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Abstract

Secondary aging is characterized by nine cellular and molecular hallmarks including
genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, deregulated
nutrient sensing, mitochondrial dysfunction, cellular senescence, Stem Cell (SCs) exhaustion,
and altered intercellular communication. Exercise might be a uniquely valid intervention in
promoting healthy aging and attenuating aged-related diseases without any side effects. On
the molecular mechanism, exercise can effectively arrest all of the nine hallmarks of aging
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mentioned above. This review describes the mechanisms by which exercise can ameliorate these

processes of aging.

BACKGROUND

It is well known that no therapeutic strategy for chronic
diseases is better than primary prevention and no strategy for
prolongation of lifespan is better than earlier prevention. As one
of the parameters considered of primary prevention, correct
lifestyle, i.e., physical activity and nutritional balance is the
crucial strategy. Aging is characterized by the decline of systems
and organs functions. Exercise is the best strategy for preventing
against the decline of systems and organs functions following
aging. Aging is a very complex physiological process controlled
in part by genetic programs. Several studies evidenced that
reduction of exercise and losing of independence in later life was
closely related to genetic alteration [1].

In prehistoric times, superior sport ability of human was
needed for survival and evolution. Today, two polarizations for
sport ability of human are apparent. In the arena, athletes run
faster, jump higher. In daily life, more and more people lose their
sporting ability. More and more people who have lost their fitness
have lost their good health, too. Fatigue with aging signifies the
declining of the individual’s physical and mental resources and is
considered as a characteristic of aging [2]. Exercise is considered
as a powerful intervention for delaying aging and preventing
fatigue based on the physiological effects [3]. On the other
hand, the main pathogenesis of chronic disease is attributed
to dysmetabolism. A lack of physical activity is an extremely
dangerous behavior for most patients who have suffered from
dysmetabolism and chronic diseases.

In general, aging is characterized by the accumulation of
damage and other deleterious changes, leading to the loss
of functionality and fitness. As an external factor, exercise
represents a major challenge to whole-body homeostasis
(internal factor). For meeting this challenge, acute and adaptive
responses in systemic and organic levels ie. physiological
adaption, are taking place in our body to keep homeostasis. For
meeting this challenge, some changes in molecular and genetic
level are taking place to retard aging. As an inevitable program of
life aging is characterized by a time-dependent progressive loss
of the individual’s physiological function and gradual increase of
aged-related diseases and mortality [4]. Considering the complex
interactions between genetic predisposition and environmental
factors, it is an enormous challenge to delay aging and prevent
aging-related diseases [5].

Based on modern biomedical knowledge, aging is regarded
as a programmed process which is controlled by genetic
programming and cumulative damage of cells [6]. The former is
regarded as an intrinsic biologic programmed deterioration of
cells following genetic programming (e.g. primary aging). The
latter is regarded as the cumulative damage in cells and organs
aggravated by extrinsic sources (e.g. secondary aging). Primary
aging corresponds to the progressive and inevitable decline
in cellular structure and physiologic function that happens
independently of lifestyle, environmental influences, or disease.
Untoward change involving interactions of primary aging with
environmental influences and disease is defined secondary
aging. Seals, et al. [7] proposed that optimization of physiological
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function and/or maintenance of organ reserve capacity
throughout the lifespan should be an aim to delay lifespan and
improve life quality. They defined effective strategies to maintain
organ reserve capacity and/or abolish decline of physiological
function with aging as primary prevention and improve or slow
further decline of physiological function and organ reserve
capacity in older people with already impaired function as
secondary prevention. Exercise is the best effective strategy to
realize the aim due to its unique effect in improving multi-organ
functions, inducing metabolic demand for more ATP production,
costing more energy to reduce bodyweight.

Summarizing present knowledge of molecular biology in
aging Lopez-Otin, et al. [4] proposed nine cellular and molecular
hallmarks that contribute to the process of aging, including
genomic instability; telomere attrition; epigenetic alterations;
loss of proteostasis; deregulated nutrient sensing; mitochondrial
dysfunction; cellular senescence; SCs exhaustion; and altered
intercellular communication. Basic physiological change in
exercise is acceleration of metabolism to compensate the deficit
from ATP consumption induced by muscle contraction. For
producing more ATP and ensuring accelerating metabolism, the
heart has to transport more blood by enhancing contraction;
lungs have to breathe in more oxygen and breathe out more
carbon dioxide by enhancing constriction of respiratory muscles;
the liver and kidney have to detoxify and discharge more toxin
produced by accelerating metabolism; and the neuroendocrine
system is involved in regulating organs activities etc. As results,
physiological functions of all organs are improved and all organs
keep a younger status. In other words, exercise is a response of
body to environment change (metabolism enhancement). The
stronger (or younger) functions of organs we have, the better
suitability for environment changes we get.

Decline of physiological functions in various organs and/
or systems is a decline in whole body level. Almost all of the
declines are related to nine cellular and molecular hallmarks in
aging. Almostall of nine cellular and molecular hallmarks in aging
are involved in various aged-related diseases. Exercise enhances
physiological functions and prevent against aged-related
diseases. On the molecular mechanism level, exercise attenuates
all of nine cellular and molecular hallmarks in aging. In present
review significances of exercise in protecting against the nine
cellular and molecular events of secondary aging were reviewed.

METHODS
Data Sources

The literatures in PubMed were scanned using a combination
of keywords involved in secondary aging molecular hallmarks
including telomere; epigenetics; proteostasis; nutrient sensing
mitochondria; cellular senescence; stem cell; intercellular
communication, and sports; aging; genes for peer-reviewed.
Further, relevant papers that were listed as references in the
initial scanning papers were selected. The present review is
a narrative review rather than a systematic review, it did not
strictly follow the guidelines for “Preferred Reporting Items for

Systematic Reviews and Meta-Analyses” (PRISMA; http://www.
prisma-statement.org/).

Study Selection: The criteria for article inclusion were (1)
original research or reviews in PubMed, (2) written in English,
(3) published in 2002 or later.

Data Extraction

The literatures was reviewed and positive evidence to
show the relevance between secondary aging molecular
hallmarks (telomere; epigenetics; proteostasis; nutrient sensing
mitochondria; cellular senescence; stem cell; intercellular
communication) and sport were used in the present review.

FINDINGS AND DISCUSSION

Rebelo-Marques, et al. [6] overall reviewed benefit of exercise
in attenuating hallmarks of aging. Many studies reveal the
enormous potential obtained by exercise in maintaining genomic
stability [8]; attenuating telomere attrition [9]; preventing
epigenetic alterations [10]; maintaining proteostasis [11];
regulating nutrient sensing [12] enhancing the mitochondrial
function [13]; delaying cellular senescence [14]; reducing SCs
exhaustion [15]; altering intercellular Communication [16].
(Tablel, Figure 1).

Exercise Protects Chromosomal Stability

There is also compelling evidence suggesting that correct
life-style i.e., regular physical activity, a well-balanced diet and
minimized psychosocial stress can reduce DNA damage and
improve chromosomal stability. Constant cytotoxic and genotoxic
aggression is considered to be the critical aging hallmark. The
accumulation of unrepaired damaged DNA, damages of DNA
integrity, and genome instability are crime culprits to induce
cellular death and speed aging [18,19]. Exercise can effectively
reduce nuclear DNA damage and is regarded as a potential
strategy for further DNA damage repair [20].

Brain-Derived Neurotrophic Factor (BDNF) may be a
key molecule for NDA repair in brain [21]. BDNF binds to
the tropomyosin receptor kinase B receptor and activates
intracellular signaling pathways [21]. In addition, BDNF performs
its protective effects in neuronal DNA repair via activating cAMP
response element-binding protein (CREB). The latter mediates
expression of apurinic/apyrimidinic endonuclease 1 (APE1)
which is a key enzyme for base excision in the DNA repair
pathway. Vilela [17] showed that treadmill exercise promoted
spatial memory in aging rats through BDNF signaling, which
regulates proteins of the glutamatergic system. Yang, et al. [20]
showed that running wheel exercise significantly increased
levels of BDNF, activated CREB, and upregulated APE1 in the
cerebral cortex and hippocampus of mice. Mitochondrial DNA
(mtDNA) mutator mice in which aging phenotypes are speedily
expressed are extensively utilized to explore damage of DNA
repair in aging. Safdar, et al. [22] showed that a 5-month aerobic
exercise program protected mtDNA stability in multiple tissues of
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Table 1: Effects of exercise on nine hallmarks in secondary aging.

Variable (nine
hallmarks in
secondary aging)

Observation (effects of exercise)

References

Chromosomal
instability

Reduce nuclear DNA damage and repair the damage.

Increase levels of BDNF, activates CREB, and upregulate APE1.

Protect mtDNA stability, reduce multisystem pathology and prevent premature mortality

Attenuate 8-OHdG content.

Prevent increase of genomic oxidative DNA damage and improve the genetic stability.

[17-22]

Telomere attrition

Maintain telomere length.

Decreas expression of p53 and shelterin complex.

Increase mRNA levels of DNA repair enzymes Ku70 and Ku80 and mRNA levels of TRF1, TRF2, and Pot-1.

Upregulate TERTmRNA and sirtuin-6 mRNA. Regulate fifty-six miRNAs

Upregulate four miRNAs (miR-186, miR-181, miR-15a and miR-96).

[23-28]

Epigenetic
inadaptation

Regulate epigenetic modification.

Regulate DNA methylation in 60% of imprinted loci including RB1, MEG3, UBE3A, PLAGL1, SGCE, INS.

Increase lysine 36 which is associated with transcriptional elongation.

Induce the export of HDAC 4 and 5 from the nucleus.

Activate the AMP-activated protein kinase and the calcium-calmodulin-dependent protein kinase II.

[29-32]

Nutrient sensing
imbalance

Regulate nutrient sensing and maintains proteostasis.

Regulate cellular growth and protein synthesis.

Enhance autophagy and inhibits mTOR pathway.

Improve abnormal mTOR and phosphorylation of PI3K/AKT proteins and inhibit its activity via increased GSK-3f phosphorylation.

Increase the expression of Beclin-1 protein. Reverse hyperphosphorylation and aggregation of tau phosphorylated at the site of
Ser199/202, Ser404, Thr231, PHF-1.

Increase several molecules which are involved in the mTOR pathway including BDNF, phosphorylated and total mTOR,
phosphorylated and total S6 protein and inhibit elongation factor 4E-BP2

[33-36]

Impaired
proteostasis

Attenuate anabolic resistance.

Produce more energy by promoting catabolism of muscle glycogen and promote muscle growth by increasing anabolism of protein.

Keep proteostasis in muscles stimulated by promoting anabolism of muscles protein and inhibiting catabolism of muscles protein.

Promote dietary amino acid ingestion and enhance post-exercise rates of muscle protein synthesis.

Inhibit nutrient receptor, in turn, speeds catabolism of glucose and fatty acid.

Induce significant increase of endogenous hormonal T, GH, IGF-1 elevations.

Enhance protein synthesis, decrease protein breakdown, activate satellite cells, enhance Wnt signaling, and promote sex hormone-
binding globulin receptor binding.

Increase intracellular calcium.

Elevate GH, IGF-1, testosterone, or sex hormone-binding globulin.

Reverse the changes of several biomarkers of muscle protein synthesis, e.g. increasing protein levels of the unfolded protein
response markers (GRP78, DERLIN-1 and CHOP), accumulating misfolded and polyubiquitinated proteins, and reducing
chymotrypsin-like proteasome activity.

Activate autophagy and re-establish proteostasis.

Prevent autophagic flux from skeletal muscle and loss of proteostasis.

Increase circulating anabolic hormones (e.g., GH, IGF-1, free IGF-1, testosterone, free testosterone, dehydroepiandrosterone,
dihydrotestosterone, and luteinizing hormone)

[37-57]

Impaired
mitochondrial
functions

Promote robust mitochondrial adaptations by increasing mitochondrial in number and size.

Enhance Ca2+ release from the sarcoplasmic reticulum and enhancing muscle force, as well as the generation of ATP from respiring
mitochondria.

Activate the signalling kinases and increasing the expression of mtDNA transcription factor.

Activate the UPRmt and further upregulating transcription of mitochondrial chaperones and proteases and equipping the organelle
with an augmented capacity for protein folding.

Enhance expression of mitochondrial fusion proteins Mfn1/2 along with Opal and further facilitating the fusion of the outer and
inner membranes, and improve of metabolites of neighbouring organelles.

Enhance mitophagy to clean out the damaged organelles and activate lysosome to degrade the dysfunctional mitochondria and
release the constituent amino acids for cellular recycling.

Increase PGC-1a signalling for mitochondrial biogenesis and fission.

Improve aerobic capacity and skeletal muscle mitochondrial respiration.

Increase gene transcripts and protein synthesis of mitochondria.

Reduce mitophagy flux, i.e., accumulation of autophagy-related markers.

Reduce mitochondrial number:size ratio, and Increased mitochondrial bioenergetics.

Increase Cisd 1 and 2 as well as mitochondrial protein expression.

[58-68]
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Attenuates markers of senescence, including p16, EGFP, senescence-associated (3-galactosidase, and SASP.
Decreases expression of transcription factors related to cellular senescence including p53, CDKI, p21 and p16, lipofuscin, TNF-a and
Cellular ence IL-1B, and markers of oxidative stress (TNF receptor-associated factor 6, c-Jun N-terminal kinase, and c-Jun). [69-75]
Increases the CD4*/CD8* and CD4*/CD3* ratio and decrease of the CD8*/CD3" ratio. Increase CD4*/CCR7*/CD45R0" central memory
cells, naive CD8*/CCR7*/CD45R0" and CD8*/CCR7*/CD45R0O* central memory cells, and decrease CD4*/CCR7°/CD45RO- TEMRA
cells, CD8*/CCR7-/CD45R0O" TEMRA cells and CD16* cells.
Slows ASCs depletion.
Promotes proliferation of ASCs and increase circulating haematopoietic stem and progenitor cells.
Reduces phosphoinositide 3-kinase mediated apoptosis.
Increases biomarkers of ASCs including PGE1, vascular VEGF, and SDF 1.
Facilitates MSCs migration by increasing IL-6 and recruit SCs.
Promotes differentiation of MSCs into osteoblasts and impede differentiation into adipocytes by increases expression of Runx2, Osx,
and I-collagen protein, and inhibits expression of PPARy-2 and C/EBPa.
SCs exhaustion Activation of the satellite cells by increase the expression of VEGF, IGF, NO and hepatocyte GF, fibroblast GF. [76-108]
Promotes hepatocyte growth factor, hepatocyte growth factor activator, hepatocyte growth factor activator inhibitor-1, and
hepatocyte growth factor activator inhibitor-2.
Diminishes leptin production in adipose tissue, and augment quiescence-promoting hematopoietic niche factors in leptin-receptor-
positive stromal bone marrow cells.
Increases VEGF expression, in turn, triggers release of haematopoietic and endothelial progenitor cells.
Enhances VEGF, IGF-1 concentration and promotes ASCs proliferation.
Promotes proliferation and differentiation of neuronal SCs induced by BDNF and satellite cell proliferation mediated by LIF and
PDGF.
Attenuates cell cycle inhibitors including p21“*, p53, and p16™k*
Inhibits the exosomes which 1) release during senescence of fibroblast, epithelial cells, and cancer cells; 2) increases with aging; and
Abnormal L . . . . .
i 3) changes composition (miRNAs, proteins, or lipids) with aging.
intercellular 1 ” I 15 [109-120]
communication Promotes release exosome markers (CD63, Alix, CD81, and Flot-1).
Promotes proliferation and differentiation of skeletal muscle by increasing release of exosome-carried miRNAs, including miR-1,
miR-133a, miR-133b, miR-206, and miR-486.
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Figure 1

mtDNA mutator (progeroid) mice, thereby reducing multisystem  To explore effects of aerobic exercise in improving DNA repair
pathology and preventing premature mortality. mechanisms (e.g., proteasome complex), Radak, et al. [23]
measured 8-OHdG content in running training rats. The results
showed that treadmill running for eight weeks resulted in nearly
a 40% increase in maximal oxygen uptake in both middle-aged
(20-month-old) and aged (30-month-old) rats. The age-associated

Modifications of 8-hydroxy-2’-deoxyguanosine (8-OHdG),
which is involved in the interaction between *OH or *0, and G
of the DNA strand, is regarded as a biomarker for DNA repair.
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increase in 8-OHdG content was significantly attenuated in
the gastrocnemius muscle by exercise. The 8-OHdG repair,
which was measured by the excision of 32P-labeled damaged
oligonucleotide, increased in muscle of exercising animals. The
reactive carbonyl derivatives (RCD) of proteins did not increase
with aging. However, when the muscle homogenate was exposed
to a mixture of 1 mM iron sulfate and 50 mM ascorbic acid, the
muscle of old control animals accumulated more RCD than that
of the trained or adult groups. The chymotrypsin-like activity of
the proteasome complex increased in muscle of old trained rats.
The study suggests that regular exercise-induced adaptation
attenuates the age-associated increase in 8-OHdG levels, and
increases DNA repair and resistance against oxidative stress in
proteins.

Dimauro, et al. [24] analysed contrastively the effect of
exercise on spontaneous and H202-induced DNA damage and
on the transcriptional level of genes involved in DNA repairs
systems in diabetes subjects trained and untrained. They found
that physical activity to prevent significant increase of genomic
oxidative DNA damage induced by chronic exposure to pro-
oxidant stimulus and prolonged exercise training improved the
genetic stability and the functionality of specific genes.

Exercise Protects from Telomere Attrition

Telomeres are G-rich repetitive DNA sequences located at
distal ends of chromosomes and safeguard genetic integrity. As a
molecular clock, telomere shortening cue to cellular senescence.
Abnormally short telomeres may contribute to aging and aged-
related diseases. Inactive lifestyle which is a key culprit leading
aging and age-related metabolic diseases including obesity, type
2 diabetes mellitus, chronic cardiovascular disease, dementia,
osteoporosis, and cancers could be attributed to short leukocyte
telomeres. Exercise promotes healthy aging and protects from
age-related diseases whilst concurrently maintaining telomere
length. The positive relationship between exercise and telomere
length raises the possibility of a mediating role of telomeres in
retarding aging and preventing aged-related diseases via exercise
[25].

Epidemiologic surveys showed that exercise is a powerful
strategy for maintenance of longer telomere length. Muniesa,
et al [26] evidenced that athletes have longer telomeres than
controls after comparing telomere length between young
athletes and healthy nonsmokers, physically inactive controls.
Similarly, Simoes, et al. [27] showed that sprinters had longer
telomere length, lower body fat and BMI, and a better lipid profile
than controls after comparing telomere length of sprinters and
controls. Cunha, et al. [28] evaluated the relationship between
exercise intensity (moderate vs. high-intensity) and telomere
length and senescence markers including checkpoint kinase 2,
shelterin telomere repeat binding 1 and 2 (Trfl/Trf2), tumor
suppressors (Chk2 and p53,), DNA repair (Xrcc5), telomerase
reverse transcriptase (mTERT) in middle aged mice which were
grouped as controls, swimming mice. After training for 12 weeks,
a longer telomere length, decreasing expression of p53 and

shelterin complex were shown in the high-intensity exercise mice
than that of the low-intensity of exercise and inactive exercise
mice. Their study indicated a more effective DNA protection
for the higher-intensity exercise training. Telomere length can
be controlled directly by the telomerase enzyme, htert, and
indirectly by a group of proteins called the shelterin complex.

The latter consisted of six proteins: telomere-related factors
1 (TRF1) and 2 (TRF2), TRF1l-interacting protein 2 (TIN2),
protection of telomeres 1 (Pot-1), the Pot-1- and Tin2-organizing
protein repressor/activator protein 1 (RAP1), and tripeptidyl
peptidase I (TPP1). To explore the potential of exercise in the
maintenance of telomere length, Laye, et al. [29] examined the
mRNA and protein levels of proteins associated with the shelterin
complex in marathoners. The results showed an increment of
mRNA levels of DNA repair enzymes Ku70 and Ku80 and mRNA
levels of TRF1, TRF2, and Pot-1 in both skeletal muscle and
peripheral blood mononuclear cells in twenty-four hours after
marathon exercise. To verify the hypotheses that regulating
telomeric gene transcription and/or microRNAs (miRNAs)
may be a key molecular mechanism in protection of telomere
induced by exercise, Chilton, et al. [30] investigated the acute
exercise-induced expression of telomeric genes and miRNAs in
volunteers. Blood samples were taken before and after exercise
and 60 minutes post-exercise. Results showed the upregulation
of telomerase reverse transcriptase (TERT) mRNA and sirtuin-6
(SIRT6) mRNA after exercise. Fifty-six miRNAs were also
differentially regulated after exercise. Four miRNAs (miR-186,
miR-181, miR-15a and miR-96) were considered as potential
targeted telomeric gene mRNA after in silico analysis and all of
the four miRNAs exhibited significant upregulation 60 minutes
after exercise. Telomeric repeat binding factor 2, interacting
protein was identified as a potential binding target for miR-186
and miR-96 and demonstrated concomitant downregulation
at the corresponding time point. Their results showed that
intense exercise was sufficient to regulate key telomeric genes
and miRNAs. Preventing telomere attrition induced by exercise
is also considered as a potential molecular mechanism in aged-
related diseases treatment.

Exercise Improves Epigenetic Adaptations

Epigenetics is defined as heritable changes in gene function
or in the DNA sequence. It suggests that epigenetic alterations
possess a heritable characteristic. Mechanisms of epigenetic
regulation, including DNA methylation, chromatin remodeling
and histone post-translational modifications, and chromatin
remodeling (such as miRNA expression changes) can induce
heritable phenotypic changes without a change in DNA sequence.
Disruption of gene expression patterns which are governed
by epigenetics is involved in aging and aged-related diseases
including cancer, diabetes, cardiovascular diseases. Although
genetic programs undergoing epigenetic changes often occur
in aging, aged-related diseases and the aberrations might be
pharmaceutically reversed. Intervention- targeting the specific
epigenetic mechanisms can be clinically applied in retarding aging
and preventing from age-related diseases. Epigenetic regulation
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is also a pivotal molecular mechanism to explain retardation of
aging by exercise.

Utilizing Meta-analysis, Brown, et al. [31] illuminated the
effect of exercise on DNA methylation and imprinted genes in
skeletal muscle gene networks. The results showed that six
imprinted loci (RB1, MEG3, UBE3A, PLAGL1, SGCE, INS) were
important for muscle gene networks, while meta-analysis
uncovered five exercise-associated imprinted loci (KCNQ1, MEG3,
GRB10, L3MBTL1, PLAGL1). Exercise regulates DNA methylation
in 60% of imprinted loci. Exercise-associated DNA methylation
change was more obvious in older people.

“OMICS” technologies are characterized by high-throughput
interfaces and are extensively used in the investigation of
genome, epigenome, transcriptome, proteome, and metabolome.
Utilizing OMICS techniques, biologists have explored the intricate
biological systems and unveil the mystery of the complex cellular
phenotypes. New advances in OMICS technologies have offered
new opportunities in the detection of genetic, epigenetic and
transcriptomic biomarkers. As an important technique of
RNomics, small non-coding miRNAs have extensively been
utilized. miRNAs regulate gene expression by binding to mRNA to
induce degradation or inhibit translation. The researchers have
shown that miRNAs affect many processes and play a crucial role
in cell differentiation, proliferation, apoptosis, and maintenance
of homeostasis. Circulating miRNAs (c-miRNAs) are utilized as
biomarkers in physiological conditions such as pregnancy or
exercise or aged-related diseases.

The evidence from Denham [32] showed a close relationship
between the exercise training and genetic variants and epigenetic
modifications including DNA methylation, histone protein
modifications, and the regulation of (miRNAs). As non-coding
RNAs (ncRNAs), miRNAs regulate gene expression through post-
transcriptional mechanisms or orchestrating conformational
changes to chromatin. Considering function of miRNAs in
intercellular signaling and it is proposed as biomarkers of
the health benefits acquired from exercise. Many miRNAs
are implicated in various exercise-induced adaptations (e.g.,
physiological cardiac hypertrophy, mitochondrial biogenesis,
insulin sensitivity) [32].

Based on a systemic review on epigenetic mechanism of
exercise adaptation in skeletal muscle memory, Sharples, et al.
[33] hypothesis states that skeletal muscle is programmable and
can ‘remember’ early-life metabolic stimuli including epigenetic
information regulating further skeletal muscle function in adult
life. The evidence from sports physiological studies showed
that muscle can recall the morphological and functional status
of an earlier period of exercise when it is stimulated. Epigenetic
modification occurs after retraining based on the memory of
myonuclei to prior anabolic hormonal/exercise encounters. To
explore the effect of exercise on epigenetic adaptation, McGee, et
al. [34] estimated global histone modifications, a key molecular
event in mediating chromatin remodelling and transcriptional
activation and the signalling mechanisms regulating these

processes. The results showed that 60 min of acute high-intensity
cycling exercise (75% VO, max/maximal aerobic capacity)
induced an increase of lysine 36 which is associated with
transcriptional elongation. On the molecular mechanism, they
found that exercise induced the export of histone deacetylases
(HDAC) 4 and 5 from the nucleus which was involved in removing
the transcriptional repressive function. Exercise activated the
AMP-activated protein kinase and the calcium-calmodulin-
dependent protein kinase 1I, which induced phosphorylation-
dependent class Ila HDAC nuclear export.

Exercise Regulates Nutrient Sensing

Cellular homeostasis including proteostasis is controlled
by an evolutionary conserved cellular digestive process
called autophagy. This mechanism is tightly regulated by the
mechanistic target of rapamycin (mTOR) called as nutrient
sensor. mTOR is regard as a pivotal regulator of proteostasis
[35]. Exercise is a powerful intervention in regulating nutrient
sensing and maintaining proteostasis. mTOR performs a pivotal
effect in cellular homeostasis by regulating cellular growth and
protein synthesis. It is activated by nutrient (i.e., amino acids)
intake, growth factors (i.e, growth hormone [GH], insulin-like
growth factor 1 [IGF-1]) stimulation, and mechanical stress,
and is inhibited by nutrient deprivation, energetic stress, and
rapamycin [36]. Dramatically, mTOR is involved in lifespan and
the aging process and inhibition of mTOR pathway is regarded
as a potential strategy for retard aging and prolonging lifespan
[36]. In another hand, autophagy aroused by mTOR inhibition
is also regarded as a pivotal process in prolonging lifespan and
preventing aging. Autophagy is involved in nutrient sensing
pathway as a key downstream target of the IGF-Akt-mTOR
signaling pathway [36].

Caloric Restriction (CR) i.e., Dietary Restriction (DR), a
known promoter of lifespan, performs its effect in retarding
aging and prolonging lifespan via a mTOR/autophagy nutrient
sensing pathway. Exercise and/or CR result in a concomitant
downregulation of mTOR and activation of autophagy. It has been
increasingly demonstrated that autophagy play a major role in
maintaining cellular homeostasis and influencing lifespan and
longevity by the degrading misfolded proteins and exhausted
organelles. As a hallmark of aging, autophagy is naturally
declining over time. A lot of evidence showed that mTOR
inhibition and autophagy contributes to molecular mechanisms
by which exercise can stop aging and support lifespan extension
in rodent and human models. The effect of exercise is similar
to those of CR: exerting their effects on autophagy and mTOR
through common pathways. AMPK/mTOR signaling may improve
insufficient energy metabolism via the autophagy signal pathway.
Physical activity can induce autophagy by downregulating the
PI3K/Akt/mTOR signaling pathway. Kang, et al. [37] explored
the effects of exercise on PI3K/AKT/mTOR signal transmission,
autophagy, and cognitive ability in Tg transgenic mice. The
results showed that treadmill exercise for 12 weeks 1) improved
abnormal mTOR and phosphorylation of PI3K/AKT proteins
and inhibited its activity by increased GSK-3 phosphorylation,
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2) increased the expression of Beclin-1 protein involved in
autophagosome formation and decreased the expression of p62
protein, 3) reversed hyperphosphorylation and aggregation of
tau phosphorylated at the site of Ser199/202, Ser404, Thr231,
PHF-1 in Tg transgenic mice. Chen et al. [38] showed that
chronic treadmill exercise improved learning and memory and
potentiated postsynaptic excitation, enhanced neuronal activity
of pyramidal neurons, and promoted oligodendrogenesis and
axonal myelination at the molecular level. Furthermore, they
explored the molecular mechanism. The result showed exercise
increased several molecules which are involved in the mTOR
pathway including BDNF, which is a potential activator of the
mTOR pathway, phosphorylated and total mTOR, phosphorylated
and total S6 protein levels, and inhibited elongation factor 4E-
BP2. They concluded that exercise improved motor learning
via activating the mTOR pathway, which is necessary for
spinogenesis, neuronal activation, and axonal myelination.

Exercise Maintains Proteostasis

Proteostasis (i.e, the balance between synthesis and
breakdown of proteins) including regulation and control of
protein synthesis, conformation, and degradation are needed for
ensuring cellular metabolism. The capacity of cells to maintain
proteostasis has being gradually declined following aging.
Imbalance of proteostasis induces accumulation of damaged
proteins and results in aging and aged-related diseases. Anabolic
resistance manifests decline of anabolic response to growth
signals promoting muscle protein synthesis with aging and
explains the phenomenon of age- related muscle loss [39].

Loss of muscle fibre results from anabolic resistance, i.e.,
imbalances between muscle protein synthesis and breakdown.
It is defined as the decline in response to fundamental
environmental factors regulating muscle homeostasis (namely
physical activity and nutrition), and is also a culprit in catabolic
perturbations in muscle proteostasis [40]. Exercise is a powerful
intervention in attenuating anabolic resistance 1) produces
more energy by promoting catabolism of muscle glycogen and
promotes muscle growth by increasing anabolism of protein;
2) keeps proteostasis in muscles stimulated by promoting
anabolism of muscles protein in the one hand, and on the another
hand, by inhibiting catabolism of muscles protein; 3) promotes
dietary amino acid ingestion and enhances post-exercise rates
of muscle protein synthesis; and 4) inhibits nutrient receptor, in
turn, speeds catabolism of glucose and fatty acid to produce more
energy. Generally, anabolism of muscle protein can last for 24-
48 hours after a resistance exercise. Thus, muscle hypertrophy
depends on the balance between muscle simulation and nutrient
intake in post exercise metabolic processes. Hormones, especially
insulin and testosterone and GH are deeply involved in muscle
anabolism induced by exercise. Anabolic-Androgenic Steroids
(AAS) and other hormones such as GH and IGF-1 have been shown
to increase muscle mass as a pharmacological intervention.

Exercise has also been shown to induce significant increase of
endogenous hormonal (testosterone (T), GH, IGF-1) elevations.

It is speculated that the hormones increased post-exercise
binding to their receptors and upregulate intracellular anabolic
pathways [41]. Some biological processes including enhanced
protein synthesis, decreased protein breakdown [42], satellite
cell activation, Wnt signaling [43], and sex hormone-binding
globulin receptor binding [44] contribute to the molecular
mechanism of hormonal elevations induced by exercise. The
hormones elevated induced by exercise can also promote muscle
contraction by increasing intracellular calcium [45]. In addition
to steroid hormones, GH and IGF-1 which promote anabolism
have also been shown to increase after exercise. McCall, et al.
[46] evaluated concentrations of GH, IGF-1, testosterone, or sex
hormone-binding globulin occurred from pre- and post-training
and found that acute exercise promotes increase of those
hormones and muscle hypertrophy. Mangine, et al. [47] explored
the relationships between the endocrine response to resistance
exercise and muscle hypertrophy in resistance-trained men,
and showed a significant correlation between long-term muscle
hypertrophy and elevation of testosterone induced by resistance
training.

Atrophy and/or dysfunction of skeletal muscle is one of
the aging hallmarks [48]. The size of skeletal muscle mass is
regulated by balance between synthesis and degradation of
protein. Increased proteolytic pathways (i.e., autophagy and
ubiquitin-proteasome system) speed up the loss of muscle mass
[49]. Aged population atrophy and/or dysfunction of skeletal
muscle is involved in the reduction of mobility and basic activities
of daily living. Similarly, age-associated reductions in cardiac
systolic performance reduce cardiac output and aerobic exercise
capacity. These reductions of skeletal muscles and cardiac muscle
with aging are regard as a crime culprit leading to impairments of
physiological functions and medical disability.

Itis generally believed that skeletal muscle-related properties
including grip strength, neuromuscular tasks, and aerobic
exercise capacity may be regarded as an independent index
predicting survival. Even if a small increase in general muscle
function can also indicate a better quality of life and lower risks
of mortality [6]. Therefore, there is a clinical need in preventing
or delaying the onset of skeletal muscle degeneration in order to
extend healthspan. In this regard, exercise has been used as a safe
non-pharmacological strategy for attenuating muscle weakness/
wasting in both health and disease. Campos, et al. [50] explored
the contribution of exercise in cytosolic protein quality control
in a heart failure animal model. The results demonstrated that
eight weeks of exercise training can clearly reverse proteasomal
insufficiency and relieve exacerbated cardiac oxidative stress
and heart failure.

Bozi, et al. [51] found the changes of several biomarkers
of muscle protein synthesis, e.g. increasing protein levels of
the unfolded protein response markers (GRP78, DERLIN-1
and CHOP), accumulating misfolded and polyubiquitinated
proteins, and reducing chymotrypsin-like proteasome activity
in myocardial infarction rats. These changes suggested the
impairment of cardiac protein quality control. Further study
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showed that exercise training can reverse these impairments
by reducing protein levels of the unfolded protein response
markers, and inhibiting accumulation of both misfolded and
polyubiquinated proteins, which was associated with restored
proteasome activity.

Although enhancement of proteolytic activity has been
regarded as a risk leading to skeletal muscle atrophy, autophagy,
which disposes cytotoxic proteins and non-functioning organelles,
is also needed for the maintenance of muscle proteostasis. One
of the effects produced by exercise is that exercise activates
autophagy and re-establishes proteostasis [52]. Campose, et al
[11] explored the significance of exercise between autophagy and
proteostasis in skeletal muscle utilizing a model of neurogenic
myopathy in rats. Neurogenic myopathy is a progressive atrophy
and impaired contractility disease characterized by accumulation
of autophagy-related markers and elevation of damaged proteins,
chaperones and pro-apoptotic markers. Their study showed
that exercise training prior to neurogenic myopathy can protect
from skeletal muscle autophagic flux and loss of proteostasis
and accompanied with attenuation of muscle atrophy and better
contractility properties.

In a randomized, controlled trial, Witrard, et al. [53] explored
the dose-response relationship between whey protein and
postabsorptive rates of myofibrillar protein synthesis after
exercise and showed that 20-g whey protein was enough for
maximal postabsorptive rates of myofibrillar protein synthesis.
Similarly, based on re-analysis of the published literature, Moore
[54] suggested that a single meal intake of 0.31g/kg of high
quality protein should be considered as a nutritional guideline
aiming to maximize post-exercise myofibrillar protein synthesis
while minimizing irreversible amino acid oxidative catabolism.

Hormones promote protein biosynthesis in muscle via
various molecular pathways 1) activating adult stem -cells
(ASCs); 2) triggering genomic and non-genomic signaling; 3)
interacting with other anabolic signaling pathways; and 4)
upregulating or downregulating the androgen receptor [55].
Three hormones including testosterone, GH, and IGF are deeply
involved in the anabolism induced by exercise. Zeng, et al. [56]
investigated the effects of exogenous androgen and resistance
exercise on skeletal muscle hypertrophy and the role of mTOR
signalling during the process. They found hypertrophy of skeletal
muscle and a higher myosin heavy chain expression induced
by exercise and dihydrotestosterone implantation. The mTOR
molecular pathway was involved in the anabolism of skeletal
muscle. Although dihydrotestosterone and exercise can severely
increase the mRNA expression of androgen receptor and IGF-I
and three peptides related to mTOR signaling including the
mTOR phosphorylated, p70S6K, and 4EBP1, combination of
dihydrotestosterone and exercise can increase the expression of
the mRNA of those molecules more.

Exercise enhances androgen-induced rapid anabolic action,
which involves activation of the mTOR pathway. To evaluate
effects of resistance exercise training on circulating anabolic

hormones (e.g, GH, IGF-1, free IGF-1, testosterone, free
testosterone, dehydroepiandrosterone, dihydrotestosterone,
and luteinizing hormone), Morton, et al. [57] compared those
hormones in circulation and muscle, and intramuscular hormone-
related variables in men who had 12 weeks of resistance exercise
training. The results indicate that intramuscular androgen
receptor content, but neither circulating nor intramuscular
hormones (or the enzymes regulating their intramuscular
production), contributed to skeletal muscle hypertrophy induced
by resistance exercise.

Exercise Enhances Mitochondrial Function

Mitochondria play an essential role in energy metabolism and
are also involved in the extensive cellular processes including
the oxidation of fatty acids, the metabolism of amino acids, the
control of apoptosis, the synthesis of steroid hormone, and the
regulation and control of hormonal signaling. Mitochondria
maintains its own 16.5-kb genome for the expression of
mitochondrial proteins [58]. The sophisticated coordination
of both mtDNA and nDNA genomes is necessary to regulate
organelle abundance and involved in mitochondrial health,
disease and turnover. Mitochondrial health is a key cellular
mediator across a range of tissues, and contributes to whole-
body vitality. The mitochondrial dysfunction is regarded as a risk
molecular event for aging and age-related diseases [59]. On the
conditions that perturb metabolic homeostasis, such as exercise
or aging, mitochondrial homeostasis is rebalanced by increase in
synthesis and fusion, or fission and mitophagy, respectively [60].
Potential molecular mechanism of mitochondrial aging includes
the accumulation of DNA mutations induced by decline in
electron transport function and the imbalance of quality control
mechanisms (e.g. mitophagy and proteolysis) induced by damage
of the mitochondrial unfolded protein response [61].

Considering the possible relationship between rejuvenation of
mitochondria and enhancement of cellular activity the association
between mitochondria and the aging process has been extensively
investigated. Mitochondrial quality control might be an effective
strategy to combat aging. Pharmacologic activation of mitophagy
is another approach that might be widely beneficial in preventing
against age-related neurodegenerative disorders and retarding
aging [62]. A remarkable characteristic of the mitochondrion
is its plasticity, i.e., adjustments of its volume, structure and
capacity based on circumstances such as exercise. Maintenance
of mitochondrial functions depends on balance between dynamic
processes of biogenesis and fusion, and opposing processes of
fission and mitophagy. Exercise can conveniently promote robust
mitochondrial adaptations. Hence, exercise remains the most
potenttherapeutic strategy for the improvement of mitochondrial
health, not only in muscle, but potentially also in other tissues
[63]. Exercise is benefit for maintaining mitochondrial health
by inducing obvious changes of mitochondria in number and
size. Possible molecular mechanisms include 1) enhancing
Ca?* release from the sarcoplasmic reticulum and enhancing
muscle force, as well as the generation of ATP from respiring
mitochondria; 2) activating the signalling kinases and increasing
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the expression of mtDNA transcription factors; 3) activating the
UPRmt and further upregulating transcription of mitochondrial
chaperones and proteases and equipping the organelle with an
augmented capacity for protein folding; 4) enhancing expression
of mitochondrial fusion proteins Mfn1/2 along with Opal and
further facilitating the fusion of the outer and inner membranes,
respectively, and improving of metabolites of neighbouring
organelles; 5) enhancing mitophagy to clean out the damaged
organelles and activating lysosomes to degrade the dysfunctional
mitochondria and release the constituent amino acids for cellular
recycling; and 6) increasing PGC-1a signalling for mitochondrial
biogenesis and fission. Robinson, et al. [64] assessed the effects
of exercise including high-intensity aerobic interval, resistance,
and combined exercise training on skeletal muscle adaptations in
young and older adults.

The results showed that training or exercise for 12 weeks
enhanced insulin sensitivity and muscles mass. High-intensity
aerobic training and combined training or resistance training
improved aerobic capacity and skeletal muscle mitochondrial
respiration. High-intensity aerobic exercise revealed a more
robust increase in gene transcripts than other exercise
modalities. Several age-related changes in the proteome, and
mitochondrial functions were in accompanied with increased
mitochondrial protein synthesis after high-intensity aerobic
training. In conclusion, high-intensity exercise can effectively
prevent aged-related decline in muscle mitochondria.
Campos, et al. [65] explored the effect of exercise to protect
against cardiovascular disease via cardiac autophagy and its
contribution to mitochondrial quality control, bioenergetics
and oxidative damage in a post-myocardial infarction-induced
heart failure in rats. The study showed a reduced mitophagy
flux, i.e., accumulation of autophagy-related markers induced by
myocardial infarction. The study further showed an accumulation
of fragmented mitochondria accompanied by reduction of O,
consumption, elevation of H,0, release and increase of Ca*-
induced mitochondrial permeability transition pore opening.

The study validated the hypothesis that disruption of
mitophagy flux was sufficient to damage cardiac mitochondrial
function and increase cardiomyocyte toxicity induced by
mitochondrial stress. Further study showed effect of exercise to
protect against mitochondrial damages induced by myocardial
infarction. Impairment of cardiac mitophagic flux occurred in
myocardial infarction 4 weeks rats can be reversed via 8 weeks
exercise training. Exercise training also reduced mitochondrial
number:size ratio, increased mitochondrial bioenergetics and
better cardiac function. Interestingly, exercise training increased
cardiac mitochondrial number, size and oxidative capacity,
but did not affect mitophagic flux in sham-treated animals. In
conclusion, the potential contribution of exercise in restoring
cardiac mitophagy flux in heart failure is associated with better
mitochondrial quality control, bioenergetics and cardiac function.

As an oxidative stress-sensitive gene localized to

mitochondria, CDGSH iron sulfur domain 2 (Cisd2 ) not only
regulates mitochondrial activity and biogenesis, but also

contributes to extension of the lifespan. [66]. A lack of Cisd2
shortened lifespan in mice and Cisd2 transgenic mice lived
longer and healthier [67]. Cisd2 plays a key role in sustaining
metabolic activity, ameliorating aging-associated mitochondrial
dysregulation, reducing DNA damages and improving the calcium
imbalance [66]. Yokokawa, et al. [68] explored the effect chronic
exercise training on expression of Cisds and mitochondrial
proteins. The results showed that chronic exercise increased
Cisd 1 and 2 as well as mitochondrial protein expression. Further,
they showed that mitochondrial biogenesis induced by chronic
exercise coincides with the expression of Cisds.

Exercise Protects Against Cellular Senescence

Cellular senescence, a trigger of growth arrest of cells,
contributes to physiological dysfunction with aging and promotes
age-related pathologies [69]. Cellular stressors including DNA
damage, dysfunctional telomeres, oxidative stress, or metabolic
stimuli to induce cell cycle arrest and the cellular signaling
cascades to activate p53/p21 and pl6 tumor suppressor are
regarded as a common pathway leading to cellular senescence
[70]. The proinflammatory and prooxidative Senescence-
Associated Secretory Phenotype (SASP) impair neighboring cells
and boost cellular senescence [71].

Therapy strategies delaying cellular senescence should
include pro-senescent therapies and antisenescent therapies.
The former prevents from senescence by limiting proliferation
and fibrosis. The latter prevents from senescence by eliminating
accumulated senescent cells and recovering tissue function
[70]. Exercise which prevents and reduces indicators of cellular
senescence is an irrefutable candidate for therapy strategy
of cellular senescence. Schafer et al. [72] explore effects of
exercise preventing premature senescent cell accumulation and
systemic metabolic dysfunction induced by a Fast-Food Diet
(FFD). Their study showed that FFD causes harmful changes in
physical and metabolic functions which were associated with
dramatic increases in several markers of senescence, including
p16, Enhanced Green Fluorescent Protein (EGFP), senescence-
associated [B-galactosidase, and SASP in transgenic mice that
express EGFP in response to activation of the senescence-
associated p16INK4a promoter.

Further, Schafer, et al. showed that exercise prevents against
the accumulation of senescent cells and the expression of p16,
EGFP, senescence-associated [(-galactosidase, and the SASP
accompanied by attenuating the effects of the FFD on health.
To verify the hypothesis that exercise prevent from senescence
and dysfunction of vascular endothelial cells, Rosseman, et al.
[73] tested comparatively the expression of proteins related to
cellular senescence in adults and older sedentary and in adults
and older habitually exercising. The results showed an increasing
protein expression of p53, a transcription factor related to
increased cellular senescence, and the Cyclin-Dependent Kinase
Inhibitors (CDKI) p21 and p16 in Endothelial Cells (ECs) obtained
from antecubital veins of older sedentary (60 *+ 1 yr) as compared
to young sedentary (22 = 1 yr) adults. There are no increases
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of these age-related biomarkers in older exercising adults (57
+ 1 yr) as compared to young sedentary. The protein levels of
p53, p21, and pl6 were inversely associated with vascular
endothelial function. Similarly, protein expression of p53 and
p21 was 26% and 23% higher, respectively, in ECs sampled from
brachial arteries of healthy older sedentary (63 + 1 yr) versus
young sedentary (25 = 1 yr) adults; age-related changes in
arterial EC p53 and p21 expression were not observed in older
habitually exercising adults (59 # 1 yr). The study indicated that
EC senescence is associated with sedentary aging and is linked
to endothelial dysfunction. Moreover, these data suggest that
aerobic exercise prevent EC senescence by protecting against
endothelial dysfunction with age. Philippe, et al. [74] investigated
the effect of exercise training on the T-cell senescence in pre-
diabetic subjects. The results showed an increase of the CD4+/
CD8+ and CD4+/CD3+ ratio and a decrease of the CD8+/CD3+
ratio after exercise training.

The results showed a proportional increase of CD4+/
CCR7+/CD45R0O+ central memory cells, naive CD8+/CCR7+/
CD45R0O- and CD8+/CCR7+/CD45RO+ central memory cells,
while proportions of CD4+/CCR7-/CD45R0O- TEMRA cells
(-2.17 + 4.66%; p = 0.012), CD8+/CCR7-/CD45R0- TEMRA cells
and CD16+ cells decreased after training. All of those changes
suggested that exercise training stimulates production and
mobilization of naive T-cells and reverses hallmarks of T-cell
senescence in pre-diabetic subjects. To verify the hypothesis
that neuroprotective effect of endurance exercise is associated
with cellular senescence, neuroinflammation, and oxidative
stress, Jang et al. [75] tested markers of cellular senescence
(p53, p21, pl6, B-galactosidase, and lipofuscin), markers of
neuroinflammation including tumor necrosis factor-a (TNF-a)
and interleukin-18 (IL-1f), and markers of oxidative stress
(TNF receptor-associated factor 6, c-Jun N-terminal kinase, and
c-Jun). The results showed that endurance exercise ameliorated
weight gain, fasting blood glucose levels, and visceral fat gain in
a mouse model of obesity induced by a high-fat+high-fructose
diet. At molecular level, they showed that exercise reduced the
expression of markers of cellular senescence: p53, p21, pl6,
-galactosidase, and lipofuscin in the hippocampus. Further
study showed that endurance exercise prevented high-fat+high-
fructose diet-induced neuroinflammation (e.g.,, TNF-a and IL-1f3)
by inhibiting toll-like receptor 2 downstream signaling cascades
(e.g., TNF receptor-associated factor 6, c-Jun N-terminal kinase,
and c-Jun) in parallel with reduced reactive glial cells. This anti-
inflammatory effect of endurance exercise was associated with
the reversion of high-fat+high-fructose diet-induced cellular
oxidative stress.

Exercise Reduces SCs Exhaustion

ASCs (progenitor cells) are a cluster of cells located in tissue-
specific niches and keep a potential ability to differentiate
to all kinds of cell types [76]. ASCs including satellite cells,
hematopoietic SCs, skin SCs, intestinal SCs, and germline SCs
contribute to the regeneration, homeostasis, and aging of various
tissues [77]. An obvious characteristic of aging is gradual decline

of tissues and organs functions with aging. ASCs are responsible
for the repair and the regeneration of cells and the maintenance
of tissue and organs. Unfortunately, the amount and potential
regenerative ability of ASCs are gradually being lost with aging.
As a result, organs gradually degrade and living organisms die
eventually. Regenerative function of ASCs declines with aging
and the decline of ASCs promotes organ senescence [78].

ASCs exhaustion is characterized by the progressive loss of
physiological functions and the accumulation of the impairment
of tissue and organ function that results in the development of
multiple pathologies and age-related diseases and is regarded as
a pivotal hallmark of aging [79]. To verify the hypothesis, Vilas,
et al. [79] explored the relationship between accelerated SCs
depletion and premature aging in a mouse model in which adult
Sox2+SCs depletion was induced. They found the relationship
between signs of premature aging (e.g. increased kyphosis
and hair graying, and reduced fat mass) and a short period
of partial repetitive depletion of ASCs and the relationship
between cellular senescence and partial repetitive Sox2+cell
depletion. Further, they prolonged a protocol of partial repetitive
depletion of Sox2+cells to force regeneration from the remaining
Sox2+cells and to induce their exhaustion. They verified that
ASCs exhaustion can lead to cellular senescence induction and
premature aging based on senescence specific staining and
the analysis of the expression of genetic markers. They study
demonstrated that ASCs depletion trigger senescence induction
and premature aging of tissues, and physiological aging.

Both of acute exercise bout and regular exercise training
promote proliferation of ASCs and increase circulating
haematopoietic stem and progenitor cells in athletes, healthy
individuals, and in individuals suffering from aged-related
diseases [80]. The investigations have showed that individuals
who undergo regular and systematical exercise training have a
higher level of circulating haematopoietic stem and progenitor
cells than sedentary individuals [81]. To explore the effects of
exercise on aged SCs function in the context of tissue regeneration,
Brett, et al [82] investigated comparably muscle SCs function and
muscle regeneration in young adult and old mice with and without
rotating running wheels. The results showed that exercise in
the form of voluntary wheel running accelerates muscle repair
in old animals and improves old muscle SCs function. Utilizing
transcriptional profiling and genetic analyses, they furthermore
verified the restoration of cyclin D1, a biomarker for decline of
muscle SCs with aging, as a key molecular event for rejuvenation
of old muscle SCs activation ability.

ASCs play a major role in maintenance of tissues or cells,
reconstruction and regeneration of multiple tissues and
especially in replenishment of dead cells from apoptosis. In a
recent paper, Sen et al. [83] elaborated the relationship between
rejuvenation of ASCs including endothelial progenitor cells and
SMCs and aerobic exercise. Metabolic disorders like diabetes
dramatically decrease endothelial progenitor cell numbers and
impair its function. Increasing endothelial progenitor cell number
and function has the potential to be a treatment strategy for both
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diabetes and cardiovascular disease. Exercise can effectively
improve the production and increases numbers of endothelial
progenitor cells. At molecular level, Nitric Oxide (NO) contributes
to production and development of endothelial progenitor cells,
which may be secondary to its antiapoptotic effect [84]. Similarly,
exercise helps to reduce phosphoinositide 3-kinase mediated
apoptosis which depends on NO [85].

Prostaglandin E1 (PGE1), Vascular Endothelial Growth Factor
(VEGF) and, and Stromal Derived Factor 1 (SDF 1) are considered
as the biomarkers of ASCs based on its bioactivity in mediating
upregulation of endothelial progenitor cells [86]. Exercise
increases PGE1, VEGF, and SDF1 levels [86]. Schlager, et al. [87]
explored effects of exercise preventing atherosclerosis based on
ASCs development. The results showed that exercise promoted
angiogenesis and improved endothelial function and decreased
atherosclerosis. At molecular level, exercise mobilized endothelial
progenitor cells and reduces asymmetric dimethylarginine
an endogenous inhibitor of NO synthase. Mobilization of ASCs
stimulated by exercise depended on exercise intensity. Laufs,
et al. [88] verified that circulating endothelial progenitor cell
numbers increased after intensive and moderate exercise activity
for 30 minutes, but it did not change after the exercise in less than
10 minutes. By comparing effect of aerobic-endurance exercise in
middle-aged and older healthy men, Hoetzer, et al. [89] concluded
that regular aerobic-endurance exercise is a reliable treatment
strategy in retarding aging by increasing endothelial progenitor
cells clonogenic and migratory capacity.

Mesenchymal stromal cells (MSCs) are multipotent cells
which can differentiate into adipocytes, chondrocytes, and
osteoblasts and are defined by specific markers e.g. CD90, CD44,
CD105, and CD73, but not CD45, CD31, and CD34 [90]. Studies
showed that exercise may facilitate MSCs migration by increasing
IL-6 and recruit SCs [91]. It was reported that MSC secretome is
responsible for hematopoietic stem and progenitor cells (HSPC)
mobilization and proliferation and exercise induce homing of
HSPCs to extramedullary sites [92]. Studies showed that exercise
increased therapeutic MSC transplantation in traumatic brain
injury [93] and ischemic cerebral cortex [94] in the rat model.
Exercise plays a vital role in differentiation of multipotent MSCs
in bone. Li, et al. [95] examined the effects of mechanical strain on
osteogenic and adipogenic differentiation of cultured MSCs using
a mechanical strain device. Runt-related transcription factor2
(Runx2), Osterix (Osx), and I-collagen were tested as osteogenic
differentiation markers and peroxisome proliferator-activated
receptor (PPAR)y-2, CCAAT/enhancer binding protein (C/EBP)
o, and lipid droplets were tested as adipogenic differentiation
markers. The results showed that the expression of Runx2,
Osx, and I-collagen protein was induced by strain stimulation.
Oppositely, the expression of PPARy-2 and C/EBPa was inhibited
by strain stimulation. Their study verified that exercise can
promote differentiation of MSCs into osteoblasts and can impede
differentiation into adipocytes. The adult human heart possesses
a limited regenerative potential. The activation of cardiac-
resident SCs ensures cardiac cells regeneration and hypertrophy
[96]. Regeneration and growth of skeletal muscle are mainly

controlled by resident SCs (e.g. satellite cells) [97]. Exercise
induces muscle hypertrophy by activating satellite cells in mature
skeletal muscle cells and therefrom promoting differentiation of
muscle cells [98]. On molecular levels, the expression of VEGF,
IGF, NO and hepatocyte GF, fibroblast GF, which are endocrine
and locally expressed autocrine and paracrine GF, contribute to
an activation of the satellite cells in exercise status [97].

Macaluso, et al. [99] reviewed the contribution of exercise to
the regeneration of ASCs in the various tissue including heart,
bone, liver, brain, and muscle etc. They concluded that the same
factors that stimulate a high proliferation of SCs in skeletal
muscle after exercise should also stimulate the proliferation
of ASCs in the tissue in which they reside, such as heart, bone,
liver and brain etc. Regular exercise retards aging and prevents
aged-related diseases by maintaining a higher ASCs reserve
and progenitor cell potential for rapid activation in response
to stress and damage. O'Reilly, et al. [100] explored effects of
muscles lengthening contractions on satellite cell activation
and the expression of 8 related proteins including hepatocyte
growth factor, hepatocyte growth factor activator, hepatocyte
growth factor activator inhibitor-1, and hepatocyte growth factor
activator inhibitor-2 in both of skeletal muscle, and serum. The
results showed an increase of SCs [neural cell adhesion molecule
(NCAM)-labeled cells] at 24 hours and a peak value at 72 hours
after 300 lengthening contractions. The expression of 8 related
proteins is in line with an increase of ACs after muscle contractive
training. Hence, a single bout of lengthening muscle contractions
is enough to activate SCs via both a local and systemic hepatocyte
growth factor response. In a recent study, Frodermann, et al.
[101] showed that exercise protected from atherosclerosis by
chronic leukocytosis but emergency hematopoiesis in mice. At
molecular mechanism, they showed that exercise diminished
leptin production in adipose tissue, augmented quiescence-
promoting hematopoietic niche factors in leptin-receptor-
positive stromal bone marrow cells.

Some growth factors induced by exercise have effects on
SCs proliferation. Both VEGF and IGF-1 plays a key role in
promoting angiogenesis and hippocampal neurogenesis based
on their effect on ASCs proliferation [102]. Exercise can increase
VEGF expression, in turn, trigger release of haematopoietic
and endothelial progenitor cells from the bone marrow [103].
Utilizing VEGF gene-ablated mice, Rich, et al. [104] explored
the effect of VEGF produced by skeletal myofibers in regulating
hippocampal neuronal precursor cell proliferation following
exercise training. The results suggested that VEGF originated
from skeletal myofibers is abundantly released during exercise
and promotes ASCs proliferation, and results in angiogenesis
and hippocampal neurogenesis. IGF-1 regulates skeletal
muscle growth by triggering the PI3K/Akt signaling cascade to
promote protein synthesis. Resistance exercise increases IGF-
1 concentration in the blood stream, skeletal muscle, and brain
[105].

The growth factor BDNF contributes to neuroplasticity,
which describes a responsive ability of the brain to environment
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changes, e.g. exercise. A recent study from Quan [106] showed
that exercise promotes proliferation and differentiation of
neuronal SCs induced by BDNF. Leukemia Inhibitory Factor
(LIF) has a range of biological roles including platelet formation,
proliferation of haematopoietic cells, bone formation, neural
survival and formation, and muscle and satellite cell proliferation.
A study from Broholm, etal. [107] showed that exercise promoted
satellite cell proliferation which was mediated by LIF. Platelet-
Derived Growth Factor (PDGF) is also a factor to promote the
proliferation and migration of MSCs. Farup, et al. [108] showed
that PDGF was involved in the effects of resistance training on
proliferation of mesenchymal progenitor cell proliferation, and
expansion of ASCs pool.

Exercise Improves Intercellular Communication

Intercellular communication is a basic biological process by
which various messages are transferred between cells. The soluble
factors are one of the best characterized styles of intercellular
communication which perform their effect on the neighboring
cells [109]. Senescence is essentially a stable cell cycle arrest
induced by the cell cycle inhibitors p21CIP, p53, and p16INK4A
[110]. Senescent cells arrest not only cell cycles themselves, but
also trigger senescence of bystander cells through intercellular
communication based on the secretion of bioactive molecules,
e.g. SASP factors [111]. Many signalling factors including pro-
inflammatory chemokines, interleukins, and cytokines, which are
regarded as SASP factors, are involved in the senescence process
[112]. SASP factors are regard as the ‘soul’ of senescence. The
classic SASP factors include soluble factors, growth factors, and
extracellular matrix remodeling enzymes [113].

Recent studies pay more attention to extracellular vesicles
(exosomes), which are also involved in senescence-associated
process via intercellular communication style. Exosomes are
nano-sized vesicles that serve as mediators for cell-to-cell
communication. Exosomes are released during exercise as a key
mediator to be involved in communication between cells. Owing
to loading of proteins, nucleic acids, and lipids compositions,
exosomes are characterized as a profile of producer cells. Hence,
they can be utilized as a potential cell-free therapeutic strategy
[114]. Based on originating cells status, exosomes alleviating
senescence cells by transferring the phenotypes related to
senescence. Hence, exosomes are also regarded as age-related
disease markers [115]. Age-related changes of exosomes include
1) increase of release during senescence of fibroblasts, epithelial
cells, and cancer cells [116]; 2) increase with aging [117]; and
3) change of composition (miRNAs, proteins, or lipids) with
aging [118]. Among exosomes derived from various cellular
origins, MSC-derived exosomes (MSC-exosomes) have been
focused based on their immunomodulatory and regenerative
characteristics. Studies have shown effects of MSC-exosomes in
anti-inflammatory, anti-aging and wound healing in vitro and
in vivo models [112]. A recent study from Willis, et al. [119]
showed that MSC-exosomes can revise lung injuries: attenuate
alveolar damage, improve pulmonary fibrosis, remodel capillary
and enhance exercise ability in mice. Utilizing meta analysis,

Estébanez, et al. [120] systematically surveyed the effects of
exercise on exosome release. The results showed that exercise
promotes the release of exosomes without modification of its
vesicle size. Further analysis on molecular mechanism showed
that exercise promoted release of exosome markers (CD63, Alix,
CD81, and Flot-1) along with other exosome-carried proteins into
circulation. Exercise promoted proliferation and differentiation
of skeletal muscle by increasing release of exosome-carried
miRNAs, including miR-1, miR-133a, miR-133b, miR-206, and
miR-486.

Exercise Improves Decline of Organs and Molecular
Hallmarks of Aging

Exercise can effectively prevent from decline of organs and
molecular hallmarks of secondary aging. Aging is characterized
by decline of organs and systems: brain atrophy, neurofibrillary
tangles and senile plaques in brain; decrease of maximal
breathing capacity and maximum cardiac output in lungs and
heart; accumulation of fat and decline of hepatotoxin elimination
in liver, insulin resistance and weakening of digestion and
absorption; weakening of poison elimination in kidneys;
neurodegeneration and abnormal neuroregulation; and decrease
of hormones related to growth and development and metabolism.
All of those declines with aging can be alleviated by exercise.
At molecular level secondary aging are characterized by nine
cellular and molecular hallmarks: genomic instability, telomere
attrition, epigenetic alterations, loss of proteostasis, deregulated
nutrient sensing, mitochondrial dysfunction, cellular senescence,
stem cells exhaustion, and altered intercellular communication.
All of nine cellular and molecular hallmarks can be attenuated
by exercise.

CONCLUSION

Although we can’t arrest primary aging by revising genetic
program, it is believed that we can attenuate pathophysiological
events of secondary aging to prolong lifespan and improve life
quality by preventing all of nine hallmarks of aging. Exercise is a
valid intervention without any side effects for life extension and
life quality improvement. At molecular level exercise can arrest
all of nine hallmarks of aging: maintaining genomic stability;
attenuating telomere attrition; preventing epigenetic alterations;
maintaining proteostasis; regulating nutrient sensing; enhancing
the mitochondrial function; delaying cellular senescence;
reducing SCs exhaustion; altering intercellular communication.
It is hypothesized that improvement of nine molecular and
cellular hallmarks of aging which is improved by exercise is to
be consistent with higher metabolic level in exercise. To keep a
higher metabolic level, every organ and system has to enhance
its turnover. It means that every organ and system of an older
person has to keep a metabolic work load similar to those of a
youngster. Hence cellular and molecular events happened in
exercise tend to a younger status.

Exercise can miraculously prevent against all nine hallmarks
of aging at molecular level. It indicates a possibility that almost
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all age-related diseases can be prevented by exercise. It also
encourages us to develop a strategy how exercise projects
(exercise intensity, style and rhythm) can effectively perform its
protective effect for aging and aged-related diseases.
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