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ABSTRACT: Sarcopenic obesity (SO), a geriatric syndrome characterized by the coexistence of progressive
skeletal muscle atrophy and excessive adipose tissue accumulation, represents a growing public health challenge
associated with aging populations. While multifactorial pathogenesis involves chronic inflammation, hormonal
changes, and mitochondrial dysfunction, sedentary lifestyles and aging remain primary modifiable and non-
modifiable risk factors, respectively. Mechanistically, exercise exerts dual therapeutic effects: (1) hypertrophy
of type II muscle fibers through IGF-1/Akt/mTORCI1 signaling activation, and (2) enhanced lipid p-oxidation
via AMPK/PGCla axis stimulation, thereby mitigating both sarcopenia and adiposity. The autophagy-lysosome
system, a conserved cellular quality-control mechanism, orchestrates organelle turnover and nutrient recycling
through three distinct pathways: macroautophagic, chaperone-mediated autophagy, and mitophagy. In SO,
impaired proteolytic and lipolytic processes converge to induce autophagic flux blockade, manifested by
accumulated p62/SQSTM1 and reduced LC3-II/LC3-I ratio. Targeting the AMPK/mTOR signaling nexus,
which senses cellular energy status, emerges as a strategic intervention. Exercise-mediated ATP depletion
activates AMPK while suppressing mTORCI1, thereby synchronously inducing autophagy initiation (ULK1
phosphorylation) and lysosomal biogenesis (TFEB nuclear translocation). This metabolic reprogramming
ultimately restores proteostasis and lipid homeostasis in myocytes and adipocytes.
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1. Introduction disorders [4, 5]. It has become a significant health risk for

the elderly population, particularly in aging societies, with

Aging leads to declines in muscle strength, mass, and
physiological function, accompanied by increased fat
accumulation and lipid deposition in non-adipose tissues.
When this condition progresses, it develops into
sarcopenic obesity (SO), an age-related obesity disorder
characterized by abnormal age-dependent muscle atrophy
and excessive body fat accumulation [1, 2, 3]. SO
increases risks of falls, unsteady gait, balance disorders,
and fractures, while exacerbating the health impacts of
chronic diseases in older adults such as diabetes,
cardiovascular/cerebrovascular  diseases, and liver

current prevalence rates ranging from 0.26% to 9.1% [6].
Incidence rises sharply with age, making individuals aged
80+ the highest-risk group, underscoring the urgent need
for effective prevention and treatment strategies.

As an emerging disease concept, the underlying
pathological mechanisms of SO remain incompletely
understood [7-9]. Current evidence suggests that key
factors include imbalances between protein synthesis/
degradation, fat accumulation, and dysregulation of
multiple signaling pathways. Consequently, modulating
autophagy—a cellular process that clears dysfunctional
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organelles in aging muscle—has emerged as a critical
therapeutic target for SO and a focus for elucidating its
molecular mechanisms. While exercise interventions can
regulate cellular autophagy, the specific role of exercise-
mediated autophagy in ameliorating SO remains unclear.
The AMP-activated protein kinase (AMPK) signaling
pathway plays a central role in metabolic homeostasis and
autophagy activation across tissues. We hypothesize that
AMPK-mediated autophagy serves as a core therapeutic
axis by which exercise simultaneously improves muscle
and metabolic function in sarcopenic obesity. This review
examines the role and molecular mechanisms of exercise-
induced autophagy via the AMPK/mTOR signaling
pathway in improving SO, offering novel insights into
autophagy's therapeutic potential in exercise-based SO
interventions.

2. Biological Pathways Underlying Sarcopenic Obesity

SO arises from the complex interplay between muscle loss
and adipose tissue expansion, often exacerbated by aging-
related  hormonal decline, chronic low-grade
inflammation, and metabolic dysregulation [10].
Clarifying their relationships is critical for understanding
and treating SO.

2.1. Muscle-Fat Crosstalk and Ectopic
Accumulation

Lipid

SO involves a maladaptive interaction between
degenerating skeletal muscle and expanding adipose
tissue [11]. One hallmark is myosteatosis, characterized
by the ectopic accumulation of lipids within and around
skeletal muscle fibers; this not only mechanically disrupts
contractile function but also contributes to local insulin
resistance and mitochondrial dysfunction [12, 13],
adipocytes secrete pro-inflammatory adipokines such as
TNF-a, IL-6, and resistin, which infiltrate muscle tissue
and activate catabolic pathways (e.g., NF-xB and STAT3)
that promote proteolysis and inhibit myogenesis [14].
Furthermore, impaired [-oxidation in aging muscle
increases the storage of lipid intermediates (e.g.,
ceramides, DAGs), which interfere with insulin signaling
(via IRS1/PI3K/Akt) and disrupt protein synthesis [15-
17]. Animal studies have shown that lipid overload in
muscle cells leads to decreased PGC-1a expression and
altered mitochondrial biogenesis [18]. In older adults with
SO, magnetic resonance spectroscopy reveals elevated
intramyocellular lipid (IMCL) that correlates with
reduced strength and VOzmax [19-21]. These changes
indicate that muscle-fat crosstalk initiates a vicious
metabolic cycle that accelerates both sarcopenia and
obesity.

2.2 Hormonal Dysregulation and Anabolic Resistance

Hormonal changes with aging—particularly reductions in
testosterone, growth hormone (GH), IGF-1, and
estrogen—profoundly affect muscle metabolism and fat
distribution [22]. Testosterone and IGF-1 promote protein
synthesis via Akt/mTOR signaling, while estrogen
enhances mitochondrial function and autophagy [1, 23-
25]. In males, testosterone deficiency has been linked to
type 1l fiber atrophy and increased fat mass [26, 27]. In
females, menopause-associated estrogen loss results in
both sarcopenia and visceral obesity, mediated in part
through dysregulated AMPK/PGC-la signaling and
reduced antioxidant capacity [28]. Importantly, emerging
data suggest sex-based differences in autophagy
responsiveness to exercise and caloric stress. For instance,
preclinical studies show that estrogen deficiency blunts
exercise-induced LC3-II accumulation and TFEB nuclear
translocation, while estrogen replacement partially
restores this response [29, 30]. However, few human
studies stratify outcomes by sex, highlighting the need for
sex-specific  clinical trials investigating anabolic
resistance and autophagy modulation in SO.

2.3 Chronic Inflammation, Insulin Resistance, and
Mitochondrial Dysfunction

SO is frequently associated with chronic low-grade
systemic inflammation (inflammaging), characterized by
elevated levels of IL-6, CRP, and TNF-a, which impair
muscle regeneration and promote catabolism [31]. These
cytokines inhibit insulin signaling through serine
phosphorylation of IRS-1, suppressing Akt/mTORCI
activation and protein synthesis [32]. At the same time,
inflammation activates proteolytic pathways such as
ubiquitin—proteasome system (UPS) and autophagy in a
maladaptive manner, resulting in net muscle loss [33].
Moreover, aging muscle exhibits mitochondrial DNA
mutations, ROS overproduction, and diminished
mitophagy [34, 35]. This mitochondrial dysfunction
further amplifies insulin resistance, reduces ATP
availability, and activates FoxO3a-mediated transcription
of atrophy-related genes (e.g., Atrogin-1, MuRF1) [36].
These interconnected inflammatory and metabolic
changes create a bioenergetic bottleneck that accelerates
the progression of SO.

2.4 Comorbidities and Functional Heterogeneity in SO

SO rarely exists in isolation and is commonly complicated
by type 2 diabetes, cardiovascular disease (CVD),
osteoarthritis, and cognitive decline, which affect both its
pathophysiology and response to treatment. In diabetic
individuals, hyperglycemia and accumulation of
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advanced glycation end-products (AGEs) increase
oxidative stress and suppress satellite cell function [37,
38]. Diabetic myopathy is also associated with reduced
autophagic flux and impaired AMPK responsiveness,
diminishing the muscle’s adaptive capacity to exercise

[38]. Cardiovascular disease contributes indirectly
through  reduced physical activity, endothelial
dysfunction, and systemic inflammation [39].

Osteoarthritis limits mobility, leading to muscle disuse
and fat gain, cognitive impairment increases frailty risk
and limits adherence to exercise programs [40]. Frailty,
polypharmacy, and sarcopenia interact bidirectionally,
creating a complex geriatric syndrome that is difficult to
reverse. These comorbidities introduce heterogeneity into
clinical SO populations, demanding individualized
assessment and intervention strategies.

2.5 Methodological Limitations in SO Research

Despite the growing understanding of SO mechanisms,
many cited studies rely on animal models or in vitro
systems, which may not fully replicate the hormonal and
inflammatory environment of aging humans. For
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example, rodent aging models often lack visceral obesity
and the multimorbidity typical of older adults [41, 42].
Furthermore, the use of cross-sectional designs in human
studies makes it difficult to establish causal links between
mechanisms (e.g., autophagy impairment) and clinical
outcomes (e.g., frailty, falls). Biomarker assessment also
varies considerably. Many studies use static markers like
LC3-II/LC3-I ratio or p62 levels, which do not accurately
reflect autophagic flux [43]. Additionally, the sensitivity
and specificity of noninvasive assessments of muscle
quality and fat infiltration (e.g., ultrasound,
bioimpedance) are limited. There is a pressing need for
longitudinal, multi-omics, and muscle biopsy-based
studies to better understand the progression and
heterogeneity of SO in real-world populations.

In summary, sarcopenic obesity is driven by an
intricate web of metabolic, hormonal, and inflammatory
alterations, compounded by age, sex, and comorbid
conditions. Understanding these mechanisms within
clinically diverse populations is essential for developing
personalized interventions that target both the sarcopenic
and obese phenotypes.
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Figure 1. The “Vicious-Triangle” cycle ranging from aging, sarcopenia, to obesity might cause sarcopenic obesity.

3. Autophagy and Sarcopenic obesity (SO)

Autophagy is a catabolic process essential for the
degradation of damaged proteins, dysfunctional
organelles, and excess lipids. It plays a central role in
cellular quality control and energy homeostasis, both of
which are impaired in sarcopenic obesity (SO).

3.1 Role of Autophagy in Muscle and Adipose Tissue

In skeletal muscle, basal autophagy maintains proteostasis
and mitochondrial quality [44]. Age-related suppression
of autophagy leads to the accumulation of dysfunctional
mitochondria and protein aggregates, impairing muscle
regeneration and strength [45]. Markers such as the LC3-
II/LC3-I ratio, p62 accumulation, and Beclin-1 expression
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reflect alterations in autophagic flux, with multiple studies
reporting their decline in aging muscle [46]. Meanwhile,
in adipose tissue, autophagy regulates lipid droplet
turnover through “lipophagy” [47]. Its impairment results
in excessive triglyceride storage, adipocyte hypertrophy,
and chronic inflammation—hallmarks of SO.

3.2 Experimental and Clinical Evidence

Animal studies have confirmed that muscle-specific
deletion of autophagy genes (e.g., Atg5, Atg7) results in
severe myopathy and metabolic imbalance [48].
Similarly, inhibition of autophagy in adipose tissue
impairs lipid mobilization and promotes insulin
resistance. While these findings establish causality in
preclinical models, evidence in humans remains largely
correlative and mechanistically underexplored [49].
Limited muscle biopsy studies in elderly individuals have
shown reduced LC3-II and increased p62, but variability
in assay methods and sampling sites has hindered
standardization [50]. To date, few studies have assessed
autophagy biomarkers in SO patients specifically. Muscle
biopsies and circulating LC3-11/p62 levels have been used
inconsistently, and dynamic flux assays remain rare.
These methodological limitations highlight the need for
more comprehensive, standardized, and dynamic
assessments of autophagy in human SO populations.

3.3 Methodological Gaps and Future Directions

Most mechanistic data on autophagy in SO derive from
rodent models, which do not fully replicate the metabolic
complexity, hormonal variability, or comorbidity burden
of aging humans [51-53]. In addition, commonly used
static markers (e.g., LC3-II/LC3-I ratio) do not accurately
capture dynamic autophagy flux. Future research should
prioritize: use of validated human muscle and adipose
tissue samples; standardized protocols for autophagy
biomarker quantification; longitudinal studies linking
autophagy modulation to functional outcomes in SO.

In summary, impaired autophagy contributes to both the
sarcopenic and obese features of SO. Although preclinical
studies offer valuable mechanistic insights, human-
specific data and dynamic assessments are essential for
validating autophagy as a therapeutic target.

4. AMPK/mTOR Pathway as a Central Regulator of
Autophagy

AMPK and the mechanistic target of rapamycin complex
1 (mTORCI1) constitute a central nutrient-sensing axis
that regulates autophagy initiation. Their opposing
actions—AMPK activating and mTORCI1 suppressing

autophagy—integrate cellular status  with

catabolic responses.

energy

4.1 Dual Regulation of Autophagy via AMPK and
mTORC1

Under low-energy conditions (e.g., increased AMP/ATP
ratio), AMPK becomes activated and phosphorylates key
autophagy initiators such as ULK1 at Ser555 and Ser317
[54, 55]. This activation is reinforced by AMPK-mediated
inhibition of mTORC1, which normally phosphorylates
ULKI1 at multiple sites, including Ser555 and Ser317 to
prevent autophagy [56]. AMPK also targets TSC2 and
Raptor to suppress mTORCI1 activity and facilitates
TFEB nuclear translocation, thereby upregulating
lysosomal and autophagy-related genes [57, 58]. In
contrast, mTORC1 becomes activated in response to
growth factors, amino acids, or insulin, inhibiting
autophagy and promoting protein synthesis. Persistent
mTORCI1 activity in obesity and aging may impair
cellular quality control by suppressing autophagy despite
accumulated metabolic stress.

4.2 Evidence from Experimental Models

Animal models and cell culture studies consistently
support the role of AMPK/mTOR signaling in regulating
autophagy across multiple tissues [59]. For example,
rapamycin-induced mTORC1 inhibition enhances
autophagic flux and ameliorates lipid accumulation in
hepatocytes, while ~AMPK activators improve
mitochondrial quality in skeletal muscle [60]. However,
few studies have demonstrated direct modulation of this
pathway in older adults with SO. Existing data are mostly
extrapolated from isolated cell studies or young rodent
models.

4.3 Translational Implications and Limitations

Despite the mechanistic clarity in vitro and in vivo,
translation of these findings into human interventions
remains limited [61]. The context-dependent behavior of
AMPK and mTOR—modulated by age, nutritional status,
comorbidities, and medication use—complicates direct
clinical targeting [55, 62]. Furthermore, pharmacological
agents like metformin and rapamycin activate AMPK or
inhibit mTOR [63], but their long-term effects on
functional outcomes in SO are unclear and may carry
adverse effects. Understanding how modifiable behaviors
like exercise influence the AMPK/mTOR axis may yield

actionable targets for community-level prevention
strategies.
Future studies should examine how lifestyle

interventions such as exercise or caloric restriction
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modulate  AMPK/mTOR-autophagy signaling in SO
patients, using both molecular biomarkers and clinical
endpoints.

5. Impact of Exercise Training on SO

Exercise is a primary non-pharmacological intervention
recommended for the prevention and management of

sarcopenic obesity (SO). It improves muscle strength,
promotes fat utilization, and activates autophagy-related
pathways such as AMPK/mTOR. However, exercise
efficacy is influenced by training type, intensity, duration,
and inter-individual differences. Below, we compare the
effects of aerobic, resistance, and combined exercise
modalities on SO parameters (Table 1).

Table 1. Effects of different exercise modalities on body composition in SO patients.

Sample Mean  Outcome Intervention
Size Age Measures
28 72 BMI & HGS 10 weeks

RE (2 sessions/week) vs. no exercise
35 >60 BF% & SMI 12 weeks

RE (3 sessions/week) vs. no exercise
46 67 BF% & SMI 12 weeks

RE vs. no exercise
60 69 BMI & SMI 8 weeks

RE, AE, RE + AE vs. no exercise
133 67 BMI & PT 24 weeks

RE (3 sessions/week) vs. no exercise
139 81 BF%, SMI, & 3 months

HGS AE + RE vs. no exercise

Intervention Outcomes

Muscle mass (kg)

Significant difference observed

Fat mass (kg)—0.58

Skeletal muscle index significant decline
Skeletal muscle mass (kg) +0.73 (95% CI)
Muscle mass (kg)+2.63 (95% CI)

Fat mass (kg):RE: —1, AE: —0.7, RE + EA: —1.1,
Skeletal muscle mass(kg): RE: +0.1, AE: +0.1,
RE + EA: +0.2, Grip strength (kg): RE: +3.5,
AE and RE + EA: No significant difference
Skeletal muscle mass and strength

Significant increase

Arm muscle mass (kg): +1.8, p <0.05;

Leg muscle mass (kg): +2.2, p < 0.05;
Strength (kg): +17.8%, p=0.119

Abbreviations: BMI-Body Mass Index; FM- Fat Mass; SMM-Skeletal Muscle Mass; BF%-Body Fat Percentage; SMI-Skeletal Muscle Index; RE-
Resistance Exercise; AE-Aerobic Exercise; HGS-Handgrip Strength; PT-Peak Strength; PPT-Physical Performance Test.

5.1 Effects of Different Exercise Modalities
5.1.1 Aerobic Exercise

Endurance training enhances muscular endurance in aged
skeletal muscle but has limited impact on strength or
mass. Its benefits arise from mitochondrial biogenesis,
improved cardiovascular function (e.g., increased stroke
volume), and elevated capillary density, which
collectively enhances muscle oxidative capacity.
Additionally, aerobic exercise effectively controls fat
mass, particularly when combined with dietary
interventions, making it a robust anti-obesity strategy. In
a study investigating aerobic exercise in SO populations
[64], 8 weeks of endurance training in 60 adults aged 65—
75 years significantly reduced body fat mass and visceral
adipose tissue compared to controls, though skeletal
muscle mass remained unchanged.

5.1.2 Resistance Exercise

For SO patients, skeletal muscle strength—particularly in
the lower limbs—is critical. Resistance training potently
stimulates net muscle protein synthesis, inducing
hypertrophy and improving muscle mass and strength,

thus emerging as the optimal exercise modality for SO. A
study of 1,328 adults over 50 years old demonstrated that
20 weeks of resistance training (2-3 sessions/week)
increased skeletal muscle mass by an average of 1.1 kg
[65]. Similarly, a 12-week elastic band training regimen
in older women with SO significantly improved muscle
mass, strength, and physical performance compared to
non-exercising controls [66]. Recent findings also show
that 8 weeks of resistance exercise in 60 elderly SO
patients preserved skeletal muscle mass, reduced fat mass,
and increased handgrip strength relative to sedentary
peers [67].

5.1.3 Combined Exercise

Emerging evidence highlights the synergistic benefits of
integrating aerobic and resistance training. This approach
concurrently addresses fat loss and muscle preservation,
addressing SO’s dual pathology. Further research is
needed to optimize training protocols for SO populations.

5.2 Variability in Exercise Response

Inter-individual variability significantly affects exercise
outcomes in SO. Factors such as biological sex, age
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subgroup (e.g., "young-old" vs. "old-old"), hormonal
status, and comorbidities (e.g., diabetes, cardiovascular
disease) modulate training response. For instance, older
women may exhibit reduced hypertrophic responses due
to lower baseline anabolic hormone levels [68]. Similarly,
patients with type 2 diabetes often demonstrate attenuated
improvements in insulin sensitivity, potentially due to
underlying mitochondrial dysfunction and chronic
inflammation.

5.3 Potential Limitations and Risks

Although exercise has broad benefits, it is not universally
effective or safe in all SO populations. Excessive intensity
or volume may induce muscle damage, exacerbate joint
stress, or provoke inflammatory rebound in frail
individuals [69, 70]. Moreover, underlying conditions
such as osteoporosis or cardiovascular disease may limit
safe participation. Importantly, overtraining has been
associated with elevated ROS levels and a temporary
downregulation of autophagic activity in some
experimental models [71].

5.4 Practical Recommendations

Current evidence supports the use of moderate-intensity
CE (2-3 sessions/week of RE + 1-2 sessions/week of AE)
in older adults with SO [70, 72]. Tailoring exercise
prescriptions based on functional capacity, health status,
and recovery ability is essential. Incorporating periodic
reassessment and professional supervision can optimize
benefits and reduce risks.

In summary, exercise represents a cornerstone
therapy for SO, yet its implementation must consider
biological variability and potential adverse effects. Future
studies should aim to personalize exercise interventions
using biomarker-guided approaches and assess long-term
safety in high-risk populations.

6. Possible Mechanisms by Which Exercise Activates
Autophagy via the AMPK/mTOR Signaling Pathway
to Improve SO

6.1 Exercise-Induced Activation of Autophagy via the
AMPK/mTOR Signaling Pathway

Exercise is widely recognized for its capacity to promote
healthy aging and reduce the risk of age-related diseases.
Among its molecular effects, the modulation of autophagy
via the AMPK/mTOR signaling axis has gained
considerable attention. Both preclinical and emerging
human studies have shown that endurance exercise
activates AMPK, which subsequently phosphorylates
ULKI1 and attenuates mTORC1-mediated inhibition of

autophagy initiation [73-75]. Endurance exercise
activates AMPK, phosphorylates ULK1, and reduces
mTOR-mediated inhibitory phosphorylation of ULKI1
[75]. For instance, in an ovariectomized rat model, an 8-
week swimming intervention restored the expression of
autophagy-related proteins (including mTOR, ULKI,
Bcl-1, and Atg7), thereby mitigating estrogen-deficiency-
induced muscle atrophy and autophagy impairment [76].
These findings suggest that exercise-mediated
AMPK/mTOR signaling may activate autophagy. During
exercise, muscle contraction consumes substantial ATP,
increasing the AMP/ATP ratio and activating AMPK.
Enhanced AMPK activity promotes autophagy through
the following mechanisms: Direct regulation of ULKI:
AMPK phosphorylates ULK1 at multiple residues
(Serd67, Ser555, Thr574, Ser637), directly enhancing its
activity [77]; Indirect regulation via mTORCI inhibition:
AMPK phosphorylates and activates TSC2, which
suppresses mTORC1 [78, 79]. Additionally, AMPK
inhibits mTORC1 by phosphorylating Raptor, a
regulatory subunit of mTORC1 [56]. Thus, AMPK
promotes autophagy both by directly activating ULKI1
and by relieving mTORC1-mediated inhibition of ULKI.
These findings delineate a coherent mechanistic pathway
whereby exercise-induced energy stress activates AMPK,
suppresses mMTORC1, and ultimately enhances autophagic
flux. However, most mechanistic insights are derived
from rodent models, and large-scale human trials
confirming these molecular events in sarcopenic obesity
populations remain limited.

6.2 Exercise-Induced Autophagy Enhances Lipolysis
and Attenuates Lipid Accumulation in Sarcopenic
Obesity

Adipose tissue not only serves as an energy reservoir but
also functions as a dynamic endocrine organ, secreting
adipokines such as leptin and adiponectin to regulate
systemic energy homeostasis. Dysregulation of lipid
metabolism, particularly ectopic lipid accumulation in
skeletal muscle and liver, is a hallmark of sarcopenic
obesity (SO) [80]. Autophagy plays a pivotal role in lipid
turnover through a process known as “lipophagy,”
wherein intracellular lipid droplets are engulfed and
degraded in autolysosomes. Early studies on lysosomal
acid lipase (LAL) deficiency established that impaired
autophagic flux leads to triglyceride (TG) and cholesterol
accumulation [81, 82]. Under energy-rich conditions,
both lipolysis and autophagy are downregulated, favoring
lipogenesis. In contrast, during energy stress—such as
exercise—autophagy is activated to hydrolyze TGs,
thereby releasing free fatty acids (FFAs) for B-oxidation
[83]. Pharmacological and genetic studies have further
supported this mechanism. Induction of autophagy via
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agents like rapamycin reduces TG content and lipid
droplet number [84]. whereas hepatic deletion of key
autophagy genes (Atg7, Tfeb) exacerbates steatosis and
obesity phenotypes [85]. Moreover, autophagy enhances
B-adrenergic signaling, which promotes hormone-
sensitive lipase-mediated lipolysis [86]. In the context of
SO, reduced autophagic capacity contributes to adipocyte
hypertrophy, impaired lipolysis, and intramuscular fat
infiltration. Exercise-induced activation of AMPK/mTOR
signaling restores autophagy, thereby promoting lipid
clearance, suppressing lipogenesis, and improving
adipose-muscle metabolic crosstalk. However, most
evidence stems from hepatic or general obesity models,
and the specific lipophagic response to exercise in human
SO populations remain underexplored [87]. Future studies
should aim to characterize tissue-specific lipid clearance
pathways and their responsiveness to different exercise
modalities in aging populations with SO.

6.3 Autophagy-Mediated Protein Turnover as a
Defense Against Sarcopenia in SO

The maintenance of skeletal muscle mass relies on a
delicate balance between protein synthesis and
degradation. While the ubiquitin-proteasome system
primarily degrades short-lived proteins, the autophagy-
lysosomal pathway is essential for clearing long-lived
proteins, misfolded aggregates, and damaged
organelles—key to preserving proteostasis, especially
during aging [88, 89]. In animal models, muscle-specific
deletion of autophagy-related genes such as Atg5 or Atg7
results in severe proteotoxic stress, characterized by
p62/SQSTM1 accumulation, mitochondrial dysfunction,
and reduced contractile force [90]. Similarly, chronic
activation of mTORC1 suppresses autophagy and
promotes protein aggregation, leading to progressive
myopathy [91]. With advancing age, autophagic flux
diminishes, impairing both protein and organelle quality
control. This decline has been implicated as a key
mechanism underlying sarcopenia, the muscle loss
component of SO [92]. Exercise, by activating AMPK and
inhibiting mTORCI, reactivates autophagic pathways,
facilitating the clearance of damaged cellular
components. This restores proteostasis and helps maintain
muscle fiber integrity and function [93]. While robust in
preclinical studies, the extent to which exercise-induced
autophagy improves proteostasis in sarcopenic human
muscle remains insufficiently explored. Clinical
investigations incorporating muscle biopsies and
autophagy biomarkers (e.g., LC3-II/I ratio, p62 levels)
before and after structured exercise interventions could
clarify these translational mechanisms.

6.4 Autophagy Alleviates Anabolic Resistance and
Supports Muscle Protein Homeostasis in SO

Anabolic resistance—the diminished ability of skeletal
muscle to respond to anabolic stimuli such as amino acids,
insulin, or mechanical loading—is a hallmark of
sarcopenia and is exacerbated in sarcopenic obesity (SO)
[94]. In this context, the pathological interplay between
excessive adiposity and muscle tissue promotes a cycle of
chronic inflammation, insulin resistance, and impaired
protein synthesis. Age-related muscle loss facilitates
intramuscular fat infiltration, while hypertrophied
adipocytes and adipose-derived cytokines such as leptin
and TNF-o amplify inflammatory signaling and suppress
anabolic pathways [95]. Accumulated lipid intermediates
(e.g., diacylglycerol, ceramides) disrupt insulin signaling
by promoting serine phosphorylation of IRS-1, thereby
reducing Akt/mTORC]1-mediated protein synthesis [43,
96]. Free fatty acids and systemic insulin resistance
further reinforce anabolic blunting in skeletal muscle
[97]. Exercise alleviates anabolic resistance through
multiple mechanisms: it reduces visceral and
intramuscular fat, enhances insulin sensitivity, and
suppresses chronic low-grade inflammation. Notably,
autophagy has emerged as a key mediator of these
benefits. Impaired autophagy correlates with elevated
inflammasome activation and insulin resistance in aged
muscle [98], while autophagy induction improves insulin
signaling and reduces inflammatory cytokine production
[99]. Therefore, AMPK/mTOR-mediated autophagy
activation may restore anabolic sensitivity by resolving
lipotoxicity, improving mitochondrial quality, and
enabling more efficient nutrient signaling. Nevertheless,
mechanistic studies specifically linking autophagy
restoration to improved muscle protein synthesis in older
SO populations are scarce [100]. Future work should
explore whether enhancing autophagy can directly reverse
anabolic resistance in human muscle under obese and
inflamed conditions.

Exercise-induced energy stress increases the
AMP/ATP ratio, leading to AMPK activation and
mTORCI1 inhibition. This dual regulation initiates
autophagy via ULK1 phosphorylation and TFEB
translocation. Enhanced autophagic flux facilitates the
clearance of damaged mitochondria and protein
aggregates in skeletal muscle, promotes lipid droplet
degradation in adipose tissue, improves insulin
sensitivity, and alleviates inflammation. These molecular
effects jointly contribute to improved muscle mass,
reduced fat accumulation, and reversal of anabolic
resistance, ultimately mitigating the pathophysiology of
SO.
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Figure 2. Schematic representation of how exercise activates autophagy via AMPK/mTOR signaling to

ameliorate sarcopenic obesity (SO).
6.5 Summary of Mechanisms and Future Directions

Collectively, exercise-induced autophagy via the
AMPK/mTOR axis improves sarcopenic obesity through
multiple, converging mechanisms—enhancing lipid
clearance, supporting protein turnover, and restoring
anabolic sensitivity. However, the majority of evidence
derives from animal studies or cellular models. Human
trials incorporating molecular endpoints (e.g., autophagy
flux markers) are needed to confirm these effects and
refine personalized exercise prescriptions for elderly
populations with SO.

7. Conclusions

Sarcopenic obesity (SO) represents a complex geriatric
syndrome arising from intertwined pathologies of muscle
degeneration and adipose tissue expansion. Mounting
evidence suggests that exercise exerts beneficial effects
on SO not only by increasing energy expenditure and
improving physical function but also by reprogramming
intracellular signaling networks. Activation of the
AMPK/mTOR-autophagy axis has emerged as a central
mechanism linking mechanical and metabolic stimuli to
cellular quality control in muscle and adipose tissues.
Mechanistically, exercise-induced autophagy
facilitates the removal of dysfunctional mitochondria and
misfolded proteins, enhances lipolysis, suppresses ectopic
lipid deposition, and improves insulin sensitivity. These
processes work synergistically to restore proteostasis and

metabolic flexibility, thereby counteracting both the
sarcopenic and obese components of SO.

Despite these advances, most current knowledge is
derived from preclinical models, and the molecular
relevance of these pathways in elderly humans with SO
remains underexplored. Clinical trials incorporating
biopsies, circulating autophagy markers, and functional
outcomes are urgently needed to validate mechanistic
hypotheses and translate them into evidence-based
interventions. Moreover, individual variability due to sex,
comorbidities (e.g., diabetes, cardiovascular disease), and
aging stage must be systematically addressed in future
studies.

We propose an integrative model whereby exercise
acts as a systemic metabolic regulator that activates
autophagy via AMPK, inhibits mTORC]1, and remodels
both skeletal muscle and adipose tissue toward a healthier
phenotype. This conceptual framework connects
molecular mechanisms to population-level interventions
and opens new avenues for designing targeted exercise
prescriptions.

Future research should prioritize clinical validation,
biomarker-guided prescriptions, and long-term outcome
trials to close the gap between molecular evidence and
public health impact. Priority directions include: (1)
longitudinal trials validating autophagy modulation in
SO; (2) biomarker-guided personalization of exercise; (3)
integration of comorbidity-adjusted protocols in clinical
settings.

Aging and Disease * Volume 17, Number 4, August 2026

1911



Zhang D, et al.

AMPK/mTOR-Autophagy: Exercise Therapy for Sarcopenic Obesity

Acknowledgements

This study was supported by the following funding

Sources:

Humanities and Social Sciences Youth

Foundation, Ministry of Education (Grant No. 23YJC
890024).

Conflicts of Interest

The authors declare no conflict of interest.

References

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

Li Z, Heber D (2012). Sarcopenic obesity in the elderly
and strategies for weight management. Nutr Rev, 70:57-
64.

Benton MJ, Whyte MD, Dyal BW (2011). Sarcopenic
obesity: strategies for management. Am J Nurs, 111:38-
44; quiz 45-36.

Jurdana M, Ziberna L (2023). Sarcopenic obesity and
hypertension in elderly patients: a narrative review of
pathophysiology and management strategies. Ann Ist
Super Sanita, 59:231-239.

Bellanti F, Romano AD, Lo Buglio A, Castriotta V,
Guglielmi G, Greco A, et al. (2018). Oxidative stress is
increased in sarcopenia and associated with
cardiovascular disease risk in sarcopenic obesity.
Maturitas, 109:6-12.

Kang SY, Lim GE, Kim YK, Kim HW, Lee K, Park TJ,
et al. (2017). Association between Sarcopenic Obesity
and Metabolic Syndrome in Postmenopausal Women: A
Cross-sectional Study Based on the Korean National
Health and Nutritional Examination Surveys from 2008
to 2011. J Bone Metab, 24:9-14.

Li CW, Yu K, Shyh-Chang N, Li GX, Yu SL, Liu HJ, et
al. (2021). Sterol metabolism and protein metabolism are
differentially correlated with sarcopenia in Asian
Chinese men and women. Cell Prolif, 54:¢12989.

Lee DC, Shook RP, Drenowatz C, Blair SN (2016).
Physical activity and sarcopenic obesity: definition,
assessment, prevalence and mechanism. Future Sci OA,
2:FSO127.

Kemmler W, von Stengel S, Engelke K, Sieber C,
Freiberger E (2016). Prevalence of sarcopenic obesity in
Germany using established definitions: Baseline data of
the FORMOsA study. Osteoporos Int, 27:275-281.

A AS, Stewart C, Patel H, Cooper C (2010). The
developmental  origins  of  sarcopenia:  from
epidemiological evidence to underlying mechanisms. J
Dev Orig Health Dis, 1:150-157.

Ryu JY, Choi HM, Yang HI, Kim KS (2020).
Dysregulated Autophagy Mediates Sarcopenic Obesity
and Its Complications via AMPK and PGClalpha
Signaling Pathways: Potential Involvement of Gut
Dysbiosis as a Pathological Link. Int J Mol Sci, 21.
Kalinkovich A, Livshits G (2017). Sarcopenic obesity or
obese sarcopenia: A cross talk between age-associated
adipose tissue and skeletal muscle inflammation as a

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

main mechanism of the pathogenesis. Ageing Res Rev,
35:200-221.

Henin G, Loumaye A, Leclercq IA, Lanthier N (2024).
Myosteatosis: ~ Diagnosis,  pathophysiology  and
consequences in metabolic dysfunction-associated
steatotic liver disease. JHEP Rep, 6:100963.
Al-Mansoori L, Al-Jaber H, Prince MS, Elrayess MA
(2022). Role of Inflammatory Cytokines, Growth
Factors and Adipokines in Adipogenesis and Insulin
Resistance. Inflammation, 45:31-44.

Martin Al, Priego T, Moreno-Ruperez A, Gonzalez-
Hedstrom D, Granado M, Lopez-Calderon A (2021).
IGF-1 and IGFBP-3 in Inflammatory Cachexia. Int J] Mol
Sci, 22.

Nikolic N, Rhedin M, Rustan AC, Storlien L, Thoresen
GH, Stromstedt M (2012). Overexpression of PGC-
lalpha increases fatty acid oxidative capacity of human
skeletal muscle cells. Biochem Res Int, 2012:714074.
Bradley CE, Fletcher E, Wilkinson T, Ring A, Ferrer L,
Miserlis D, et al. (2024). Mitochondrial fatty acid beta-
oxidation: a possible therapeutic target for skeletal
muscle lipotoxicity in peripheral artery disease
myopathy. EXCLI J, 23:523-533.

Li CW, Yu K, Shyh-Chang N, Jiang Z, Liu T, Ma S, et
al. (2022). Pathogenesis of sarcopenia and the
relationship with fat mass: descriptive review. J
Cachexia Sarcopenia Muscle, 13:781-794.

Lima TI, Guimaraes D, Oliveira AG, Araujo H, Sponton
CHG, Souza-Pinto NC, et al. (2019). Opposing action of
NCoR1 and PGC-lalpha in mitochondrial redox
homeostasis. Free Radic Biol Med, 143:203-208.
Colleluori G, Villareal DT (2021). Aging, obesity,
sarcopenia and the effect of diet and exercise
intervention. Exp Gerontol, 155:111561.

Al Saedi A, Debruin DA, Hayes A, Hamrick M (2022).
Lipid metabolism in sarcopenia. Bone, 164:116539.
Jiang Y, Xu B, Zhang K, Zhu W, Lian X, Xu Y, et al.
(2023). The association of lipid metabolism and
sarcopenia among older patients: a cross-sectional study.
Sci Rep, 13:17538.

Kraemer WJ, Ratamess NA, Hymer WC, Nindl BC,
Fragala MS (2020). Growth Hormone(s), Testosterone,
Insulin-Like Growth Factors, and Cortisol: Roles and
Integration for Cellular Development and Growth With
Exercise. Front Endocrinol (Lausanne), 11:33.

Harrath AH, Alrezaki A, Jalouli M, Aldawood N,
Aldahmash W, Mansour L, et al. (2022). Ethylbenzene
exposure disrupts ovarian function in Wistar rats via
altering folliculogenesis and steroidogenesis-related
markers and activating autophagy and apoptosis.
Ecotoxicol Environ Saf, 229:113081.

El-Shafei NH, Zaafan MA, Kandil EA, Sayed RH
(2023). Simvastatin ameliorates testosterone-induced
prostatic hyperplasia in rats via modulating IGF-
1/PI3K/AKT/FOXO signaling. Eur J Pharmacol,
950:175762.

Sun H, Wang Z, Tu B, Shao Z, Li Y, Han D, et al. (2024).
Capsaicin reduces blood glucose and prevents prostate
growth by regulating androgen, RAGE/IGF-1/Akt, TGF-
beta/Smad signalling pathway and reversing epithelial-

Aging and Disease * Volume 17, Number 4, August 2026

1912



Zhang D, et al.

AMPK/mTOR-Autophagy: Exercise Therapy for Sarcopenic Obesity

[26]

(27]

(28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

mesenchymal transition in streptozotocin-induced
diabetic mice. Naunyn Schmiedebergs Arch Pharmacol,
397:7659-7671.

Shin MJ, Jeon YK, Kim 1J (2018). Testosterone and
Sarcopenia. World ] Mens Health, 36:192-198.
Tanganelli F, Meinke P, Hofmeister F, Jarmusch S,
Baber L, Mehaffey S, et al. (2021). Type-2 muscle fiber
atrophy is associated with sarcopenia in elderly men with
hip fracture. Exp Gerontol, 144:111171.

Park YM, Pereira RI, Erickson CB, Swibas TA, Kang C,
Van Pelt RE (2017). Time since menopause and skeletal
muscle estrogen receptors, PGC-lalpha, and AMPK.
Menopause, 24:815-823.

Triolo M, Oliveira AN, Kumari R, Hood DA (2022). The
influence of age, sex, and exercise on autophagy,
mitophagy, and lysosome biogenesis in skeletal muscle.
Skelet Muscle, 12:13.

Luk HY, Appell C, Levitt DE, Jiwan NC, Vingren JL
(2021). Differential Autophagy Response in Men and
Women After Muscle Damage. Front Physiol,
12:752347.

Laine A, Iyengar P, Pandita TK (2013). The role of
inflammatory pathways in cancer-associated cachexia
and radiation resistance. Mol Cancer Res, 11:967-972.
Fang WY, Tseng YT, Lee TY, Fu YC, Chang WH, Lo
WW, et al. (2021). Triptolide prevents LPS-induced
skeletal muscle atrophy via inhibiting NF-kappaB/TNF-
alpha and regulating protein synthesis/degradation
pathway. Br J Pharmacol, 178:2998-3016.

Cockram PE, Kist M, Prakash S, Chen SH, Wertz IE,
Vucic D (2021). Ubiquitination in the regulation of
inflammatory cell death and cancer. Cell Death Differ,
28:591-605.

Marzetti E, Calvani R, Cesari M, Buford TW, Lorenzi
M, Behnke BJ, et al. (2013). Mitochondrial dysfunction
and sarcopenia of aging: from signaling pathways to
clinical trials. Int J Biochem Cell Biol, 45:2288-2301.
Joseph AM, Adhihetty PJ, Wawrzyniak NR,
Wohlgemuth SE, Picca A, Kujoth GC, et al. (2013).
Dysregulation of mitochondrial quality control processes
contribute to sarcopenia in a mouse model of premature
aging. PLoS One, 8:¢69327.

Zeng Z, Liang J, Wu L, Zhang H, Lv J, Chen N (2020).
Exercise-Induced Autophagy Suppresses Sarcopenia
Through Akt/mTOR and Akt/FoxO3a Signal Pathways
and AMPK-Mediated Mitochondrial Quality Control.
Front Physiol, 11:583478.

Koliaki C, Liatis S, Dalamaga M, Kokkinos A (2019).
Sarcopenic ~ Obesity:  Epidemiologic ~ Evidence,
Pathophysiology, and Therapeutic Perspectives. Curr
Obes Rep, 8:458-471.

Trierweiler H, Kisielewicz G, Hoffmann Jonasson T,
Rasmussen Petterle R, Aguiar Moreira C, Zeghbi
Cochenski Borba V (2018). Sarcopenia: a chronic
complication of type 2 diabetes mellitus. Diabetol Metab
Syndr, 10:25.

Sinclair AJ, Abdelhafiz AH, Rodriguez-Manas L (2017).
Frailty and sarcopenia - newly emerging and high impact

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Ai Y, Xu R, Liu L (2021). The prevalence and risk
factors of sarcopenia in patients with type 2 diabetes
mellitus: a systematic review and meta-analysis.
Diabetol Metab Syndr, 13:93.

Kob R, Bollheimer LC, Bertsch T, Fellner C, Djukic M,
Sieber CC, et al. (2015). Sarcopenic obesity: molecular
clues to a better understanding of its pathogenesis?
Biogerontology, 16:15-29.

Axelrod CL, Dantas WS, Kirwan JP (2023). Sarcopenic
obesity: emerging mechanisms and therapeutic potential.
Metabolism, 146:155639.

Prado CM, Batsis JA, Donini LM, Gonzalez MC, Siervo
M (2024). Sarcopenic obesity in older adults: a clinical
overview. Nat Rev Endocrinol, 20:261-277.

Carnio S, LoVerso F, Baraibar MA, Longa E, Khan MM,
Maffei M, et al. (2014). Autophagy impairment in
muscle induces neuromuscular junction degeneration
and precocious aging. Cell Rep, 8:1509-1521.

Lira VA, Okutsu M, Zhang M, Greene NP, Laker RC,
Breen DS, et al. (2013). Autophagy is required for
exercise training-induced skeletal muscle adaptation and
improvement of physical performance. FASEB J,
27:4184-4193.

Ghosh AK, Mau T, O'Brien M, Garg S, Yung R (2016).
Impaired autophagy activity is linked to elevated ER-
stress and inflammation in aging adipose tissue. Aging
(Albany NY), 8:2525-2537.

Singh R, Kaushik S, Wang Y, Xiang Y, Novak I,
Komatsu M, et al. (2009). Autophagy regulates lipid
metabolism. Nature, 458:1131-1135.

Masiero E, Agatea L, Mammucari C, Blaauw B, Loro E,
Komatsu M, et al. (2009). Autophagy is required to
maintain muscle mass. Cell Metab, 10:507-515.
Romero M, Zorzano A (2019). Role of autophagy in the
regulation of adipose tissue biology. Cell Cycle,
18:1435-1445.

Cheong LYT, Saipuljumri EN, Loi GWZ, Zeng ], Lo CH
(2025). Autolysosomal Dysfunction in Obesity-induced
Metabolic Inflammation and Related Disorders. Curr
Obes Rep, 14:43.

Soussi H, Reggio S, Alili R, Prado C, Mutel S, Pini M,
et al. (2015). DAPK2 Downregulation Associates With
Attenuated Adipocyte Autophagic Clearance in Human
Obesity. Diabetes, 64:3452-3463.

FuT,XuZ, LiuL, Guo Q, Wu H, Liang X, et al. (2018).
Mitophagy Directs Muscle-Adipose Crosstalk to
Alleviate Dietary Obesity. Cell Rep, 23:1357-1372.
Kovsan J, Bluher M, Tarnovscki T, Kloting N, Kirshtein
B, Madar L, et al. (2011). Altered autophagy in human
adipose tissues in obesity. J Clin Endocrinol Metab,
96:E268-277.

Kim J, Kundu M, Viollet B, Guan KL (2011). AMPK
and mTOR regulate autophagy through direct
phosphorylation of Ulk1. Nat Cell Biol, 13:132-141.
Hardie DG, Schaffer BE, Brunet A (2016). AMPK: An
Energy-Sensing Pathway with Multiple Inputs and
Outputs. Trends Cell Biol, 26:190-201.

Gwinn DM, Shackelford DB, Egan DF, Mihaylova MM,

complications of diabetes. J Diabetes Complications, Mery A, Vasquez DS, et al. (2008). AMPK
31:1465-1473.
Aging and Disease * Volume 17, Number 4, August 2026 1913



Zhang D, et al.

AMPK/mTOR-Autophagy: Exercise Therapy for Sarcopenic Obesity

phosphorylation of raptor mediates a metabolic [72] Lu L, Mao L, Feng Y, Ainsworth BE, Liu Y, Chen N
checkpoint. Mol Cell, 30:214-226. (2021). Effects of different exercise training modes on

[57] InokiK,ZhuT, Guan KL (2003). TSC2 mediates cellular muscle strength and physical performance in older
energy response to control cell growth and survival. Cell, people with sarcopenia: a systematic review and meta-
115:577-590. analysis. BMC Geriatr, 21:708.

[58] Settembre C, Di Malta C, Polito VA, Garcia Arencibia  [73] Spaulding HR, Kelly EM, Quindry JC, Sheffield JB,
M, Vetrini F, Erdin S, et al. (2011). TFEB links Hudson MB, Selsby JT (2018). Autophagic dysfunction
autophagy to lysosomal biogenesis. Science, 332:1429- and autophagosome escape in the mdx mus musculus
1433. model of Duchenne muscular dystrophy. Acta Physiol

[59] Mihaylova MM, Shaw RJ (2011). The AMPK signalling (Oxf), 222.
pathway coordinates cell growth, autophagy and [74] Halling JF, Pilegaard H (2017). Autophagy-Dependent
metabolism. Nat Cell Biol, 13:1016-1023. Beneficial Effects of Exercise. Cold Spring Harb

[60] Hosokawa N, Hara T, Kaizuka T, Kishi C, Takamura A, Perspect Med, 7.

Miura Y, et al. (2009). Nutrient-dependent mTORC1  [75] Pagano AF, Py G, Bernardi H, Candau RB, Sanchez AM
association with the ULKI1-Atgl3-FIP200 complex (2014). Autophagy and protein turnover signaling in
required for autophagy. Mol Biol Cell, 20:1981-1991. slow-twitch muscle during exercise. Med Sci Sports

[61] Zhang X, Zhang L, Chen Z, Li S, Che B, Wang N, et al. Exerc, 46:1314-1325.

(2021). Exogenous spermine attenuates diabetic kidney = [76] Zhong W, Shi X, Yuan H, Bu H, Wu L, Wang R (2019).
injury in rats by inhibiting AMPK/mTOR signaling Effects of Exercise Training on the Autophagy-Related
pathway. Int J Mol Med, 47. Muscular Proteins Expression in Ovariectomized Rats.

[62] Benito-Cuesta I, Ordonez-Gutierrez L, Wandosell F Front Physiol, 10:735.

(2021). AMPK activation does not enhance autophagy in ~ [77] Egan DF, Shackelford DB, Mihaylova MM, Gelino S,
neurons in contrast to MTORCI inhibition: different Kohnz RA, Mair W, et al. (2011). Phosphorylation of
impact on beta-amyloid clearance. Autophagy, 17:656- ULK! (hATG1) by AMP-activated protein kinase
671. connects energy sensing to mitophagy. Science,

[63] Saxton RA, Sabatini DM (2017). mTOR Signaling in 331:456-461.

Growth, Metabolism, and Disease. Cell, 169:361-371. [78] LiY, ChenY (2019). AMPK and Autophagy. Adv Exp

[64] Chen HT, Chung YC, Chen YJ, Ho SY, Wu HJ (2017). Med Biol, 1206:85-108.

Effects of Different Types of Exercise on Body [79] Holczer M, Hajdu B, Lorincz T, Szarka A, Banhegyi G,
Composition, Muscle Strength, and IGF-1 in the Elderly Kapuy O (2019). A Double Negative Feedback Loop
with Sarcopenic Obesity. ] Am Geriatr Soc, 65:827-832. between mTORC1 and AMPK Kinases Guarantees

[65] Peterson MD, Sen A, Gordon PM (2011). Influence of Precise Autophagy Induction upon Cellular Stress. Int J
resistance exercise on lean body mass in aging adults: a Mol Sci, 20.
meta-analysis. Med Sci Sports Exerc, 43:249-258. [80] Eglseer D, Hristov H, Krusic S, Gregoric N, Hren I,

[66] Gadelha AB, Paiva FM, Gauche R, de Oliveira RJ, Lima Pravst I, et al. (2025). Prevalence and Associated Factors
RM (2016). Effects of resistance training on sarcopenic of Sarcopenic Obesity Among Nursing Home Residents:
obesity index in older women: A randomized controlled A Cross-Sectional Multi-Centre Study. J Cachexia
trial. Arch Gerontol Geriatr, 65:168-173. Sarcopenia Muscle, 16:¢13821.

[67] Chang SF, Chiu SC (2020). Effect of resistance training  [81] Saito T, Kuma A, Sugiura Y, Ichimura Y, Obata M,
on quality of life in older people with sarcopenic obesity Kitamura H, et al. (2019). Autophagy regulates lipid
living in long-term care institutions: A quasi- metabolism through selective turnover of NCoR1. Nat
experimental study. J Clin Nurs, 29:2544-2556. Commun, 10:1567.

[68] Batsis JA, Villareal DT (2018). Sarcopenic obesity in  [82] Lundquist MR, Goncalves MD, Loughran RM, Possik E,
older adults: aetiology, epidemiology and treatment Vijayaraghavan T, Yang A, et al. (2018).
strategies. Nat Rev Endocrinol, 14:513-537. Phosphatidylinositol-5-Phosphate 4-Kinases Regulate

[69] LiFH, Sun L, Zhu M, Li T, Gao HE, Wu DS, et al. Cellular Lipid Metabolism By Facilitating Autophagy.
(2018). Beneficial alterations in body composition, Mol Cell, 70:531-544 e539.
physical performance, oxidative stress, inflammatory [83] Yang L, Li P, Fu S, Calay ES, Hotamisligil GS (2010).
markers, and adipocytokines induced by long-term high- Defective hepatic autophagy in obesity promotes ER
intensity interval training in an aged rat model. Exp stress and causes insulin resistance. Cell Metab, 11:467-
Gerontol, 113:150-162. 478.

[70] Cruz-Jentoft AJ, Baeyens JP, Bauer JM, Boirie Y, [84] Madrigal-Matute J, Cuervo AM (2016). Regulation of
Cederholm T, Landi F, et al. (2010). Sarcopenia: Liver Metabolism by Autophagy. Gastroenterology,
European consensus on definition and diagnosis: Report 150:328-339.
of the European Working Group on Sarcopenia in Older  [85] Settembre C, De Cegli R, Mansueto G, Saha PK, Vetrini
People. Age Ageing, 39:412-423. F, Visvikis O, et al. (2013). TFEB controls cellular lipid

[711 Yoo SZ, No MH, Heo JW, Park DH, Kang JH, Kim SH, metabolism through a starvation-induced autoregulatory
et al. (2018). Role of exercise in age-related sarcopenia. loop. Nat Cell Biol, 15:647-658.

J Exerc Rehabil, 14:551-558. [86] Lizaso A, Tan KT, Lee YH (2013). Beta-adrenergic
receptor-stimulated lipolysis requires the RAB7-

Aging and Disease * Volume 17, Number 4, August 2026 1914



Zhang D, et al.

AMPK/mTOR-Autophagy: Exercise Therapy for Sarcopenic Obesity

[87]

(88]

[89]

[90]

(91]

[92]

(93]

mediated autolysosomal lipid degradation. Autophagy,
9:1228-1243.

Xu S, Tu S, Hao X, Chen X, Pan D, Liao W, et al. (2025).
Exercise, Nutrition, and Neuromuscular Electrical
Stimulation for Sarcopenic Obesity: A Systematic
Review and Meta-Analysis of Management in Middle-
Aged and Older Adults. Nutrients, 17.

Ruegg MA, Glass DJ (2011). Molecular mechanisms and
treatment options for muscle wasting diseases. Annu Rev
Pharmacol Toxicol, 51:373-395.

Zhao Q, Jing Y, Jiang X, Zhang X, Liu F, Huang H, et
al. (2025). SIRTS safeguards against primate skeletal
muscle ageing via desuccinylation of TBK1. Nat Metab,
7:556-573.

Takikita S, Myerowitz R, Zaal K, Raben N, Plotz PH
(2009). Murine muscle cell models for Pompe disease
and their use in studying therapeutic approaches. Mol
Genet Metab, 96:208-217.

Castets P, Lin S, Rion N, Di Fulvio S, Romanino K,
Guridi M, et al. (2013). Sustained activation of mMTORC1
in skeletal muscle inhibits constitutive and starvation-
induced autophagy and causes a severe, late-onset
myopathy. Cell Metab, 17:731-744.

Galluzzi L, Green DR (2019). Autophagy-Independent
Functions of the Autophagy Machinery. Cell, 177:1682-
1699.

Laker RC, Drake JC, Wilson RJ, Lira VA, Lewellen BM,
Ryall KA, et al. (2017). Ampk phosphorylation of Ulkl

[94]

[95]

[96]

[97]

(98]

[99]

[100]

is required for targeting of mitochondria to lysosomes in
exercise-induced mitophagy. Nat Commun, 8:548.

Lee Y, Kim JH, Hong Y, Lee SR, Chang KT, Hong Y
(2012). Prophylactic effects of swimming exercise on
autophagy-induced muscle atrophy in diabetic rats. Lab
Anim Res, 28:171-179.

Cleasby ME, Jamieson PM, Atherton PJ (2016). Insulin
resistance and sarcopenia: mechanistic links between
common co-morbidities. J Endocrinol, 229:R67-81.
Cauley JA (2015). An Overview of Sarcopenic Obesity.
J Clin Densitom, 18:499-505.

Mraz M, Haluzik M (2014). The role of adipose tissue
immune cells in obesity and low-grade inflammation. J
Endocrinol, 222:R113-127.

Chang YC, Liu HW, Chen YT, Chen YA, Chen Y],
Chang SJ (2018). Resveratrol protects muscle cells
against palmitate-induced cellular senescence and
insulin resistance through ameliorating autophagic flux.
J Food Drug Anal, 26:1066-1074.

Salminen A, Kaarniranta K, Kauppinen A (2012).
Inflammaging: disturbed interplay between autophagy
and inflammasomes. Aging (Albany NY), 4:166-175.
Loewenthal J, Berning MJ, Wayne PM, Eckstrom E,
Orkaby AR (2024). Holistic frailty prevention: The
promise of movement-based mind-body therapies.
Aging Cell, 23:¢13986.

Aging and Disease * Volume 17, Number 4, August 2026

1915



