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Physical training reduces cell senescence and
associated insulin resistance in skeletal muscle
Agnieszka Podraza-Farhanieh1, Rosa Spinelli1,2, Federica Zatterale 1,2, Annika Nerstedt 1, Silvia Gogg 1,
Matthias Blüher3, Ulf Smith1,*
ABSTRACT

Background: Cell senescence (CS) is a key aging process that leads to irreversible cell cycle arrest and an altered secretory phenotype. In
skeletal muscle (SkM), the accumulation of senescent cells contributes to sarcopenia. Despite exercise being a known intervention for main-
taining SkM function and metabolic health, its effects on CS remain poorly understood.
Objectives: This study aimed to investigate the impact of exercise on CS in human SkM by analyzing muscle biopsies from young, normal-
weight individuals and middle-aged individuals with obesity, both before and after exercise intervention.
Methods: Muscle biopsies were collected from both groups before and after an exercise intervention. CS markers, insulin sensitivity (measured
with euglycemic clamp), and satellite cell markers were analyzed. Additionally, in vitro experiments were conducted to evaluate the effects of
cellular senescence on human satellite cells, focusing on key regulatory genes and insulin signaling.
Results: Individuals with obesity showed significantly elevated CS markers, along with reduced expression of GLUT4 and PAX7, indicating
impaired insulin action and regenerative potential. Exercise improved insulin sensitivity, reduced CS markers, and activated satellite cell response
in both groups. In vitro experiments revealed that senescence downregulated key regulatory genes in satellite cells and impaired insulin signaling
by reducing the Insulin Receptor b-subunit.
Conclusions: These findings highlight the role of CS in regulating insulin sensitivity in SkM and underscore the therapeutic potential of exercise
in mitigating age- and obesity-related muscle dysfunction. Targeting CS through exercise or senolytic agents could offer a promising strategy for
improving metabolic health and combating sarcopenia, particularly in at-risk populations.

� 2025 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. INTRODUCTION

Cell senescence (CS) is a conserved aging mechanism characterized
by the irreversible arrest of the cell cycle along with alterations in cell
function and the secretion of pro-inflammatory factors collectively
known as the senescence-associated secretory phenotype (SASP) [1e
3]. This process contributes to chronic inflammation, tissue dysfunc-
tion and a reduced capacity for cell regeneration [2,4,5]. As individuals
age, senescent cells accumulate in various tissues, including skeletal
muscle (SkM), impairing muscle function and leading to sarcopenia,
the age-related loss of muscle mass and strength [6e8]. Impairment
of SkM function can lead to significant metabolic disturbances [9e11].
Since SkM is a primary site for glucose uptake, dysfunction in this
tissue results in reduced insulin responsiveness, contributing to
metabolic disorders such as type 2 diabetes (T2D) [12,13]. This
highlights the importance of maintaining muscle health to prevent
adverse metabolic outcomes.
Obesity is a well-established risk factor for numerous chronic diseases
which can accelerate the onset of aging in several metabolic tissues,
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including SkM, by promoting CS [14e16]. Indeed, obesity triggers local
tissue inflammation, oxidative stress and metabolic abnormalities,
which are key drivers of CS [17] also in SkM [18]. Chronic low-grade
inflammation originating from the adipose tissue in obesity, as well
as insulin resistance and altered muscle metabolism, are factors that
can contribute to the acceleration of muscle aging and dysfunction [19].
CS can impact multiple cell types within SkM, including muscle stem
cells (satellite cells), fibro-adipogenic progenitors and resident immune
cells, each of which plays a crucial role in muscle regeneration and
maintenance [8,14]. Satellite cells, which are normally quiescent,
become activated in response to muscle injury or stress leading to
proliferation and differentiation into new muscle fibers, thereby playing
a critical role in skeletal muscle generation and repair [20]. Thus,
senescence in satellite cells can have profound consequences on SkM
health, leading to diminished muscle maintenance, impaired regen-
eration, reduced responsiveness to exercise and increased metabolic
dysfunction [8,16].
Regular physical exercise is a highly effective strategy for preserving
SkM function and metabolic health, while also reducing several chronic
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diseases associated with age [21,22]. Exercise interventions have also
been shown to reduce circulating biomarkers of CS in man [23] and the
burden of senescent cells linked to aging and age-related conditions in
colon mucosa [24]. However, very little is known about the impact of
exercise on CS in SkM itself. Understanding if exercise may influence
senescence markers in SkM is crucial, as it could provide insights into
mechanisms that promote healthy aging of SkM and improve meta-
bolic health.
In this study, we investigated the effects of physical exercise on CS
markers in human SkM by analyzing muscle biopsies from people with
normal body weight and with obesity, before and after regular exercise.
Notably, physical intervention led to significant improvements in
metabolic parameters, a reduction in CS markers and activation of
satellite cell responses. Moreover, in vitro experiments demonstrated
that senescence negatively impacts satellite cells by reducing key
regulatory genes and impairing insulin signaling. Together these
findings underscore the critical role of CS in regulating insulin sensi-
tivity and highlight the potential of physical exercise as a therapeutic
strategy to mitigate these effects in human.

2. MATERIALS AND METHODS

2.1. Human participants
We examined a cohort of 55 Caucasian men and women with either
normal weight (n ¼ 23) or obesity (n ¼ 32), but without diabetes, who
also did not have a history of acute or chronic inflammatory diseases,
alcohol or drug abuse. All initial blood samples and SkM biopsies were
collected in the morning, between 08:00 and 10:00, following an
overnight fast. SkM samples were obtained under local anesthesia
from the right vastus lateralis muscle and were promptly frozen in
liquid nitrogen as described previously [25].

2.2. Exercise interventions
The subgroup of lean individuals (n ¼ 23, all men) was subjected to
supervised physical training, which consisted of training sessions on 5
consecutive days of the week for 4 weeks, i.e., 20 sessions in total.
Each session included 20 min of biking or running, 45 min of circuit
training, and 20 min periods for warming up and cooling down. All
subjects completed a graded bicycle test to volitional exhaustion and
had maximal oxygen uptake measured with an automated open circuit
gas analysis system at baseline. The highest oxygen uptake per minute
reached was defined as the maximal oxygen uptake (VO2 maximum),
and subjects subsequently trained at their individual submaximal heart
rate using heart rate monitors. An additional subgroup of participants
with obesity (n ¼ 32; 20 men and 12 women) underwent a structured
supervised mixed strengths and endurance training for six months. For
warm-up, participants completed 10 min of either bicycle ergometer,
stepper machine, rowing device or treadmill at w50% of the maximal
heart rate determined by the baseline incremental exercise test on a
treadmill for time to exhaustion and in the ergospirometry. For cool-
down, participants performed 10e15 min of low intensity stretching
exercises. The supervised endurance training consisted of 6 exercises á
10 min on treadmill, stepper, cross-trainer, rowing device or bicycle
ergometer training. The interval between exercise bouts was 1e5 min.
Switching between different training machines was allowed. Heart rate
during the exercise was used to prescribe, adjust and control the
endurance training. Training intensity recommendations were guided by
the individual performance, and training intensity was adjusted to the
heart rate. The goal was to achieve a training intensity of w75% of
maximal intensity. Protocols were adjusted every 4 weeks or at the
discretion of the supervisor based on the individual performance of the
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study participant. For strength training, 10 strength training machines
and 5 exercise on dumbbells or therapeutic bands were selected to
target the major muscle groups: chest, back, legs, shoulders, biceps,
triceps, and the trunk. Strength training consisted of supervised, circle
training for 40e60 min, twice a week. Training sessions were moni-
tored and participants received recommendations how to perform ex-
ercises. Per exercise, the number of series was 8e12 with 3
repetitions. The interval between series was 30 s and between exer-
cises 1 min. Monitoring was achieved by supervision of each training
session. Before the training period, participants performed a 10-
repetition maximum test to define the target intensity of w75e85%
for each exercise. The intensity for each exercise was adjusted every
week according to the individual performance based on the subjectively
reported residual power after the 10th repetition of the exercise.
General training protocols, i.e. the type of exercise, number of series
and repetitions were not changed during the 6 months, whereas in-
tensities were adjusted according to the individual performance.
Study participants were instructed to avoid vigorous exercise 48 h prior
to blood drawing and muscle biopsy collection. Before entering the
exercise program, incremental cycle ergometer tests were performed
until exhaustion to assess the maximal power output (Pmax) and
ergospirometry (Aeroman professional, Aerolution; Berlin, Germany) to
define aerobic capacity and subsequent individual training intensities.
In brief, the test started with a 0 W load, which increased every second
by another w0.278 W (corresponding to 50 W$3 min�1). The mini-
mum cadence was set at 60 rpm. The effort continued until volitional
exhaustion. The maximal workload (Wmax) was calculated as the
multiplication of the test duration (s) and the load-increasing coeffi-
cient. The total work performed was calculated based on the obtained
maximal power and the test duration [26].
In addition, we asked the study participants before taking part in the
study about their regular physical activity. Because there was no
relevant difference in the daily physical activity (e.g., mainly sitting
activities at work) or regular exercise level (e.g., <120 min dedicated
exercise sessions per week) between individuals in both the lean
participants and those in the 6 months obesity program, we did not
have to stratify the study participants by baseline physical activity level
differences.

2.3. Sample collection and metabolic assessments
Fasting blood and SkM samples were obtained at both the start of the
study and 48 h following the training period. Blood samples were
obtained after an overnight fast, with subjects in a supine position for
30 min, to measure fasting plasma insulin (FPI), hemoglobin A1c
(HbA1c), adiponectin, leptin, free fatty acids (FFA), total cholesterol
(TC), high-density lipoprotein cholesterol (HDL-C), low-density lipo-
protein cholesterol (LDL-C), triglycerides (TG), and high-sensitivity C-
reactive protein (hsCRP) using previously described methods [27].
Insulin sensitivity was assessed in all subjects at baseline and after
the exercise period using the euglycemic-hyperinsulinemic clamp
method, as previously described [28]. Clamps were performed 3 days
after the last exercise session. 2-hour oral glucose tolerance tests
(OGTT) were performed at baseline and after the exercise program
after an overnight fast with 75g standardized glucose solution (Accu
Chek Dextrose OGT, Roche, Mannheim, Germany). Percentage body
fat and fat free mass were assessed by bioimpedance analysis. In-
cremental cycle ergometer tests were performed until exhaustion to
assess the maximal power output (Pmax), VO2max and ergo-
spirometry (Aeroman professional, Aerolution; Berlin, Germany) to
define aerobic capacity and subsequent individual training
intensities.
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2.4. Cell culture

2.4.1. Human skeletal muscle satellite cells (HSkMSC)
HSkMSC, a human primary cell line purchased from Innoprot, were
cultured in Skeletal Muscle Cell Medium supplemented with 5% Fetal
Bovine Serum (FBS), 1% Penicillin-Streptomycin, and 1% Skeletal
Muscle Cell Growth Supplement. Cells were grown at 37 �C in a hu-
midified atmosphere with 5% CO2 in T75 flasks or 12-well plates. For
experimental consistency, HSkMSC were used from passage 2 to
passage 6.

2.4.2. Murine myoblast (C2C12) cells
C2C12 cells were purchased from ATCC and cultured in Dulbecco’s
Modified Eagle Medium (DMEM) (high glucose) supplemented with 10%
Fetal Bovine Serum (FBS) and 1% Penicillin-Streptomycin, as described
previously [29]. Cells were grown at 37 �C in a humidified atmosphere
with 5% CO2 in T75 flasks or 12-well plates. For experimental con-
sistency, C2C12 cells were used at passages below 10. Cells were
passaged when they reached 70e80% confluency to avoid
overcrowding.

2.4.3. Differentiation of myoblasts
C2C12 cells were cultured in DMEM until they reached 70e
80% confluency. At this point, the medium was replaced with dif-
ferentiation medium (DMEM supplemented with 2% FBS and 1%
Penicillin-Streptomycin), as described previously [29]. The medium
was changed every 48 h to maintain optimal conditions for
differentiation.

2.4.4. Induction of CS with doxorubicin
HSkMSC and C2C12 cells were treated with different concentrations of
doxorubicin (DOX) (SigmaeAldrich) for 2 h in the appropriate media, as
previously described [30]. After treatment, the cells were washed once
with PBS and replenished with fresh media, followed by incubation for
either 24 or 48 h. Conditioned medium (CM) was collected 24h or 48h
after exposure to DOX as described. CM from both control and DOX-
treated cells were collected. Cell debris was removed by centrifuga-
tion at 1200 rpm for 3 min, and the resulting media were stored
at �80 �C until further use. To treat naïve HSkMSC, CM was mixed
with complete Skeletal Muscle Cell Medium at a ratio of 1:1 and used
for 24h or 48h.

2.4.5. Senolytic treatment
Dasatinib (D) (SigmaeAldrich) was dissolved in DMSO to prepare a
50 mM stock solution, and Quercetin (Q) (SigmaeAldrich) was simi-
larly dissolved in DMSO, as previously described [31]. HSkMSC were
treated with 0.5 mM DOX for 2 h in the appropriate media. After
treatment, the cells were washed once with PBS and replenished with
fresh media, followed by a 24-hour incubation. At this time point,
Dasatinib (200 nM) and Quercetin (50 mM) were added to the media,
while fresh media without DQ was added to the remaining cells, fol-
lowed by an additional 24-hour incubation. At the indicated time
points, cells were collected.

2.4.6. Salbutamol treatment
Salbutamol (SigmaeAldrich; S8260) was dissolved in methanol to
prepare a 100 mM stock solution and used directly on the cells.
HSkMSC were treated with Salbutamol at a concentration of 50 mM for
2 h in the appropriate media. At the indicated time points, cells were
collected.
MOLECULAR METABOLISM 95 (2025) 102130 � 2025 The Author(s). Published by Elsevier GmbH. This is
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2.4.7. Insulin/IGF signaling
HSkMSC were starved for 3 h in Skeletal Muscle Cell Medium sup-
plemented with 0.25% BSA and 1% Penicillin-Streptomycin. Medium
supplemented with recombinant insulin (Actrapid, Novo Nordisk)
(100 nM) or IGF-1 (Life technologies) (100 ng/ml, equivalent to 13 nM)
was added to the cells for 20 min.

2.5. RNA extraction and gene expression analyses in cell lines and
human biopsies
Total RNA from cells and biopsies was performed as previously
described [31]. In short, RNA from cells was isolated using E.Z.N.A.
total RNA kit according to the manufacturer’s protocol. RNA was iso-
lated from skeletal muscle samples using TRIzol reagent (Life Tech-
nologies), according to the manufacturer’s protocol. The quality of RNA
was assessed using a NanoDrop 1000 (Thermo Fisher Scientific).
cDNA synthesis was performed using High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific). The quantitative real-time
PCR (qRT-PCR) was performed using TaqMan probes on a QuantStudio
6 Flex Real-Time PCR System (Thermo Fisher Scientific). Information
about primers is shown in Table S4.

2.6. Protein extraction and western blot analysis
Total proteins from cells were extracted as previously described [31].
In short, cells were washed with ice-cold PBS and protein lysates were
prepared using a lysis buffer (Cell Lysis Buffer II) with a protease in-
hibitor cocktail and phosphatase inhibitors. Protein content was
determined using Pierce BCA Protein Assay Kit. Protein lysates were
boiled with NuPAGE (Invitrogen) sample buffer supplemented with
Dithiothreitol (DTT) and boiled for 5 min at 95 �C. Protein samples were
loaded into NuPAGE 4e12% Bis-Tris Protein Gels for electrophoresis.
Proteins were transferred using the Trans-Blot Turbo Transfer System
(Bio-Rad) on the nitrocellulose membranes (Bio-Rad). Membranes
were blocked with 5% milk in PBST. Membranes were incubated with
primary antibodies diluted in 1% milk in PBST at 4 �C overnight. The
membranes were probed with primary and secondary antibodies
(Table S4). Proteins were visualized by enhanced chemiluminescence
Clarity Max Western ECL Substrate (Bio-Rad) using the ChemiDoc
Imaging System (Bio-Rad) and ImageJ software.

2.7. Immunocytochemistry
Immunohistochemistry was performed as previously described [31]. In
short, cells grown on glass slides were treated as described above.
Cells were fixed in 4% (v/v) phosphate-buffered formaldehyde for
15min and permeabilized in 0.2% Triton X-100 for 10min. Cells were
then blocked with 5% FBS for 1h, followed by incubation with primary
antibodies against p21, phospho-histone H2AX, and Ki67 overnight.
Cells were then incubated with secondary antibody conjugated with
Alexa Fluor 594 for 1h at room temperature, nuclei were stained with
DAPI (D9542, SigmaeAldrich) and the coverslip was mounted with
fluorescence mounting medium (Invitrogen). Pictures were obtained
using a Zeiss Axio Observer. Image analysis was performed using
ImageJ (v1.8.0 National Institutes of Health, NIH).

2.8. MitoTracker staining
MitoTracker staining was performed as previously described [31]. In
short, cells grown on glass slides were stained with 100 nM Mito-
Tracker Red CMXRos (Thermo Fisher Scientific) for 30min at 37 �C,
followed by nuclear staining with DAPI (D9542, SigmaeAldrich). Cells
were washed and fixed in 4% (v/v) phosphate-buffered formaldehyde
for 15min at RT. Images were taken using the Zeiss Axio Observer.
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Image analysis was performed using ImageJ (v1.8.0 National Institutes
of Health, NIH).

2.9. Statistical analysis
All values are presented as mean � SEM. Data were tested for
normality using appropriate test and appropriate parametric or non-
parametric statistical tests were performed. For comparisons be-
tween two groups statistical significance was determined by paired
Student’s t-test and unpaired Student’s t-test (parametric tests) or
Wilcoxon Signed-Rank Test and ManneWhitney U Test (non-para-
metric tests). For comparison between multiple groups statistical
significance was determined by one-way ANOVA with Dunnett’s
multiple comparisons test or KruskaleWallis Test. To assess corre-
lation between variables, Spearman’s rank correlation test was used.
Multivariable linear regression analysis was performed to account for
the potential confounding effect of sex and chronological age on the
differences between lean individuals and individuals with obesity. In
the human biopsy data, some values were missing due to undetected
measurements and were excluded from the analysis. All statistical
analyses and graphs were performed with GraphPad Prism 10.0
software. Significance is indicated in the figures and p-value �0.05
was considered statistically significant.

3. RESULTS

3.1. CS markers are increased in SkM in middle-aged people with
obesity
CS is a conserved mechanism of SkM aging in both mice and humans
[14] and obesity may accelerate the aging phenotype in SkM [6]. Thus,
to assess the impact of both aging and obesity on expression of CS
markers in SkM, we analyzed muscle biopsies from the vastus lateralis
of 23 lean (BMI 24.5 � 0.3 kg/m2) young (27 � 0.8 years) individuals
and 32 individuals with obesity (without diabetes) (BMI 35 � 0.6 kg/
m2) and middle-aged (49 � 1.4 years) (Table S1). Metabolic as-
sessments revealed that individuals with obesity exhibited metabolic
dysfunctions, characterized by increased HOMA-IR (p < 0.0001),
increased HbA1c (p < 0.0001), elevated levels of fasting insulin
(p < 0.0001), leptin (p < 0.0001), free fatty acids (p < 0.0001) and
reduced adiponectin (p < 0.0001) (Table S1).
To investigate CS, we analyzed the mRNA levels of canonical senes-
cence markers [14]. Absolute quantification of mRNA levels from lean
individuals and individuals with obesity revealed that the expression of
senescence-associated beta galactosidase (GLB1), cyclin-dependent
kinase inhibitor 1A (CDKN1A), zinc finger matrin-type 3 (ZMAT3) and
cyclin-dependent kinase inhibitor 2A (CDKN2A) genes was significantly
increased in SkM from middle-aged individuals with obesity compared
to lean and young controls (Figure 1AeD). Given the reduced insulin
sensitivity in the individuals with obesity, we also examined the mRNA
levels of Glucose Transporter Type 4 (GLUT4, also known as SLC2A4)
gene responsible for glucose uptake in SkM, which was significantly
decreased in individuals with obesity (Figure 1E). Since the regener-
ative capacity of SkM declines with age [16], we further analyzed the
expression of paired box protein 7 (PAX7), a transcription factor crucial
for SkM development and regeneration [32]. PAX7 expression was
significantly decreased in individuals with obesity compared to lean
controls (Figure 1F).
To investigate the association between changes in gene expression
and metabolic parameters, we conducted a correlation analysis. This
analysis revealed significant positive correlations between the mRNA
expression of GLB1, CDKN1A, ZMAT3 and CDKN2A with age, weight,
BMI, fasting plasma levels of leptin and insulin, as well as glucose
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(OGTT) (Table S2). In contrast, we observed significant negative cor-
relations between the mRNA expression of GLUT4 and PAX7 and these
same parameters. Overall, our findings indicate that the expression of
senescence-related genes in skeletal muscle is increased in middle-
aged individuals with obesity and correlates with a dysmetabolic state.
To further understand the role of CS in the metabolic dysfunction seen
in individuals with obesity, we assessed the correlation between
senescence markers and genes with a key role in metabolism
(Table S3). This analysis showed that canonical senescence markers
were positively correlated with each other and negatively correlated
with PAX7 and GLUT4. The positive correlation between senescent
markers suggests a consistent and coordinated activation of a se-
nescent program in SkM, while a simultaneous negative correlation
with GLUT4 and PAX7 implies an impact of CS on key metabolic and
regulatory functions of SkM.
Taken together, our analysis reveals that SkM from middle-aged in-
dividuals with obesity exhibit increased CS markers which are asso-
ciated with a dysmetabolic state, reduced expression of key metabolic
gene GLUT4 and diminished levels of PAX7, which is crucial for the
maintenance and development of SkM.
Given the observed differences between lean individuals and in-
dividuals with obesity, we next sought to determine the extent to which
these differences were influenced by age and sexdtwo well-
established factors impacting both metabolic function and CS
[14,33e35]. This adjustment was particularly important because the
lean subjects and individuals with obesity were not well-balanced in
terms of sex composition and age. These disparities raise the possi-
bility that some of the observed differences in gene expression could
be partially driven by age or sex rather than obesity per se. To address
this, we performed multivariable linear regression analyses to adjust
for sex alone, as well as for both sex and chronological age. Sex-
adjusted analysis confirmed that obesity remains a primary driver of
SkM senescence. Adjusting for sex alone did not alter the significant
upregulation of GLB1, ZMAT3, CDKN1A, and CDKN2A in individuals
with obesity (Sup. Figure 1AeD). Similarly, the downregulation of
GLUT4 and PAX7 remained robustly significant (Sup. Figure 1E and F).
These findings reinforce the notion that obesity exerts a direct influ-
ence on SkM senescence and metabolic impairment, independent of
sex-related differences. Age-adjusted analysis further highlights the
interplay between obesity and chronological aging in driving CS. When
adjusting for both sex and chronological age, we observed that GLB1
and ZMAT3 expression remained significantly elevated in the subjects
with obesity (Sup. Figure 2A and C), confirming that obesity inde-
pendently contributes to increased senescent burden in SkM. How-
ever, CDKN1A exhibited only a trend toward upregulation, while
CDKN2A was no longer significantly different between groups (Sup.
Figure 2B and D). These findings indicate that age is a major factor
influencing the expression of certain senescence-related genes,
particularly CDKN2A. Importantly, despite adjusting for both age and
sex, the expression of GLUT4 and PAX7 remained significantly
downregulated in the individuals with obesity (Sup. Figure 2E and F),
underscoring the persistent metabolic and regenerative impairments
associated with obesity, independent of aging.
These results provide key insights into the interplay between age, sex,
and obesity in modulating SkM senescence and metabolic function.
While age is a significant determinant of CS burden, our findings
demonstrate that obesity acts as an independent contributor, further
exacerbating SkM dysfunction beyond age-related effects alone. The
fact that the core pattern of obesity-induced dysregulation remains
largely consistent after adjustment for sex and age underscores the
profound impact of excess adiposity on muscle health.
mbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1: Subjects with obesity exhibited higher expression of senescence markers in SkM.
(AeF) Bar graphs showing qRT-PCR analysis of the indicated genes, expressed as fold change and normalized to 18S. Data are presented as boxplots (minemax) with individual
values shown. Normality of the data distribution was assessed using the ShapiroeWilk test. Statistical comparisons were performed using an unpaired Student’s t-test or Manne
Whitney test, with significance indicated on the graphs. Sample size varies between genes in the presented groups due to undetected values in qRT-PCR analysis. Undetected
values were excluded to ensure reliable statistical evaluation.
3.2. Physical exercise reduces senescence markers in SkM cells of
lean individuals
Metabolic dysfunction and aging are linked to increased CS and
impaired SkM remodeling, which may reduce the muscle’s ability to
adapt to exercise [14,36]. Thus, to investigate the effect of physical
exercise on CS in human SkM, we compared the expression of
senescence markers before and after a 4-week exercise program in
the SkM biopsies obtained from the same 23 young (27 � 0.8 years)
and lean (BMI 24.5 � 0.3 kg/m2) individuals shown in Table S1.
Anthropometric and metabolic analyses revealed that 4 weeks of ex-
ercise significantly improved OGTT glucose (p ¼ 0.0242), fasting in-
sulin (p¼ 0.0084), HOMA-IR (p¼ 0.0058), glucose infusion rate in the
steady state of an euglycemic-hyperinsulinemic clamp (p < 0.0001)
and lipid metabolism parameters (HDL-C (p < 0.0001), triglycerides
(p < 0.0001) and free fatty acids (p ¼ 0.0005)) (Table 1), confirming
the exercise regimen’s efficacy in improving metabolic phenotype.
Interestingly, we also found that GLB1 and CDKN1A were significantly
downregulated in SkM biopsies after exercise, indicating a beneficial
role of exercise in reducing CS (Figure 2AeB). However, ZMAT3 and
MOLECULAR METABOLISM 95 (2025) 102130 � 2025 The Author(s). Published by Elsevier GmbH. This is
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CDKN2A levels did not change (Figure 2CeD). The reduction in CS
markers observed after 4 weeks of exercise was accompanied by a
significant increase in GLUT4 mRNA expression (Figure 2E). To further
analyze changes in SkM, we analyzed the expression of PAX7. Our
analysis revealed a significant increase in PAX7 mRNA expression
following the exercise, suggesting enhanced activation of satellite cells
and muscle repair (Figure 2F).
Taken together, our findings demonstrate that 4 weeks of regular
physical training in lean, young men significantly reduced the
expression of senescence-related genes in SkM, which was associ-
ated with improved insulin sensitivity, enhanced lipid metabolism, and
activation of satellite cells.

3.3. Prolonged physical exercise reduces senescence markers in
SkM cells of middle-aged individual with obesity
Several factors, including age and BMI, influence exercise response
[37,38]. Older individuals and those with obesity have generally
favourable exercise-induced adaptations in insulin sensitivity and other
cardiometabolic risk factors, but they frequently fail to reach levels
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 5
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Table 1e Characteristics of lean cohort study participants; before and after
one month exercise.

Before After P values

n ¼ 23 n ¼ 23

Biometric parameters
Age, years 27 � 0.8 27 � 0.8
Weight, kg 79 � 2.0 79 � 2.0 0.3538
BMI, kg/m2 24.5 � 0.3 24.5 � 0.3 0.8207
Fat mass, kg 14.1 � 1.3 16.4 � 1.4 0.0034
OGTT 0h glucose, mmol/l 5.0 � 0.2 4.4 � 0.2 0.0294
OGTT 2h glucose, mmol/l 5.4 � 0.3 4.8 � 0.2 0.0242
FPI, pmol/l 12.3 � 1.7 9.7 � 1.2 0.0084
HOMA-IR 0.40 � 0.06 0.27 � 0.04 0.0058
Clamp, mmol/kg/min 109 � 2.5 114 � 2.3 <0.0001
VO2 max,ml/min 3849 � 130 3906 � 111 0.3745
VO2 max, ml/min/kg 48.8 � 1.5 49.0 � 1.5 0.2241
Leptin, ng/ml 4.0 � 0.6 4.1 � 0.5 0.5028
Adiponectin, mg/ml 13.9 � 0.8 15.2 � 0.8 0.0563
Total cholesterol, mmol/l 5.2 � 0.1 5.2 � 0.1 0.6546
LDL-C, mmol/l 3.0 � 0.1 3.0 � 0.1 0.7655
HDL-C, mmol/l 1.7 � 0.1 1.8 � 0.1 <0.0001
Triglyceride, mmol/l 1.3 � 0.05 1.2 � 0.04 <0.0001
FFA, mmol/l 0.15 � 0.01 0.12 � 0.01 0.0005
hsCrP, mg/dl 1.09 � 0.1 1.03 � 0.1 0.1353

Data are mean � SEM.
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seen in younger people, possibly due to body composition differences
[37,38]. Thus, we sought to determine whether age and obesity could
also impact the beneficial effects of exercise on CS markers in SkM.
For this reason, we measured the expression of senescence markers
in SkM biopsies from the 32 middle-aged individuals with obesity
which were subjected to a similar exercise regimen as that of the lean
individuals but with a longer duration (i.e., 6 months). Six months of
supervised exercise led to significant improvements in anthropometric
parameters (weight (p < 0.0001), BMI (p < 0.0001), fat mass
(p < 0.0001)), and metabolic state as indicated by a reduced glucose
result (OGTT (p < 0.0001)), decreased HOMA-IR (<0.0001), decrease
in plasma levels of fasting insulin (p < 0.0001), leptin (p < 0.0001),
and inflammation marker hsCRP (p < 0.0001), as well as an increase
in adiponectin and HDL-C levels (p < 0.0001) (Table 2).
After confirming the efficacy of the exercise regimen in improving the
metabolic phenotype, we examined CS markers in the SkM. mRNA
levels of GLB1, CDKN1A, ZMAT3 and CDKN2A were significantly
reduced following exercise in this cohort (Figure 2GeJ). This effect
was accompanied by a significant increase in GLUT4 and PAX7
expression (Fig. 2K-L), suggesting improved insulin sensitivity and
enhanced satellite cell activation in SkM, as observed in young and
lean individuals. Our analysis, therefore, demonstrates that physical
training is effective in reducing the expression of senescence-related
genes in SkM in middle-aged individuals with obesity, leading to im-
provements in insulin sensitivity, lipid metabolism, and increased
activation of SkM satellite cells.

3.4. Exposure of HSkMSC to doxorubicin induces senescence
We observed that reduction in CS markers in SkM was associated with
a marked increase in satellite cell activation, as indicated by PAX7
upregulation following physical exercise. Given this relationship, we
hypothesized that satellite cells may be directly influenced by the
senescence processes. To test this, we examined the effects of
doxorubicin, a well-established inducer of CS [39], specifically on
satellite cells, assessing their activation and functional responses
under these conditions. To determine the optimal concentration of DOX
6 MOLECULAR METABOLISM 95 (2025) 102130 � 2025 The Author(s). Published by Elsevier G
for inducing senescence, satellite cells were incubated with different
concentrations of DOX for 2 h, followed by 48-hour incubation in fresh
medium without DOX. A concentration of 2 mM DOX was too high,
resulting in increased expression of cleaved caspase-3 (c-CASP3)
(Figure 3A) and enhanced cell death (Figure 3B). On the other hand,
0.5 mM DOX did not induce c-CASP3, but led to CS as indicated by the
enlarged and flattened cell morphology (Figure 3B) and upregulation of
senescence markers MDM2, ZMAT3, Cyclin D1, p21 and gH2AX, as
shown by western blot analysis (Figure 3A, C). The senescence
phenotype was further confirmed by immunostaining for p21 and
gH2AX (Figure 3EeF), as well as Ki67, a proliferation marker which
was greatly reduced in senescent cells (Figure 3GeH). Based on this
evidence, 0.5 mM DOX was selected for subsequent experiments. To
further characterize the senescence phenotype, we analyzed gene
expression of the above-mentioned senescence markers. RT-qPCR
analysis showed that DOX increased the mRNA levels of GLB1,
ZMAT3, CCND1, and CDKN1A (encoding p21) (Figure 3D). One hall-
mark of senescent cells is the acquisition of SASP phenotype [40].
Senescent cells secrete a whole spectrum of multiple factors such as
cytokines, chemokines, growth factors and matrix-metalloproteinases
that contribute to the senescent microenvironment [41]. To charac-
terize the SASP in DOX-induced senescent satellite cells, we analyzed
expression of several SASP genes and found significant upregulation of
Growth Differentiation Factor 15 (GDF15), Interleukin-6 (IL-6),
Interleukin-8 (IL-8), Interleukin-32 (IL-32), Transforming Growth Factor
Beta 1 (TGFB1) in these cells (Figure 3D). Importantly, SASP can
propagate senescence to neighboring healthy cells [42]. To verify this,
we collected the SASP-enriched conditioned media from DOX-induced
senescent satellite cells and applied it to naïve satellite cells. The in-
duction of senescence in these recipient cells was confirmed by the
increased expression of multiple senescence markers (Figure 3IeJ).
To further examine the mechanism of senescence in SkM, we eval-
uated the pro-senescence effect of DOX on myoblasts (C2C12 cells).
To determine the optimal concentration of DOX for inducing senes-
cence in these cells, we incubated them with different DOX concen-
trations for 2 h, followed by incubation with fresh medium without DOX
for 24 h. A concentration of 4 mM was too high, causing increased
expression of c-Casp3 (Sup. Figure 3A), while 2 mM DOX was sufficient
to induce senescence in murine myoblasts, as confirmed by upregu-
lation of both senescence markers and SASP genes (Sup. Figure 3Ae
C). To verify whether also myocytes were sensitive to DOX-induced
senescence, we differentiated the C2C12 myoblasts into myocytes.
At day 5 of differentiation, Desmin differentiation marker was signifi-
cantly upregulated (Sup. Figure 3DeE), as well as b subunit of insulin
receptor (InsRb) (Sup. Figure 3DeF) which is known to be upregulated
during myoblast differentiation [43]. Importantly, 2 mM DOX was suf-
ficient to induce senescence in differentiated myocytes, as indicated by
upregulation of senescence markers p53, ZMAT3, Cyclin D1, p21 and
gH2AX (Sup. Figure 3GeH).
In SkM, satellite cells are typically present in a quiescent state, and
they become activated in response to muscle injury or stress. This
activation leads to satellite cell proliferation and differentiation into
myoblasts [44]. Thus, to assess the impact of CS on myoblast dif-
ferentiation, we induced senescence by treating C2C12 cells with
2 mM DOX for 2 h, followed by a 24-hour incubation in fresh media.
After this period, the cells were switched to differentiation medium to
initiate the differentiation process. Our analysis revealed that by day 5
of differentiation, senescence markers remained significantly upre-
gulated at both the protein and mRNA levels in DOX-treated cells (Sup.
Figure 4AeC). However, the protein levels of differentiation markers
Desmin and MyoD1, as well as Myod1 mRNA, were significantly
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Figure 2: Impact of exercise intervention on gene expression in SkM.
(AeF) qRT-PCR analysis of the indicated genes in 23 young, lean individuals before and one month after an exercise intervention. (GeL) qRT-PCR analysis of the indicated genes in
32 middle-aged individuals with obesity before and after a six-month exercise intervention. Data are presented as boxplots (minemax) with individual values displayed. Normality
of the data distribution was assessed using the ShapiroeWilk test. Statistical comparisons were performed using paired Student’s t-test or Wilcoxon signed-rank test, with
significance indicated on the graphs. Sample size varies between genes in the presented groups due to undetected values in qRT-PCR analysis. Undetected values were excluded
to ensure reliable statistical evaluation.
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Table 2 e Characteristics of cohort study participants with obesity; before
and after six months exercise.

Before After P values

n ¼ 32 n ¼ 32

Biometric parameters
Male (n; %) 20; 62 20; 62
Age, years 49 � 1.4 49 � 1.4
Weight, kg 108 � 3.3 105 � 3.0 <0.0001
BMI, kg/m2 35 � 0.6 34 � 0.6 <0.0001
Fat mass, % 33 � 0.6 31 � 0.5 <0.0001
OGTT 0h glucose, mmol/l 5.6 � 0.1 5.4 � 0.1 0.0004
OGTT 2h glucose, mmol/l 8.6 � 0.2 7.1 � 0.2 <0.0001
FPI, pmol/l 80 � 8.4 55 � 6.2 <0.0001
HOMA-IR 3.3 � 0.3 2.2 � 0.2 <0.0001
Leptin, ng/ml 23 � 1.2 20 � 1.2 <0.0001
Adiponectin, mg/ml 7 � 0.6 9 � 0.6 <0.0001
Total cholesterol, mmol/l 5 � 0.2 5 � 0.2 0.8865
LDL-C, mmol/l 3 � 0.2 3 � 0.2 0.4879
HDL-C, mmol/l 1.2 � 0.1 1.4 � 0.1 <0.0001
Triglyceride, mmol/l 1.7 � 0.2 1.4 � 0.1 0.0004
FFA, mmol/l 0.6 � 0.1 0.5 � 0.1 0.3895
hsCrP, mg/dl 1.6 � 0.1 1.1 � 0.1 <0.0001

Data are mean � SEM.
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reduced in senescent cells (Sup. Figure 4AeC), indicating that CS
impaired the myoblast differentiation.
Taken together, our findings demonstrate that DOX-induced senescent
cells and their SASP impair SkM satellite cell function and myoblast
differentiation. These findings highlight the detrimental effects of
senescence on SkM function and regeneration.

3.5. CS impairs insulin signaling and reduces the expression of key
muscle-regulatory genes
To further elucidate the impact of CS on satellite cells, we analyzed key
regulatory proteins involved in insulin action and muscle function,
including InsRb and GLUT4. Both proteins were significantly reduced in
DOX-induced senescent satellite cells (Figure 4AeB), which was also
confirmed at mRNA levels (Figure 4C). To further investigate whether
CS adversely affects satellite cells, we evaluated PAX7 expression
following DOX exposure and observed a significant downregulation
(Figure 4AeB). Additionally, we examined the expression of genes
involved in the molecular transduction of exercise-induced effects in
SkM, such as peroxisome proliferator-activated receptor g coactivator
1a (PGC1a; encoded by the PPARGC1A gene) [45], Myogenic Differ-
entiation 1 (MyoD1) [46] and Myogenin (MYOG) in our in vitro model of
senescent satellite cells. This analysis revealed that senescence in
satellite cells leads to a reduction in PGC1a expression at both protein
and mRNA levels (Figure 4AeC). Additionally, we found a significant
decrease in the expression of MyoD1 (Figure 4AeC), along with
reduced MYOG (Figure 4C). Given the negative impact of CS on PGC1a
expression, we next investigated mitochondrial transcription factor A
(mtTFA), a downstream regulator of mitochondrial function in SkM
[47]. Our findings indicate that CS in satellite cells reduces the mtTFA
expression (Figure 4AeB).
We also assessed the effects of CS on the insulin signaling pathway.
After 3 h of serum starvation, senescent satellite cells were stimulated
with acute insulin (INS, 100 nM). Insulin-stimulated phosphorylation of
Protein kinase B/AKT (AKT) and Glycogen synthase kinase-3 beta
(GSK3b) was significantly reduced in senescent satellite cells
(Figure 4DeG). To reinforce these findings, we also subjected se-
nescent satellite cells to acute IGF-1 (13 nM) stimulation which also
was reduced. Importantly, senescent satellite cells displayed a marked
8 MOLECULAR METABOLISM 95 (2025) 102130 � 2025 The Author(s). Published by Elsevier G
downregulation of InsRb expression (Figure 4DeE). Since both insulin
and IGF-1 bind to InsRb to initiate downstream signaling, these find-
ings suggest that CS impairs the ability of satellite cells to activate the
insulin signaling pathway in response to both stimuli, likely due to the
reduced expression of InsRb.

3.6. Senolytic agents Dasatinib and Quercetin target CS in satellite
cells
To explore potential therapeutic strategies for targeting cellular
senescence in satellite cells, we investigated the efficacy of senolytic
agents Dasatinib (D) and Quercetin (Q). These agents have previously
demonstrated the ability to selectively eliminate senescent cells and
improve muscle strength in aged mice by reducing CS in skeletal
muscle [48,49]. We induced senescence in satellite cells by treating
them with 0.5 mM DOX for 2 h, followed by 24-hour incubation in fresh
media. After this, the senolytic cocktail (D: 200 nM and Q: 50 mM) was
applied for 24 h, which resulted in increased apoptosis of senescent
cells, as shown by elevated levels of c-CASP3 (Figure 5AeB). Notably,
the significant increase in c-CASP3 expression was observed specif-
ically in cells treated with both DOX and senolytics, and not in cells
treated with senolytics alone. This was paralleled by a significant
reduction of senescence markers MDM2, Cyclin D1, p21 and ZMAT3
(Figure 5A, CeF). The downregulation of p21 was also confirmed by
immunostaining (Figure 5IeJ). To further support the clearance of
senescent cells by senolytics, we analyzed SASP gene expression and
saw significant reductions in mRNA levels of IL-6, IL-18, and TGFB1
following D þ Q treatment (Fig. 5H).
We also demonstrated that D þ Q treatment restored InsRb levels in
senescent cells (Figure 5A, G). Additionally, we assessed mitochondrial
function by measuring mitochondrial membrane potential using
MitoTracker Red. DOX-induced senescent satellite cells featured
mitochondrial hyperpolarization (an excessive mitochondrial activity),
as evidenced by increased fluorescence intensity (Figure 5K, L).
Importantly, D þ Q treatment normalized mitochondrial membrane
potential, suggesting improved mitochondrial function (Figure 5K, L).
Taken together, our results demonstrate that the D þ Q combination
effectively eliminates senescent satellite cells by inducing apoptosis,
leading to significant reductions of senescent markers and SASP
genes. Importantly, this restored InsRb levels and normalized mito-
chondrial function. These results highlight the therapeutic potential of
D and Q as a senolytic strategy to mitigate the adverse effects of CS on
SkM function.

3.7. An exercise mimetic mitigates the pro-senescence effect of
doxorubicin while preserving its proinflammatory role, potentially
supporting SkM regeneration
Salbutamol, a b-adrenergic receptor agonist, is known to mimic some
effects of exercise in vitro [50,51]. Thus, we examined the potential of
salbutamol to modulate DOX-induced senescence in satellite cells. To
this end, we employed two experimental approaches. First, we
examined whether salbutamol counteracts DOX-induced senescence
when administered simultaneously with DOX. Satellite cells were
treated with DOX and salbutamol for 2 h, followed by incubation in
fresh medium for 24 h. Western blot analysis revealed a significant
reduction in senescence markers, including MDM2, Cyclin D1,
ZMAT3 and p21, when salbutamol was co-administered with DOX
(Figure 6AeB). To further understand the role of salbutamol, we
pretreated satellite cells with salbutamol for 2 h, before exposure to
DOX, followed by a 24-hour incubation in fresh medium. Remarkably,
pretreatment with salbutamol also led to a significant reduction in the
expression of senescence and cell cycle inhibition markers
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Figure 3: Doxorubicin exposure induces senescence in HSkMSC.
(A) Representative immunoblots of the indicated proteins in control and DOX-treated cells after 48 h (n ¼ 5). (B) Representative bright-field images of HSkMSC treated with varying
concentrations of DOX for 48 h (n ¼ 3). Scale bars ¼ 60 mm. (C) Bar graphs showing relative protein levels in control and DOX-treated cells after 48 h, normalized to actin (n ¼ 5).
Data are presented as mean � SEM, with individual data points shown as dots. (D) Bar graphs displaying qRT-PCR analysis of the indicated genes as fold change, normalized to
18S (n ¼ 6). Data are presented as mean � SEM, with dots representing individual data points. (E) Representative immunofluorescence images of control and DOX-treated cells
stained for p21 (red) and nuclei (DAPI, blue), and gH2AX (red) (n ¼ 3). Scale bars ¼ 10 mm. (F) Bar graphs showing corrected total cell fluorescence of p21/DAPI and gH2AX/DAPI
in control and DOX-treated cells (n ¼ 3, with 4e6 randomly chosen fields per experiment). Dots represent individual data points. (G) Representative immunofluorescence images of
control and DOX-treated cells stained for Ki67 (red) and nuclei (DAPI, blue) (n ¼ 3). Scale bars ¼ 25 mm. (H) Bar graphs showing the percentage of Ki67-positive cells relative to
total nuclei in control and DOX-treated cells (n ¼ 3, with 4e6 randomly chosen fields per experiment). Dots represent individual data points. (I) Representative immunoblots of the
indicated proteins in control and SASP-positive media-treated cells (n ¼ 6). (J) Bar graphs showing relative protein levels normalized to actin (n ¼ 5). Normality of data distribution
was assessed using the ShapiroeWilk test. Depending on normality, either a paired Student’s t-test (for normally distributed data) or a Wilcoxon matched-pairs test (for non-
normally distributed data) was used. Data are presented as mean � SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 4: CS impairs insulin signaling and reduces the expression of key muscle-regulatory genes.
(A) Representative immunoblots of the indicated proteins in control and DOX-treated cells after 48 h (n ¼ 6). (B) Bar graphs showing relative protein levels in control and DOX-
treated cells after 48 h, normalized to actin (n ¼ 6). Data are presented as mean � SEM, with individual data points shown as dots. (C) Bar graphs displaying qRT-PCR analysis of
the indicated genes as fold change, normalized to 18S (n ¼ 6). Data are presented as mean � SEM, with dots representing individual data points. (D) Representative immunoblots
of the indicated proteins in control and DOX-treated cells after 48 h, followed by exposure to insulin (INS) or IGF-1 for 20 min (n ¼ 6). (EeG) Bar graphs showing relative protein
levels in control and DOX-treated cells after 48 h, followed by exposure to INS or IGF-1 for 20 min, normalized to actin (n ¼ 6). Data are presented as mean � SEM, with dots
representing individual data points. Normality of data distribution was assessed using the ShapiroeWilk test. Depending on normality, either a paired Student’s t-test (for normally
distributed data) or a Wilcoxon matched-pairs test (for non-normally distributed data) was used. For comparisons involving multiple conditions, Repeated Measures One-Way
ANOVA with Dunnett’s multiple comparisons test (for normally distributed data) or the Friedman test (for non-normally distributed data) was applied. *p < 0.05, **p < 0.01,
***p < 0.001 (control vs. treatment conditions); #p < 0.05, ##p < 0.01 (control þ INS/IGF-1 vs. DOX þ INS/IGF-1).
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(Figure 6CeD). Taken together, these findings identify the novel
cellular target of salbutamol and suggest that salbutamol effectively
mitigates the pro-senescence effect of DOX in satellite cells, regardless
of whether it is administered simultaneously or as a pretreatment.
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To further characterize the mechanisms of salbutamol on DOX-induced
senescence, we analyzed markers of SASP. While salbutamol reduced
senescence markers, SASP components such as IL-6 and IL-18 did not
significantly decrease following simultaneous treatment with DOX
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Figure 5: Senolytic agents Dasatinib and Quercetin target CS in satellite cells.
(A) Representative immunoblots of the indicated proteins in control, DOX-, D þ Q-, and DOX þ D þ Q-treated cells. (BeG) Bar graphs showing relative protein levels in the
indicated groups, normalized to actin (n ¼ 6). Data are presented as mean � SEM, with dots representing individual data points. (H) Bar graphs displaying qRT-PCR analysis of the
indicated genes as fold change, normalized to 18S (n ¼ 6). Data are presented as mean � SEM, with dots representing individual data points. (I) Representative immunoflu-
orescence images of control, DOX-, D þ Q-, and DOX þ D þ Q-treated cells stained for p21 (red) and nuclei (DAPI, blue) (n ¼ 3). Scale bars represent 25 mm. (J) Bar graphs
showing corrected total cell fluorescence of p21/DAPI in the indicated groups (n ¼ 3, with 4e6 randomly chosen fields per experiment). (K) Representative immunofluorescence
images of control, DOX-, D þ Q-, and DOX þ D þ Q-treated cells stained with MitoTracker (red) and nuclei (DAPI, blue) (n ¼ 3). Scale bars represent 25 mm. (L) Bar graph
showing fluorescence intensities of MitoTracker Red, normalized to the number of nuclei (n ¼ 3, with 4e6 randomly chosen fields per experiment). Dots represent individual data
points. Normality of data distribution was assessed using the ShapiroeWilk test. Depending on normality, either Repeated Measures One-Way ANOVA with Dunnett’s multiple
comparisons test (for normally distributed data) or the Friedman test (for non-normally distributed data) was applied to (BeH). For (J) and (L), One-Way ANOVA with a Kruskale
Wallis test and Dunn’s multiple comparisons test was used. *p < 0.05, **p < 0.01, ***p < 0.001, ##p < 0.01 (Repeated Measures One-Way ANOVA with Dunnett’s multiple
comparisons test or the Friedman test, as appropriate); ****p < 0.001 (One-Way ANOVA with a KruskaleWallis test and Dunn’s multiple comparisons test).
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Figure 6: Salbutamol mitigates the pro-senescence effects of doxorubicin while preserving its proinflammatory role, which may support skeletal muscle regeneration.
(A) Representative immunoblots of the indicated proteins in control, salbutamol-, DOX-, and salbutamol þ DOX-treated cells after 24 h (n ¼ 5). (B) Bar graphs showing relative
protein levels in the indicated conditions after 24 h, normalized to actin (n ¼ 5). Data are presented as mean � SEM, with dots representing individual data points. (C)
Representative immunoblots of the indicated proteins in control, salbutamol-, DOX-, and salbutamol pretreatment þ DOX-treated cells after 24 h (n ¼ 5). (D) Bar graphs showing
relative protein levels in the indicated conditions after 24 h, normalized to actin (n ¼ 5). (EeH) Bar graphs showing qRT-PCR analysis of the indicated genes, presented as fold
change, normalized to 18S (n ¼ 6). Data are presented as mean � SEM, with dots representing individual data points. Normality of data distribution was assessed using the
ShapiroeWilk test. Depending on normality, either Repeated Measures One-Way ANOVA with Dunnett’s multiple comparisons test (for normally distributed data) or the Friedman
test (for non-normally distributed data) was applied. *p < 0.05, **p < 0.01, ***p < 0.001 for control vs. treatments; #p < 0.05, ##p < 0.01 for DOX vs. SAL þ DOX or DOX vs.
SAL/DOX (Repeated Measures One-Way ANOVA with Dunnett’s multiple comparisons test or the Friedman test, as appropriate).
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(Figure 6EeF). This differential effect on SASP production, between
senolytics and salbutamol exposure, is likely due to the small inhibitory
effect of salbutamol on p21 expression. Since p21 is a powerful
signaling molecule and regulator of CS and SASP production in SkM
[52], a stronger effect on the reduction of p21 might be required to
reduce SASP genes. Additionally, this observation indicates that, unlike
senolytic treatments, salbutamol may not impact SASP genes and have
senomorphic effects. Importantly, given the established role of
inflammation in SkM regeneration [53], the preservation of SASP
markers may reflect a pro-regenerative effect exerted by salbutamol.
To elucidate the mechanism by which salbutamol reduces senescence
and potentially supports muscle regeneration, we evaluated the
expression of SRY-box transcription factor 2 (SOX2) and Octamer-
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binding transcription factor 4 (OCT4), key markers of pluripotency
and stem cell self-renewal [54]. It was previously shown that
expression of those markers induced activation of satellite cells,
leading to increased muscle regeneration in mouse model [55]. Our
results demonstrated that exposure to DOX significantly downregulated
SOX2 and OCT4 expression (Figure 6GeH). Notably, this down-
regulation was counteracted by the simultaneous addition of salbu-
tamol, suggesting that salbutamol may activate satellite cells even
under cytostatic conditions (Figure 6GeH). In summary, our findings
reveal that salbutamol mitigates the cytostatic effects of DOX while
preserving its proinflammatory consequences. This dual action sug-
gests that salbutamol may support SkM regeneration by reducing
CSand promoting satellite cell activation, highlighting its potential as a
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therapeutic exercise mimetic in mitigating DOX-induced muscle
damage.

4. DISCUSSION

Aging is a key driver of CS, leading to the accumulation of senescent
cells across tissues including SkM. This accumulation has detrimental
effects on tissue function and metabolism [3,56]. In this study, we
analyzed expression profiles in human SkM biopsies collected from
young, lean individuals and middle-aged individuals with obesity,
where we clearly found significant increases in senescence markers in
relation to age and obesity. Moreover, correlation analysis showed a
positive association between CS markers in SkM and both age and
body weight, along with key metabolic parameters, suggesting that
obesity and aging accelerate CS in SkM, compromising both metabolic
health and muscle function. Our results highlight the critical relation-
ship between CS and metabolic dysfunction, particularly insulin
resistance and glucose intolerance, which are hallmark features of
both aging and obesity. While age is a recognized determinant of CS,
our findings provide strong evidence that obesity independently ex-
acerbates the senescence burden, contributing to a further decline in
SkM function beyond the effects of aging alone. This emphasizes the
urgent need for targeted interventions addressing obesity to prevent or
mitigate SkM dysfunction and its broader health consequences.
Metabolically, the accumulation of senescent cells in SkM contributes
to insulin resistance, a hallmark of aging and obesity [14,57]. Se-
nescent cells produce an altered secretory phenotype SASP, which
includes pro-inflammatory cytokines, growth factors, and proteases.
These factors can lead to local inflammation and disruption of normal
muscle function [49]. Particularly, CS in satellite cells, which are
essential for muscle regeneration, impairs the ability to activate and
repair muscle tissue following injury or stress. This contributes to the
progressive decline in muscle mass, strength, and metabolic function
seen with aging and obesity [16,58]. As insulin resistance develops,
glucose uptake is impaired, and metabolic dysfunction increases,
worsening the effects of sarcopenia. Thus, SkM senescence is not
merely a consequence of aging and obesity but a central driver of
metabolic dysregulation and disease progression.
Physical exercise has been shown to mitigate the burden of senescent
cells [59], reducing the accumulation of age-related senescent cells
and improving metabolic function [60]. While previous studies have
reported beneficial effects of exercise on reducing CS in various tis-
sues, including reduction in senescence markers in CD3þ T cells [23],
colon mucosa [24] and circulating lymphocytes [61], the impact of
exercise on CS in SkM in man is largely unexplored. Some reports
suggest that resistance training decreases specific senescence
markers, such as p16INK4a [62], while others indicate no effect on SA-
b-Gal following moderate exercise [63]. However, these studies often
focus on single senescence markers rather than providing a
comprehensive analysis. Our study extends these findings by
demonstrating that exercise significantly reduces multiple CS markers
in human SkM and enhances insulin sensitivity, reinforcing the concept
that exercise is not only a metabolic regulator but also a potent
senotherapeutic.
The importance of regular physical activity in preventing chronic dis-
eases and maintaining healthy SkM is well-established [21]. Sedentary
lifestyle leads to muscle dysfunction and accelerated aging [21,64,65].
In SkM, accumulation of senescent cells affects both muscle fibers and
satellite cells [49]. Satellite cells play a crucial role in muscle regen-
eration by activating upon injury or exercise. However, prolonged
quiescence or senescence of satellite cells impairs muscle repair and
MOLECULAR METABOLISM 95 (2025) 102130 � 2025 The Author(s). Published by Elsevier GmbH. This is
www.molecularmetabolism.com
contributes to sarcopenia [66,67]. Senescent satellite cells show
impaired regenerative capacity, contributing to the age-related decline
in muscle mass and strength [58]. Our findings further demonstrate
that senescent satellite cells downregulate key regulatory genes
essential for insulin signaling and muscle integrity, directly impairing
glucose uptake and insulin action. Importantly, we show that exercise
counteracts these effects by preserving satellite cell function, pro-
moting muscle regeneration, and restoring insulin sensitivity,
emphasizing the critical interplay between senescence, insulin resis-
tance, and exercise.
A key translational aspect of our study is the identification of ZMAT3 as
a novel and functionally relevant marker of SkM senescence. ZMAT3
was recently identified as an early marker and mediator of senescence
in adipose precursor cells [68], with increased expression in
senescence-enriched adipose tissue of first-degree relatives (FDR) of
individuals with T2D [68,69]. Our study further supports ZMAT3 as a
novel biomarker for CSin SkM. We provide the first evidence that
ZMAT3 is significantly upregulated in senescent SkM and correlates
with age, BMI, and metabolic dysfunction. Importantly, ZMAT3
expression in SkM was significantly correlated with other established
senescence markers such as GLB1, CDKN1A, and CDKN2A. Addi-
tionally, we demonstrated that treatment with senolytics effectively
cleared senescent cells and restored ZMAT3 expression in satellite
cells, providing evidence that ZMAT3 is actively involved in SkM
senescence. These findings suggest that ZMAT3 could serve as a
valuable target for therapeutic interventions aimed at mitigating age-
and obesity-related muscle dysfunction, particularly by restoring
muscle regeneration and insulin sensitivity.
Our findings provide a paradigm shift in the understanding of exercise
as a direct modulator of SkM senescence and metabolic health, both in
young, lean individuals and in middle-aged individuals with obesity.
Our study is the first comprehensive human investigation to demon-
strate that exercise actively reduces CS markers in SkM and parallelly
increases GLUT4 expression, thereby improving insulin sensitivity and
glucose homeostasis. Consistently, we report that CS in satellite cells
impairs key regulatory genes, such as insulin receptor beta subunit,
leading to a disruption of insulin signaling pathways. Our findings also
show that salbutamol directly targets satellite senescent cells in SkM,
indicating that it may enhance metabolic function not only by stimu-
lating b2-adrenergic receptors but also by alleviating cellular senes-
cence and its inflammatory secretome. In conclusion, our study
underscores the fundamental role of cellular senescence in SkM
metabolic dysfunction and position exercise as a potent non-
pharmacological intervention for preserving muscle function and
metabolic health. Moreover, the identification of ZMAT3 as a novel
senescence marker provides a potential valuable tool for future
research and clinical applications aimed at targeting SkM senescence
to prevent age- and obesity-related metabolic diseases.

4.1. Study limitations
One limitation of this study is that the lean and obese subject groups
were not perfectly age-matched, with the lean group having an
average age of 27 years, while the obesity group had an average age of
49 years. The observed increase in CS markers in middle-aged sub-
jects with obesity compared to younger, lean individuals is likely
influenced by both age and body weight. Future studies are needed to
investigate these findings in age-matched cohorts to better isolate the
specific contributions of obesity and aging to cellular senescence.
Additionally, the two groups were not matched for the duration of
exercise intervention. The lean group underwent a four-week physical
training program, while the obesity group completed a six-month
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 13
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training program. As a result, direct comparisons between the groups
could only be made at baseline (before exercise) and not after the
intervention. However, we considered the longer study in older in-
dividuals with obesity as a “discovery” cohort to explore the effects of
exercise on CS markers, while the younger, lean cohort served as an
independent validation group to assess whether similar effects could
be observed in a different population over a shorter timeframe.
Furthermore, the study design was constrained by ethical consider-
ations, as our Ethics Committee did not permit sequential muscle bi-
opsies beyond two time points. This prevented the inclusion of an
additional biopsy after four weeks in the obesity group and the
extension of the lean group’s intervention to six months. These reg-
ulatory restrictions ultimately shaped the selection of the two exercise
protocols used in our study.
Another limitation is that we were only able to analyze gene expression
changes at the mRNA level due to the limited amount of skeletal
muscle tissue obtained through fine needle biopsies. We acknowledge
that measurements of protein expression and phosphorylation would
have further strengthened our findings on chronic changes in key
genes related to cellular senescence and insulin resistance in skeletal
muscle. However, given the small sample size of biopsy material, we
were unable to perform Western blot analyses. Additionally, we
intentionally collected biopsies 48e72 h after the final exercise ses-
sion to capture more sustained gene expression changes while
minimizing the impact of acute transcriptional changes. However, the
absence of earlier time points prevents us from fully excluding tran-
sient transcriptional changes that may have occurred immediately
post-exercise and potentially influenced the observed gene expression
patterns. This approach aligns with recommendations from previous
studies [27], and was approved by our Ethics Committee.

CRediT AUTHORSHIP CONTRIBUTION STATEMENT

Agnieszka Podraza-Farhanieh: Writing e review & editing, Writing
e original draft, Visualization, Validation, Methodology, Investigation,
Formal analysis, Data curation, Conceptualization. Rosa Spinelli:
Writing e review & editing, Visualization, Validation, Supervision,
Methodology, Investigation, Formal analysis, Data curation, Concep-
tualization. Federica Zatterale: Writing e review & editing. Annika
Nerstedt: Writinge review & editing. Silvia Gogg: Writinge review &
editing. Matthias Blüher: Writing e review & editing, Methodology,
Investigation. Ulf Smith: Writing e review & editing, Supervision,
Resources, Project administration, Funding acquisition, Data curation,
Conceptualization.

DECLARATION OF COMPETING INTEREST

The authors declare no competing interests.

FUNDING INFORMATION

We acknowledge financial support from the Knut and Alice Wallenberg
Foundation (2020.0118), the Novo Nordisk Foundation
(NNF23OC0084066) and the Swedish Diabetes Research Foundation
(DIA2024-884).

DATA AVAILABILITY

Data will be made available on request.
14 MOLECULAR METABOLISM 95 (2025) 102130 � 2025 The Author(s). Published by Elsevier G
ETHICS STATEMENT

The study was approved by the Ethics Committee of the University of
Leipzig (approval numbers: 030-2006; 031-2006; 159-12-21052012)
and was performed in accordance with the Declaration of Helsinki. All
participants gave written informed consent before taking part in the
study and were informed of the purpose, risks and benefits of the
investigation.

APPENDIX A. SUPPLEMENTARY DATA

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.molmet.2025.102130.

REFERENCES

[1] Di Micco R, Krizhanovsky V, Baker D, d’Adda di Fagagna F. Cellular senes-

cence in ageing: from mechanisms to therapeutic opportunities. Nat Rev Mol

Cell Biol 2021;22(2):75e95. https://doi.org/10.1038/s41580-020-00314-w.

[2] Huang W, Hickson LJ, Eirin A, Kirkland JL, Lerman LO. Cellular senescence:

the good, the bad and the unknown. Nat Rev Nephrol 2022;18(10):611e27.

https://doi.org/10.1038/s41581-022-00601-z.

[3] Zhang L, Pitcher LE, Yousefzadeh MJ, Niedernhofer LJ, Robbins PD, Zhu Y.

Cellular senescence: a key therapeutic target in aging and diseases. J Clin

Investig 2022;132(15):e158450. https://doi.org/10.1172/JCI158450.

[4] Spinelli R, Parrillo L, Longo M, Florese P, Desiderio A, Zatterale F, et al.

Molecular basis of ageing in chronic metabolic diseases. J Endocrinol Investig

2020;43(10):1373e89. https://doi.org/10.1007/s40618-020-01255-z.

[5] Palmer AK, Tchkonia T, Kirkland JL. Targeting cellular senescence in meta-

bolic disease. Mol Metabol 2022;66:101601. https://doi.org/10.1016/

j.molmet.2022.101601.

[6] Nunan E, Wright CL, Semola OA, Subramanian M, Balasubramanian P,

Lovern PC, et al. Obesity as a premature aging phenotype - implications for

sarcopenic obesity. Geroscience 2022;44(3):1393e405. https://doi.org/

10.1007/s11357-022-00567-7.

[7] Moiseeva V, Cisneros A, Sica V, Deryagin O, Lai Y, Jung S, et al. Senescence

atlas reveals an aged-like inflamed niche that blunts muscle regeneration.

Nature 2023;613(7942):169e78. https://doi.org/10.1038/s41586-022-

05535-x.

[8] Saito Y, Chikenji TS. Diverse roles of cellular senescence in skeletal muscle

inflammation, regeneration, and therapeutics. Front Pharmacol 2021;12:

739510. https://doi.org/10.3389/fphar.2021.739510.

[9] Abdul-Ghani MA, DeFronzo RA. Pathogenesis of insulin resistance in skeletal

muscle. J Biomed Biotechnol 2010;2010:476279. https://doi.org/10.1155/

2010/476279.

[10] DeFronzo RA, Tripathy D. Skeletal muscle insulin resistance is the primary

defect in type 2 diabetes. Diabetes Care 2009;32(2):S157e63. https://doi.org/

10.2337/dc09-S302.

[11] Kruse R, Sahebekhtiari N, Hojlund K. The mitochondrial proteomic signatures

of human skeletal muscle linked to insulin resistance. Int J Mol Sci

2020;21(15):5374. https://doi.org/10.3390/ijms21155374.

[12] Anagnostis P, Gkekas NK, Achilla C, Pananastasiou G, Taouxidou P, Mitsiou M,

et al. Type 2 diabetes mellitus is associated with increased risk of sarcopenia:

a systematic review and meta-analysis. Calcif Tissue Int 2020;107(5):453e

63. https://doi.org/10.1007/s00223-020-00742-y.

[13] Mesinovic J, Zengin A, De Courten B, Ebeling PR, Scott D. Sarcopenia and type

2 diabetes mellitus: a bidirectional relationship. Diabetes Metab Syndr Obes

2019;12:1057e72. https://doi.org/10.2147/DMSO.S186600.
mbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
www.molecularmetabolism.com

https://doi.org/10.1016/j.molmet.2025.102130
https://doi.org/10.1016/j.molmet.2025.102130
https://doi.org/10.1038/s41580-020-00314-w
https://doi.org/10.1038/s41581-022-00601-z
https://doi.org/10.1172/JCI158450
https://doi.org/10.1007/s40618-020-01255-z
https://doi.org/10.1016/j.molmet.2022.101601
https://doi.org/10.1016/j.molmet.2022.101601
https://doi.org/10.1007/s11357-022-00567-7
https://doi.org/10.1007/s11357-022-00567-7
https://doi.org/10.1038/s41586-022-05535-x
https://doi.org/10.1038/s41586-022-05535-x
https://doi.org/10.3389/fphar.2021.739510
https://doi.org/10.1155/2010/476279
https://doi.org/10.1155/2010/476279
https://doi.org/10.2337/dc09-S302
https://doi.org/10.2337/dc09-S302
https://doi.org/10.3390/ijms21155374
https://doi.org/10.1007/s00223-020-00742-y
https://doi.org/10.2147/DMSO.S186600
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com


[14] Spinelli R, Baboota RK, Gogg S, Beguinot F, Bluher M, Nerstedt A, et al.

Increased cell senescence in human metabolic disorders. J Clin Investig

2023;133(12):e169922. https://doi.org/10.1172/JCI169922.

[15] Schafer MJ, Miller JD, LeBrasseur NK. Cellular senescence: implications for

metabolic disease. Mol Cell Endocrinol 2017;455:93e102. https://doi.org/

10.1016/j.mce.2016.08.047.

[16] Englund DA, Zhang X, Aversa Z, LeBrasseur NK. Skeletal muscle aging, cellular

senescence, and senotherapeutics: current knowledge and future directions. Mech

Ageing Dev 2021;200:111595. https://doi.org/10.1016/j.mad.2021.111595.

[17] Smith U, Li Q, Rydén M, Spalding KL. Cellular senescence and its role in white

adipose tissue. Int J Obes 2021;45(5):934e43. https://doi.org/10.1038/

s41366-021-00757-x.

[18] Straight CR, Toth MJ, Miller MS. Current perspectives on obesity and skeletal

muscle contractile function in older adults. J Appl Physiol 2021;130(1):10e6.

https://doi.org/10.1152/japplphysiol.00739.2020 (1985).

[19] Zoico E, Saatchi T, Nori N, Mazzali G, Rizzatti V, Pizzi E, et al. Senescent

adipocytes as potential effectors of muscle cells dysfunction: an in vitro model.

Exp Gerontol 2023;179:112233. https://doi.org/10.1016/j.exger.2023.112233.

[20] Yin H, Price F, Rudnicki MA. Satellite cells and the muscle stem cell niche.

Physiol Rev 2013;93(1):23e67. https://doi.org/10.1152/physrev.00043.2011.

[21] Cartee GD, Hepple RT, Bamman MM, Zierath JR. Exercise promotes healthy

aging of skeletal muscle. Cell Metab 2016;23(6):1034e47. https://doi.org/

10.1016/j.cmet.2016.05.007.

[22] Qiu Y, Fernandez-Garcia B, Lehmann HI, Li G, Kroemer G, Lopez-Otin C, et al.

Exercise sustains the hallmarks of health. J Sport Health Sci 2023;12(1):8e

35. https://doi.org/10.1016/j.jshs.2022.10.003.

[23] Englund DA, Sakamoto AE, Fritsche CM, Heeren AA, Zhang X, Kotajarvi BR,

et al. Exercise reduces circulating biomarkers of cellular senescence in

humans. Aging Cell 2021;20(7):e13415. https://doi.org/10.1111/acel.13415.

[24] Demaria M, Bertozzi B, Veronese N, Spelta F, Cava E, Tosti V, et al. Long-term

intensive endurance exercise training is associated to reduced markers of

cellular senescence in the colon mucosa of older adults. NPJ Aging 2023;9(1):

3. https://doi.org/10.1038/s41514-023-00100-w.

[25] Bluher M, Bullen Jr JW, Lee JH, Kralisch S, Fasshauer M, Kloting N, et al.

Circulating adiponectin and expression of adiponectin receptors in human

skeletal muscle: associations with metabolic parameters and insulin resis-

tance and regulation by physical training. J Clin Endocrinol Metab 2006;91(6):

2310e6. https://doi.org/10.1210/jc.2005-2556.

[26] Michalik K, Danek N, Zato�n M. Assessment of the physical fitness of road

cyclists in the step and ramp protocols of the incremental test 2019;59(8):

1285e91. https://doi.org/10.23736/S0022-4707.19.09126-6.

[27] Michael Ristowa KZ, Oberbach Andreas, Kloting Nora, Birringer Marc,

Kiehntopf Michael, Stumvoll Michael, et al. Antioxidants prevent health-

promoting effects of physical exercise in humans. Proc Natl Acad Sci U S A.

2009;106(21):8665e70. https://doi.org/10.1073/pnas.0903485106.

[28] DeFronzo RATJ, Andres R. Glucose clamp technique: a method for quantifying

insulin secretion and resistance. Am J Physiol 1979;237(3):E214e23. https://

doi.org/10.1152/ajpendo.1979.237.3.E214.

[29] Abdelmoez AM, Sardon Puig L, Smith JAB, Gabriel BM, Savikj M, Dollet L,

et al. Comparative profiling of skeletal muscle models reveals heterogeneity of

transcriptome and metabolism. Am J Physiol Cell Physiol 2020;318(3):C615e

26. https://doi.org/10.1152/ajpcell.00540.2019.

[30] Baboota RK, Rawshani A, Bonnet L, Li X, Yang H, Mardinoglu A, et al. BMP4

and Gremlin 1 regulate hepatic cell senescence during clinical progression of

NAFLD/NASH. Nat Metab 2022;4(8):1007e21. https://doi.org/10.1038/

s42255-022-00620-x.

[31] Baboota RK, Spinelli R, Erlandsson MC, Brandao BB, Lino M, Yang H, et al.

Chronic hyperinsulinemia promotes human hepatocyte senescence. Mol

Metabol 2022;64:101558. https://doi.org/10.1016/j.molmet.2022.101558.

[32] Sambasivan R, Yao R, Kissenpfennig A, Van Wittenberghe L, Paldi A, Gayraud-

Morel B, et al. Pax7-expressing satellite cells are indispensable for adult
MOLECULAR METABOLISM 95 (2025) 102130 � 2025 The Author(s). Published by Elsevier GmbH. This is
www.molecularmetabolism.com
skeletal muscle regeneration. Development 2011;138(17):3647e56. https://

doi.org/10.1242/dev.067587.

[33] Hagg S, Jylhava J. Sex differences in biological aging with a focus on human

studies. Elife 2021;10. https://doi.org/10.7554/eLife.63425.

[34] Palmer AK, St Sauver J, Fielding RA, Atkinson E, White TA, McGree M, et al.

The influence of body mass index on biomarkers of cellular senescence in

older adults. J Gerontol A Biol Sci Med Sci 2024. https://doi.org/10.1093/

gerona/glae251.

[35] Mäkinen VP, Ala Korpela M. Influence of age and sex on longitudinal metabolic

profiles and body weight trajectories in the UK Biobank. Int J Epidemiol

2024;53(3):1e8. https://doi.org/10.1093/ije/dyae055.

[36] Grevendonk L, Connell NJ, McCrum C, Fealy CE, Bilet L, Bruls YMH, et al.

Impact of aging and exercise on skeletal muscle mitochondrial capacity, en-

ergy metabolism, and physical function. Nat Commun 2021;12(1):4773.

https://doi.org/10.1038/s41467-021-24956-2.

[37] Noone J, Mucinski JM, DeLany JP, Sparks LM, Goodpaster BH. Understanding

the variation in exercise responses to guide personalized physical activity

prescriptions. Cell Metab 2024;36(4):702e24. https://doi.org/10.1016/

j.cmet.2023.12.025.

[38] Boutcher SH, Dunn SL. Factors that may impede the weight loss response to

exercise-based interventions. Obes Rev 2009;10(6):671e80. https://doi.org/

10.1111/j.1467-789X.2009.00621.x.

[39] Sliwinska MA, Mosieniak G, Wolanin K, Babik A, Piwocka K, Magalska A, et al.

Induction of senescence with doxorubicin leads to increased genomic insta-

bility of HCT116 cells. Mech Ageing Dev 2009;130(1e2):24e32. https://

doi.org/10.1016/j.mad.2008.04.011.

[40] Faget DV, Ren Q, Stewart SA. Unmasking senescence: context-dependent

effects of SASP in cancer. Nat Rev Cancer 2019;19(8):439e53. https://

doi.org/10.1038/s41568-019-0156-2.

[41] Gorgoulis V, Adams PD, Alimonti A, Bennett DC, Bischof O, Bishop C, et al.

Cellular senescence: defining a path forward. Cell 2019;179(4):813e27.

https://doi.org/10.1016/j.cell.2019.10.005.

[42] Acosta JC, Banito A, Wuestefeld T, Georgilis A, Janich P, Morton JP, et al.

A complex secretory program orchestrated by the inflammasome controls

paracrine senescence. Nat Cell Biol 2013;15(8):978e90. https://doi.org/

10.1038/ncb2784.

[43] Brunetti Bam A, Wong KY, Goldfine ID. Muscle cell differentiation is associated

with increased insulin receptor biosynthesis and messenger RNA levels. J Clin

Investig 1989;83(1):192e8. https://doi.org/10.1172/JCI113858.

[44] Relaix F, Bencze M, Borok MJ, Der Vartanian A, Gattazzo F, Mademtzoglou D,

et al. Perspectives on skeletal muscle stem cells. Nat Commun 2021;12(1):

692. https://doi.org/10.1038/s41467-020-20760-6.

[45] Akimoto T, Pohnert SC, Li P, Zhang M, Gumbs C, Rosenberg PB, et al. Exercise

stimulates Pgc-1alpha transcription in skeletal muscle through activation of

the p38 MAPK pathway. J Biol Chem 2005;280(20):19587e93. https://

doi.org/10.1074/jbc.M408862200.

[46] Karimi Majd S, Gholami M, Bazgir B. PAX7 and MyoD proteins expression in

response to eccentric and concentric resistance exercise in active young men.

Cell Journal (Yakhteh) 2023;25(2):135e42. https://doi.org/10.22074/

CELLJ.2022.557440.1055.

[47] Mihaylov SR, Castelli LM, Lin YH, Gul A, Soni N, Hastings C, et al. Themaster energy

homeostasis regulator PGC-1alpha exhibits an mRNA nuclear export function. Nat

Commun 2023;14(1):5496. https://doi.org/10.1038/s41467-023-41304-8.

[48] Xu M, Pirtskhalava T, Farr JN, Weigand BM, Palmer AK, Weivoda MM, et al.

Senolytics improve physical function and increase lifespan in old age. Nat Med

2018;24(8):1246e56. https://doi.org/10.1038/s41591-018-0092-9.

[49] Zhang X, Habiballa L, Aversa Z, Ng YE, Sakamoto AE, Englund DA, et al.

Characterization of cellular senescence in aging skeletal muscle. Nat Aging

2022;2(7):601e15. https://doi.org/10.1038/s43587-022-00250-8.

[50] Pearen MA, Myers SA, Raichur S, Ryall JG, Lynch GS, Muscat GE. The orphan

nuclear receptor, NOR-1, a target of beta-adrenergic signaling, regulates gene
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 15

https://doi.org/10.1172/JCI169922
https://doi.org/10.1016/j.mce.2016.08.047
https://doi.org/10.1016/j.mce.2016.08.047
https://doi.org/10.1016/j.mad.2021.111595
https://doi.org/10.1038/s41366-021-00757-x
https://doi.org/10.1038/s41366-021-00757-x
https://doi.org/10.1152/japplphysiol.00739.2020
https://doi.org/10.1016/j.exger.2023.112233
https://doi.org/10.1152/physrev.00043.2011
https://doi.org/10.1016/j.cmet.2016.05.007
https://doi.org/10.1016/j.cmet.2016.05.007
https://doi.org/10.1016/j.jshs.2022.10.003
https://doi.org/10.1111/acel.13415
https://doi.org/10.1038/s41514-023-00100-w
https://doi.org/10.1210/jc.2005-2556
https://doi.org/10.23736/S0022-4707.19.09126-6
https://doi.org/10.1073/pnas.0903485106
https://doi.org/10.1152/ajpendo.1979.237.3.E214
https://doi.org/10.1152/ajpendo.1979.237.3.E214
https://doi.org/10.1152/ajpcell.00540.2019
https://doi.org/10.1038/s42255-022-00620-x
https://doi.org/10.1038/s42255-022-00620-x
https://doi.org/10.1016/j.molmet.2022.101558
https://doi.org/10.1242/dev.067587
https://doi.org/10.1242/dev.067587
https://doi.org/10.7554/eLife.63425
https://doi.org/10.1093/gerona/glae251
https://doi.org/10.1093/gerona/glae251
https://doi.org/10.1093/ije/dyae055
https://doi.org/10.1038/s41467-021-24956-2
https://doi.org/10.1016/j.cmet.2023.12.025
https://doi.org/10.1016/j.cmet.2023.12.025
https://doi.org/10.1111/j.1467-789X.2009.00621.x
https://doi.org/10.1111/j.1467-789X.2009.00621.x
https://doi.org/10.1016/j.mad.2008.04.011
https://doi.org/10.1016/j.mad.2008.04.011
https://doi.org/10.1038/s41568-019-0156-2
https://doi.org/10.1038/s41568-019-0156-2
https://doi.org/10.1016/j.cell.2019.10.005
https://doi.org/10.1038/ncb2784
https://doi.org/10.1038/ncb2784
https://doi.org/10.1172/JCI113858
https://doi.org/10.1038/s41467-020-20760-6
https://doi.org/10.1074/jbc.M408862200
https://doi.org/10.1074/jbc.M408862200
https://doi.org/10.22074/CELLJ.2022.557440.1055
https://doi.org/10.22074/CELLJ.2022.557440.1055
https://doi.org/10.1038/s41467-023-41304-8
https://doi.org/10.1038/s41591-018-0092-9
https://doi.org/10.1038/s43587-022-00250-8
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com


Original Article
expression that controls oxidative metabolism in skeletal muscle. Endocri-

nology 2008;149(6):2853e65. https://doi.org/10.1210/en.2007-1202.

[51] Pillon NJ, Gabriel BM, Dollet L, Smith JAB, Sardon Puig L, Botella J, et al.

Transcriptomic profiling of skeletal muscle adaptations to exercise and inac-

tivity. Nat Commun 2020;11(1):470. https://doi.org/10.1038/s41467-019-

13869-w.

[52] Englund DA, Jolliffe A, Aversa Z, Zhang X, Sturmlechner I, Sakamoto AE, et al.

p21 induces a senescence program and skeletal muscle dysfunction.

Mol Metabol 2022;67:101652. https://doi.org/10.1016/j.molmet.2022.

101652.

[53] Chiche A, Le Roux I, von Joest M, Sakai H, Aguin SB, Cazin C, et al. Injury-

induced senescence enables in vivo reprogramming in skeletal muscle. Cell

Stem Cell 2017;20(3):407e414 e4. https://doi.org/10.1016/j.stem.2016.

11.020.

[54] Fong H, Hohenstein KA, Donovan PJ. Regulation of self-renewal and plurip-

otency by Sox2 in human embryonic stem cells. Stem Cell 2008;26(8):1931e

8. https://doi.org/10.1634/stemcells.2007-1002.

[55] Wang C, Rabadan Ros R, Martinez-Redondo P, Ma Z, Shi L, Xue Y, et al. In vivo

partial reprogramming of myofibers promotes muscle regeneration by

remodeling the stem cell niche. Nat Commun 2021;12(1):3094. https://

doi.org/10.1038/s41467-021-23353-z.

[56] McHugh D, Gil J. Senescence and aging: causes, consequences, and thera-

peutic avenues. J Cell Biol 2018;217(1):65e77. https://doi.org/10.1083/

jcb.201708092.

[57] Palmer AK, Gustafson B, Kirkland JL, Smith U. Cellular senescence: at the

nexus between ageing and diabetes. Diabetologia 2019;62(10):1835e41.

https://doi.org/10.1007/s00125-019-4934-x.

[58] Wan M, Gray-Gaillard EF, Elisseeff JH. Cellular senescence in musculoskeletal

homeostasis, diseases, and regeneration. Bone Res. 2021;9(1):41. https://

doi.org/10.1038/s41413-021-00164-y.

[59] Chen XK, Yi ZN, Wong GT, Hasan KMM, Kwan JS, Ma AC, et al. Is exercise a

senolytic medicine? A systematic review. Aging Cell 2021;20(1):e13294.

https://doi.org/10.1111/acel.13294.
16 MOLECULAR METABOLISM 95 (2025) 102130 � 2025 The Author(s). Published by Elsevier G
[60] Zhang X, Englund DA, Aversa Z, Jachim SK, White TA, LeBrasseur NK. Exercise

counters the age-related accumulation of senescent cells. Exerc Sport Sci Rev

2022;50(4):213e21. https://doi.org/10.1249/JES.0000000000000302.

[61] Alfaro E, Diaz-Garcia E, Garcia-Tovar S, Galera R, Casitas R, Martinez-Ceron E,

et al. Effect of physical activity in lymphocytes senescence burden in patients

with COPD. Am J Physiol Lung Cell Mol Physiol 2024;327(4):L464e72. https://

doi.org/10.1152/ajplung.00151.2024.

[62] Yang C, Jiao Y, Wei B, Yang Z, Wu JF, Jensen J, et al. Aged cells in human

skeletal muscle after resistance exercise. Aging (Albany NY) 2019;11(18):

8035. https://doi.org/10.18632/aging.102338.

[63] Wu J, Saovieng S, Cheng IS, Liu T, Hong S, Lin CY, et al. Ginsenoside Rg1

supplementation clears senescence-associated beta-galactosidase in exer-

cising human skeletal muscle. J Ginseng Res 2019;43(4):580e8. https://

doi.org/10.1016/j.jgr.2018.06.002.

[64] Egan B, Zierath JR. Exercise metabolism and the molecular regulation of

skeletal muscle adaptation. Cell Metab 2013;17(2):162e84. https://doi.org/

10.1016/j.cmet.2012.12.012.

[65] Bamman MM, Roberts BM, Adams GR. Molecular regulation of exercise-

induced muscle fiber hypertrophy. Cold Spring Harb Perspect Med.

2018;8(6):a029751. https://doi.org/10.1101/cshperspect.a029751.

[66] Chen W, Datzkiw D, Rudnicki MA. Satellite cells in ageing: use it or lose it.

Open Biol 2020;10(5):200048. https://doi.org/10.1098/rsob.200048.

[67] van Velthoven CTJ, Rando TA. Stem cell quiescence: dynamism, restraint, and cellular

idling. Cell Stem Cell 2019;24(2):213e25. https://doi.org/10.1016/

j.stem.2019.01.001.

[68] Spinelli R, Florese P, Parrillo L, Zatterale F, Longo M, D’Esposito V, et al.

ZMAT3 hypomethylation contributes to early senescence of preadipocytes from

healthy first-degree relatives of type 2 diabetics. Aging Cell 2022;21(3):

e13557. https://doi.org/10.1111/acel.13557.

[69] Gustafson B, Nerstedt A, Spinelli R, Beguinot F, Smith U. Type 2 diabetes,

independent of obesity and age, is characterized by senescent and dysfunc-

tional mature human adipose cells. Diabetes 2022;71(11):2372e83. https://

doi.org/10.2337/db22-0003.
mbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
www.molecularmetabolism.com

https://doi.org/10.1210/en.2007-1202
https://doi.org/10.1038/s41467-019-13869-w
https://doi.org/10.1038/s41467-019-13869-w
https://doi.org/10.1016/j.molmet.2022.101652
https://doi.org/10.1016/j.molmet.2022.101652
https://doi.org/10.1016/j.stem.2016.11.020
https://doi.org/10.1016/j.stem.2016.11.020
https://doi.org/10.1634/stemcells.2007-1002
https://doi.org/10.1038/s41467-021-23353-z
https://doi.org/10.1038/s41467-021-23353-z
https://doi.org/10.1083/jcb.201708092
https://doi.org/10.1083/jcb.201708092
https://doi.org/10.1007/s00125-019-4934-x
https://doi.org/10.1038/s41413-021-00164-y
https://doi.org/10.1038/s41413-021-00164-y
https://doi.org/10.1111/acel.13294
https://doi.org/10.1249/JES.0000000000000302
https://doi.org/10.1152/ajplung.00151.2024
https://doi.org/10.1152/ajplung.00151.2024
https://doi.org/10.18632/aging.102338
https://doi.org/10.1016/j.jgr.2018.06.002
https://doi.org/10.1016/j.jgr.2018.06.002
https://doi.org/10.1016/j.cmet.2012.12.012
https://doi.org/10.1016/j.cmet.2012.12.012
https://doi.org/10.1101/cshperspect.a029751
https://doi.org/10.1098/rsob.200048
https://doi.org/10.1016/j.stem.2019.01.001
https://doi.org/10.1016/j.stem.2019.01.001
https://doi.org/10.1111/acel.13557
https://doi.org/10.2337/db22-0003
https://doi.org/10.2337/db22-0003
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com

	Physical training reduces cell senescence and associated insulin resistance in skeletal muscle
	1. Introduction
	2. Materials and methods
	2.1. Human participants
	2.2. Exercise interventions
	2.3. Sample collection and metabolic assessments
	2.4. Cell culture
	2.4.1. Human skeletal muscle satellite cells (HSkMSC)
	2.4.2. Murine myoblast (C2C12) cells
	2.4.3. Differentiation of myoblasts
	2.4.4. Induction of CS with doxorubicin
	2.4.5. Senolytic treatment
	2.4.6. Salbutamol treatment
	2.4.7. Insulin/IGF signaling

	2.5. RNA extraction and gene expression analyses in cell lines and human biopsies
	2.6. Protein extraction and western blot analysis
	2.7. Immunocytochemistry
	2.8. MitoTracker staining
	2.9. Statistical analysis

	3. Results
	3.1. CS markers are increased in SkM in middle-aged people with obesity
	3.2. Physical exercise reduces senescence markers in SkM cells of lean individuals
	3.3. Prolonged physical exercise reduces senescence markers in SkM cells of middle-aged individual with obesity
	3.4. Exposure of HSkMSC to doxorubicin induces senescence
	3.5. CS impairs insulin signaling and reduces the expression of key muscle-regulatory genes
	3.6. Senolytic agents Dasatinib and Quercetin target CS in satellite cells
	3.7. An exercise mimetic mitigates the pro-senescence effect of doxorubicin while preserving its proinflammatory role, potential ...

	4. Discussion
	4.1. Study limitations

	flink5
	flink6
	flink7
	flink8
	flink9
	flink10
	References


