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Introduction: Mechanical disuse and hypoxia synergistically worsen muscle
atrophy by activating apoptosis, necroptosis, and ER stress pathways. While
resveratrol, a natural polyphenol, has shown protective effects in isolated
disuse or hypoxia models, its efficacy under combined conditions
remains unclear.

Methods: Male C57BL/6J mice (4 months old) were assigned to ground control
or hindlimb unloading (HU) groups under normoxia (21% O,) or hypoxia (15% O5)
and treated daily with placebo or resveratrol (20 or 40 mg/kg) for two weeks.
Muscle mass, grip strength, cling time, and gene expression of apoptotic,
necroptotic, and ER stress markers were assessed.

Results: HU-hypoxia significantly reduced muscle mass and function, with
upregulation of stress-related genes. Resveratrol showed dose-dependent
protection: 20 mg/kg modestly reduced atrophy, while 40 mg/kg nearly
preserved muscle mass and strength to control levels under both normoxic
and hypoxic conditions. To our knowledge, this is the first study to demonstrate
protective effects of resveratrol in a combined HU and hypoxia model of muscle
atrophy, accompanied by modulation of apoptosis, necroptosis and ER stress
related gene expression.

Conclusion: These results suggest that resveratrol may decrease muscle
degradation in fast twitch dominant muscles under combined disuse and
hypoxia. However, these results are restricted to gastrocnemius muscle in
mice, and further investigations in slow twitch muscles and clinical models are
required before clinical relevance can be confirmed. These findings support its
potential as a therapeutic agent for muscle loss in clinical and spaceflight settings,
warranting further translational research.

KEYWORDS

apoptosis, endoplasmic reticulum (ER) stress, hindlimb unloading, muscle atrophy,
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GRAPHICAL ABSTRACT

1 Introduction

Long periods of immobility are too much for the human body to
adjust to. Medical conditions like stroke, bone fracture, or major
organ failure can make it hard to move around and make you stay in
bed, which can lead to several physiological problems (Cruz-Jentoft
and Sayer, 2019). Muscle atrophy is one of the consequences of
prolonged immobility. The lack of mechanical use leads to rapid loss
in both muscle mass and strength.

Hypoxia (low oxygen levels), in conditions such as congestive
heart failure (CHF) and chronic obstructive pulmonary disease
(COPD), further aggravates muscle atrophy by triggering protein
breakdown pathways and activating cellular stress responses,
including endoplasmic reticulum stress (ER stress) (Sakuma and
Yamaguchi, 2012; Puthucheary et al., 2013; Debevec et al., 2018;
Nguyen, Choi, and June 2020). Altered expression of anti-apoptotic
regulators such as B-cell lymphoma 2 (BCL2), Increased levels of
pro-apoptotic genes such as Bcl-2-associated X protein (BAX) and
activation of inflammatory cell death mediators including caspase-1,
as well as necroptosis related kinases receptor interacting protein
kinase 1 and 3 (RIPK1/3) and mixed lineage kinase domain-Like
pseudo kinase (MLKL) have been reported in muscle under disuse
or hypoxic conditions. ER stress markers such as activating
transcription factor 4 (ATF4) and X-box binding protein 1
(XBP1) are also upregulated in these settings. Together, these
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stress pathways contribute to muscle wasting during conditions
of reduced mechanical loading and low oxygen availability (Khan
et al., 2025; Jeong et al., 2025).

At present, there are no approved pharmacological
interventions that prevent disuse related muscle atrophy in
clinical settings. Moreover, experimental interventions involving
human subjects are constrained by ethical and practical
considerations, thereby necessitating the use of animal models.

The hindlimb unloaded (HU) mouse model is one of the most
common experimental models used to mimic the effects of long-
term immobility on the body (Momken et al., 2011) In this model,
mice are prevented from bearing weight on their hindlimbs by being
suspended by their tails. As a result, the hindlimbs are mechanically
unloaded, and bodily fluids are directed towards the brain,
impairing the structural and functional integrity of muscles and
other organs. We have extensively utilized this well-established
model to mimic the conditions of disuse in our previous studies
(Khan et al., 2022; Al-Daghestani et al., 2024; Ranade et al., 2023;
Siddiqui et al.,, 2022). Moreover, we recently adapted this model to
incorporate systemic hypoxia, making it more suitable for
simulating immobilization under reduced oxygen availability
(Khan et al., 2025).

Resveratrol, a natural polyphenol found in peanuts, cherries, and
grapes, possesses various biological properties (Chunxiao et al,
2025), including antioxidative, anti-apoptotic, and muscle protein
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FIGURE 1
The study design

regenerative effects (Bastin and Djouadi, 2016). Previous studies
have shown that resveratrol can attenuate muscle wasting in various
atrophic conditions, including microgravity analogs and unloading
models, and can improve recovery of muscle function (Mortreux
et al.,, 2019; Bennett et al., 2013). Moreover, it has been found to
reduce ER stress and improving muscle function in HU mice
(Toniolo et al., 2023). However, its effects have not been
evaluated in a combined model where disuse and hypoxia occur
simultaneously, conditions that may more closely represent
prolonged hospitalization or reduced oxygen exposure.

This knowledge gap is addressed in this study, where we
investigated the effects of resveratrol in a combined hindlimb
unloading and hypoxia model in a dose dependent manner, with
a focus on apoptosis, necroptosis, and ER stress related gene
expression. We predicted that the negative effects of HU and
hypoxia in these mice would be partially mitigated by
resveratrol.
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2 Materials and methods
2.1 Experimental protocol

Total 36 male, 4-month-old, C57BL/6] mice were randomly
divided into normoxic and hypoxic groups, and further subdivided
them into ground-controls and HU mice, which were further
subdivided into three groups based on intraperitoneal
administration of placebo vehicle, resveratrol 20 mg/kg, and
resveratrol 40 mg/kg, result in total of twelve subgroups
(Figure 1), with 3 mice in each subgroup. Only male mice were
included to reduce variability associated with estrous phase
dependent physiological changes. The doses of resveratrol were
selected based on previous studies (Akosman et al., 2019; Wang
et al., 2022).

The hypoxic condition was produced by placing the cages in a
hypoxia chamber with 15% oxygen levels (FIC-30-1/HYPO, PLAS
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LABS, Michigan, United States), and the normoxic group was kept
in a chamber with normal oxygen concentration, i.e., 21%, for the
complete experimental duration of 14 days. The choice of 15%
oxygen is based on established models of systemic hypoxia relevant
to cardiopulmonary disease and rodent hypoxia research.

The HU model was achieved by suspending the mice from the
tail at an angle of 30° from the floor, ensuring that the forelimbs
remain touching the floor of the cage while the hindlimbs remain
elevated from the floor for the complete duration of the experiment,
with daily monitoring for stress and movement (Zhang et al., 2018).
Resveratrol was prepared in 10% dimethyl sulfoxide (DMSO) in
sterile 0.9% saline, filtered through a 0.22 pm membrane, and
administered intraperitoneally once daily at 20 or 40 mg/kg for
the entire experimental period. Control groups received an equal
volume of vehicle (10% DMSO in saline) (Alaasam et al., 2024).

A controlled environmental condition (with light/dark periods
of 12 h each, 22 °C + 1 °C) was provided to all groups, with food
(standard chow diet for mice) and water provided ad-libitum. After
the completion of the experiment, the gastrocnemius muscles were
excised, weighed, and processed for subsequent analysis. The
experimental procedures were approved by the University of
Sharjah Animal Care and Use Committee (ACUC-08-09-2023),
in agreement with accepted international guidelines and regulations.

2.2 Grip strength measurement

Digital grip strength meter (Columbus Instruments, Columbus,
OH) was used to measure grip strength. Mice were allowed to grasp
the grid of the grip meter with their limbs and were gently pulled back
horizontally until release. The maximum force shown in the meter
was recorded. The exact process was repeated ten times for each
animal, with at least 1 min of rest between trials. The grip strength for
two fore limbs and all four limbs was measured the same way, and the
mean of the peak three readings was designated as the final grip
strength of mice. To compare the inter-individual grip strength, these
recordings were normalized to body weight according to specified
guidelines (Khan et al,, 2022; Ibrahim et al., 2022).

2.3 Cling time test

We measured the muscle strength by a modified wire-hang (cling
time) test, described in the JoVE method (Deacon, 2013). Mice were
held from the middle or base of the tail and inverted with the stomach
down to grasp the wire mesh with a weight placed on the table. As it
holds the wire mesh, raises the mice, and starts the stopwatch until it
releases the weight in 3 s, the time it holds the weight is noted. Each
subject repeated the exact three times after an interval of 5-10 s. And
the mean of the maximum two recordings was normalized with body
weight for further analysis (Qaisar et al., 2025).

2.4 RNA extraction and quantitative real-
time PCR validation

Total RNA was extracted from snap-frozen gastrocnemius
muscle with TRIzol reagent (Invitrogen). RNA integrity was
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evaluated by the agarose gel method, while RNA concentration
was measured with a NanoDrop spectrophotometer (Thermo
Scientific, United States). ¢cDNA was synthesized by reverse
transcription (RT) (Promega, Madison, W1, United States), while
the 7900HT fast real-time polymerase chain reaction (PCR) System
(Applied Biosystems, Inc., Foster City, CA, United States was used
for the assay of quantitative real-time PCR. The detection and
quantification of the expression levels of targeted genes were
performed by Real-time Master Mix (Toyobo, Osaka, Japan). The
PCR reaction consists of an initial denaturation at 95 °C for 10 min
followed by 40 cycles at 95 °C for 30 s, 60 °C for 10 s, and 72 °C for
30 s, and finally 72 °C for 10 min. Amplification of the target cDNA
was normalized to P-actin expression (Yuan et al, 2015). The
corresponding primers used in this study are listed in
Supplementary Table S1. Relative expression levels were calculated

using 2% method (Alamdari et al., 2012; Zhang et al., 2019).

2.5 Statistical analysis

All numerical data are presented as mean + standard deviation
(SD), and comparisons among groups of mice were performed using
one-way analysis of variance (ANOVA) followed by Tukey’s
multiple-comparison test. Gene expression data were analysed
using one-way ANOVA with Tukey’s post hoc comparisons to
identify differences among various groups. Statistical analysis was
performed using GraphPad Prism 10 (GraphPad Software, La Jolla,
CA), and p < 0.05 was considered statistically significant.

3 Results
3.1 Body and muscle mass

We investigated absolute and relative muscle and body weight in
resveratrol-treated and placebo groups under hypoxic and normoxic
conditions. No significant differences in body weight were observed
between resveratrol-treated and placebo groups under normoxic
conditions. A slight reduction in body weight was noted across all
experimental groups; however, this decrease was not statistically
significant (Figure 2A).

The loss of gastrocnemius muscles mass, a typical feature
observed in HU, was treated with two different doses of
resveratrol. A dose-dependent effect on preservation was
observed. The 20 mg dose did not significantly reverse the
muscle loss. However, increasing the dose to 40 mg/kg resulted
in a substantial preservation of muscle mass, particularly in the HU
groups. In these groups, muscle mass increased to 0.237 g in HU-
normoxia and 0.226 g in HU-hypoxia, compared to 0.221 g and
0.211 g in the placebo-treated groups, respectively. These findings
suggest that 40 mg/kg dose effectively preserved muscle mass in both
normoxic and hypoxic HU mice, with muscle weights approaching
those observed in GC control groups (Figure 2B).

When muscle weight was normalized to body weight, the results
reflected a similar trend: the placebo-treated HU group showed
significant muscle loss without (p = 0.014) or with (p = 0.01)
hypoxia, while the resveratrol-treated groups, especially those
treated with 40 mg/kg dose, demonstrated a notable prevention
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of muscle atrophy. This protective effect was most evident in HU- 3.2 Muscle strength and endurance

hypoxic and HU-normoxic mice, indicating that resveratrol’s ability

to counter muscle loss was more effective under these The function of the skeletal muscle was evaluated using Digital
conditions (Figure 2C). Grip Strength meter. We observed significantly lower grip strengths
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FIGURE 3

Absolute (A) and relative (B) grip strengths of four paws, absolute (C) and relative (D) grip strengths of forepaws, and absolute (E) and relative (F) cling
times in GC and HU mice under 21% and 15% oxygen among placebo- and resveratrol-treated groups. One-way analysis of variance, *p < 0.05 placebo
mice with similar loading and oxygen status. (GC; Ground-based Controls, HU; Hindlimb Unloaded mice).

of four paws (related to all four limbs) in GC-hypoxia than GC-
normoxia mice in placebo-treated groups (p < 0.001). Conversely,
treatment with resveratrol prevented this reduction, irrespective of
the dosing amount (Figure 3A). However, such effects of resveratrol
were not observed in HU mice with or without hypoxia. When
normalized to body weights, we observed a significant reduction in
grip strength in GC-hypoxia than in GC-hypoxia mice (p < 0.05),
which was not observed in the HU mice (Figure 3B).

We also observed lower grip strengths of forepaws (related to the
frontal two limbs) in GC-hypoxia mice compared to GC-normoxia
mice in the mice treated with placebo (p < 0.05), or 20 mg (p < 0.05)
and 40 mg (p < 0.05) of resveratrol. Similarly, HU-hypoxia mice also
exhibited lower forepaw grip strength than HU-normoxia mice in
placebo-treated group (p < 0.05) (Figure 3C). However, treatment
with resveratrol prevented this reduction of grip strength in HU-
hypoxia mice, when compared to HU-normoxia mice. When
normalized to body weights, the grip strengths of forepaws was
significantly lower in HU-hypoxia than in GC-normoxia mice (p =
0.012) (Figure 3D). However, this difference was not observed in the
resveratrol-treated groups.

We also observed a significant reduction in the absolute cling
time in HU-hypoxia than in HU-normoxia mice in the mice treated
with placebo (p < 0.001), 20 mg (p < 0.001), or 40 mg (p < 0.001) of
resveratrol (Figure 3E). Similar trends were observed in the relative
cling time normalized to body weights (Figure 3F).

3.3 Expressions of apoptosis, necroptosis
and ER stress markers

The dose-dependent effect of resveratrol on mRNA expression
levels of apoptosis-related markers (BAX, caspase-1 and BCL2) was
evaluated. qPCR analysis described that compared to HU-normoxic
mice, the HU-hypoxic mice had higher expressions of BAX (p <
0.001), caspase-1 (p = 0.01), and BCL2 (p < 0.001) (Figures 4A-C).
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20 mg of resveratrol treatment reduced the expression of BCL2 in
HU-hypoxic mice similar to the HU-normoxic mice (Figure 4C).
However, similar effects were not observed for the expressions of
BAX (Figure 4A) and caspase 1 (Figure 4B). Conversely, treatment
with 40 mg of resveratrol reduced the expressions of all three genes
in the HU-hypoxic mice to the levels of HU-normoxic mice
(Figures 4A-C).

Next, the expressions of necroptotic signaling genes, including
RIPK1, RIPK3, and MLKL, were higher in HU-hypoxic than in GC-
normoxic mice in the placebo-treated groups (Figures 5A-C).
However, effects observed
RIPK1 expressions in both groups of resveratrol treatments.
Resveratrol also reduced the expressions of RIPK3 (Figure 5A),
RIPK3 (Figure 5B), and MLKL (Figure 5C) in HU-hypoxia mice,
which were similar to GC-normoxia and HU-normoxia mice.

similar were  not for

Lastly, the ER stress response markers, including ATF4, total
XBP1 (tXBP1), and spliced XBP1 (s-XBP1), were significantly
elevated in placebo-treated HU-hypoxia mice. Resveratrol at both
doses significantly reduced the expressions of these genes,
suggesting attenuation of ER stress responses in this model
(Figures 6A-C).

4 Discussion

We investigated the effects of resveratrol in a combined
hindlimb unloading and hypoxia model, which represents
conditions that may occur in patients with COPD, heart failure,
prolonged hospitalization, or reduced oxygen exposure in settings
such as high altitude and spaceflight. Our findings reveal several
molecular changes in the skeletal muscle of HU-hypoxic mice
compared to ground control. These changes highlight synergistic
effects of disuse and hypoxia in the exacerbation of pathological
processes in skeletal muscle, which is evident by the upregulation of
genes responsible for apoptosis, necroptosis, and ER stress in these
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tissues of placebo-treated groups, which are consistent with previous
studies on muscle atrophy (Gallot and Bohnert, 2021; Cheema et al.,
2015). Although those studies examined age-related mitochondrial
dysfunction or ER stress in different contexts, both studies reported
activation of apoptosis and ER stress pathways similar to those
observed in our combined disuse-hypoxia model. This convergence
suggests that these molecular mechanisms are fundamental drivers
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of muscle atrophy across diverse conditions. The results of this study
provide a prospective therapeutic option for the prevention and
treatment of muscle atrophy caused by hypoxia and disuse by
highlighting various biochemical pathways that can be inhibited
by resveratrol in reducing muscle degeneration.

The use of a combined hypoxia and HU model is an essential
step in the study of muscle atrophy. Prior research has primarily
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examined the impact of both factors separately (Yoshihara et al.,
2021; Agrawal et al., 2018). But these dual-stressor models mimic
clinical conditions in a better way, like extended immobilization
experienced by hospitalized patients or the microgravity situations
seen during space travel. This combined-model method also
addresses a significant gap in current literature, which has
primarily focused on single-induced models of atrophy, limiting
our understanding of how various stressors interact to exacerbate
muscle degeneration.

Various molecular mechanisms are involved in disuse- and
hypoxia-induced muscle atrophy. The main causes of muscle
degradation in atrophic disorders are increased apoptosis,
necroptosis, and ER stress (Sartori, Romanello, and Sandri,
2021). The markers of Pro-apoptosis (BAX and caspase-1),
necroptosis (RIPK1/3 and MLKL), and ER-stress-related genes
(ATF4, XBP1) were all upregulated in HU-hypoxic in the
placebo-treated group in this study, confirming their role in
muscle degradation, which is consistent with previous research
showing the critical role of these pathways in muscle loss (Yang
et al.,, 2017; Afroze and Kumar 2019; Cheema et al., 2015).

However, resveratrol has significantly reduced the activation of
these pathways, particularly at a dose of 40 mg/kg which suggests that
it may be used as a multi-target treatment for muscle atrophy. With a
marked reduction in the levels of BAX and caspase-1, two important
apoptotic mediators, our data validates its well-established anti-
apoptotic properties (Chen et al, 2013; Haramizu et al, 2017;
Alam et al, 2023; Changizi et al, 2021). Additionally, it
significantly inhibits necroptotic signaling, as demonstrated by the
reduction in RIPK1, RIPK3, and MLKL levels. These findings are
compelling, as necroptosis has been identified as a major regulator of
cell death in skeletal muscle (Kamiya et al., 2022). Furthermore,
resveratrol also downregulates ER stress pathways (Luo et al., 2023),
as evident by a reduction in the level of ATF4 and XBP1 and BCL2.
By targeting all these pathways, resveratrol may offer strong
therapeutic effects compared to one that only focuses on a single
mechanism of apoptosis or necrosis.

Our findings highlight a dose dependent response of resveratrol,
with 40 mg per kg providing greater protection against muscle loss
and functional decline than 20 mg per kg, emphasizing the
importance of dose optimization. However, these findings are
based on short term treatment in mice and may not fully
represent the complexity of chronic human muscle atrophy.
Protein level validation, histology, upstream pathway analysis (such
as SIRT1, AMPK, and FoxOl), and long-term pharmacological
studies are needed to further define mechanisms.

This study has various strengths including the dual stressor
model that better reflects clinical and spaceflight conditions and
the assessment of multiple molecular pathways relevant to muscle
degeneration (Puthucheary et al.,, 2013; Debevec et al., 2018).
However, this study has certain limitations, as intraperitoneal
resveratrol administration may not accurately reflect its
bioavailability or the optimal route of administration in
humans. Additionally, the study was performed on male mice
only, to reduce variability associated with estrous phase-
dependent physiological changes. This limits the generalization
of the findings to females, as sex-based differences in drug
metabolism and response could exist. Moreover, conclusions
are based on mRNA expression without confirmation at the
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protein or structural levels, and only male mice were included.
Our analysis was restricted to the gastrocnemius muscle because
its larger tissue mass enabled combined functional and molecular
assessments from the same sample, which was essential given the
limited number of animals. However, the soleus muscle, which is
slow-twitch and highly oxidative, is classically more susceptible to
disuse and hypoxia. Its omission limits the generalizability of our
findings to fast-twitch dominant muscles. Future studies should
include soleus to determine whether resveratrol provides similar
protection in oxidative muscles, which are disproportionately
affected in conditions of prolonged immobilization (Qaisar,
Karim, and Elmoselhi, 2020). The focus of this study was on
gross muscle size and accompanying molecular changes in cell
stress pathways rather than histological architecture. Although
fiber cross-sectional area and total protein content were not
measured, previous work from our laboratory using similar
demonstrates that reductions in muscle weight are consistently
associated with decreased fiber cross-sectional area in HU alone
(Khan et al., 2022; Ibrahim et al., 2022; Khan et al., 2025) or
accompanied by hypoxia (Khan et al., 2025), confirming muscle
fiber atrophy. These findings support the use of muscle weight as a
valid indicator of atrophy in this experimental setting.

In summary, our study shows that resveratrol attenuates molecular
and functional indicators of muscle atrophy in fast twitch dominant
muscle induced by combined disuse and hypoxia. These findings
extend previous work on resveratrol in single stressor models by
showing protective effects in a dual stress setting that more closely
reflects clinical and spaceflight conditions. However, these findings are
limited to the gastrocnemius muscle, and further preclinical validation
and confirmation for slow twitch phenotypes such as the soleus, as well
as in clinical models is required before therapeutic translation. While
further preclinical validation is required before therapeutic translation,
our results position resveratrol as a biologically plausible and
mechanistically relevant candidate for strategies targeting complex
muscle wasting conditions.
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