contributing to sarcopenia.

• Metabolic dysregulation is closely linked to redox imbalance and 
muscle degeneration.

• Tocotrienols possess antioxidant and anti-inflammatory 
properties with potential protective effects.

What this work adds

• Demonstrates integrated correlations between metabolomics, 
oxidative stress, inflammation, and DNA damage in 
ageing muscle.

• Shows TRF enhances antioxidant defence and modulates 
metabolite-biomarker interactions in aged rats.

FIGURE 15 
Graphical summary of the effects of tocotrienol-rich fraction (TRF) supplementation on ageing skeletal muscle. Ageing was associated with 
increased oxidative stress, inflammation, DNA damage, altered body composition, and metabolic dysregulation. TRF supplementation enhanced 
antioxidant enzyme activity (SOD, CAT), reduced lipid peroxidation (MDA, 4-HNE) and inflammatory markers (CRP, IL-6, TNF-α, PGF-2α), attenuated DNA 
fragmentation, improved histological features, and restored metabolite balance. Collectively, these effects support improved redox homeostasis, 
genomic stability, and healthier muscle ageing (Created with Biorender.com).
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• Identifies specific metabolites (e.g., taurine, carnitine, histidine) 
linked to improved redox and genomic stability.

This work represents an advance in biomedical science by 
linking metabolomic shifts to redox, inflammatory, and genomic 
changes, demonstrating TRF’s role in stabilising these interactions 
during ageing.

Beyond individual biomarker changes, ageing is increasingly 
recognised as a process characterised by dysregulation of 
interconnected metabolic and redox networks [133]. The findings 
of the present study support this systems-level perspective, 
demonstrating that ageing is associated with a coordinated, yet 
maladaptive coupling between oxidative stress, inflammation, and 
metabolic pathways [134]. Importantly, TRF supplementation 
appears to stabilise these interactions, shifting the system from a 
predominantly “damage-drive” state toward a more regulated and 
resilient metabolic environment. This transition is reflected in the 
attenuation of pathological metabolite-biomarker associations and 
the enhancement of protective metabolic linkages. Collectively, 
these findings extend the understanding of TRF beyond its 
conventional role as a direct antioxidant, highlighting the 
potential to modulate the broader redox-metabolic network 
underlying ageing and sarcopenia.

Conclusion

In conclusion, this study demonstrates that ageing is associated 
with significant physiological, biochemical, and metabolic 
alterations, including increased oxidative stress, inflammation, 
DNA damage, and disrupted metabolite profiles. Although TRF 
supplementation did not significantly restore muscle mass or overall 
body composition, it effectively enhanced antioxidant defence by 
increasing SOD and CAT activities, reducing lipid peroxidation 
(MDA, 4-HNE), and modulating key metabolites associated with 
redox balance, inflammation, and DNA damage. This study utilised 
only male rats; therefore, the findings may not fully capture sex- 
specific differences in redox regulation, metabolism, and response to 
TRF supplementation. Further studies incorporating both sexes are 
warranted to determine whether the observed metabolite-biomarker 
interactions and TRF effects are sex-dependent.

Notably, TRF influences metabolite-biomarker interactions, 
including associations involving protective metabolites such as 
taurine, and contributes to the attenuation of inflammatory 
markers such as CRP and PGF-2α. These findings suggest that 
TRF primarily modulates redox and inflammatory pathways and 
supports metabolic homeostasis in ageing muscle, rather than 
reversing established structural or compositional decline.

Overall, the correlation analyses indicate that ageing is 
characterised by coordinated metabolic shifts linking amino acid 
and carnitine metabolism with antioxidant defense, inflammation, 
and genomic stability, while TRF supplementation partially 
mitigates these age-associated alterations. Collectively, these 
findings support the potential role of TRF as a nutritional 
strategy to preserve redox balance and cellular integrity during 
ageing. A schematic summary of these interactions is presented 
in Figure 15.

Limitations and future studies

One notable limitation of this study is the relatively brief 
duration of TRF supplementation, which may have been 
insufficient to produce substantial improvements in muscle 
mass or fully counteract age-related degenerative changes. 
Future research should explore longer intervention periods to 
better understand TRF’s therapeutic potential. In addition, 
blinding was not implemented during group allocation and 
outcome assessment; however, standardised experimental 
protocols were consistently applied to minimize potential 
bias. Future studies incorporating blinded designs would 
further strengthen methodological rigor.

Furthermore, this study did not include functional 
assessments of muscle performance, such as grip strength or 
endurance capacity, which could complement the biochemical 
and histological findings. Nevertheless, the present study 
provides robust mechanistic insights into the effects of TRF 
on oxidative stress, inflammation, DNA integrity, and metabolic 
regulation in ageing muscles. Further investigations integrating 
functional outcomes alongside molecular and structural 
analyses would further enhance the translational relevance of 
these findings.

Data availability statement

The original contributions presented in the study are included in 
the article/Supplementary Material, further inquiries can be directed 
to the corresponding author.

Ethics statement

The animal study was approved by Universiti Kebangsaan 
Malaysia Ethical Committee (approval number BIOK/FP/2020/ 
SUZANA/25-MAR/1099-MAR-2020DEC.2022). The study was 
conducted in accordance with the local legislation and 
institutional requirements.

Author contributions

SM designed the study and supervised the project. SS and 
NM performed the experiments and prepared the figures. SM 
and JT provided technical assistance with the experiments and 
commented on the results. SS, JT, and SM wrote the paper. All 
authors contributed to the article and approved the 
submitted version.

Funding

The author(s) declared that financial support was received for 
this work and/or its publication. This study was financially 
supported by the Universiti Kebangsaan Malaysia Grant DIP- 
2024-016.

British Journal of Biomedical Science 
Published by Frontiers 

Institute of Biomedical Science 21

Saud Gany et al. 10.3389/bjbs.2026.16208

https://doi.org/10.3389/bjbs.2026.16208


Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that generative AI was used in the 
creation of this manuscript. During the preparation of this 
manuscript, the author SLSG used artificial intelligence (AI)- 
assisted tools (e.g., ChatGPT, Grammarly) to support language 
editing and improve clarity of the manuscript. All analyses were 

performed using GraphPad Prism, and all outputs and 
interpretation were verified by the authors.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure 
accuracy, including review by the authors wherever possible. If 
you identify any issues, please contact us.

Supplementary material

The Supplementary Material for this article can be found online 
at: https://www.frontierspartnerships.org/articles/10.3389/bjbs.2026. 
16208/full#supplementary-material

References

1. Rosenberg IH. Summary comments. The Am J Clin Nutr (1989) 50(5):1231–3. doi:10. 
1093/ajcn/50.5.1231

2. Matsushita T, Nishioka S, Taguchi S, Yamanouchi A. Sarcopenia as a predictor of 
activities of daily living capability in stroke patients undergoing rehabilitation. Geriatr 
Gerontol Int (2019) 19(11):1124–8. doi:10.1111/ggi.13780

3. Zhao Y-d, Yang T-y, Zhang Y. Phosphoproteomics analysis of elderly people with 
sarcopenia (2024). doi:10.21203/rs.3.rs-4091734/v1

4. Ozkayar N, Altun B, Halil M, Kuyumcu ME, Arik G, Yesil Y, et al. Evaluation of 
sarcopenia in renal transplant recipients. Nephrourol Mon (2014) 6(4):e20055. doi:10. 
5812/numonthly.20055

5. Wu CH, Chen KT, Hou MT, Chang YF, Chang CS, Liu PY, et al. Prevalence and 
associated factors of sarcopenia and severe sarcopenia in older Taiwanese living in rural 
community: the tianliao old people study 04. Geriatr Gerontol Int (2014) 14(S1):69–75. 
doi:10.1111/ggi.12233

6. Steiner AZ, Hansen KR, Barnhart KT, Cedars MI, Legro RS, Diamond MP, et al. The 
effect of antioxidants on male factor infertility: the males, antioxidants, and infertility 
(MOXI) randomized clinical trial. Fertil Steril (2020) 113(3):552–60 e3. doi:10.1016/j. 
fertnstert.2019.11.008

7. Lin JA, Hou JD, Wu SY. Effect of sarcopenia on mortality in type 2 diabetes: a long- 
term Follow-Up propensity score-matched diabetes cohort study. J Clin Med (2022) 
11(15):4424. doi:10.3390/jcm11154424

8. Chang YC, Chen YT, Liu HW, Chan YC, Liu MY, Hu SH, et al. Oligonol alleviates 
sarcopenia by regulation of signaling pathways involved in protein turnover and 
mitochondrial quality. Mol Nutr Food Res (2019) 63(10):e1801102. doi:10.1002/mnfr. 
201801102

9. Bilgin S, Suzan V, Avci S, Yavuzer H, Bolayirli IM, Doventas A, et al. Insights into 
geriatric health: primary sarcopenia and innate immunity dynamics, examining SARC- 
F, serum TLR 4, TLR 9, and resolvin levels. Intern Emerg Med (2024) 19(7):1867–75. 
doi:10.1007/s11739-024-03678-5

10. Brioche T, Lemoine-Morel S. Oxidative stress, sarcopenia, antioxidant strategies and 
exercise: molecular aspects. Curr Pharm Des (2016) 22(18):2664–78. doi:10.2174/ 
1381612822666160219120531

11. Mahmoodi M, Shateri Z, Nazari SA, Nouri M, Nasimi N, Sohrabi Z, et al. Association 
between oxidative balance score and sarcopenia in older adults. Sci Rep (2024) 14(1): 
5362. doi:10.1038/s41598-024-56103-4

12. Yoshikawa M, Hosokawa M, Miyashita K, Nishino H, Hashimoto T. Effects of 
fucoxanthin on the inhibition of dexamethasone-induced skeletal muscle loss in mice. 
Nutrients (2021) 13(4):1079. doi:10.3390/nu13041079

13. Rippberger P, Emeny RT, MacKenzie TA, Bartels SJ, Batsis JA. The association of 
sarcopenia, telomere length, and mortality: data from the NHANES 1999–2002. Eur 
J Clin Nutr (2017) 72(2):255–63. doi:10.1038/s41430-017-0011-z

14. Gicquel T, Marchianò F, Reyes-Castellanos G, Audebert S, Camoin L, 
Habermann B, et al. Integrative study of skeletal muscle mitochondrial 
dysfunction in a murine pancreatic cancer-induced cachexia. Model (2022). 
13:1–28. doi:10.1101/2022.12.28.522098

15. Bouzid MA, Filaire E, McCall A, Fabre C. Radical oxygen species, exercise and aging: 
an update. Sports Med (2015) 45(9):1245–61. doi:10.1007/s40279-015-0348-1

16. Alway SE, Mohamed JS, Myers MJ. Mitochondria initiate and regulate sarcopenia. 
Exerc Sport Sci Rev (2017) 45(2):58–69. doi:10.1249/jes.0000000000000101

17. Kerdasy YAE, Nasrallah TM, Alzokm S. Association between sarcopenia, oxidative 
stress and inflammatory biomarkers in the elderly diabetic populations. Int J Med Arts 
(2024) 13, 1–28. doi:10.21608/ijma.2024.286415.1963

18. Rafael Mendonça da Silva C, Rafaela Cavalheiro do Espírito S, Santos LP, 
Spannenberger KP, Silva MM, Moraes ME, et al. Should duloxetine be added to 
exercise to treat sedentary patients with painful knee osteoarthritis? A pilot study. 
Clin and Biomed Res (2023) 43(4):340–9. doi:10.22491/2357-9730.128729

19. Bou Saada Y, Zakharova V, Chernyak B, Dib C, Carnac G, Dokudovskaya S, et al. 
Control of DNA integrity in skeletal muscle under physiological and pathological 
conditions. Cell Mol Life Sci (2017) 74(19):3439–49. doi:10.1007/s00018-017-2530-0

20. Castro MR, Suárez E, Kraiselburd E, Isidro AA, Paz JLF, Ferder L, et al. Aging 
increases mitochondrial DNA damage and oxidative stress in liver of rhesus monkeys. 
Exp Gerontol (2012) 47(1):29–37. doi:10.1016/j.exger.2011.10.002

21. Ortuño-Sahagún D, Pallás M, Rojas-Mayorquín AE. Oxidative stress in aging: 
advances in proteomic approaches. Oxidative Med Cell Longevity (2014) 2014:1–18. 
doi:10.1155/2014/573208

22. Pagan LU, Gomes MJ, Gatto M, Mota GAF, Okoshi K, Okoshi MP. The role of 
oxidative stress in the aging heart. Antioxidants (2022) 11(2):336. doi:10.3390/ 
antiox11020336

23. Aiken C, Tarry-Adkins JL, Ozanne SE. Oxidative stress: its role in regulating aging 
and longevity. The Biochemist (2015) 37(4):16–9. doi:10.1042/bio03704016

24. Beaudart C, Dawson A, Shaw S, Harvey NC, Kanis JA, Binkley N, et al. Nutrition and 
physical activity in the prevention and treatment of sarcopenia: systematic review. 
Osteoporos Int (2017) 28(6):1817–33. doi:10.1007/s00198-017-3980-9

25. Zhu X, Wang J, Lu Y, Zhao Y, Zhang N, Wu W, et al. Potential of food protein- 
derived bioactive peptides against sarcopenia: a comprehensive review. J Agric Food 
Chem (2023) 71(14):5419–37. doi:10.1021/acs.jafc.2c09094

26. Sun X, Liu Z, Chen F, Du T. Sarcopenia modifies the associations of nonalcoholic 
fatty liver disease with all-cause and cardiovascular mortality among older adults. 
Scientific Rep (2021) 11(1):15647. doi:10.1038/s41598-021-95108-1

27. Guralnik JM, Cawthon PM, Bhasin S, Fielding RA, Magaziner J, Cruz-Jentoft AJ, 
et al. Limited physician knowledge of sarcopenia: a survey. J Am Geriatr Soc (2023) 
71(5):1595–602. doi:10.1111/jgs.18227

28. Comitato R, Ambra R, Virgili F. Tocotrienols: a family of molecules with specific 
biological activities. Antioxidants (Basel) (2017) 6(4), 93. doi:10.3390/antiox6040093

29. Khor SC, Ngah WZW, Yusof YAM, Karim NA, Makpol S. Tocotrienol-rich fraction 
ameliorates antioxidant defense mechanisms and improves replicative senescence- 
associated oxidative stress in human myoblasts. Oxidative Med Cell Longevity (2017) 
2017(1):1–17. doi:10.1155/2017/3868305

30. Atia A, Alrawaiq NS, Abdullah A. Tocotrienols activate Nrf2 nuclear translocation 
and increase the Antioxidant- related hepatoprotective mechanism in mice liver. Curr 
Pharm Biotechnol (2021) 22(8):1085–98. doi:10.2174/1389201021666200928095950

31. Malavolta M, Pierpaoli E, Giacconi R, Basso A, Cardelli M, Piacenza F, et al. Anti- 
inflammatory activity of tocotrienols in age-related pathologies: a SASPected 
involvement of cellular senescence. Biol Procedures Online (2018) 20(1):22. doi:10. 
1186/s12575-018-0087-4

32. Azman NHEN, Goon JA, Ghani SMA, Hamid Z, Ngah WZW. Comparing palm oil, 
tocotrienol-rich fraction and A-Tocopherol supplementation on the antioxidant levels 
of older adults. Antioxidants (2018). 7(6), 74. doi:10.3390/antiox7060074

33. Razak AM, Khor SC, Jaafar F, Karim NA, Makpol S. Targeting myomiRs by 
tocotrienol-rich fraction to promote myoblast differentiation. Genes and Nutr (2018) 13: 
31. doi:10.1186/s12263-018-0618-2

34. Saud Gany SL, Chin KY, Tan JK, Aminuddin A, Makpol S. Preventative and 
therapeutic potential of tocotrienols on musculoskeletal diseases in ageing. Front 
Pharmacol (2023) 14:1290721. doi:10.3389/fphar.2023.1290721

British Journal of Biomedical Science 
Published by Frontiers 

Institute of Biomedical Science 22

Saud Gany et al. 10.3389/bjbs.2026.16208

https://www.frontierspartnerships.org/articles/10.3389/bjbs.2026.16208/full#supplementary-material
https://www.frontierspartnerships.org/articles/10.3389/bjbs.2026.16208/full#supplementary-material
https://doi.org/10.1093/ajcn/50.5.1231
https://doi.org/10.1093/ajcn/50.5.1231
https://doi.org/10.1111/ggi.13780
https://doi.org/10.21203/rs.3.rs-4091734/v1
https://doi.org/10.5812/numonthly.20055
https://doi.org/10.5812/numonthly.20055
https://doi.org/10.1111/ggi.12233
https://doi.org/10.1016/j.fertnstert.2019.11.008
https://doi.org/10.1016/j.fertnstert.2019.11.008
https://doi.org/10.3390/jcm11154424
https://doi.org/10.1002/mnfr.201801102
https://doi.org/10.1002/mnfr.201801102
https://doi.org/10.1007/s11739-024-03678-5
https://doi.org/10.2174/1381612822666160219120531
https://doi.org/10.2174/1381612822666160219120531
https://doi.org/10.1038/s41598-024-56103-4
https://doi.org/10.3390/nu13041079
https://doi.org/10.1038/s41430-017-0011-z
https://doi.org/10.1101/2022.12.28.522098
https://doi.org/10.1007/s40279-015-0348-1
https://doi.org/10.1249/jes.0000000000000101
https://doi.org/10.21608/ijma.2024.286415.1963
https://doi.org/10.22491/2357-9730.128729
https://doi.org/10.1007/s00018-017-2530-0
https://doi.org/10.1016/j.exger.2011.10.002
https://doi.org/10.1155/2014/573208
https://doi.org/10.3390/antiox11020336
https://doi.org/10.3390/antiox11020336
https://doi.org/10.1042/bio03704016
https://doi.org/10.1007/s00198-017-3980-9
https://doi.org/10.1021/acs.jafc.2c09094
https://doi.org/10.1038/s41598-021-95108-1
https://doi.org/10.1111/jgs.18227
https://doi.org/10.3390/antiox6040093
https://doi.org/10.1155/2017/3868305
https://doi.org/10.2174/1389201021666200928095950
https://doi.org/10.1186/s12575-018-0087-4
https://doi.org/10.1186/s12575-018-0087-4
https://doi.org/10.3390/antiox7060074
https://doi.org/10.1186/s12263-018-0618-2
https://doi.org/10.3389/fphar.2023.1290721
https://doi.org/10.3389/bjbs.2026.16208


35. Portakal H, Eren Ü, Boyacıoğlu M. Oxidative stress dynamics during the estrous 
cycle: histological and biochemical findings in a rat model. Histochem Cell Biol (2025) 
163(1):120. doi:10.1007/s00418-025-02450-w

36. Taib IS, Budin SB, Ghazali AR, Jayusman PA, Mohamed J. Fenitrothion alters sperm 
characteristics in rats: ameliorating effects of palm oil tocotrienol-rich fraction. Exp 
Anim (2014) 63(4):383–93. doi:10.1538/expanim.14-0016

37. Chin KY, Abdul-Majeed S, Fozi NF, Ima-Nirwana S. Annatto tocotrienol improves 
indices of bone static histomorphometry in osteoporosis due to testosterone deficiency 
in rats. Nutrients (2014) 6(11):4974–83. doi:10.3390/nu6114974

38. Singh NP, McCoy MT, Tice RR, Schneider EL. A simple technique for quantitation 
of low levels of DNA damage in individual cells. Exp Cell Res (1988) 175(1):184–91. 
doi:10.1016/0014-4827(88)90265-0

39. Saud Gany SL, Tan JK, Chin KY, Hakimi NH, Ab Rani N, Ihsan N, et al. Untargeted 
muscle tissue metabolites profiling in young, adult, and old rats supplemented with 
tocotrienol-rich fraction. Front Mol Biosci (2022) 9:1008908. doi:10.3389/fmolb.2022. 
1008908

40. Ganesh R, Suresh N, Janakiraman L, Ravikumar K. Correlation of bone mineral 
parameters with anthropometric measurements and the effect of glucocorticoids on 
bone mineral parameters in congenital adrenal hyperplasia. Indian J Pediatr (2016) 
83(2):126–30. doi:10.1007/s12098-015-1835-y

41. Castillo EJ, Croft SA, Jiron JM, Aguirre JI. Bone structural, biomechanical and 
histomorphometric characteristics of the postcranial skeleton of the marsh rice rat 
(Oryzomys palustris). Cold Spring Harbor, NY, USA: Cold Spring Harbor 
Laboratory (2021). doi:10.1002/ar.24876

42. Jackson AS, Janssen I, Sui X, Church TS, Blair SN. Longitudinal changes in body 
composition associated with healthy ageing: men, aged 20-96 years. Br J Nutr (2012) 
107(7):1085–91. doi:10.1017/s0007114511003886

43. Delage C, Taib T, Mamma C, Lerouet D, Besson VC. Traumatic brain injury: an age- 
dependent view of post-traumatic neuroinflammation and its treatment. Pharmaceutics 
(2021) 13(10):1624. doi:10.3390/pharmaceutics13101624

44. Aliahmat NS, Noor MR, Yusof WJ, Makpol S, Ngah WZ, Yusof YA. Antioxidant 
enzyme activity and malondialdehyde levels can be modulated by Piper betle, tocotrienol 
rich fraction and Chlorella vulgaris in aging C57BL/6 mice. Clinics (Sao Paulo) (2012) 
67(12):1447–54. doi:10.6061/clinics/2012(12)16

45. Lim JJ, Wan Zurinah WN, Mouly V, Norwahidah AK. Tocotrienol-rich 
fraction (TRF) treatment promotes proliferation capacity of stress-induced 
premature senescence myoblasts and modulates the renewal of satellite cells: 
microarray analysis. Oxid Med Cell Longev (2019) 2019:9141343. doi:10.1155/ 
2019/9141343

46. Makpol S, Durani LW, Chua KH, Mohd Yusof YA, Ngah WZ. Tocotrienol-rich 
fraction prevents cell cycle arrest and elongates telomere length in senescent human 
diploid fibroblasts. J Biomed Biotechnol (2011) 2011:506171. doi:10.1155/2011/506171

47. Khor SC, Razak AM, Wan Ngah WZ, Mohd Yusof YA, Abdul Karim N, Makpol S. 
The tocotrienol-rich fraction is superior to tocopherol in promoting myogenic 
differentiation in the prevention of replicative senescence of myoblasts. PLOS ONE 
(2016) 11(2):1–21. doi:10.1371/journal.pone.0149265

48. Imazaki PH, Douny C, Elansary M, Scippo M-L, Clinquart A. Effect of muscle type, 
aging technique, and aging time on oxidative stability and antioxidant capacity of beef 
packed in high-oxygen atmosphere. J Food Process Preservation (2018) 42:e13603. 
doi:10.1111/jfpp.13603

49. Levin ED. Extracellular superoxide dismutase (EC-SOD) quenches free radicals and 
attenuates age-related cognitive decline: opportunities for novel drug development in 
aging. Curr Alzheimer Res (2005) 2(2):191–6. doi:10.2174/1567205053585710

50. Requena JR, Fu MX, Ahmed MU, Jenkins AJ, Lyons TJ, Baynes JW, et al. 
Quantification of malondialdehyde and 4-hydroxynonenal adducts to lysine residues 
in native and oxidized human low-density lipoprotein. Biochem J (1997) 322(Pt 1): 
317–25. doi:10.1042/bj3220317

51. Gallo G, Bruno R, Taranto A, Martino G. Are polyunsaturated fatty acid metabolites, 
the protective effect of 4-hydroxytyrosol on human red blood cell membranes and 
oxidative damage (4-hydroxyalkenals) compatible in hypertriglyceridemic patients? 
Pharmacogn Mag (2017) 13(Suppl. 3):S561–s6. doi:10.4103/pm.pm_483_15

52. Wang G, Cai P, Ansari GA, Khan MF. Oxidative and nitrosative stress in 
trichloroethene-mediated autoimmune response. Toxicology (2007) 229(3):186–93. 
doi:10.1016/j.tox.2006.10.014

53. Wang G, König R, Ansari GA, Khan MF. Lipid peroxidation-derived aldehyde- 
protein adducts contribute to trichloroethene-mediated autoimmunity via activation of 
CD4+ T cells. Free Radic Biol Med (2008) 44(7):1475–82. doi:10.1016/j.freeradbiomed. 
2008.01.012

54. Barrera G, Pizzimenti S, Daga M, Dianzani C, Arcaro A, Cetrangolo G, et al. Lipid 
peroxidation-derived aldehydes, 4-Hydroxynonenal and malondialdehyde in aging- 
related disorders. Antioxidants (2018) 7:102. doi:10.3390/antiox7080102

55. Muthuraman P, Srikumar K. A plant oxysterol as a regulator of glucose homeostasis. 
Int Journal Phytomedicine (2010) 2(2):139–46. doi:10.5138/ijpm.2010.0975.0185.02022

56. Ranasinghe R, Mathai M, Zulli A. Revisiting the therapeutic potential of tocotrienol. 
Biofactors (2022) 48(4):813–56. doi:10.1002/biof.1873

57. Fritsche S, Wang X, Jung C. Recent advances in our understanding of tocopherol 
biosynthesis in plants: an overview of key genes, functions, and breeding of vitamin E 
improved crops. Antioxidants (Basel) (2017) 6(4), 813–856. doi:10.3390/antiox6040099

58. Pang KL, Chin KY. The role of tocotrienol in protecting against metabolic diseases. 
Molecules (2019) 24(5), 923. doi:10.3390/molecules24050923

59. Surai P. Antioxidant systems in poultry biology: superoxide dismutase. Anim Nutr 
(2016) 1:8. doi:10.21767/2572-5459.100008

60. Wang Q, Wang XL, Liu HR, Rose P, Zhu YZ. Protective effects of cysteine 
analogues on acute myocardial ischemia: novel modulators of endogenous H(2)S 
production. Antioxid Redox Signal (2010) 12(10):1155–65. doi:10.1089/ars.2009. 
2947

61. Khor BH, Tiong HC, Tan SC, Wong SK, Chin KY, Karupaiah T, et al. Effects of 
tocotrienols supplementation on markers of inflammation and oxidative stress: a 
systematic review and meta-analysis of randomized controlled trials. PLoS One 
(2021) 16(7):e0255205. doi:10.1371/journal.pone.0255205

62. Wang J, Leung KS, Chow SK, Cheung WH. Inflammation and age-associated skeletal 
muscle deterioration (sarcopaenia). J Orthop Translat (2017) 10:94–101. doi:10.1016/j. 
jot.2017.05.006

63. Howard EE, Pasiakos SM, Blesso CN, Fussell MA, Rodriguez NR. Divergent roles of 
inflammation in skeletal muscle recovery from injury. Front Physiol (2020) 11:87. doi:10. 
3389/fphys.2020.00087

64. Zembron-Lacny A, Dziubek W, Wolny-Rokicka E, Dabrowska G, Wozniewski M. 
The relation of inflammaging with skeletal muscle properties in elderly men. Am J Mens 
Health (2019) 13(2):1557988319841934. doi:10.1177/1557988319841934

65. Fan J, Kou X, Yang Y, Chen N. MicroRNA-Regulated proinflammatory cytokines in 
sarcopenia. Mediators Inflamm (2016) 2016:1438686. doi:10.1155/2016/1438686

66. Smith L, Yang L, Hamer M. Handgrip strength, inflammatory markers, and 
mortality. Scand J Med and Sci Sports (2019) 29(8):1190–6. doi:10.1111/sms. 
13433

67. Basu S Novel cyclooxygenase-catalyzed bioactive prostaglandin F2α from physiology 
to new principles in inflammation. Med Res Rev (2007);27(4):435–68. doi:10.1002/med. 
20098

68. Kumar A, Kingdon E, Norman J. The isoprostane 8-iso-PGF2α suppresses monocyte 
adhesion to human microvascular endothelial cells via two independent mechanisms. 
The FASEB J. (2005);19(3):1–24. doi:10.1096/fj.03-1364fje

69. Makpol S, Abdul Sani NF, Hakimi NH, Ab Rani N, Zakaria SNA, Abd Rasid AF, et al. 
Zingiber officinale roscoe prevents DNA damage and improves muscle performance and 
bone integrity in old sprague dawley rats. Evidence-Based Complement Altern Med. 
(2020):2020(1):3823780. doi:10.1155/2020/3823780

70. Beyaztas H, Uzun M, Aktaş S, Güler E. Effects of oxidative stress, DNA damage, and 
inflammation in multiple sclerosis: a clinical perspective. Ovidius Univ Ann Chem (2022) 
33:166–71. doi:10.2478/auoc-2022-0024

71. Lan YY, Heather JM, Eisenhaure T, Garris CS, Lieb D, Raychowdhury R, et al. 
Extranuclear DNA accumulates in aged cells and contributes to senescence and 
inflammation. Aging Cell. (2019):18(2):e12901. doi:10.1111/acel.12901

72. Copp ME, Chubinskaya S, Bracey DN, Shine J, Sessions G, Loeser RF, et al. Comet 
assay for quantification of the increased DNA damage burden in primary human 
chondrocytes with aging and osteoarthritis. Aging Cell (2022) 21(9):e13698. doi:10.1111/ 
acel.13698

73. Berdaweel IA, Monroe TB, Alowaisi AA, Mahoney JC, Liang I-C, Berns KA, et al. 
Iron scavenging and suppression of collagen cross-linking underlie antifibrotic effects of 
carnosine in the heart with obesity. Front Pharmacol (2024) 14:14–2023. doi:10.3389/ 
fphar.2023.1275388

74. Cesak O, Vostalova J, Vidlar A, Bastlova P, Student V, Jr. Carnosine and beta-alanine 
supplementation in human medicine: narrative review and critical assessment. Nutrients 
(2023) 15(7):1770. doi:10.3390/nu15071770

75. Kim MY, Kim EJ, Kim YN, Choi C, Lee BH. Effects of α-lipoic acid and L-carnosine 
supplementation on antioxidant activities and lipid profiles in rats. Nutr Res Pract (2011) 
5(5):421–8. doi:10.4162/nrp.2011.5.5.421

76. Holeček M. Histidine in health and disease: metabolism, physiological importance, 
and use as a supplement. Nutrients (2020) 12(3), 848. doi:10.3390/nu12030848

77. Yang P, Deng F, Yuan M, Chen M, Zeng L, Ouyang Y, et al. Metabolomics reveals the 
defense mechanism of histidine supplementation on high-salt exposure-induced hepatic 
oxidative stress. Life Sci (2023) 314:121355. doi:10.1016/j.lfs.2022.121355

78. Sheffield-Moore M, Dillon EL, Randolph KM, Casperson SL, White GR, Jennings K, 
et al. Isotopic decay of urinary or plasma 3-methylhistidine as a potential biomarker of 
pathologic skeletal muscle loss. J Cachexia Sarcopenia Muscle (2014) 5(1):19–25. doi:10. 
1007/s13539-013-0117-7

79. Nedergaard A, Karsdal MA, Sun S, Henriksen K. Serological muscle loss biomarkers: 
an overview of current concepts and future possibilities. J Cachexia Sarcopenia Muscle 
(2013) 4(1):1–17. doi:10.1007/s13539-012-0086-2

80. Kochlik B, Stuetz W, Pérès K, Féart C, Tegner J, Rodriguez-Mañas L, et al. 
Associations of plasma 3-Methylhistidine with frailty status in French cohorts of the 
FRAILOMIC initiative. J Clin Med (2019) 8(7), 1010. doi:10.3390/jcm8071010

British Journal of Biomedical Science 
Published by Frontiers 

Institute of Biomedical Science 23

Saud Gany et al. 10.3389/bjbs.2026.16208

https://doi.org/10.1007/s00418-025-02450-w
https://doi.org/10.1538/expanim.14-0016
https://doi.org/10.3390/nu6114974
https://doi.org/10.1016/0014-4827(88)90265-0
https://doi.org/10.3389/fmolb.2022.1008908
https://doi.org/10.3389/fmolb.2022.1008908
https://doi.org/10.1007/s12098-015-1835-y
https://doi.org/10.1002/ar.24876
https://doi.org/10.1017/s0007114511003886
https://doi.org/10.3390/pharmaceutics13101624
https://doi.org/10.6061/clinics/2012(12)16
https://doi.org/10.1155/2019/9141343
https://doi.org/10.1155/2019/9141343
https://doi.org/10.1155/2011/506171
https://doi.org/10.1371/journal.pone.0149265
https://doi.org/10.1111/jfpp.13603
https://doi.org/10.2174/1567205053585710
https://doi.org/10.1042/bj3220317
https://doi.org/10.4103/pm.pm_483_15
https://doi.org/10.1016/j.tox.2006.10.014
https://doi.org/10.1016/j.freeradbiomed.2008.01.012
https://doi.org/10.1016/j.freeradbiomed.2008.01.012
https://doi.org/10.3390/antiox7080102
https://doi.org/10.5138/ijpm.2010.0975.0185.02022
https://doi.org/10.1002/biof.1873
https://doi.org/10.3390/antiox6040099
https://doi.org/10.3390/molecules24050923
https://doi.org/10.21767/2572-5459.100008
https://doi.org/10.1089/ars.2009.2947
https://doi.org/10.1089/ars.2009.2947
https://doi.org/10.1371/journal.pone.0255205
https://doi.org/10.1016/j.jot.2017.05.006
https://doi.org/10.1016/j.jot.2017.05.006
https://doi.org/10.3389/fphys.2020.00087
https://doi.org/10.3389/fphys.2020.00087
https://doi.org/10.1177/1557988319841934
https://doi.org/10.1155/2016/1438686
https://doi.org/10.1111/sms.13433
https://doi.org/10.1111/sms.13433
https://doi.org/10.1002/med.20098
https://doi.org/10.1002/med.20098
https://doi.org/10.1096/fj.03-1364fje
https://doi.org/10.1155/2020/3823780
https://doi.org/10.2478/auoc-2022-0024
https://doi.org/10.1111/acel.12901
https://doi.org/10.1111/acel.13698
https://doi.org/10.1111/acel.13698
https://doi.org/10.3389/fphar.2023.1275388
https://doi.org/10.3389/fphar.2023.1275388
https://doi.org/10.3390/nu15071770
https://doi.org/10.4162/nrp.2011.5.5.421
https://doi.org/10.3390/nu12030848
https://doi.org/10.1016/j.lfs.2022.121355
https://doi.org/10.1007/s13539-013-0117-7
https://doi.org/10.1007/s13539-013-0117-7
https://doi.org/10.1007/s13539-012-0086-2
https://doi.org/10.3390/jcm8071010
https://doi.org/10.3389/bjbs.2026.16208


81. Chen M, Wang Y, Deng S, Lian Z, Yu K. Skeletal muscle oxidative stress and 
inflammation in aging: focus on antioxidant and anti-inflammatory therapy. Front Cell 
Dev Biol (2022) 10:964130. doi:10.3389/fcell.2022.964130

82. Leonardi R, Jackowski S. Biosynthesis of pantothenic acid and coenzyme A. EcoSal 
Plus (2007) 2(2), 687–694. doi:10.1128/ecosalplus.3.6.3.4

83. Sm S, Hn S, Na E, As H. Curative role of pantothenic acid in brain damage of gamma 
irradiated rats. Indian J Clin Biochem (2018) 33(3):314–21. doi:10.1007/s12291-017- 
0683-0

84. Van Der Werf P, Stephani RA, Meister A. Accumulation of 5-oxoproline in mouse 
tissues after inhibition of 5-oxoprolinase and administration of amino acids: evidence 
for function of the gamma-glutamyl cycle. Proc Natl Acad Sci U S A (1974) 71(4):1026–9. 
doi:10.1073/pnas.71.4.1026

85. Nickson C. Pyroglutamic acidosis (2020). Available online at: https://litfl.com/ 
pyroglutamic-acidosis/ (Accessed May 4, 2026).

86. Gamarra Y, Santiago FC, Molina-López J, Castaño J, Herrera-Quintana L, 
Domínguez Á, et al. Pyroglutamic acidosis by glutathione regeneration blockage in 
critical patients with septic shock. Crit Care (2019) 23(1):162. doi:10.1186/s13054-019- 
2450-5

87. Meng SJ, Yu LJ. Oxidative stress, molecular inflammation and sarcopenia. Int J Mol 
Sci (2010) 11(4):1509–26. doi:10.3390/ijms11041509

88. Xu H, Brown JL, Bhaskaran S, Van Remmen H. Reactive oxygen species in the 
pathogenesis of sarcopenia. Free Radic Biol Med (2025) 227:446–58. doi:10.1016/j. 
freeradbiomed.2024.11.046

89. Açar Y, Ağagündüz D, De Cicco P, Capasso R. Flavonoids: their putative neurologic 
roles, epigenetic changes, and gut microbiota alterations in Parkinson’s disease. Biomed 
Pharmacother (2023) 168:115788. doi:10.1016/j.biopha.2023.115788

90. Hu Z, Fan S, Liu M, Zhong J, Cao D, Zheng P, et al. Objective diagnosis of post-stroke 
depression using NMR-based plasma metabonomics. Neuropsychiatr Dis Treat (2019) 
15:867–81. doi:10.2147/ndt.s192307

91. Zehra S, Khan MA. Dietary pantothenic acid requirement of FingerlingChanna 
Punctatus(Bloch) based on growth, feed conversion, liver pantothenic acid 
concentration and carcass composition. Aquacult Nutr (2018) 24(5):1436–43. doi:10. 
1111/anu.12680

92. Corinti D, Chiavarino B, Scuderi D, Fraschetti C, Filippi A, Fornarini S, et al. 
Molecular properties of bare and microhydrated vitamin B5–Calcium complexes. Int 
J Mol Sci (2021) 22(2):692. doi:10.3390/ijms22020692

93. Gheita A, Gheita TA, Kenawy SA. The potential role of B5: a stitch in time and switch 
in cytokine. Phytotherapy Res (2019) 34(2):306–14. doi:10.1002/ptr.6537

94. Dickerson RN. Assessing nitrogen balance in older patients. J Parenter Enteral Nutr 
(2015) 39(7):759–60. doi:10.1177/0148607115584390

95. Park J, Min JS, Kim B, Chae U, Yun JW, Choi MS, et al. Mitochondrial ROS 
govern the LPS-induced pro-inflammatory response in microglia cells by 
regulating MAPK and NF-κB pathways. Neurosci Lett (2015) 584:191–6. 
doi:10.1016/j.neulet.2014.10.016

96. Durani LW, Hamezah HS, Ibrahim NF, Yanagisawa D, Nasaruddin ML, Mori M, 
et al. Tocotrienol-rich fraction of palm oil improves behavioral impairments and 
regulates metabolic pathways in AβPP/Ps1 mice. J Alzheimer S Dis (2018) 64(1): 
249–67. doi:10.3233/jad-170880

97. Shahrulnizam NANM, Goon MDME, Lew SW, Kadir SHSA, Ibrahim E. Palm- 
based tocotrienol-rich fraction (TRF) supplementation modulates cardiac 
Sod1 expression, FXR target gene expression, and Tauro-Conjugated bile acid 
levels in aleptinemic mice fed a high-fat diet. Genes and Nutr (2024) 19(1), 
249–267. doi:10.1186/s12263-024-00742-9

98. Saw TY, Malik NA, Lim KP, Teo CWL, Wong ESM, Kong SC, et al. Oral 
supplementation of tocotrienol-rich fraction alleviates severity of ulcerative colitis in 
mice. J Nutr Sci Vitaminology (2019) 65(4):318–27. doi:10.3177/jnsv.65.318

99. Toit WL, Kruger R, Gafane-Matemane LF, Schutte AE, Louw R, Mels CMC. Urinary 
metabolomics profiling by cardiovascular risk factors in young adults: the African 
prospective study on early detection and identification of cardiovascular disease and 
hypertension study. J Hypertens (2022) 40(8):1545–55. doi:10.1097/hjh. 
0000000000003182

100. Zhao Z, Kantono K, Kam R, Le TT, Kitundu E, Chen T, et al. Improving the 
bioactivities of apricot kernels through fermentation: investigating the relationship 
between bioactivities, polyphenols, and amino acids through the random forest 
regression XAI approach. Foods (2025) 14(5):845. doi:10.3390/foods14050845

101. Shaikh SA, Varatharajan R, Muthuraman A. Palm oil derived tocotrienol-rich 
fraction attenuates vascular dementia in type 2 diabetic rats. Int J Mol Sci (2022) 23(21): 
13531. doi:10.3390/ijms232113531

102. Dayanti D, Permatasari W, Khaerunnisa I, Winarni S. Quantitative analysis of 
histidine amino acid as a predictor of ergothioneine in the drying and frying process of 
white Oyster mushrooms (Pleurotus ostreatus). Amerta Nutr (2021) 5(4):360. doi:10. 
20473/amnt.v5i4.2021.360-369

103. Kumar D, Rizvi SI. Age-dependent paraoxonase 1 (PON1) activity and LDL 
oxidation in wistar rats during their entire lifespan. The Scientific World J (2014) 2014: 
1–6. doi:10.1155/2014/538049

104. Chin S-F, Ibahim J, Makpol S, Abdul Hamid NA, Abdul Latiff A, Zakaria Z, et al. 
Tocotrienol rich fraction supplementation improved lipid profile and oxidative status in 
healthy older adults: a randomized controlled study. Nutr and Metabolism (2011) 8(1): 
1–14. doi:10.1186/1743-7075-8-42

105. Hajšl M, Hlaváčková A, Broulíková K, Šrámek M, Malý M, Dyr JE, et al. Tryptophan 
metabolism, inflammation, and oxidative stress in patients with neurovascular disease. 
Metabolites (2020) 10(5):208. doi:10.3390/metabo10050208

106. Luo L, Kang J, He Q, Qi Y, Chen X, Wang S, et al. A NMR-based metabonomics 
approach to determine protective effect of a combination of multiple components 
derived from Naodesheng on ischemic stroke rats. Molecules (2019) 24(9):1831. doi:10. 
3390/molecules24091831

107. Hamezah HS, Durani LW, Yanagisawa D, Ibrahim NF, Aizat WM, Makpol S, et al. 
Modulation of proteome profile in AβPP/Ps1 mice hippocampus, medial prefrontal 
cortex, and striatum by palm oil derived tocotrienol-rich fraction. J Alzheimer S Dis 
(2019) 72(1):229–46. doi:10.3233/jad-181171

108. Herzog R, Kuster L, Becker JP, Gluexam T, Pils D, Spittler A, et al. Functional and 
transcriptomic characterization of peritoneal immune-modulation by addition of 
alanyl-glutamine to dialysis fluid. Scientific Rep (2017) 7(1):6229. doi:10.1038/s41598- 
017-05872-2

109. Huang Y, Shen L, Jiang J, Xu Q-p, Luo Z, Luo Q, et al. Metabolomic profiles of 
bovine mammary epithelial cells stimulated by lipopolysaccharide. Scientific Rep (2019) 
9(1):19131. doi:10.1038/s41598-019-55556-2

110. Li W, Xiao R, Chen X, Pu J, Chen J, Wang H, et al. Multi-omics analysis reveals 
disturbances of purine metabolism and glutamate metabolism in the hippocampus of 
lipopolysaccharide-induced mouse model of depression. Brain Behav (2025) 15(5): 
e70549. doi:10.1002/brb3.70549

111. Theodoridis K, Gika H, Kotali A. Acylcarnitines in ophthalmology: promising 
emerging biomarkers. Int J Mol Sci (2022) 23(24):16183. doi:10.3390/ 
ijms232416183

112. Kapur N, Alam MA, Hassan SA, Patel PH, Wempe LA, Bhogoju S, et al. Enhanced 
mucosal mitochondrial function corrects dysbiosis and OXPHOS metabolism in IBD 
(2024). doi:10.1101/2024.03.14.584471

113. Şahin Ş, Alkan T, Temel ŞG, Türeyen K, Tolunay Ş, Korfalı E. Effects of citicoline 
used alone and in combination with mild hypothermia on apoptosis induced by focal 
cerebral ischemia in rats. J Clin Neurosci (2010) 17(2):227–31. doi:10.1016/j.jocn.2009. 
05.016

114. Ramadan A, Amrousy DE, Elsheikh M, Mehrez M. Citicoline in hypoxic ischemic 
encephalopathy in neonates: a randomized controlled trial. Ital J Pediatr (2023) 49(1), 
227–231. doi:10.1186/s13052-023-01452-5

115. Feng L, Jiang H, Li Y, Teng F, He Y. Effects of citicoline therapy on the network 
connectivity of the corpus callosum in patients with leukoaraiosis. Medicine (2017) 
96(4):e5931. doi:10.1097/md.0000000000005931

116. Maulydia M, Rehatta NM, Soedarmo SM. Effects of glutamine and arginine 
combination on Pro- and anti-inflammatory cytokines. Open Vet J (2023) 13(5): 
613–9. doi:10.5455/ovj.2023.v13.i5.14

117. Hao Y, Jackson JR, Wang Y, Edens NK, Pereira SL, Alway SE. B-Hydroxy-B- 
Methylbutyrate reduces myonuclear apoptosis during recovery from hind limb 
suspension-induced muscle fiber atrophy in aged rats. Ajp Regul Integr Comp 
Physiol (2011) 301(3):R701–R15. doi:10.1152/ajpregu.00840.2010

118. Radhakrishnan AK, Mahalingam D, Selvaduray KR, Nesaretnam K. 
Supplementation with natural forms of vitamin E augments antigen-specific TH1- 
Type immune response to tetanus toxoid. Biomed Res Int (2013) 2013:1–8. doi:10.1155/ 
2013/782067

119. Ramsay TG, Stoll MJ, Shannon AE, Blomberg LA. Metabolomic analysis of 
longissimus from underperforming piglets relative to piglets with normal 
preweaning growth. J Anim Sci Biotechnol (2018) 9(1):36. doi:10.1186/s40104-018- 
0251-3

120. Leninsky MA, Ве С, Sokolova MO, НҐ В, Skvortsov NV. Quantification of 
11 metabolites in rat urine after exposure to organophosphates. Lab Anim Res (2024) 
40(1), 36. doi:10.1186/s42826-024-00209-3

121. Ishikawa S, Sugimoto M, Konta T, Kitabatake K, Ueda S, Edamatsu K, et al. Salivary 
metabolomics for prognosis of oral squamous cell carcinoma. Front Oncol (2022) 11: 
789248. doi:10.3389/fonc.2021.789248

122. Wen J, Zhao B, Cao Y, Qu Y, Chang L, Mao J, et al. Physiology-related variations in 
the blood hormone and metabolome of endangered hog deer (axis porcinus). 
Metabolites (2025) 15(2):126. doi:10.3390/metabo15020126

123. Tan CM, Najib NAM, Suhaimi NF, Halid NA, Cho VV, Abdullah SI, et al. 
Modulation of Ki67 and myogenic regulatory factor expression by tocotrienol-rich 
fraction ameliorates myogenic program of senescent human myoblasts. Arch Med Sci 
(2021) 17(3):752–63. doi:10.5114/aoms.2019.85449

124. Taridi NM, Rani NA, Latiff AA, Ngah WZW, Mazlan M. Tocotrienol rich fraction 
reverses age-related deficits in spatial learning and memory in aged rats. Lipids (2014) 
49(9):855–69. doi:10.1007/s11745-014-3919-2

125. Mazlan M, Hamezah HS, Taridi NM, Yu J, Liu P, Zhang H, et al. Effects of aging and 
tocotrienol-rich fraction supplementation on brain arginine metabolism in rats. 
Oxidative Med Cell Longevity (2017) 2017(1):6019796. doi:10.1155/2017/6019796

British Journal of Biomedical Science 
Published by Frontiers 

Institute of Biomedical Science 24

Saud Gany et al. 10.3389/bjbs.2026.16208

https://doi.org/10.3389/fcell.2022.964130
https://doi.org/10.1128/ecosalplus.3.6.3.4
https://doi.org/10.1007/s12291-017-0683-0
https://doi.org/10.1007/s12291-017-0683-0
https://doi.org/10.1073/pnas.71.4.1026
https://litfl.com/pyroglutamic-acidosis/
https://litfl.com/pyroglutamic-acidosis/
https://doi.org/10.1186/s13054-019-2450-5
https://doi.org/10.1186/s13054-019-2450-5
https://doi.org/10.3390/ijms11041509
https://doi.org/10.1016/j.freeradbiomed.2024.11.046
https://doi.org/10.1016/j.freeradbiomed.2024.11.046
https://doi.org/10.1016/j.biopha.2023.115788
https://doi.org/10.2147/ndt.s192307
https://doi.org/10.1111/anu.12680
https://doi.org/10.1111/anu.12680
https://doi.org/10.3390/ijms22020692
https://doi.org/10.1002/ptr.6537
https://doi.org/10.1177/0148607115584390
https://doi.org/10.1016/j.neulet.2014.10.016
https://doi.org/10.3233/jad-170880
https://doi.org/10.1186/s12263-024-00742-9
https://doi.org/10.3177/jnsv.65.318
https://doi.org/10.1097/hjh.0000000000003182
https://doi.org/10.1097/hjh.0000000000003182
https://doi.org/10.3390/foods14050845
https://doi.org/10.3390/ijms232113531
https://doi.org/10.20473/amnt.v5i4.2021.360-369
https://doi.org/10.20473/amnt.v5i4.2021.360-369
https://doi.org/10.1155/2014/538049
https://doi.org/10.1186/1743-7075-8-42
https://doi.org/10.3390/metabo10050208
https://doi.org/10.3390/molecules24091831
https://doi.org/10.3390/molecules24091831
https://doi.org/10.3233/jad-181171
https://doi.org/10.1038/s41598-017-05872-2
https://doi.org/10.1038/s41598-017-05872-2
https://doi.org/10.1038/s41598-019-55556-2
https://doi.org/10.1002/brb3.70549
https://doi.org/10.3390/ijms232416183
https://doi.org/10.3390/ijms232416183
https://doi.org/10.1101/2024.03.14.584471
https://doi.org/10.1016/j.jocn.2009.05.016
https://doi.org/10.1016/j.jocn.2009.05.016
https://doi.org/10.1186/s13052-023-01452-5
https://doi.org/10.1097/md.0000000000005931
https://doi.org/10.5455/ovj.2023.v13.i5.14
https://doi.org/10.1152/ajpregu.00840.2010
https://doi.org/10.1155/2013/782067
https://doi.org/10.1155/2013/782067
https://doi.org/10.1186/s40104-018-0251-3
https://doi.org/10.1186/s40104-018-0251-3
https://doi.org/10.1186/s42826-024-00209-3
https://doi.org/10.3389/fonc.2021.789248
https://doi.org/10.3390/metabo15020126
https://doi.org/10.5114/aoms.2019.85449
https://doi.org/10.1007/s11745-014-3919-2
https://doi.org/10.1155/2017/6019796
https://doi.org/10.3389/bjbs.2026.16208


126. Maia AR, Batista TM, Victório JA, Clerici SP, Delbin MA, Carneiro EM, et al. 
Taurine supplementation reduces blood pressure and prevents endothelial dysfunction 
and oxidative stress in post-weaning protein-restricted rats. Plos One (2014) 9(8): 
e105851. doi:10.1371/journal.pone.0105851

127. Thirupathi A, Pinho RA, Baker JS, István B, Gu Y. Taurine reverses oxidative 
damages and restores the muscle function in overuse of exercised muscle. Front Physiol 
(2020) 11:11–2020. doi:10.3389/fphys.2020.582449

128. Baliou S, Adamaki M, Ioannou P, Pappa A, Panayiotidis MI, Spandidos DA, et al. 
Protective role of taurine against oxidative stress. Mol Med Rep (2021) 24(2):605. 
(Review). doi:10.3892/mmr.2021.12242

129. Budin SB, Han KJ, Jayusman PA, Taib IS, Ghazali AR, Mohamed J. 
Antioxidant activity of tocotrienol rich fraction prevents fenitrothion-induced 
renal damage in rats. J Toxicologic Pathol (2013) 26(2):111–8. doi:10.1293/tox. 
26.111

130. Cipriani S, Bakshi R, Schwarzschild MA. Protection by inosine in a cellular model of 
parkinson’s disease. Neuroscience (2014) 274:242–9. doi:10.1016/j.neuroscience.2014.05.038

131. Módis K, Gerő D, Stangl R, Rosero O, Szíjártó A, Lotz G, et al. Adenosine and 
inosine exert cytoprotective effects in an in vitro model of liver ischemia-reperfusion 
injury. Int J Mol Med (2012) 31(2):437–46. doi:10.3892/ijmm.2012.1203

132. Luo Y, Zhang Y, Tang Z, Zhang J, Na N, Xiao H. The effect of intraoperative inosine 
infusion on transplant outcomes in deceased-donor kidney transplant recipients. Ren 
Fail (2024) 46(2):2436629. doi:10.1080/0886022x.2024.2436629

133. Shiva S, Rajasekaran NS, Hill BG. Editorial: Metabolic and redox regulation at the 
center of aging. Front Aging (2022) 3:858295. doi:10.3389/fragi.2022.858295

134. Płóciniczak A, Bukowska-Olech E, Wysocka E. The complexity of oxidative stress in 
human age-related Diseases-A review. Metabolites (2025) 15(7):479. doi:10.3390/ 
metabo15070479

British Journal of Biomedical Science 
Published by Frontiers 

Institute of Biomedical Science 25

Saud Gany et al. 10.3389/bjbs.2026.16208

https://doi.org/10.1371/journal.pone.0105851
https://doi.org/10.3389/fphys.2020.582449
https://doi.org/10.3892/mmr.2021.12242
https://doi.org/10.1293/tox.26.111
https://doi.org/10.1293/tox.26.111
https://doi.org/10.1016/j.neuroscience.2014.05.038
https://doi.org/10.3892/ijmm.2012.1203
https://doi.org/10.1080/0886022x.2024.2436629
https://doi.org/10.3389/fragi.2022.858295
https://doi.org/10.3390/metabo15070479
https://doi.org/10.3390/metabo15070479
https://doi.org/10.3389/bjbs.2026.16208

	Correlation between oxidative stress and inflammation with metabolomics profile in skeletal muscle of ageing animal model a ...
	Introduction
	Materials and methods
	Animal groups and experimental design
	Preparation of TRF supplementation
	Measurement of bone integrity via DEXA
	Measurement of oxidative stress and inflammatory markers
	Assessment of DNA damage by the comet assay
	Histological analysis
	Metabolomics analysis
	Statistical analysis

	Results
	Effect of TRF on bone integrity
	TRF reduces oxidative stress in the blood and muscle
	TRF suppresses inflammation in the blood
	TRF affects DNA integrity in whole blood
	TRF improved muscle regeneration in aged rats
	Histological findings

	Correlation between oxidative stress, inflammation, and metabolomics profile

	Discussion
	Summary table
	What is known about this topic
	What this work adds

	Conclusion
	Limitations and future studies

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Supplementary material
	References


