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Abstract

The number and proportion of individuals aged 60 years and older are steadily increasing. However, increased life expectancy is accompanied
by a decline in functional capacity and a heightened risk of age-related diseases, ultimately leading to reduced quality of life. Interventions that
support physiological function in later life and hence extend healthspan are therefore of considerable importance. Among these, regular physical
exercise is strongly associated with numerous health benefits and is recognized as a key strategy for promoting healthy aging and extending
healthspan. In this review, we highlight the impact of an active lifestyle, particularly regular physical activity, on the major hallmarks of aging.
These include genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, impaired macroautophagy, deregulated nutrient
sensing, mitochondrial dysfunction, cellular senescence, changes in the extracellular matrix, stem cell exhaustion, altered intercellular communi-
cation, chronic inflammation, dysbiosis, and psychosocial isolation. A deeper understanding of the mechanisms by which exercise confers these
benefits will aid in enhancing both physical and mental health in the elderly and in mitigating the onset of aging-associated diseases.
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1. Introduction approaching 2.1 billion, which is approximately 22% of the
world’s population.! However, this demographic shift is
accompanied by a growing burden of late-life diseases,
including cancer, diabetes, cardiovascular diseases (CVDs),
and neurodegenerative disorders,” posing an irrefutable public
health challenge. With advancing age, physiological functions
progressively decline, affecting multiple organ systems and

Lifespan has significantly increased throughout the 20th
century. According to the World Health Organization (WHO),
the global population of individuals over 60 years old reached
one billion in 2020 and is projected to double by 2050,
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slower mental processing, which are based on a variety of
molecular and physiological mechanisms. Along with environ-
mental influences, changes in intrinsic capacity and its indi-
vidual domains (e.g., locomotion, psychological health,
cognition, vitality, sensory function) determine an individual’s
functional ability—the cornerstone of healthy aging.* At the
same time, aging is a major risk factor for numerous chronic
diseases and functional impairments, severely threatening
health and longevity.”® Therefore, interventions aimed at
preventing age-related diseases, prolonging “healthy life
years” (defined as years free of diseases), and enhancing
intrinsic capacity to promote healthy aging are of significant
interest.”’ Furthermore, primary prevention must be devel-
oped before health risk factors appear.” Emerging evidence
suggests that aging and age-related diseases are modifiable
and, to some extent, preventable by targeting the fundamental
molecular mechanisms underlying aging.” "'

Among these interventions, regular exercise/physical
activity (PA) is a highly cost-effective and accessible strategy
to improve overall health. In this review, exercise refers to a
planned and structured regimen of PA aimed at enhancing
physical fitness, with PA defined as any bodily movement that
expends energy, such as walking, manual labor, and
housework.'*'* The seminal study has demonstrated that the
relative risk of death is related to physical fitness not only in
the general population but also in various diseases.'* Human
studies consistently demonstrate that regular PA mitigates the
adverse effects of aging on key health indicators and reduces
the risk of morbidity and mortality.'”~'® Specifically, exercise
can attenuate the age-related decline in maximal oxygen
uptake (VO,max), lower the production of reactive oxygen
species (ROS), minimize oxidative damage to cellular compo-
nents, and preserve the function of various organ systems.'”
For this reason, regular physical exercise can help to prevent
various chronic diseases that become more prevalent with
age.”” Of note, even low volumes of PA confer longevity bene-
fits. Individuals who perform an average of 90 min of PA per
week, or just 15 min per day, experience a 14% reduction in
all-cause mortality and gain approximately 3 additional years
of life expectancy.”' Although the underlying mechanisms
linking exercise to longevity remain unclear, improvements in
aerobic capacity appear to play a central role. Long-term exer-
cise is known to significantly enhance aerobic fitness, which is
not only positively associated with longevity but is also
considered one of its most robust physiological
predictors.”” ** Moreover, regular exercise performed even in
older adulthood can yield substantial health benefits. Evidence
suggests that 1 year of endurance exercise can improve aerobic
exercise capacity and cognitive performance as well as exert
favorable effects on arterial compliance and vascular health in
previously sedentary older adults.””° Furthermore, higher
levels of moderate-to-vigorous PA have been associated with
enhanced intrinsic capacity in older adults, further highlighting
the importance of promoting PA for healthy aging.* Growing
evidence also indicates that adopting an active lifestyle early
in life has long-lasting benefits. A 25-year longitudinal study
conducted in Amsterdam and Purmerend found that
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individuals who maintained PA during youth exhibited better
health outcomes in later life, including improved aerobic
capacity, greater bone mineral density, and lower fat mass.”’
Similarly, a retrospective study reported that PA during child-
hood and adolescence was associated with a reduced risk of
arterial hypertension and type 2 diabetes in adulthood.”
Notably, another study showed that 3 months of swimming
initiated at 1 month of age in mice produced long-lasting
improvements in immune regulation, even after 11 months of
detraining.”’

Exercise is a modifiable behavioral factor that not only
reduces the risk of chronic diseases but also improves
outcomes in age-related conditions such as CVD, diabetes,
and neurodegeneration. In contrast, sedentary behavior is
strongly associated with increased risk of age-associated
diseases.”’ Notably, the link between physical inactivity and
an elevated CVD risk is more pronounced in older adults,
underscoring the need for preventative strategies in this
population.”'*? There is now broad consensus on PA guide-
lines for older adults.>* *’ Current recommendations advise
adults to engage in 150—300 min of moderate-intensity, or
75—150 min of vigorous-intensity PA weekly, or an equivalent
combination, including aerobic and resistance exercise as well
as balance, flexibility and coordination exercises. For adults
aged 65 or older, it is recommended to engage in multicompo-
nent PA (including balance training and muscle-strengthening
activities) 2 or more days per week to improve functional
ability and reduce fall risk.>**” Importantly, exercise should
be personalized for older individuals based on their specific
conditions and desired outcomes. It should be regarded as a
form of treatment, with PA or structured exercise prescriptions
tailored to health-related goals and integrated into daily care.’’
Notably, adults who meet the recommended guidelines by
engaging in either a minimum of 75 min of vigorous-intensity
or 150 min of moderate-intensity activity per week experience
a 31% reduction in mortality risk compared to those who do
not engage in leisure-time PA."”

Aging is a multifactorial process that involves alterations at
the molecular, cellular, tissue, and organ-system levels.”® The
major hallmarks of aging include genomic instability, telomere
attrition, epigenetic alterations, loss of proteostasis, impaired
macroautophagy, deregulated nutrient sensing, mitochondrial
dysfunction, cellular senescence, alterations in the extracel-
lular matrix, stem cell exhaustion, disrupted intercellular
communication, chronic inflammation, dysbiosis, and psycho-
social isolation.””"" Accumulating data suggest that exercise
can partially counteract several hallmarks of aging. Even
before the most recent expansion of the hallmarks framework,
prior studies had already outlined the anti-aging properties of
exercise in relation to the previously proposed hallmarks.*'"**
Given our expanding knowledge on the biology of aging and
the benefits of PA, this review aims to provide an updated
overview of how exercise mitigates aging at the molecular and
cellular levels. We specifically summarize the impact of exer-
cise on the major hallmarks of aging (Fig. 1). The final objec-
tive is to provide a comprehensive summary of the critical
biological pathways through which exercise confers protective
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Fig. 1. Exercise attenuates the hallmarks of aging. The main regulatory mechanisms by which exercise delays aging include increased genome stability, attenuated
telomere attrition, epigenetic regulation, maintenance of proteostasis, enhanced macroautophagy, reversal of the dysregulation of nutrient-sensing signaling,
prevention of mitochondrial dysfunction, reduced cellular senescence, counteraction to aging-related ECM remodeling, promotion of stem cell regeneration,
modulated intercellular communication, decreased chronic inflammation, ameliorated dysbiosis, and induction of positive psychosocial adaptations. ECM = extra-

cellular matrix.

effects against aging and age-related diseases. For clarity and
reference, Supplementary Table 1 outlines exercise protocols
and models of aging in animal studies, Supplementary Table 2
summarizes exercise protocols used in human studies, and
Supplementary Table 3 compiles evidence from randomized
controlled trials (RCTs) cited in this review.

2. Study selection

This review broadly encompasses research articles that
investigated the effects of PA and exercise on the hallmarks of
aging. Specifically, it includes: (a) human studies that assess
the effects of PA or exercise on aging hallmarks in older
adults or individuals with age-related diseases; (b) animal
studies that evaluate the effects of exercise on the hallmarks of
aging in aged animals or in established models of age-related
diseases; (c) RCTs that examine the effects of exercise on the
hallmarks of aging in elderly adults or individuals with various
health conditions. All studies were written in English, and the
majority were published within the past decade (more than
half within the past 5 years).

3. Exercise protects genome stability

Maintaining genomic stability is crucial for preserving
cellular function, and its decline can accelerate the aging
process. Genomic instability is characterized by several

features, including the accumulation of DNA damage, activa-
tion of retrotransposons, telomere shortening, and impaired
DNA repair capacity.”’ Regular PA appears capable of
promoting genome stability by reducing DNA damage and
enhancing DNA damage repair (Fig. 2).

Regulatory mechanisms Effects
DNA damage *

Genome stabili
mtDNA mutation * Y *

Exercise

@)

Telomerase activity* Tel triti *
elomere attrition
Telomere length *

DNA methylation
Histone modification Aging-related *
Chromatin remodeling epigenetic alterations

Non-coding RNAs

Fig. 2. Effects of exercise on genome stability, telomere attrition, and epige-
nome in the context of aging. Exercise can decrease DNA damage and
mtDNA mutation rate and thus increase genome stability. Exercise can also
activate telomerase and increase telomere length and thus decrease telomere
attrition. Moreover, exercise can decrease aging-related epigenetic alterations
through mechanisms that include DNA methylation, histone modification,
chromatin remodeling, and non-coding RNAs. mtDNA = mitochondrial DNA.
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3.1. Nuclear DNA

Aging is associated with increased nuclear DNA alterations
such as DNA lesions, genomic mutations, and transcriptional
disruptions across multiple organs and tissues, leading to
increased DNA damage.”* This genomic damage poses a
serious threat to cellular viability and is implicated in the patho-
genesis of several diseases, including neurodegenerative disor-
ders and cancer.” Thus, interventions that decrease DNA
damage or promote DNA damage repair represent promising
strategies for preventing or treating these diseases. Exercise
emerges as one such intervention. Studies in both humans and
animal models demonstrate that regular PA can protect against
aging-related DNA damage. For example, 14—16 weeks of
moderate resistance exercise significantly reduced urinary
levels of 8-hydroxy-2’-deoxyguanosine—a marker of oxidative
DNA damage—in elderly individuals over 60 years old.**"’
Similarly, a 16-week combined strength and aerobic exercise
program was found to decrease DNA strand breaks and forma-
midopyrimidine DNA glycosylase-sensitive sites in peripheral
blood lymphocytes of healthy adults aged 40—74, indicating
reduced overall and oxidative DNA damage."® These benefits
were accompanied by increased antioxidant enzyme activity
and reduced lipid peroxidation, indicating that enhanced antiox-
idant defense may partly mediate the protective effects of exer-
cise on DNA.** Moreover, elderly adults practicing long-term
Tai Chi (duration 6.9 £0.6 years, mean + SD) exhibited
reduced levels of damaged DNA in peripheral blood mononu-
clear cells compared to sedentary individuals. This may reflect
improved DNA repair mechanisms, as evidenced by a lower
frequency of sister chromatid exchange in Tai Chi practi-
tioners.”” Similarly, an 8-week treadmill exercise program
prevented age-associated increases in 8-0x0-2’-deoxyguanosine
levels in nuclear DNA and enhanced the activity of 8-oxogua-
nine DNA glycosylase in the livers of aged rats, thereby
promoting DNA repair.’’ Although regular exercise confers
beneficial effects on genomic stability, acute unaccustomed
exercise might induce transient DNA damage.’’ The molecular
mechanisms by which regular exercise mitigates aging-induced
DNA damage are not well understood. Emerging evidence
suggests that exercise may enhance DNA repair capacity, poten-
tially through upregulation of circulating or tissue-specific
derived neurotrophic factor (e.g., brain-derived neurotrophic
factor (BDNF)).>”

3.2. Mitochondrial DNA (mtDNA)

mtDNA is a double-stranded circular molecule consisting of
16,569 base pairs and encoding 13 essential proteins, 2 ribo-
somal RNAs (rRNAs), and 22 transfer RNAs.”* With advancing
age, mtDNA copy number and function progressively decline
across various tissues. Accumulation of mtDNA mutations,
including deletions, tandem duplications, and single-base modi-
fications, has been strongly associated with aging and the patho-
genesis of age-related diseases.”” Insights into the role of
mtDNA mutations in aging have been gained from studies on
mtDNA mutator mice, which harbor a mutation in the mtDNA
polymerase-y. These mice exhibit multiple premature aging
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phenotypes, such as weight loss, alopecia, hair graying, reduced
subcutaneous fat, cardiac hypertrophy, diminished body weight
and size, and a shortened lifespan.” Interestingly, long-term
exercise has been shown to markedly counteract many of the
aging-associated features in mtDNA mutator mice, such as
alopecia and hair graying, body size reduction, and kyphosis,
while increasing endurance capacity and decreasing mtDNA
mutation burden.”®>” It is important to recognize that different
types and intensities of exercise can have distinct effects on
mitochondrial health and aging. For instance, 5 months of tread-
mill exercise promoted mitochondrial biogenesis, prevented
mtDNA depletion and mutations, enhanced mitochondrial func-
tion, reduced systemic apoptosis, and lowered premature
mortality in mtDNA mutator mice.”® Conversely, another study
reported that more than 20 weeks of voluntary exercise reduced
mtDNA mutations without significantly impacting mtDNA
content or overall mortality.”” Proteomics analyses have further
revealed that long-term voluntary exercise mitigates mtDNA
mutation-induced aging, at least partially, by counteracting
protein dysfunction in both skeletal muscle and brain tissues.’’
However, the effects of exercise on aging-related mtDNA muta-
tions in humans remain unclear. Existing evidence suggests that
exercise appears to have no effect on mtDNA mutation load in
patients with mtDNA mutations, but may help counteract mito-
chondrial dysfunction in these individuals.’®

3.3. Nuclear architecture

Alterations in nuclear morphology and architecture, such as
changes in nuclear size and shape, irregular nuclear margins,
blebbing, and aberrant expression of laminar proteins, are
common features of aging.”” Disruption of nuclear structure
can contribute to muscle pathologies and accelerate premature
aging phenotypes. Despite the importance of the topic, rela-
tively few studies have specifically investigated the effects of
exercise on aging-associated changes in nuclear architecture.
Available evidence suggests that exercise may positively influ-
ence nuclear structure and mechanical properties, thereby
potentially mitigating the detrimental effects of aging. For
example, one study reported notable differences in the nuclear
shape of myonuclei in trained and untrained individuals.®”
Myonuclei from trained subjects displayed increased nuclear
lamina deposition and reduced nuclear deformability
compared to their untrained counterparts.®” Furthermore, skel-
etal muscle from exercised mice exhibited elevated expression
of lamin A and enhanced nuclear stiffness, suggesting that
exercise may help preserve nuclear integrity during aging.®’

4. Exercise attenuates aging-related telomere attrition

Telomeres are DNA-protein complexes composed of telo-
merase reverse transcriptase and the telomerase RNA compo-
nent, located at the ends of chromosomes. They play a vital role
in maintaining genomic stability.”"**> Telomere length progres-
sively shortens with each cell division due to incomplete repli-
cation of the lagging strand.”>** As a result, telomere length is
widely regarded as a biomarker of biological aging. Critically
shortened telomeres trigger cellular senescence and contribute
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to organismal aging. Current evidence suggests that long-term,
moderate-intensity exercise may be effective in slowing or
preventing telomere attrition (Fig. 2).°> For example, 8 weeks
of combined strength and aerobic training promoted telomere
elongation in obese women.”® In another study, 6 months of
exercise improved both telomere length and cognitive perfor-
mance in healthy women over the age of 65.°” Furthermore,
exercise preserved telomere length in individuals with cardio-
metabolic conditions, including obesity, type 2 diabetes, and
CVDs.”® For example, a 3-month home-based aerobic training
program in elderly patients with heart failure increased leuko-
cyte telomere length.®”

Interestingly, the impact of exercise on telomere length
appears to be tissue specific. In wild-derived short telomere
mice (CAST/Ei), 44 weeks of voluntary wheel running attenu-
ated age-associated telomere shortening in the liver and heart.
However, telomeres in exercised skeletal muscle were signifi-
cantly shorter than those in sedentary controls.”’ Moreover,
the effect of exercise interventions on telomere length seems
to differ across exercise modalities. A recent meta-analysis of
nine intervention studies (RCTs or controlled trials) found that
among 4 types of exercise modalities—resistance training,
aerobic exercise, high-intensity interval training (HIIT), and
aerobic plus resistance training—only HIIT remarkably
increased telomere length in healthy adults.’”' Although
controversy exists regarding the effect of exercise interven-
tions, PA levels have been more consistently related to longer
telomere length.”> Notably, 1 systemic review has suggested a
significant correlation between telomere length and physical
fitness levels.”” Therefore, participants’ fitness levels should
be included in future investigations into how exercise modu-
lates telomere biology and the aging process. Taken together,
these findings highlight the need for further studies to investi-
gate the tissue-specific responses to exercise, the differential
effects of exercise modalities on telomere length, and the
underlying mechanisms by which exercise influences telomere
biology across different tissue systems.

Telomerase is a ribonucleoprotein complex that extends
telomere repeats at the 3’-end of chromosomes; it is critical
for telomere maintenance.”” Several studies have demon-
strated that regular PA is associated with enhanced telomerase
activity and telomere length in humans.”*’> A systematic
review and meta-analysis further confirmed that long-term
exercise training promotes telomerase activation and attenu-
ates telomere shortening, supporting its role in healthy biolog-
ical aging.”® Importantly, the benefits of exercise on
telomerase activity appear to vary depending on the type of
exercise. An RCT reported that 6 months of aerobic endurance
training or HIIT significantly increased telomerase activity
and telomere length in peripheral blood mononuclear cells of
previously sedentary adults.”” In contrast, 6 months of resis-
tance training did not produce significant changes in these
parameters.”’ These findings suggest that different training
modalities exert distinct cellular effects. Future mechanistic
studies are warranted to clarify how specific exercise regimens
influence telomere biology and to guide exercise prescription
aimed at cellular senescence.
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5. Exercise and epigenetic regulation

Aging is accompanied by widespread changes in the epige-
nome, including altered DNA methylation patterns, aberrant
histone modifications, and deregulation of non-coding RNAs
(ncRNAs).”®”” Remarkably, recent evidence suggests that
changes in epigenetic information are not merely conse-
quences but also potential drivers of mammalian aging. Reset-
ting the epigenome has been shown to restore youthful gene
expression profiles in aged cells, underscoring the role of
epigenetic reprogramming in aging and age-related disease
prevention.® Exercise is emerging as a powerful modulator of
the epigenome.®’ Accumulating evidence indicates that exer-
cise-induced epigenetic modifications contribute to improved
health outcomes in older adults (Fig. 2). This section focuses
on the effects of exercise on aging-related epigenetic changes.

5.1. DNA methylation

DNA methylation was initially employed as a biomarker to
estimate chronological age, a concept termed the “epigenetic
clock”.*** Subsequently, DNA methylation-based age predic-
tors were found to correlate with age-related diseases and
outcomes, including frailty, mortality, and cancer risk.*"
Therefore, the epigenetic age is now considered a surrogate
marker of both lifespan and healthspan.®” Increasing evidence
suggests that regular PA and exercise can partially reverse
age-associated DNA methylation changes and slow epigenetic
age.""*° An RCT reported that a 2-year PA intervention signif-
icantly reduced age-related DNA methylation alterations in
healthy postmenopausal women.®” Similarly, a meta-analysis
encompassing 16 studies and 1580 participants demonstrated
that nuclear DNA methylation generally declined with exer-
cise, with greater changes observed in individuals aged over
40 years compared to younger individuals.*® Several studies in
this meta-analysis showed that many hypomethylated genes
belong to a cancer-suppressive microRNA (miRNA) network,
supporting the protective role of exercise in preventing age-
related diseases.”® In animal studies, aged mice (22—24
months) subjected to 8 weeks of progressive weighted wheel
running exhibited an epigenetic age nearly 8 weeks younger
than sedentary controls. These mice also showed lower levels
of DNA methylation in skeletal muscle and a more youthful
methylation profile overall.*” Moreover, in mice, both endur-
ance and resistance exercise lead to modifications in DNA
methylation in the hippocampus, primarily decreasing it."’
Exercise also appears to regulate mtDNA methylome in aged
human skeletal muscle. In the skeletal muscle of elderly
untrained individuals, 6 weeks of resistance training (twice
weekly) led to significant alteration in mtDNA methylation.
Most cytosine-phosphate-guanine (CpG) sites became hypo-
methylated, resulting in a methylation profile that closely
resembled that of younger, trained individuals.” In addition to
these findings, long-term exercise may prevent age-related
diseases (e.g., CVDs) via epigenetic mechanisms. For
instance, a 3-month aerobic exercise program significantly
increased the methylation of long interspersed nuclear element
1 (LINE1), endothelin 1, and inducible nitric oxide synthase in
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healthy and hypertensive individuals, and these increases were
inversely associated with systolic and diastolic blood pres-
sure.”’ Moreover, a 6-month aerobic training program in
elderly African Americans with mild cognitive impairment
was associated with higher VO,,,,,« and global DNA methyla-
tion changes.”” Notably, vacuolar protein sorting homolog 52
(VPS52), a gene involved in intracellular protein trafficking
and amyloid biology, was among the most significantly hypo-
methylated genes following exercise.”> This supports the
hypothesis that exercise may protect against age-related cogni-
tive decline through epigenetic mechanisms.

5.2. Histone modifications

An increasing body of evidence indicates that the health-
promoting effects of exercise are closely linked to changes
in histone structure and function. These post-translational
modifications influence chromatin accessibility and gene
transcription, thereby modulating key physiological
processes relevant to aging. For example, an 8-week multi-
modal exercise intervention significantly improved balance,
mobility, functional capacity, quality of life, and cognitive
performance in elderly individuals, changes that were
partially attributed to increased levels of histone H3 acetyla-
tion.”” Similarly, in aged rats, 2 weeks of moderate treadmill
exercise improved aversive memory performance and
increased hippocampal levels of histone 4 lysine 12 acetyla-
tion (H4Kl2ac) and histone 3 lysine 9 acetylation
(H3K9ac).” Notably, an increase in H4Kl2ac was also
observed in young rats subjected to the same exercise
protocol, suggesting a potential role of hippocampal histone
acetylation in exercise-induced memory enhancement.”
Further supporting these findings, a 4-week aerobic exercise
regimen improved cognitive function in senescence-acceler-
ated mice, alongside increased BDNF expression and
decreased levels of p75 in the hippocampus. This was
accompanied by the activation of histone acetyltransferases
and histone deacetylases, indicating exercise-induced regula-
tion of histone acetylation machinery.” Additionally,
multiple types of exercise (i.e., aerobic, acrobatic, resistance,
or combined exercise modalities) have been shown to
enhance survival and aversive memory performance in aged
rats, with these improvements linked to histone modifications
at the promoters of memory-associated genes such as Bdnf
and fos proto-oncogene (cFos).”° Importantly, different exer-
cise modalities appear to exert distinct effects on histone
marks: aerobic and resistance exercise decreased H3K4me3
at the Bdnf promoter in the hippocampus, while aerobic and
acrobatic exercise significantly increased H3K9ac at the
cFos promoter. Similarly, resistance and combined exercise
increased H3K4me3 at the cFos promoter.”® Taken together,
these studies highlight histone modifications as a key epige-
netic mechanism by which exercise confers neuroprotective
and anti-aging benefits. The specificity of histone responses
to different exercise modalities further underscores the
potential for tailoring exercise prescriptions to optimize
cognitive and functional outcomes in aging populations.
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5.3. Chromatin remodeling

Aging is associated with significant chromatin structural
remodeling, largely mediated by histone-modifying enzymes
and adenosine triphosphate (ATP)-dependent chromatin-
remodeling complexes.””””  These structural changes
contribute to transcriptional instability, genomic dysregula-
tion, and cellular aging. Although limited, emerging evidence
suggests that exercise may counteract these chromatin altera-
tions, thereby mitigating age-associated functional decline.
One study demonstrated that 4 months of voluntary running in
aged mice partially prevented age-related increases in nuclear
permeability, mislocalization of nuclear signaling proteins
such as transactivation response DNA-binding protein 43 and
small ubiquitin-like modifier 1, and disorganization of chro-
matin within motoneurons of the spinal cord.”® These findings
suggest that PA may protect against aging-related motor
neuron loss by preserving nuclear and chromatin integrity in
the central nervous system. However, dedicated studies on the
role of exercise in reversing chromatin remodeling during
aging remain sparse, and further mechanistic investigations
are needed.

5.4. Non-coding RNAs (ncRNAs)

ncRNAs, including miRNAs, long ncRNAs (IncRNAs), and
circular RNAs (circRNAs), are key regulators of multiple
cellular processes. Dysregulation of ncRNAs has been impli-
cated in various age-related diseases, and they are increasingly
being recognized as disease biomarkers and therapeutic
targets.””'" Exercise significantly alters the expression of
ncRNAs, contributing to their wide-ranging anti-aging effects
across tissues. In skeletal muscle, exercise-mediated mainte-
nance of muscle mass and strength during aging is closely
linked to the preservation of type II muscle fibers, a process
regulated in part by IncRNAs.'""'* A key IncRNA in this
context is Cytor, whose expression is decreased with aging
and elevated following exercise in both humans and mice.'”
Downregulation of Cytor in skeletal muscle mimics functional
and morphological features of sarcopenia, while its overex-
pression in aged muscle reverses the decline in type II muscle
fibers and restores muscle mass and function, possibly by
sequestering transcription factor Tead 1.'"° Additional studies
have shown that both miRNAs and circRNAs are implicated
in exercise-mediated protection against aging-related muscle
atrophy. For instance, aged rats subjected to exercise show
differential expression of miRNAs targeting key genes such as
androgen receptor (A7), insulin-like growth factor 1 (Igf1),
hypoxia-inducible factor-1 subunit alpha (Hifla), Bdnf, focal
adhesion kinase (Fak), and neuroblastoma rat sarcoma
(Nras).'”* Likewise, circBBS9, which is downregulated in
aged sedentary muscles, is restored by exercise.'”” Overex-
pression of circBBS9 in aging mice increases the expression
of genes related to mitochondrial function, such as peroxisome
proliferator-activated receptor gamma coactivator-1 alpha
(Pgc-1a), mitofusin 1 (Mfnl), and adenosine triphosphatase
(Atpase), and decreases atrophy-related gene expression,
including forkhead box O3 (Foxo3) and muscle atrophy F-box
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(Atrogin), suggesting a direct role in modulating muscle
a ging.ms

Beyond skeletal muscle, ncRNAs are also implicated in
mediating the neuroprotective effects of exercise. Long-term
exercise-induced exosomal miR-532-5p has been shown to
enhance blood-brain barrier integrity, thereby facilitating the
clearance of brain amyloid-B and improving memory perfor-
mance in five familial Alzheimer’s disease (5XFAD) mice,
which carry mutations.'°® Mechanistically, miR-532-5p exerts
its effects by downregulating the expression of Eph receptor
A4, a key modulator of blood-brain barrier function.'’® In
another model of brain aging, 6 weeks of swimming exercise
effectively reversed D-galactose (D-gal)-induced neural aging
by restoring impaired autophagy and correcting mitochondrial
dysfunction through the downregulation of miR-34a.'"” Simi-
larly, 8 weeks of voluntary wheel running in aging rats was
found to attenuate brain aging via upregulation of miR-130a,
which in turn enhances autophagic activity.'’® In the context
of systemic aging, lifelong low-intensity exercise reduced
chronic inflammation and prevented the onset of osteosarco-
penic obesity in aged rats. This was accompanied by altered
expression of a subset of miRNAs closely linked to immune
regulation.'’” The differential expression of these miRNAs
indicated that they might mediate aging-associated inflamma-
tory response, thereby contributing to improved muscle func-
tion and mitigation of musculoskeletal decline.'”’ In
Drosophila, dmiR-283, which shares functional homology
with mammalian miR-216a, has been identified as an age-
dependent miRNA implicated in circadian rhythm disruption.
Notably, dmiR-283 appears to be essential in mediating the
beneficial effects of exercise on age-related sleep-wake distur-
bances.''” Exercise training initiated in early adulthood and
continued through middle age significantly reduced dmiR-283
level in the aging brain, ameliorating behavioral deficits asso-
ciated with circadian dysfunction.'"’

5.5. Retrotransposons

Retrotransposons are genomic elements capable of
duplicating and inserting themselves into new loci via
RNA intermediates. Among these, LINE1 is an autonomous
retrotransposon that remains active in the human genome
and has been implicated in aging and various age-related
diseases.''" Despite their potential relevance, studies
specifically examining the role of retrotransposons in exer-
cise-mediated healthy aging are limited. One human study
reported significantly elevated levels of LINEl open
reading frame 1 (ORF1) mRNA in the skeletal muscle of
older individuals compared to younger subjects. Interest-
ingly, exercise was shown to downregulate LINE1 ORF1
mRNA expression in both age groups.''” Although these
findings suggest a potential suppressive effect of exercise
on retrotransposon activity, the functional implications of
LINE1 activation in skeletal muscle remain unknown.
Further investigation is warranted to clarify whether LINE1
contributes to age-related muscular decline and how exer-
cise modulates its expression.
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5.6. Gene expression changes

The aforementioned epigenetic regulatory mechanisms
converge on transcriptional control, positioning gene expres-
sion changes as fundamental mediators of exercise-induced
adaptations during aging. Exercise induces tissue-specific
adaptive responses across multiple organ systems, and these
adaptations are often associated with improved physiological
function.''® Tn skeletal muscle, for instance, 8 weeks of tread-
mill exercise in aged mice led to significant enrichment of
genes associated with neurotransmission and neuroexcitation,
particularly those involved in glutamate receptor signaling and
transport, implicating neural regulation as a mechanism for
enhanced muscle function.''* Exercise also reverses aging-
associated gene expression profiles in stem cells and immune
compartments. A single-cell transcriptomic study evaluating
stem cells from skeletal muscle, the subventricular zone of the
brain, bone marrow hematopoietic stem and progenitor cells,
and peripheral blood immune cells revealed that 5 weeks of
voluntary running exercise partially reversed aging-associated
changes in the cell composition and transcriptional programs
in old mice. Notably, exercise suppressed the activation of
inflammation-associated pathways, including interferon and
tumor necrosis factor-alpha (TNF-a) targets, and increased the
presence of tissue-remodeling monocytes absent in aged
sedentary animals.''” It also restored impaired cell-cell
communication between monocytes/macrophage populations
and resident stem cells within these tissues.''” Additionally,
findings from a meta-analysis of human skeletal muscle tran-
scriptomes following exercise training showed that exercise
shifts gene expression profile toward a younger signature,
particularly in pathways involved in mitochondrial function,
metabolism, and muscle structural integrity.''® These changes
highlight the systemic rejuvenating potential of PA through
transcriptional reprogramming, reinforcing its role as a central
modulator of healthy aging.

6. Exercise improves proteostasis

Proteostasis, or protein homeostasis, refers to the delicate
balance between protein synthesis, folding, trafficking, and
degradation, which is essential for cellular function and organ-
ismal health. With age, the ability of cells to sustain proteo-
stasis decreases, resulting in the accumulation of misfolded or
aggregated proteins and increased vulnerability to a range of
age-related diseases, particularly neurodegenerative disorders
such as Alzheimer’s disease (AD) and Parkinson’s
disease.'"'®* Here, we summarize the current evidence
demonstrating that PA plays a significant role in preserving
proteostasis in aging individuals, thereby contributing to
disease prevention (Fig. 3).

6.1. Exercise restores aging-induced loss in proteostasis

Increasing evidence indicates that exercise can restore
proteostatic mechanisms disrupted by aging. For example,
elderly individuals with hypertension who engaged in regular
PA exhibited lower plasma levels of ubiquitinated proteins
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and higher levels of heat shock protein (HSP)70 compared to
the age-matched control group, suggesting an improved
protein quality control system.''’ Similarly, a 12-week
combined aerobic and resistance training program in elderly
patients with heart failure with reduced ejection fraction led to
a significant decrease in plasma sodium dodecyl sulfate
(SDS)-resistant protein aggregates (SRA), which includes
proteins linked to amyloidosis and molecular chaperones.
Additionally, the intervention decreased haptoglobin levels
within SRAs, suggesting improved extracellular proteo-
stasis.'”” These molecular changes were accompanied by
improved cardiorespiratory fitness and quality of life among
participants.'?’ In preclinical models of neurodegeneration,
similar benefits have been observed. For instance, 3 months of
treadmill exercise in APPswe/PSEN1dE9 (APP/PS1) trans-
genic mice, a widely used model for AD, notably reduced
B-amyloid protein accumulation in the brain, a hallmark
pathological feature of AD. This reduction was accompanied
by a significant downregulation of glucose-regulated protein
of 78 kDa and the suppression of the double-stranded RNA-
activated protein kinase-like endoplasmic reticulum (ER)
kinase—eukaryotic initiation factor-2a pathways, suggesting
that exercise dampens excessive ER stress and supports protein
folding homeostasis.'”' Additionally, 12 weeks of treadmill
training in APP/PS1 mice has been shown to enhance mito-
chondrial proteostasis by upregulating the mitochondrial
unfolded protein response and promoting mitophagy, while
concurrently reducing the accumulation of proteins destined
for mitochondrial import.'”> These findings indicate that
exercise not only improves cognitive function and attenuates
AD-like symptoms but also restores proteostasis through both
cytoplasmic and mitochondrial pathways.

6.2. Exercise, proteostasis, and longevity

Engaging in regular PA has been consistently associated with
increased life expectancy, and autophagy is identified as an
important mechanism through which exercise promotes
longevity.'>*~'* For instance, long-term football training has
been shown to activate key markers of autophagy and protein
quality control in the skeletal muscle of elderly individuals,
including B-cell lymphoma 2 (Bcl2), HSP70, HSP90, autophagy
related 5 homolog (ATGS5)-ATG12 complex, and proteasome
26S subunit non-ATPase 13.'*° Subsequent work revealed that
miR-1303 is a key regulatory molecule mediating these effects.
Levels of miR-1303 were significantly lower in the skeletal
muscle of elderly football players compared to age-matched
sedentary individuals, suggesting that its downregulation may
be linked to enhanced autophagic capacity and proteostasis.'?’
One of the primary targets of miR-1303 is Bcl2-associated atha-
nogene 2 (BAG-2), a chaperone protein involved in preventing
protein aggregation. Notably, BAG-2 expression was signifi-
cantly increased in the skeletal muscle of trained elderly individ-
uals compared to untrained controls, further supporting the
notion that long-term PA enhances the protein quality control
system.'”” This molecular adaptation may contribute to
extended healthspan and lifespan by mitigating the proteotoxic
stress associated with aging.'”® It is noteworthy that enhanced
proteostasis has also been implicated in the longevity of the
longest-lived rodent, the naked mole-rat, which exhibits delayed
aging and resistance to age-related diseases.'””'*! Further
research into the mechanisms underlying the protective effects
of exercise and the biology of long-lived animals may facilitate
the development of preventive and therapeutic strategies for
aging and age-related diseases in humans.



Y. Qiuetal.
7. Exercise enhances macroautophagy

Macroautophagy (hereafter referred to as autophagy) is a
fundamental catabolic process that facilitates the degradation
and recycling of various intracellular components, including
misfolded proteins, lipids (lipophagy), damaged organelles
(e.g., mitophagy), and intracellular pathogens (xenophagy).'*
Autophagy plays a vital role in maintaining cellular homeo-
stasis and protecting against metabolic and degenerative
diseases. With aging, autophagic efficiency declines, contrib-
uting to the accumulation of damaged cellular components and
the pathogenesis of numerous age-related diseases, such as
neurodegenerative diseases, CVDs, and cancer.'?’ Conversely,
interventions that enhance autophagy have demonstrated
promise in extending healthspan and lifespan in preclinical
models.'*” Among non-pharmacological strategies, exercise
has emerged as a potent inducer of autophagy, with accumu-
lating evidence, particularly from animal models, demon-
strating that PA can counteract age-related impairments in
autophagic flux and restore tissue homeostasis.'**'*° In fact,
exercise-induced Bcl2-regulated autophagy has been identified
as essential for mediating the metabolic effects of exercise.'”’
This section focuses on the effects of exercise on autophagy in
the context of aging (Fig. 3).

Several studies have shown that exercise can reverse aging-
and diet-induced impairments in autophagy across various
tissues.** '*> For example, 8 weeks of treadmill training
significantly attenuated high-fat diet-induced hepatic aging
and steatosis in rats via enhancing fibroblast growth factor 21
(FGF21) in skeletal muscle, which subsequently activated
hepatic lipophagy via the adenosine 5-monophosphate-acti-
vated protein kinase (AMPK) pathway.'*® Likewise, 16 weeks
of swimming exercise improved hepatic steatosis and insulin
resistance in high-fat diet-fed mice, along with enhanced
lipophagy and activation of AMPK/sirtuin-1 (SIRT1) axis."”’
In bone, 8 weeks of treadmill running improved bone forma-
tion capacity and restored bone mass in aging mice, likely
through stimulation of osteogenic differentiation in bone
marrow mesenchymal stem cells mediated by SIRT1-driven
autophagy.'*’ Exercise also modulates mitophagy, particularly
in cardiovascular tissues. Four weeks of swimming exercise
attenuated age-related coronary endothelial senescence and
improved endothelial function in aged mice, effects that were
associated with activation of FUNI14 domain-containing
I-mediated mitophagy via peroxisome proliferator-activated
receptor gamma signaling. This pathway also contributed to
reduced susceptibility to ischemia-reperfusion injury in the
aging heart."*' Although human data remain limited, there is
evidence that endurance training increases expression of
mitophagy-related protein Parkin RBR E3 ubiquitin-protein
ligase (PARKIN) and mRNAs involved in autophagosome
formation in the skeletal muscle of elderly men, suggesting
that exercise preserves mitochondrial quality control in aging
humans.'**

Considering the strong connection between impaired
autophagy and age-related diseases, such as AD and cardiac
pathologies, restoring autophagic flux has emerged as a
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promising therapeutic strategy.'*>*'** Exercise is a potent
autophagy stimulator, as demonstrated in relevant models of
disease. In APP/PS1 mice, 12 weeks of treadmill running
ameliorated cognitive function and attenuated disease progres-
sion by restoring autophagy-lysosomal flux. This effect was
mediated by activation of the B2-adrenergic receptor-vacuolar
ATPase assembly factor (VMA21)-vacuolar-type H'-translo-
cating ATPase (V-ATPase) axis and AMPK-mechanistic
target of rapamycin kinase (mTOR) signaling.'*> In the
context of diabetic cardiomyopathy, 4 weeks of HIIT signifi-
cantly increased autophagy-related genes, including Beclin-1,
Atg-5, and Lamp?2, in myocardial tissue, resulting in improved
cardiac function.'*® Collectively, these findings underscore the
potential of exercise to stimulate autophagy and mitigate age-
and disease-related tissue dysfunction.

8. Exercise reverses aging-associated dysregulation of
nutrient-sensing signaling

Aging is associated with a progressive decline in metabolic
organ function and subsequent metabolic impairment. Nutri-
tional factors, including the composition, quantity, and sources
of nutrients, can profoundly modulate this process.'*”'** An
unhealthy diet (e.g., high-fat diet) promotes aging and
increases the risk of various diseases, including obesity, type 2
diabetes, CVD, and cognitive impairment.l‘w’lio On the
contrast, a healthy diet prevents or delays many age-related
disorders and enhances overall well-being in later life.'**'"'
Dietary nutrient availability and metabolic sensing are closely
linked to the aging process and longevity. Data from the
2015—2018 National Health and Nutrition Examination
Surveys, which include 4692 adults, revealed that inadequate
intake of certain nutrients, such as protein, vitamins A and E,
and iron, was negatively associated with biological age accel-
eration.'”” At the molecular level, a dysregulated nutrient-
sensing network has emerged as a key mechanism that contrib-
utes to aging and age-related diseases.'”**'”* Lifestyle factors
such as poor diet and lack of exercise induce conditions like
metabolic dysfunction and CVD, which share many molecular
effects with aging.”*'*>'*° For example, the common
nutrient-sensing network between aging and CVD mainly
involves the mTOR, AMPK, SIRT1, insulin and insulin-like
growth factor-1 (IGF-1) signaling.'*

Importantly, exercise is capable of modulating multiple
nutrient-sensing pathways, and thus exerting anti-aging
effects and promoting healthy aging (Fig. 4). For example,
exercise is well known to have cardioprotective effects and to
reduce the risk of CVD and cardiac events. The main mecha-
nisms underlying these benefits involve the regulation of
IGF-1/PI3K/AKT, AMPK, mTOR, and SIRTI1 signaling
pathways.'””'°° Moreover, accumulating evidence shows
that exercise can enhance whole-body insulin sensitivity and
skeletal muscle metabolism in older adults, effects that are
believed to be mediated by the improvements in insulin
signaling cascade and glucose utilization.'®' Preclinical stud-
ies'®*~'%* also provide strong evidence supporting the role of
exercise in counteracting aging-related dysfunction of the
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nutrient-sensing network. In a D-gal-induced aging model, an
8-week aerobic interval training program preserved metabolic
homeostasis and mitigated age-associated decline in meta-
bolic balance.'® Specifically, this training regimen reversed
D-gal-induced cognitive impairments and corrected abnormal-
ities in essential amino acid metabolism, including glycine,
serine, and threonine metabolism, as well as cysteine, methio-
nine, and tryptophan metabolism.'®> Additional metabolo-
mics-based studies using proton nuclear magnetic resonance
("H NMR) approaches showed that long-term moderate-inten-
sity exercise influenced circulating levels of key metabolites
associated with carbohydrate, lipid, and protein metabolism.
Lifelong exercise (from 3 to 21 months) or exercise performed
during the first half of life (3—12 months) improved blood
levels of glycine and succinate—2 metabolites positively
associated with insulin sensitivity—in rats.'®> Moreover, the
same study showed that exercise introduced during the latter
half of life, was associated with potentially adverse effects on
body weight and appetite, whereas -earlier-life exercise
elevated blood creatine levels, which may help counteract
sarcopenia and age-related muscle mass loss.'®> Furthermore,
sestrins, a family of evolutionarily conserved proteins, were
found to be critical mediators of exercise-induced metabolic
benefits. In mouse models, genetic deletion of sestrins blunted
the improvements in insulin sensitivity and respiratory
capacity typically conferred by exercise, whereas overexpres-
sion of sestrins mimicked the physiological and molecular
outcomes of PA.'®* Mechanistically, sestrins mediate these
effects via key signaling pathways, including AKT and PGC-
la, thereby promoting enhanced muscle metabolism, physical
endurance, and mitochondrial function.'®* Altogether, these
studies highlighted the positive role of exercise in modulating
aging-related nutrient-sensing pathways, as well as the
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promise of dietary intervention combined with exercise
training as a strategy for combating aging and age-related
diseases.

9. Exercise prevents aging-related mitochondrial
dysfunction

Mitochondrial health is crucial for cellular function because
mitochondria serve as key bioenergetic organelles and regula-
tors of diverse physiological processes, including calcium
homeostasis, apoptosis, and inflammation, as well as AMPK-
and mTOR-mediated energy and nutrient sensing.'®” Mito-
chondrial dysfunction is a hallmark of aging and has been
implicated in the development and progression of multiple
age-related diseases, such as Parkinson’s disease,'®® AD,”’7
type 2 diabetes,'®® and CVDs.'® Therefore, interventions
aimed at restoring mitochondrial homeostasis, including mito-
chondrial transplantation and modulation of mitochondrial
regulatory pathways, are promising approaches to promote
healthy aging and treat metabolic and degenerative
conditions.'*>'""

9.1. Mitochondrial function and longevity

Age-related decline in mitochondrial function can result
from increased ROS production, accumulation of mtDNA
mutations, oxidative damage to proteins, impaired oxidative
phosphorylation, and reduced mitochondrial biogenesis.'”'
However, accumulating evidence highlights the protective role
of regular PA in counteracting these mitochondrial deficits
(Fig. 4). In elderly individuals, regular exercise is associated
with improved mitochondrial health and enhanced physiolog-
ical outcomes, including greater insulin sensitivity, superior
muscle function, and elevated exercise capacity and efficiency,
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even when compared to older adults who engage in recom-
mended daily PA levels but lack structured training.'’” Life-
long high-volume exercise training has been shown to prevent
age-related mitochondrial decline in human abdominal subcu-
taneous white adipose tissue by enhancing mitochondrial
content and oxidative capacity, thereby contributing to meta-
bolic resilience and healthy aging.'”” However, it is worth
noting that excessive exercise training can impair mitochon-
drial respiratory function in healthy young volunteers, which
is associated with reduced glucose tolerance.'™*

In preclinical studies, 8 weeks of treadmill exercise
reversed age-associated impairments in mitochondrial respira-
tory function in the skeletal muscle of aged mice without
altering mitochondrial content. These benefits were accompa-
nied by reduced mitochondrial fragmentation, decreased mito-
chondrial ROS production, and diminished oxidative stress.'””
Mechanistically, improvements in maximal respiratory
capacity were independent of PGC-1a, whereas enhancements
in mitochondrial ADP-stimulated respiration and suppression
of fragmentation appeared to depend on PGC-la activity,
likely involving transcriptional and post-transcriptional regula-
tion of adenine nucleotide translocase 1.'”> Similarly, 8 weeks
of treadmill exercise in rats led to an increase in mitochondrial
oxygen consumption, hydrogen peroxide generation, and
calcium retention capacity while attenuating pro-apoptotic
signaling in myocardial tissue.'’® This was accompanied by
normalization of mitochondrial dynamics and mitigation of
excessive mitophagy, which are frequently dysregulated in the
aging heart.'’® In the liver, lifelong treadmill exercise
conferred protection against age-associated mitochondrial
dysfunction, with extended exercise durations correlating with
enhanced mitochondrial efficiency and reduced oxidative
stress.'”” Finally, in a study utilizing the model organism
Caenorhabditis elegans, researchers confirmed the evolution-
arily conserved impact of exercise on mitochondrial health.'”
Long-term PA prevented the age-related decline in physical
fitness, an effect found to be dependent on proper mitochon-
drial fission and fusion dynamics in the body wall muscle.
This adaptation appeared to be regulated by AMPK signaling,
linking energy status to mitochondrial integrity and functional
capacity during aging.'’® Taken together, these findings indi-
cate that regular exercise confers protection against aging-
related mitochondrial dysfunction.

9.2. Exercise and mitochondrial microproteins

Mitochondrial-derived  peptides (MDPs), particularly
humanin and the mitochondrial open reading frame of the 12S
rRNA-c (MOTS-c), have been shown to have protective roles
in aging and age-related diseases that parallel those of exer-
cise.'”” MDP levels decline with age, potentially contributing
to the deterioration of mitochondrial function and systemic
homeostasis in older individuals.'"®" Thus, strategies that
increase mitochondrial-derived peptide levels might represent
a promising treatment to ameliorate aging and age-related
diseases. Several human studies have reported that different
modalities of exercise (e.g., aerobic exercise, resistance
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training, HIIT) elevate circulating and skeletal muscle levels
of MOTS-c and humanin, even in middle-aged and older
adults."®''®* These findings suggest that exercise may serve
as a physiological stimulator of MDPs, contributing to their
broad anti-aging effects.

Interestingly, the response of individual MDPs to exercise
appears to be differentially regulated depending on exercise
intensity and chronic adaptation. One study found that profes-
sional athletes exhibited significantly lower serum MOTS-c
levels compared to non-athletes, while humanin levels were
notably increased.'®” Furthermore, serum humanin levels were
inversely associated with training intensity: athletes engaged
in high-intensity endurance exercise exhibited significantly
lower humanin levels than those performing low- or moderate-
intensity training. Similarly, MOTS-c levels were reduced in
moderate-intensity endurance athletes compared to those
involved in low-intensity regimens.'® Further investigation
should explore the underlying mechanisms as well as the
expression changes of mitochondrial-derived peptides in
different types of exercise with varying modalities and intensi-
ties.

Beyond peptide regulation, mitochondrial proteostasis is
closely linked to the maintenance of overall cellular protein
homeostasis, or proteostasis. Disruption of mitochondrial
protein translation—particularly in the context of aging—has
been identified as a critical factor in impaired mitochondrial
function. In aged mice, skeletal muscle sarcopenia is associ-
ated with deficits in mitochondrial translation, mediated in
part by reduced activity of PGC-la and estrogen-related
receptor alpha (ERRa).'* Notably, long-term exercise
training prevents the decline of PGC-la/ERRa-regulated
mitochondrial translation and enhances protein quality control
in aged muscle, contributing to improved mitochondrial integ-
rity and function.'*® In elderly individuals, the benefits of exer-
cise on muscle mitochondrial function and hypertrophy were
also primarily attributed to the increased translation of mito-
chondrial proteins, highlighting the translational axis as a
conserved and exercise-responsive target for preserving
muscle and metabolic health during aging."®’

10. Exercise reduces aging-induced cellular senescence

Cellular senescence is a hallmark of aging and a major
driver of aging-associated tissue dysfunction and chronic
disease. Senescent cells accumulate progressively with age
and exert deleterious effects through both cell-autonomous
mechanisms and paracrine signaling, particularly via the
senescence-associated secretory phenotype (SASP).'®® Their
elimination, either genetically or pharmacologically, has been
shown to improve tissue homeostasis and delay or reverse the
progression of numerous age-related diseases, highlighting
senescence as a high-priority therapeutic target in aging
research. Regular PA has emerged as a promising, non-phar-
macological strategy to reduce cellular senescent burden and
mitigate associated systemic dysfunction (Fig. 5). Clinical
evidence supports the anti-senescent effects of structured exer-
cise interventions. In elderly adults, a 12-week supervised
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Fig. 5. Exercise can reduce cellular senescence burden and promote stem cell
regeneration. The regulators and cellular events through which exercise
decreases cellular senescence and enhances stem cell regeneration are
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exercise program significantly reduced markers of cellular
senescence in CD3" T cells, including decreased expression of
pl6, p21, cyclic GMP-AMP synthase (cGAS), and TNF-a.
Additionally, this intervention lowered circulating concentra-
tions of several senescence-related proteins,'®” suggesting a
reduction in senescent cell burden.

Mechanistically, cellular senescence is driven by chronic
DNA damage signaling, activation of cyclin-dependent kinase
inhibitors, cell cycle arrest, anti-apoptotic gene expression,
metabolic dysregulation, proinflammatory cytokine produc-
tion, and ER stress.'” Regular exercise emerges as a prom-
ising senescence-targeting therapy as it can counteract many
of these upstream triggers, positioning it as a broadly
acting senescence-modifying therapy.'”! In murine models, an
8-week moderate-intensity treadmill exercise attenuated
cardiac aging phenotypes related to heart failure with
preserved ejection fraction. Exercise improved exercise
capacity, systolic strain, diastolic function, contractile
reserves, and pulmonary congestion in aged mice.'”” RNAseq
analysis revealed that exercise upregulated multiple cell-
cycle-related pathways, implicating suppression or reversal of
the senescence program, as a contributing mechanism for the
observed cardioprotection.'”* Similarly, 8 weeks of swimming
exercise improved myocardial structure and function in aged
mice by decreasing the oxidative and ER stress responses
partly mediated by the activation of myocardial cyclic guano-
sine monophosphate (cGMP)-protein kinase G signaling and
inhibition of c¢GMP-specific phosphodiesterase type 5
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(PDE5).'”* Parallel effects were observed with resistance
training, where exercise protected aged mouse hearts against
oxidative damage and ER stress via upregulation of SET and
MYND domain containing 1 (Smydl), a muscle-specific
histone methyltransferase.'”* Smyd1 activation was shown to
blunt p-gal-induced stress in cardiomyocytes, further impli-
cating this pathway in exercise-mediated senescence
resistance.'”*

The SASP, a proinflammatory profile secreted by senescent
cells, includes cytokines, chemokines, growth factors, and
matrix-degrading enzymes, and is known to exacerbate aging-
related inflammation and tissue deterioration.'”” Recent longi-
tudinal studies have demonstrated that sustained PA can atten-
uate key SASP factors. For example, in older individuals,
higher levels of PA over a 1-year period were associated with
lower circulating growth differentiation factor 15 (GDF-15)
and reduced weight loss, the latter being a common adverse
outcome in frailty.'”> Moreover, another study revealed that
long-term higher PA levels are linked to significantly greater
reductions in several senescence-related proteins, such as
vascular endothelial growth factor A (VEGFA), tumor
necrosis factor receptor 1, and matrix metallopeptidase 7 in
elder adults."”® These findings highlight that maintaining an
active lifestyle represents a promising strategy to combat
aging and age-related diseases, as GDF-15 and VEGFA are
considered biomarkers of senescent cells and are strongly asso-
ciated with an increased risk of mortality.'”’ Collectively,
these findings underscore the capacity of regular exercise to
mitigate the senescence phenotype, both by reducing the
burden of senescent cells and by dampening the proinflamma-
tory SASP environment.

11. Exercise counteracts aging-related extracellular
matrix (ECM) remodeling

ECM remodeling is a prominent feature of aging tissues and
plays a key role in the progression of multiple pathological
conditions, including fibrosis and organ stiffness.'” Fibrotic
processes that occur during aging affect the joint capsules,
decreasing the range of movement and promoting character-
istic postures such as a stooped posture or genu recurvatum.
These changes ultimately affect functional capacity and
normal gait. For example, in the aging heart, excessive ECM
deposition and fibrosis are associated with dysregulation of
ECM-related signaling, including reduced activity of matrix
metalloproteinases (MMPs) along with upregulation of tissue
inhibitors of metalloproteinases (TIMPs) and transforming
growth factor-B (TGF-B).'”” Increasing evidence indicates
that regular exercise can counteract these detrimental ECM
alterations and preserve tissue structure and function. For
example, 12 weeks of treadmill exercise in aged rats was
able to attenuate aging-induced cardiac fibrosis via
reducing collagen type-I accumulation, largely through
restoration of MMP activity and suppression of TIMP-1
and TGF-B expression.””’ Similarly, resistance training for
12 weeks significantly reversed the age-related reduction of
MMP-2 activity in the lumbar vertebrae and tibia of older
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rats, highlighting its beneficial impact on ECM remodeling
in aging bone tissue.”’’ In addition, in a rabbit model of
extending joint contracture, stretching exercise combined
with physiotherapy led to an increase in the range of
motion by modifying collagen accumulation and modu-
lating TGF-B1 in the articular capsule.””” Also, stretching
exercise modulates FGF2 and FGF6 protein expression in
the myotendinous junction.””*

12. Exercise promotes stem cell regeneration

One of the defining hallmarks of aging is the progressive
decline in the regenerative capacity of somatic stem cells,
resulting in impaired tissue maintenance and repair.””* Recent
studies demonstrate that exercise has positive effects on the
function of multiple types of stem cells and can promote tissue
regeneration in aged organisms (Fig. 5). In skeletal muscle,
aging is associated with a reduction in satellite cells, particu-
larly those linked to type II fibers.””” ?” Long-term exercise
increases the pool of satellite cells, which facilitates muscle
repair and prevents sarcopenia.’’’**® Mechanistically, the
exercise-induced activation of the Wnt/B-catenin signaling
pathway plays a crucial role in promoting satellite cell func-
tion.””” This pathway modulates chromatin accessibility at the
promoters of myogenic regulatory factors, such as Myf5 and
MyoD, thereby enhancing their transcription and driving satel-
lite cell activation and myogenesis.””” Moreover, voluntary
wheel running has been shown to improve muscle regeneration
in aged mice by increasing levels of cyclin D1, which main-
tains muscle stem cell activation capacity by inhibiting TGF-3
signaling.”'" The beneficial effects of exercise on satellite
cells may also be linked to metabolic reprogramming. In
young adult mice, 5 weeks of treadmill training promoted
satellite cell self-renewal by reducing mitochondrial respira-
tion in the resting state, which was associated with enhanced
stemness and regenerative potential.’'' However, whether
exercise promotes satellite cell self-renewal in aged mice via
satellite cell metabolic reprogramming remains to be further
investigated.

Beyond its benefits for skeletal muscle, exercise has been
associated with enhanced neurogenesis and improved cogni-
tive function in the aging brain.”'” In elderly individuals, 12
weeks of moderate-intensity PA enhanced cognitive perfor-
mance.”'” In parallel, 4 weeks of moderate-intensity treadmill
exercise improved learning and memory in aged mice, accom-
panied by upregulation of neurogenesis-associated proteins,
including hippocalcin, otubl, spectrin-o, and p-crystallin.*'*
Mechanistically, exercise-induced neurogenesis has been
linked to modulation of ROS and autophagy integrity
within neural stem cells.”’””'® Lower intracellular ROS
levels favor a transition toward proliferative and differenti-
ation states, and exercise triggers a transient nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase 2
(NOX2)-dependent ROS surge that recruits quiescent
neural stem cells into the active cell cycle.”’” Furthermore,
the benefits of exercise on brain health are at least partly
mediated by exerkines or exercise-induced metabolic
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such as BDNF,
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factors,
lactate, clusterin, efc.

Exercise can also promote hematopoietic and osteogenic
stem cell function. For example, 4 weeks of voluntary running
significantly increased bone mineral density and cortical bone
thickness in aged mice, while restoring the integrity of peri-
arteriolar niches in the bone marrow, which are essential for
osteogenesis and lymphopoiesis.”'® The positive impact of
exercise on stem cell function might also be mediated by the
alterations in the inflammatory profiles within these cells. A
single-cell RNA sequencing study analyzing skeletal muscle,
neural, and hematopoietic stem cells in young and aged mice
with or without voluntary running showed that exercise
reverses age-associated inflammatory gene expression and
restores youthful intercellular signaling, particularly within
skeletal muscle.'"”

irisin, cathepsin B, kynurenine,

13. Exercise modulates intercellular communication

The wide-ranging benefits of exercise are increasingly
understood to involve its influence on systemic intercellular
communication. In particular, “exerkines”—which are bioac-
tive molecules secreted by tissues such as skeletal muscle,
liver, adipose tissue, and the brain during PA—mediate many
of the systemic adaptations to exercise and play crucial roles
in mitigating aging-related decline (Fig. 6).

13.1. Pro-aging blood-borne factors

Aging is associated with increased systemic levels of
several pro-aging circulating factors, including C—C motif
chemokine ligand 11, interleukin-6 (IL-6), TGF-B,
complement component Clg, all of which contribute to tissue
dysfunction and chronic inflammation.”'”**" Accumulating

Pro-aging blood factors + Anti-aging blood factors *
Irisin T Clusterin T BAIBAT
CXCLA 1 Pipecoli
‘Complement’ acid
C1q
apiat 1 ctss
Aging and age- fun / o N
related dlseases T Y,
Healthspan T 4 — > .
/,(‘ - e
O 1 4 o 1 -
\/ ;Jrevorella l\ /Succinivibrio
. . ‘ 4
\Inﬂammation + Dysbiosis +

Fig. 6. Effects of exercise on the intercellular communications, inflammation,
and gut microbiome. Exercise is associated with decreased pro-aging blood
factors, increased anti-aging blood factors, improved inflammation, and reduced
dysbiosis. BAIBA = B-aminoisobutyric acid; CRP = C-reactive protein; CTSB =
cathepsin B; CXCL4 = C-X-C motif chemokine 4; Gpld1 = glycosylphosphati-
dylinositol (GPI)-specific phospholipase D1; IL-6 = interleukin-6; TNF-a =
tumor necrosis factor-a.
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evidence indicates that regular PA can reduce these harmful
factors. For example, in obese young men, 8 weeks of aerobic
exercise at 70% heart rate reserve reduced plasma eotaxin-1
levels and increased plasma BDNF levels.”*' In elderly indi-
viduals with a long-standing history of aerobic training (>4 h
per week for >10 years), baseline plasma IL-6 and TNF-«
levels were significantly lower compared to sedentary age-
matched controls,”** suggesting that long-term exercise might
prevent age-induced increase in plasma IL-6 and TNF-«
levels. Furthermore, animal studies have shown that 12 weeks
of resistance training could prevent muscle fibrosis and muscle
atrophy in aged mice, accompanied by reduced circulating
complement Clq levels, potentially through Wnt signaling
modulation.”*’

13.2. Anti-aging blood-borne factors

In parallel, the anti-aging effects of exercise are also medi-
ated by increases in beneficial circulating molecules. Recent
work highlights the pivotal role of platelets as mediators of
exercise-induced neuroprotection.”** Specifically, the platelet-
derived chemokine C-X-C motif chemokine 4 (CXCL4) (also
known as platelet factor 4 or PF4) has been identified as both
necessary and sufficient to drive hippocampal neurogenesis
and enhance cognitive performance in aging brains.”****’
Remarkably, plasma collected from exercised mice was
capable of mimicking the effects of PA by improving neuro-
genesis and memory and reducing inflammation in models of
acute brain injury and AD.”*° The complement inhibitor clus-
terin was identified as a likely key mediator in this process
and, importantly, clusterin levels also increased in humans
after a 6-month structured exercise program in patients with
cognitive impairment.””® Furthermore, early-life exercise
training, even after extensive detraining, was associated with
higher level of pipecolic acid in both serum and liver, which
exerted an anti-inflammatory effect via downregulating mech-
anistic target of rapamycin complex 1 (mTORC1) signaling.”’
Mechanistically, this involved epigenetic remodeling at the
Crym promoter, where enhanced H3K4me3 facilitated tran-
scription of the pipecolic acid-generating enzyme Crym.
Liver-specific deletion of Crym abolished the anti-inflamma-
tory benefits of exercise, underscoring its essential role.”’
Additionally, higher levels of serum pipecolic acid were also
observed in young elite athletes compared to sedentary
controls, reinforcing its association with long-term PA and
metabolic fitness.”” Collectively, these findings emphasize that
exercise profoundly reshapes intercellular communication
through the modulation of both detrimental and protective
blood-borne signals.

13.3. Long-range and short-range communication systems

It is widely recognized that the systemic benefits of exercise
are mediated by both local and distant intercellular signaling
mechanisms, primarily orchestrated through the circulation.
These include cell-to-cell interactions and organ-to-organ
communication via soluble factors, molecules in extracellular
vesicles such as miRNA and exerkines—many of which are
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regulated by exercise. Remarkably, transfusion of plasma from
exercised aged mice into sedentary aged counterparts has been
shown to enhance hippocampal neurogenesis and cognitive
function, demonstrating the sufficiency of exercise-condi-
tioned systemic factors in transmitting rejuvenating effects.””’
These findings indicated that long-term exercise induced the
elevation of circulating glycosylphosphatidylinositol-specific
phospholipase D1 (Gpld1) in humans,”*’ highlighting the role
of Gpldl in exercise-related benefits on age-related cognitive
impairments. Irisin is a well-known exercise-induced myokine
that represents a promising target for a wide range of age-
related diseases, such as obesity, type 2 diabetes, CVDs, and
neurodegenerative diseases, among others.””" Irisin levels
decline with age but are upregulated following both acute and
chronic exercise interventions. Mechanistically, irisin delays
vascular senescence by activating the DnaJb3/Hsp40 chap-
erone pathway, which stabilizes SIRT6 in an Hsp70-dependent
manner, thus preserving endothelial function and vascular
integrity.””” Cathepsin B (CTSB) is another exercise-inducible
myokine implicated in cognitive enhancement.”’’ CTSB
administration has been shown to upregulate BDNF and
doublecortin in adult hippocampal progenitor cells, possibly
via the adaptor protein P11.%* In humans, an RCT demon-
strated that 26 weeks of aerobic exercise increased circulating
CTSB levels in older adults, with levels positively correlating
with improvements in cognitive performance.”' Additionally,
exercise can stimulate the secretion of the myokine (3-aminoi-
sobutyric acid (BAIBA), which is mediated by PGC-1a. The
increase in BAIBA further promotes the induction of white
adipose tissue browning and increases [3-oxidation in hepato-
cytes via peroxisome proliferator-activated receptor alpha
signaling, highlighting the protective role of BAIBA against
metabolic syndrome.”*” Importantly, the circulating BAIBA
contents were also elevated in exercised humans and were
negatively associated with multiple cardiometabolic risk
factors.”*” Together, these findings demonstrate that exercise
mediates its protective, regenerative, and anti-aging effects
through a network of local and systemic communication path-
ways.

14. Exercise decreases aging-associated chronic
inflammation

Aging is linked to a persistent state of low-grade inflamma-
tion, termed “inflammaging”, marked by increased levels of
pro-inflammatory cytokines such as C-reactive protein (CRP),
IL-6, and TNF-a, among others.”** This chronic inflammatory
state has been strongly associated with the pathogenesis of
numerous age-related conditions, including CVD, neurodegen-
eration, sarcopenia, and metabolic dysfunction.””* An
increasing body of epidemiological research indicates that
engaging in regular PA or exercise can reduce aging-related
chronic inflammation (Fig. 6). Lifelong aerobic training, with
an average duration of over 5 decades, has been shown to
suppress age-associated increases in pro-inflammatory gene
expression in both peripheral blood and skeletal muscle
tissues.”>> Moreover, in elderly individuals with hypertension,
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regular exercise was associated with significantly lower IL-6
levels compared to age-matched sedentary controls, further
supporting its anti-inflammatory potential in clinical popula-
tions."'” A meta-analysis of RCTs also confirmed that aerobic
exercise significantly reduces serum concentrations of CRP,
IL-6, and TNF-a in healthy middle-aged and older adults.”**

The potential mechanisms underlying the protective effects
of exercise on aging-related inflammation appear to be multi-
factorial. In a D-gal-induced aging model, 8 weeks of swim-
ming exercise significantly reduced cardiac inflammation,
which was attributed to the upregulation of SIRT1, PGC-1a,
and AMPKa1 within cardiac tissues.””’ Moreover, long-term
exercise initiated in youth has been found to confer durable
enhancements to immune function in middle-aged mice
through epigenetic and metabolic reprogramming.”’ Specifi-
cally, the long-term benefits of regular exercise in early-life on
immune health were primarily attributed to the increased
production of pipecolic acid, which correlates with elevated
H3K4me3 levels at the Crym promoter. Pipecolic acid, as
mentioned above, exerted its anti-inflammatory effect by
inhibiting the production of pro-inflammatory cytokines in
macrophages through downregulating the mTORCI1 signaling
pathway.”’

Interestingly, the anti-inflammatory efficacy of exercise
may differ by modality. An RCT comparing aerobic and resis-
tance training in elderly adults found that aerobic exercise was
superior in modulating immune cell function and reducing
inflammatory cytokines.”*® These differential effects under-
score the importance of tailoring exercise prescriptions based
on both functional goals and inflammatory risk profiles.

15. Exercise ameliorates aging-related dysbiosis

Aging is frequently accompanied by dysbiosis, a disruption
in the structure and function of the gut microbiota, which
contributes to frailty and the development of age-related
conditions.”*”*** For example, evidence has shown that the
gut microbiota of old mice could exacerbate neurological
outcomes in young mice following cerebral ischemia.”"’
Given the emerging role of the gut microbiota in modulating
immunity, metabolism, and the brain—gut axis, its manipula-
tion has been proposed as a therapeutic target for a broad spec-
trum of disorders,”*” including neurological disorders,”** lung
disease,”” type 2 diabetes,””> nonalcoholic fatty liver
disease,”>*® and various cancers.”*”"**® Aerobic and resistance
exercises affect the gut microbiota differently””” and can
profoundly modulate the composition and function of gut
microbiota, thereby influencing host health across the lifespan
(Fig. 6).”>° % This section focuses on how PA counteracts
age-related microbial dysbiosis and contributes to disease
prevention and healthy aging.

15.1. Exercise can counteract the aging-related alteration in
gut microbiota

The gut microbiome plays a central role in host physiology
and age-associated phenotypes. Age-related microbial shifts
have been implicated in the pathogenesis of numerous chronic
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conditions, including obesity, CVD, and neurodegenerative
diseases.”” " In contrast, a more diverse and resilient gut
microbiota is associated with increased longevity and reduced
frailty.””” Regular PA has been shown to promote a eubiotic
gut environment and support host resilience. Experimental
studies have demonstrated that exercise mitigates the delete-
rious impact of microbiota disruption on neuroplasticity. In
particular, voluntary exercise reversed microbiota disturbance-
induced impairments in adult hippocampal neurogenesis and
reduced anxiety-like behaviors in rats,””® supporting a key role
for the gut—brain axis in mediating the neuroprotective effects
of exercise.

In elderly human populations, observational studies suggest
a modest but significant correlation between PA levels and gut
microbial composition. Among community-dwelling older
men, greater daily step counts were associated with an
increased abundance of health-promoting bacteria, such as
Cetobacterium, and reduced levels of potentially pathogenic
genera, including Coprobacillus, Adlercreutzia, and members
of the Erysipelotrichaceae family.”>’ A 24-week exercise
intervention combining aerobic and resistance modalities led
to further beneficial changes in elderly individuals, including
increases in Bifidobacterium, Oscillospira, and Anaerostipes,
as well as reductions in Prevotella and Succinivibrio, which
are associated with inflammatory profiles. This shift was
accompanied by elevated fecal butyrate, a short-chain fatty
acid with well-documented anti-inflammatory and gut barrier-
protective effects.””® Furthermore, 8 weeks of treadmill exer-
cise has been shown to reduce age-related inflammatory
markers and significantly attenuate age-related memory
decline, accompanied by increased diversity and abundance of
beneficial gut microbiota.””” Taken together, these findings
highlight the potential of exercise in reversing age-related
dysbiosis and promoting health for elderly adults.

15.2. Exercised fecal microbiota transplantation

The role of gut microbiota in mediating beneficial effects of
exercise on aging and age-related diseases has been further
substantiated through fecal microbiota transplantation (FMT)
experiments. These studies offer causal evidence that exercise-
altered gut communities can modulate host physiology and
disease susceptibility in recipients. One notable study demon-
strated that low-intensity exercise prior to surgery significantly
attenuated postoperative cognitive dysfunction (POCD) in
both adult and aged mice.”®’ Importantly, the beneficial effects
of exercise on POCD in old mice were transferable through
fecal transplantation: aged sedentary mice that received stool
from exercised donors experienced preserved cognitive func-
tion following carotid artery surgery, suggesting that changes
in the gut microbiota played a critical role in mediating these
neuroprotective effects.”®” Mechanistically, exercise was
found to prevent surgery-induced reductions in microbial
diversity and preserve gut microbiota homeostasis. Intrigu-
ingly, administration of valeric acid, a microbial metabolite
known to influence neuroplasticity and cognition, abolished
the protective effects of exercise, implicating this compound
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as a potential mediator of the gut—brain axis in exercise-
induced cognitive resilience.””” Moreover, the preventive
effects against POCD were found to be intensity-dependent, as
only low- (35%—40% maximal capacity) but not moderate-
(55%—60%) or high-intensity (75%—80%) exercise conferred
significant neurocognitive benefits.”*’

FMT studies have also highlighted the systemic benefits of
exercise-modulated microbiota in cardiac disease. In a mouse
model of myocardial infarction (MI), depletion of the gut
microbiota abrogated the cardioprotective effects of exercise.
Conversely, transplantation of fecal material from exercised
MI mice into sedentary MI recipients restored cardiac func-
tion, while transplantation from sedentary donors had no such
effect,”®’ indicating the involvement of gut microbiota in exer-
cise-associated cardio-protection. Exercise-induced changes in
the microbial community included increased microbial diver-
sity and a distinct compositional shift. Two key fecal metabo-
lites enriched in exercised mice, 3-Hydroxyphenylacetic acid
and 4-Hydroxybenzoic acid, were found to exert protective
effects against cardiac dysfunction and apoptosis post-MI via
the nuclear factor erythroid 2-related factor 2 (NRF2)
pathway.”®"

16. Exercise can induce positive psychosocial adaptations

As individuals age, they often face a gradual contraction in
the size and quality of their social network, increasing their
vulnerability to social isolation and loneliness. These psycho-
social stressors are strongly associated with a heightened risk
of numerous adverse health outcomes, including depression,
cognitive decline, CVDs, and sleep disturbances.”**** Given
the high prevalence of social isolation and loneliness among
older adults, greater attenuation should be directed toward
strategies that promote their psychosocial health.”*>***
Increasing evidence suggests that the mental health of the
elderly can be improved through exercise. A systematic
review reported that a twice-weekly, 45-min, light-to-
moderate-intensity community-based exercise program signifi-
cantly improved psychological well-being in sedentary indi-
viduals aged 65 years or older.”®” Similarly, a large cross-
sectional study of 1020 community-dwelling older adults
found that regular exercisers exhibited a markedly lower risk
of depressive symptoms compared to their sedentary peers,”*®
highlighting the positive role of exercise in preventing depres-
sive symptoms in the elderly. Mind-body practices such as tai
chi have also demonstrated specific benefits in reducing
anxiety and improving quality of life in older adults.”*” In
elderly patients diagnosed with anxiety disorder, those
receiving tai chi in conjunction with pharmacotherapy experi-
enced greater reductions in anxiety symptoms and higher
overall quality of life compared to those receiving medication
alone. Continued tai chi practice was also associated with a
reduced recurrence rate of anxiety symptoms, suggesting
sustained mental health benefits.”®’ In addition, 1 RCT
showed that a 16-week multicomponent chair-based exercise
intervention was able to significantly improve cognitive and
motor functions and decrease the symptoms of depression in
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nursing home residents who are unable to walk.”®® Similarly,
structured in-hospital exercise interventions have been shown
to enhance multiple domains of intrinsic capacity, including
psychological well-being, cognition, vitality, mobility, and
sensory function, among hospitalized elderly individuals.”®’
Altogether, these findings suggest that exercise might induce
positive psychosocial adaptations and improve mental health
in the elderly.

17. Exercise optimization for promoting health in older
adults

The parameters of exercise, including the modality, inten-
sity, frequency, and duration, are key determinants of its
effects. Although experimental data are limited, it is reason-
able to infer that the effects of exercise on aging hallmarks are
also influenced by these parameters, and more efforts should
be devoted to studying the effects of different exercise types
and the dose—response relationships between exercise and its
outcomes. For example, 1 RCT showed that both aerobic
endurance training and HIIT led to increased telomerase
activity and telomere length, whereas resistance training had
no effect on blood mononuclear cells of healthy adults.”’
Moreover, accumulating evidence has shown that long-term
exercise can activate autophagy in aging skeletal muscle.
However, the levels of autophagy-related proteins are differen-
tially modulated by different types and intensities of exercise.
High-intensity exercise may induce excessive autophagy,
whereas low-intensity and short-term exercise (duration < 12
weeks, frequency < 3 times/week) may not be sufficient to
activate autophagy.'”” Similarly, there is evidence that retro-
transposon LINE1 ORF1 mRNA levels are negatively associ-
ated with daily moderate-to-vigorous PA levels in the skeletal
muscle of both young and older healthy adults, which under-
scores the dose-dependent effects of exercise on LINEI1
activity.''> Furthermore, 1 study shows that HIIT exerts more
favorable effects than continuous moderate-intensity training
on the hearts of old mice, including enhanced cardiac function,
increased neovascularization, improved mitochondrial homeo-
stasis, decreased cardiac fibrosis, and reduced aging hall-
marks.”’" However, another study indicates that long-term
moderate-intensity training, but not HIIT, can significantly
decrease age-related cardiac damage, including age-related
changes in cardiac function, cardiac hypertrophy, cardiac
inflammation, fibrosis, apoptosis, oxidative stress, and levels
of aging hallmarks such as P16, P21, and P53 in the heart.””’
The controversy may be due in part to differences in the inter-
vention time and duration of exercise in different studies.
Additionally, it is noteworthy that excessive exercise can nega-
tively impact the heart, particularly the atria and right
ventricles.”’? ?’* Animal studies suggest that these effects are
driven by inflammatory pathways, leading to atrial fibrosis and
increasing the risk of arrhythmias.”’**’* Notably, these patho-
logical changes overlap with those observed in aging.

Older adults are typically associated with progressive func-
tional decline and frequently suffer from various health condi-
tions, making them more vulnerable to frailty and mortality.
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To optimize the health outcomes, substantial efforts should be
devoted to ensuring the safety and effectiveness of exercise
prescriptions for older adults, which should be customized
according to exercise type, frequency, intensity, and dura-
tion.”” Additionally, the effects of exercise vary markedly
across different tissue. For example, while long-term voluntary
wheel running decreases mtDNA mutation load in the skeletal
muscle of PolG mice, it has no effect on mtDNA mutation
load in the brain or liver.”’*”> Future research that focuses on
the tissue-specific response to exercise will provide more
targeted recommendations for intended outcomes.

18. Conclusions and prospects

The health-promoting effects of exercise in the elderly are
multifactorial, including improvements in physical perfor-
mance, mental well-being, metabolic regulation, and a reduced
incidence of age-associated chronic diseases, including CVD,
neurodegenerative disorders, cancer, and type 2 diabetes.”*’°
Current evidence suggests that exercise favorably modulates
all 14 hallmarks of aging (Fig. 1), providing further support
for using exercise as a non-pharmacologic intervention to
promote healthy aging and to delay or prevent the onset of
age-related diseases.”’” Accordingly, reducing sedentary
behavior and increasing participation in regular PA should be
universally encouraged across aging populations. However,
most research on how exercise modulates the hallmarks of
aging comes from animal studies; well-designed human
studies should be conducted to replicate and extend these find-
ings. Future studies are warranted to bridge the gap between
pre-clinical and clinical exercise medicine research. For
example, the effects of exercise on aging-related mtDNA
mutations and age-related alterations in nuclear architecture
need to be investigated in humans. Likewise, its impacts on
proteostasis, macroautophagy, aging-associated dysregulation
of nutrient-sensing signaling, and ECM remodeling in older
adults also need to be further examined. Moreover, the molec-
ular mechanisms underlying the protective effects of exercise
on these hallmarks remain largely unknown. Long-lived
animals, such as the naked mole-rat, may help elucidate the
molecular basis of longevity. Comparing the mechanisms
responsible for exercise-induced benefits with those found in
long-lived animals could clarify which factors promote
longevity.

To fully harness the therapeutic potential of exercise,
further research is warranted to determine the specific parame-
ters (e.g., modality, intensity, and duration) that are suitable
for elderly individuals. A recent global consensus on exercise
recommendations for older adults advises that older adults
engage in a multifaceted exercise regimen incorporating
aerobic, resistance, balance, and flexibility training via struc-
tured and incidental activities.”” Moreover, personalized exer-
cise prescription is emphasized. Exercise programs for older
adults should be customized and tailored to achieve specific
health-related outcomes, with personalization taking into
account the dose—response relationship.’” This is particularly
important for older adults with comorbidities, such as heart
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diseases, hypertension, type 2 diabetes, metabolic syndrome,
or musculoskeletal disorders. However, it is worth noting that
more is not necessarily better. Emerging data suggest a poten-
tial U-shaped relationship between exercise volume and health
outcomes.”’® ** Thus, defining both the minimum effective
dose and the upper safety threshold of exercise for different
aging phenotypes remains a critical research priority.

Given the heterogeneity of aging and the frequent coex-
istence of multiple chronic conditions among the elderly, it
is essential to deepen our mechanistic understanding of
how exercise confers its systemic benefits. Future research
should systematically examine how distinct exercise modal-
ities differentially influence the hallmarks of aging and
elicit tissue-specific adaptation. For example, well-designed
studies are needed to compare the effects of different exer-
cise modalities (such as aerobic, resistance, HIIT,
combined aerobic plus resistance training) on telomere
length in older individuals. Moreover, the molecular and
cellular mechanisms through which exercise modulates
telomere biology across diverse tissue systems remain to
be fully elucidated.

Additionally, it is noteworthy that early-life exercise can
exert long-term health benefits. A recent study reports that 3
months of early-life exercise induces positive effects in both
aged male and female mice, including improved systemic
metabolism, cardiovascular function, and muscle strength, as
well as decreased systemic inflammation and frailty.”®' These
findings highlight the importance of regular PA from a young
age to improve health outcomes later in life and to promote
healthy aging.”®' Further studies exploring the effects of early-
life exercise on the major hallmarks of aging in aged animals
or older individuals will enhance our mechanistic under-
standing of how early-life exercise promotes healthy aging
and raise public awareness—especially among young adults—
of the importance of exercise.

It is important to note that this review has some limitations.
It mainly focuses on studies that investigated the effects of
exercise on the hallmarks of aging conducted in older individ-
uals or aged animals. As a result, some studies examining the
effect of exercise on age-related changes, or those using aging
models, may have been missed. Moreover, due to space
constraints and the research background of the authors, it is
difficult to provide a comprehensive summary of the effects of
exercise on each hallmark of aging. Although many aspects
remain to be elucidated, mounting evidence indicates that
exercise can mitigate aging hallmarks and improve overall
health in older adults with various conditions. This review
summarizes current knowledge on how exercise modulates
each hallmark of aging and outlines future research direc-
tions that emphasize the mechanistic basis of exercise
medicine strategies and personalized exercise prescription,
ultimately aiming to advance evidence-based exercise inter-
ventions that promote healthy aging in elderly populations.
Advances in high-throughput multimodal omics (e.g., geno-
mics, epigenomics, proteomics, metabolomics) and the
application of artificial intelligence and systems biology
approaches are expected to accelerate the discovery of key



Y. Qiuetal.

molecular  mediators of  exercise-induced  health
benefits.”***% These insights may spur the development of
precision exercise prescriptions and facilitate the identifica-
tion of exercise-mimetic therapeutics, ultimately providing
novel strategies for mitigating aging and preventing age-
related diseases in populations that are unable or unwilling
to engage in PA.
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