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Abstract: Aging causes degenerative changes such as epigenetic changes and mitochondrial dys-
function in skeletal muscle. Exercise can upregulate muscle mitochondrial homeostasis and enhance
antioxidant capacity and represents an effective treatment to prevent muscle aging. Epigenetic
changes such as DNA methylation, histone posttranslational modifications, and microRNA expres-
sion are involved in the regulation of exercise-induced adaptive changes in muscle mitochondria.
Reactive oxygen species (ROS) play an important role in signaling molecules in exercise-induced
muscle mitochondrial health benefits, and strong evidence emphasizes that exercise-induced ROS
can regulate gene expression via epigenetic mechanisms. The majority of mitochondrial proteins
are imported into mitochondria from the cytosol, so mitochondrial homeostasis is regulated by
nuclear epigenetic mechanisms. Exercise can reverse aging-induced changes in myokine expression
by modulating epigenetic mechanisms. In this review, we provide an overview of the role of exercise-
generated ROS in the regulation of mitochondrial homeostasis mediated by epigenetic mechanisms.
In addition, the potential epigenetic mechanisms involved in exercise-induced myokine expression
are reviewed.
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1. Introduction

Skeletal muscle aging leads to oxidative stress and mitochondrial dysfunction [1]. The
mitochondrial quality control system in aging skeletal muscle is dysregulated, including
reduced mitochondrial biogenesis, an imbalance of mitochondrial dynamics, and impaired
mitophagy [2—4]. Therefore, it is important to maintain the balance of the mitochondrial
quality control system in aging skeletal muscle.

Exercise is an effective nondrug intervention to improve the health of aging skeletal
muscle, but the underlying mechanism of exercise-induced mitochondrial adaptation in
skeletal muscle remains unclear. Recent studies have demonstrated that exercise can play a
role in promoting mitochondrial health in skeletal muscle by upregulating mitochondrial
biogenesis, improving mitochondrial dynamics balance, and promoting mitophagy [5,6].

Epigenetic mechanisms can integrate environmental factors to regulate gene ex-
pression. With increasing age, the alterations of epigenetic markers of skeletal muscle
mitochondria-related genes could induce mitochondrial dysfunction, resulting in decreased
skeletal muscle function [7-11]. Exercise ameliorates aging-induced mitochondrial dys-
function in skeletal muscle [12,13]. Exercise acts as a powerful stimulus that induces
changes in a wide range of epigenetic markers. Recent evidence suggests that exercise-
induced reactive oxygen species (ROS) act as epigenetic modulators to regulate skeletal
muscle mitochondria-related gene epigenetic modifications and protein expression in a
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direct and/or indirect manner, thus maintaining mitochondrial homeostasis and promoting
skeletal muscle health [14,15].

Skeletal muscle can secrete a variety of myokines, which promote crosstalk between
skeletal muscle and other organs. Recent evidence suggests that the expression of myokines
is also regulated by epigenetic modifications [16-21].

In this paper, we review the current findings on the regulation of mitochondrial
homeostasis in skeletal muscle by aging and exercise, especially the role of epigenetic
modifications in the regulatory mechanisms of mitochondrial homeostasis. We specifically
focused on the role of ROS in the regulation of epigenetic modifications. Finally, we also
describe the important role of exercise-induced alterations in epigenetic modifications in
regulating myokine expression.

2. Aging-Induced Mitochondrial Dysfunction in Skeletal Muscle

In mammals, skeletal muscle is composed of different types of muscle fibers. Rodent
skeletal muscle consists of type I, Ila, Ild /x, and IIb fibers, whereas human skeletal muscle
consists of type I, Ila, and IId /x fibers [22,23]. Type I slow-twitch oxidative fibers contract
slowly and are rich in mitochondria, type Ila fibers contract quickly and are rich in mi-
tochondria, and type IId/x fibers and type IIb fibers contract quickly and contain fewer
mitochondria [24]. Differences in the distribution of skeletal muscle fiber types are noted
between males and females. The female vastus lateralis has more type I muscle fibers and
fewer type Ila and IId/x muscle fibers. This difference is also reflected in results from
rats and mice [25,26]. Daniela D’ Amico et al. [27] demonstrated that female mice have a
higher number of type I muscle fibers in the soleus muscle and a higher number of type Ila
fibers in the EDL muscle than male mice. Mitochondria provide energy for skeletal muscle
contraction through oxidative phosphorylation (OXPHOS). Mitochondria are also crucial
for skeletal muscle cell redox regulation and cell viability. As early as in 2005, scientists
described mitochondria as multifunctional signaling centers that associate cellular function
with metabolism and age [28]. Mitochondria play critical roles in cellular homeostasis in
response to intracellular and extracellular stress, epigenetics, and aging. Mitochondrial
dysfunction is a hallmark of aging [29]. Skeletal muscle mitochondrial function changes
with age, including decreased mitochondrial membrane potential, increased ROS pro-
duction, altered mitochondrial enzyme activity, and decreased mitochondrial adenosine
triphosphate (ATP) synthesis capacity [2]. Therefore, mitochondria-targeted regulation is
considered to be one of the factors improving skeletal muscle cell function. Some evidence
indicates that aging can be delayed by targeted regulation of mitochondrial function [30].

2.1. Aging-Associated Reductions in Mitochondrial Biogenesis

The mitochondrial content of skeletal muscle decreases with age and is mainly mani-
fested as a decrease in mitochondrial number and density and a decrease in mitochondrial
deoxyribonucleic acid (DNA) copy number and mitochondrial protein expression [2]. Per-
oxisome proliferator-activated receptor y coactivator-la (PGC-1¢) is an important gene
regulating mitochondrial biogenesis and skeletal muscle insulin sensitivity. PGC-1« is
decreased in the skeletal muscle of aged mice. Overexpression of PGC-1« in the skeletal
muscle of aging mice resulted in increased skeletal muscle mitochondrial content, a new
balance of myosin heavy chain isoforms, increased levels of mitophagy markers, and
reduced levels of proteasome markers, and these changes were similar to the molecular
features of young mouse skeletal muscle [31]. Yang et al. [32] demonstrated that PGC-1o
overexpression in skeletal muscle of 24-month-old male mice decreased muscle fatigue and
prevented sarcopenia. Therefore, promoting the regulation of mitochondrial biogenesis
may represent a potential target for preventing skeletal muscle aging.

2.2. Aging-Associated Alterations in Mitochondrial Dynamics

Mitochondrial dynamics are also important factors in maintaining mitochondrial
function. Imbalances in mitochondrial dynamics and abnormal mitophagy increase with



Cells 2022, 11, 2086

30f26

age [3]. Faitg et al. [33] demonstrated that dynamin-related protein 1 (DRP1) content
was significantly elevated in the soleus and gastrocnemius muscles of aging rats. Touvier
et al. [34] demonstrated that specific overexpression of DRP1 in skeletal muscle revealed
mitochondrial network reorganization and reduced mitochondrial DNA copy number and
that activation of the dsRNA-dependent protein kinase/eukaryotic initiation factor 2/fi-
broblast growth factor 21 pathway by Drpl overexpression resulted in diminished skeletal
muscle protein synthesis and downregulation of the growth hormone pathway. Muscle-
specific knockout of Drp1 in mice resulted in a severe myopathic phenotype, including
muscle atrophy, weakness, upregulation of forkhead box O3 (FOXO3) expression and
downregulation of atrophy-related ubiquitin ligases, such as muscle atrophy F-box and
muscle RING finger 1 (MuRF-1) expression [35]. In addition, Sebastidn et al. [36] found
that mitofusin 2 (Mfn2) expression was decreased in the skeletal muscle of aging mice and
that Mfn2 knockout in mouse skeletal muscle produces aging-related features, such as
reduced mitophagy and decreased mitochondrial function. The aging-induced decrease
in Mfn2 expression underlies age-related changes in skeletal muscle metabolic disorders
and sarcopenia. Tezze et al. [37] demonstrated that optic atrophy 1 (OPA1) is significantly
reduced in the skeletal muscle of aging mice and that specific knockout of OPA1 in skeletal
muscle leads to inhibition of protein synthesis, promotion of protein degradation, and
induction of atrophy-related gene expression, resulting in a precocious aging phenotype in
mice. Furthermore, imbalances in mitochondrial dynamics in aging skeletal muscle may
lead to the appearance of giant mitochondria [38,39]. Navratila et al. [40] demonstrated
that the appearance of giant mitochondria is associated with a decrease in OPA1 in aging
skeletal muscle independent of the MFN2 content. Exercise may regulate the balance of
skeletal muscle mitochondrial dynamics through ROS, inhibiting mitochondrial swelling
and giant mitochondria [41-43]. Therefore, targeted regulation of mitochondrial dynamics
may represent a potential target for the prevention of skeletal muscle aging.

2.3. Aging-Associated Alterations in Mitophagy

With increasing age, mitophagy is impaired, and dysfunctional mitochondria accu-
mulate in mouse skeletal muscle [4,44,45]. In aging skeletal muscle, a decrease in mi-
tophagy markers is closely related to mitochondrial quality and skeletal muscle function.
Leduc-Gaudet et al. [46] demonstrated that the Parkin content was significantly reduced
in the skeletal muscle of aging mice. Overexpression of Parkin in mice counteracts age-
related sarcopenia, upregulates the protein kinase B (Akt)-mammalian target of rapamycin
(mTOR) 1 pathway, promotes protein synthesis, inhibits protein degradation, and triggers
skeletal muscle hypertrophy. Knockout of Parkin in mice resulted in decreased muscle
strength and decreased mitochondrial respiratory function [47]. Upregulation of mitophagy
using urolithiasis A could improve mitochondrial respiratory capacity, prolong lifespan in
Caenorhabditis elegans (C. elegans), and attenuate age-related skeletal muscle dysfunction
in rodents [48]. Improving mitophagy in aging skeletal muscle leads to increased mito-
chondrial biogenesis, improved mitochondrial function, and enhanced skeletal muscle
health [4]. Therefore, the regulation of mitophagy in skeletal muscle is also a potential
target for preventing skeletal muscle aging.

2.4. Aging-Associated Reductions in UPRmt

Mitochondrial unfolded protein response (UPRmt) is a highly conserved mitochon-
drial stress response. Originally discovered in mammalian cells and further characterized
in C. elegans, UPRmt plays a regulatory role during aging [49,50]. As the degree of aging
increases, the mechanism of UPRmt activation is inhibited [21,51]. Cordeiro et al. [52]
demonstrated that the expression of UPRmt markers in skeletal muscle of 60- to 70-year-old
males was positively correlated with the expression of various mitochondrial metabolism-
related genes and exercise. The mRNA levels of the UPRmt-related genes activating
transcription factor (ATF) 4 and caseinolytic protease (ClpP) were significantly reduced
in the skeletal muscle of aging mice, whereas exercise activated UPRmt by upregulat-
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ing the expression of these UPRmt-related genes [52,53]. In addition, Zhang et al. [54]
demonstrated that the protein expression of the UPRmt marker genes HSP60, HSP10, and
CLpP was decreased and that UPRmt was inhibited in muscle stem cells of aging mice.
Multiple studies have shown that lifespan can be extended by activating UPRmt in C.
elegans, Drosophila, and mice [51,55-58]. In conclusion, UPRmt is inhibited with increasing
age, and exercise maintains mitochondrial protein homeostasis by activating UPRmt in
aging skeletal muscle, which subsequently delays aging or prolongs lifespan.

2.5. Aging- and Exercise-Associated Alterations in MAMs

At present, the crosstalk between organelles has become an important topic, especially
signal transduction between mitochondria and the endoplasmic reticulum (ER), which is
an important factor in determining cell fate. Mitochondria-associated endoplasmic retic-
ulum membranes (MAMs) play a crucial role in the crosstalk between mitochondria and
the ER [59]. MAMs are regions of 10-25 nm wide juxtaposition of the ER membrane and
mitochondria tethered by proteins without complete fusion or loss of organelle identity [60].
MAMs are important intracellular signaling hubs that play important roles in calcium (Ca?*)
homeostasis regulation, oxidative stress, management of unfolded proteins, and coordina-
tion of the mitochondrial-ER function [61,62]. Ca2* is an important signaling molecule in
skeletal muscle that plays a key role in excitation and contraction coupling of skeletal mus-
cle fibers, mitochondrial metabolism, and maintenance of cell survival [35,63,64]. The ER is
the major intracellular Ca?*-storing organelle, and Ca?* accumulation in mitochondria is
largely dependent on the ER. MAMs allow rapid transfer of Ca?* between two intracellular
organelles [65]. The Ca?* concentration in mitochondria is important in regulating the ATP
production process. Mitochondrial Ca?* accumulation stimulates aerobic metabolism by
inducing the activity of three tricarboxylic acid (TCA) cycle dehydrogenases [66]. Thus,
MAMs effectively integrate Ca®* flux with cellular metabolic pathways. In addition, MAMs
also play a crucial role in mitochondrial morphology regulation. MAM:s are rich in DRP1,
and mitochondrial division is induced at sites of MAMSs [67,68].

Aging leads to the disruption of Ca?* homeostasis and increased ROS generation, and
the Ca?* and ROS signaling pathways overlap and interact with each other [69]. ROS can
affect Ca?* homeostasis. The mitochondrial Ca?* uniporter (MCU) is the main Ca* channel,
and it is regulated by ROS through S-glutathionylation of cysteine 97 (C97). Oxidation
and mutation of C97 enhance the MCU channel activity, resulting in the elevation of the
ROS and Ca?* levels within mitochondria [70]. During ischemia/reperfusion, the redox-
sensitive protein CaMKII is activated, increasing Ca?* uptake via MCU and promoting
myocardial death and mPTP opening [71]. Ca®* can regulate the level of ROS. Studies
have shown that defective ER-to-mitochondrial Ca?* signaling increases mitochondrial
Ca?* levels, causing oxidative stress [72]. Ca®* diminishes ROS leakage from complexes
I and III under physiological conditions but increases ROS production during complex
blockage [73]. Furthermore, mitochondrial Ca?t uptake may cause a mild decrease in
the mitochondrial membrane potential, which may lead to increased ROS production via
alterations in the pH gradient at the inner mitochondrial membrane [74]. In conclusion,
Ca?* affects mitochondrial ROS production, while ROS modulate the activity of proteins to
ensure and control Ca?* flux between cellular compartments.

Decreased numbers of MAMs in senescent cells lead to a decrease in the ability of
mitochondria and endoplasmic reticulum to coordinately regulate [75]. Aging-associated
reduced ER content may lead to reduced MAMs, which can lead to decreased mitophagy
and trigger mitochondrial dysfunction [75,76]. Alterations in the mitochondrial-ER calcium
flux can also affect aging in mice. Deletion of the mouse ER calcium channel inositol 1,4,5-
trisphosphate receptor (ITPR or IP3R) reduced age-related alterations in MAMs [77]. Ca?*
may be an initiator of mitochondrial failure, leading to synaptic defects and neurodegen-
eration observed during aging [78]. Furthermore, Cherubini et al. [79] demonstrated that
abnormal DRP1-mediated mitochondrial fragmentation in the striatum of a mouse model
of Huntington’s disease caused mitochondria to move away from the ER and disrupted the
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mitochondrial-ER binding, thus causing defects in Ca efflux and overproduction of mito-
chondrial superoxide species. The above evidence suggests that aging can lead to changes
in MAMs, and targeted regulation of MAMs may be a target for potentially delaying aging
to promote health.

Recently, exercise has been shown to promote health by regulating MAMs. Audrey
Merle et al. [80] demonstrated that aerobic exercise induces a significant upregulation of de-
velopmental regulation and DNA damage 1 (REDD1) expression and that mitochondria-ER
interactions are reduced. Another study confirmed that swimming training prolonged the
lifespan of amyotrophic lateral sclerosis (ALS) mice accompanied by changes in MAM com-
ponents, such as lower mitochondrial cholesterol and enhanced caveolin-1 expression [81].
Exercise also mediates skeletal muscle health benefits by modulating calcium signaling.
Ca?* regulation is one of the main functions of MAMs, and exercise may improve the
regulation of Ca?* homeostasis by altering MAMs. Boncompagni et al. [82] demonstrated
that exercise prevented the inappropriate accumulation of stromal interaction molecule
(STIM) 1 and ORAI1 in ER tubular aggregates during aging, and STIM1 and ORAI1 are
the two main proteins that participated instore-operated Ca?* entry (SOCE), maintaining
the ability of aging muscles to replenish intracellular Ca?* stores through SOCE. STIM1
is a positive regulator of ITPR3 gene expression, and ITPR3 is enriched in the MAMs
involved in the regulation of Ca>* homeostasis [83,84]. The above evidence suggests that
exercise may mediate the health benefits of exercise by modulating MAMs and promote
mitochondrial homeostasis and skeletal muscle health by regulating Ca?* homeostasis
through MAMs.

3. Mitochondria-Associated Epigenetic Changes during Skeletal Muscle Aging

A complex relationship exists between epigenetics and aging, and epigenetic modifi-
cations can affect all tissues and cells throughout the life cycle [85]. Changes in epigenetic
modifications, such as DNA methylation and histone modifications, have become hall-
marks of aging [8]. The dimorphism of the distribution of muscle fiber types in different
sexes suggests that differences in the epigenetic changes of skeletal muscle potentially exist
between males and females during aging [27].

3.1. Aging-Associated Alterations in DNA Methylation

Skeletal muscle undergoes DNA methylation changes across the lifespan [86,87], and
DNA methylation as a marker of aging has been used as an epigenetic clock to predict the
physiological age of organisms [88]. DNA methylation downregulates gene expression
by inhibiting transcriptional processes. Exercise generally decreases the level of DNA
methylation in skeletal muscle, upregulates gene expression, and promotes skeletal muscle
adaptation [13]. Substantial evidence indicates that skeletal muscle aging can be delayed
by targeting the mitochondria—proteostasis axis. Therefore, altered DNA methylation
of nuclear genes encoding mitochondria-associated proteins and genes regulating mito-
chondrial function may contribute to the skeletal muscle aging phenotype by affecting
mitochondrial quality or function. Sex differences in skeletal muscle phenotypes are noted
during aging. Davegardh et al. [89] demonstrated differences in SIRT1 and KDM6A gene
DNA methylation in myoblasts derived from different sexes, and the study suggested
that differences in DNA methylation may lead to sex-dependent differences in skeletal
muscle phenotypes. Koczor et al. [90] found that PGC-1« transcription was reduced by
approximately 65% in aging skeletal muscle, accompanied by a decrease in PGC-1ae mRNA
stability, and altered expression patterns of PGC-1« transcriptional regulators, including
nuclear factor erythroid 2-related factor 2 (NRF2), undifferentiated embryonic cell tran-
scription factor 1 (UTF1), ATF2, and yin yang 1, in aging skeletal muscle. Additionally,
increased nuclear DNA methylation levels were found in aging skeletal muscle, and DNA
methyltransferase (DNMT) 3b protein levels were 1.9-fold higher than those in young
skeletal muscle. Therefore, aging may affect mitochondrial biogenesis and skeletal muscle
health by increasing DNMT3b expression, upregulating nuclear genome methylation levels,
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and downregulating PGC-1« protein expression. This idea can be supported by the study
of the myocardium by Rawat et al. [91] who found that doxorubicin treatment affected
DNMT protein levels, which downregulated the expression of transcription factors, such
as PGC-1«, and thus affected mitochondrial function. In addition, UPRmt is regulated
by DNA methylation. DNA methylation in the ATF5 promoter region was decreased,
and ATF5 mRNA expression was elevated in glioma tissues compared with normal tis-
sues [92]. Similarly, in HCC tissues, the ATF5 promoter region was hypermethylated,
and ATF5 mRNA and protein expression levels were downregulated [93]. Mitochondrial
homeostasis-related genes are regulated by DNA methylation. Aging leads to changes in
DNA methylation, affecting mitochondrial homeostasis-related gene expression, which
subsequently leads to mitochondrial dysfunction.

3.2. Aging-Associated Alterations in Histone Posttranslational Modifications

Benayoun et al. [10] summarized the changes in histone posttranslational modifi-
cations (hPTMs) found in different biological aging organisms, such as C. elegans, flies,
mice, and Homo sapiens, and found that histone modifications H3K9mel, H4K20me2,
H4K20me3, and H3K4me3 were upregulated in aging individuals. In contrast, H3K9me?2,
H3K9me3, H4K27me3, H4K56ac, and H4K16ac were downregulated in aging individuals.
Similarly, targeted regulation of histone methylation-modifying enzymes regulates the
lifespan through histone modifications, such as sirtuin (SIRT) 1, SIRT6, silent information
regulator (SIR) 2, and general control nonderepressible (GCN) 5, upregulating the lifes-
pan in different species. In contrast, UTF1, Jumonji domain-containing protein (JMJD) 2,
lysine-specific demethylase 1, SET9, SET15, serum antigenic substance (SAS) 3, and SAS2
downregulate the lifespan [10]. The above evidence shows that aging is associated with a
variety of apparent modifying enzymes and histone modifications. Nagarajan et al. [11]
demonstrated that histone acetyltransferase 1 (HAT1) expression was decreased in the
skeletal muscle of aged mice and found that HAT1 knockout mouse models showed char-
acteristics of early onset of aging-associated phenotypes such as mitochondrial dysfunction
and muscle atrophy. When considering the inextricable relationship between mitochondria
and aging, it can be hypothesized that histone methylation modification of mitochondrial
protein-related genes encoded by nuclear DNA is also related to skeletal muscle aging.
In addition, UPRmt activation is regulated by histone modifications. Various histone-
modifying enzymes regulate mitochondrial homeostasis and longevity by affecting UPRmt,
such as histone methyltransferases microbial ecosystem therapeutic-2 (MET-2) and nuclear
cofactor lin-65 [94], histone lysine demethylases J]MJD-1.2/PHF8 and JMJD-3.1/JMJD3 [95],
acetyltransferase CREB-binding protein 1 [96], and HDAC1 [97]. These findings suggest
that epigenetic mechanisms may play an important role in the aging-induced suppression
of UPRmt activation. Therefore, targeting histone modifications may be an effective method
of improving mitochondrial homeostasis and promoting skeletal muscle health.

3.3. Aging-Associated Alterations in miRNA Expression

With increasing age, microRNAs (miRNAs) in organisms appear to be differentially ex-
pressed or have dysregulated activity, so miRNAs have the potential to be aging markers or
aging modulators. As early as in 2008, Drummond et al. [98] demonstrated that pri-miR-1-1,
pri-miR-1-2, pri-miR-133a-1, and pri-miR-133a-2 expression was elevated in older men
compared to younger men. Jia et al. [99] similarly found that miR-133a, miR-133c, miR-192,
and miR-151-3p may play an important role in muscle growth and development in sika deer
skeletal muscle, and miR-17-5p, miR-378b, miR-199a-5p, and miR-7 may play a key role in
skeletal muscle aging. The abundant miR-133a in skeletal muscle plays an important role in
mitochondrial function and the aging process of skeletal muscle. Moreover, a sex difference
in miR-133a and miR-133b content in the quiescence state was observed [100]. These results
suggest that there may be sex differences in miRNA regulation. In addition, miR-131a
can also regulate muscle development. The absence of miR-131a in mouse skeletal muscle
induces a decrease in mitochondrial biogenesis, basal metabolic rate, and exercise capac-
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ity [101]. Thus, miR-131a can mediate the development of aging by affecting mitochondrial
biogenesis and mitochondrial function. Mitochondrial dysfunction in aged skeletal muscle
is also an important risk factor for sarcopenia [7]. Goljanek-Whysall et al. [4], established
that miR-181a is an endogenous regulator of mitochondrial dynamics. The expression of
miR-181a is downregulated during aging, leading to an increase in abnormal mitochondria
and activating mitophagy-related proteins, whereas miR-181a overexpression prevents the
accumulation of p62, DJ-1, and PARK2 and improve mitochondrial dynamics and skeletal
muscle function. Several studies have confirmed that UPRmt is regulated by miRNAs.
Dahlmans et al. [102] demonstrated that silencing miR-382 in C2C12 myotubes induces
mitochondprial nucleoprotein imbalance and activates UPRmt. In heart failure cardiomy-
ocytes after ischemia, miR-129-5p and miR-489 regulate UPRmt by targeting ATF5 and
LONP1 [103].

In conclusion, nuclear DNA methylation, histone modifications, and miRNA modifi-
cations in skeletal muscle are all altered with increasing age. Alterations in these epigenetic
modifications subsequently induce skeletal muscle dysfunction by downregulating mito-
chondrial content and function (Figure 1). Research evidence shows that genes that target
and regulate nuclear DNA encoding mitochondria-related proteins can induce skeletal
muscle health and prevent skeletal muscle aging by upregulating mitochondrial content
and function.

7=

Muscle aging

UPR™ | Mitoch.ondrial Mitophagy Mitochondrial MAMs |
dynamics { biogenesis |

' ~
5'/ UPR™ @ @D ) Mitochonndrial \

= VK
8OHG
é\ 5-methylcytosine

Mitochondrial dysfunction
@ 5-hydroxymethylcytosine

A Histon methylation
Muscle dysfunction

Histon acetylation

Figure 1. Aging induces skeletal muscle mitochondrial dysfunction via epigenetic modifications.
Skeletal muscle aging affects nuclear genomic DNA methylation, hPTMs, and miRNA expression,
which subsequently inhibit mitochondrial quality control, leading to mitochondrial and skeletal
muscle dysfunction. For abbreviations, see the list at the end of the paper.

4. Exercise Mitigates Skeletal Muscle Aging via the Regulation of
Mitochondria-Associated Epigenetics

4.1. Exercise-Induced Alterations in DNA Methylation
Accumulating evidence suggests that exercise-induced mitochondria-associated DNA

methylation plays an important role in the health benefits of exercise. Research in the
field of exercise training and DNA methylation has shown that the main regulator of mito-
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chondrial biogenesis is PGC-1o. As early as in 2012, Barres et al. [104] demonstrated that
promoter methylation of PGC-1«, TFAM, myocyte enhancer factor (MEF) 2A, and pyruvate
dehydrogenase kinase 4 (PDK4) was significantly reduced in the soleus muscle after acute
exercise and that the PPAR-5 gene showed delayed hypomethylation 3 h after exercise. Ba-
jpeyi et al. [105] similarly demonstrated that after acute exercise in humans, demethylation
of the skeletal muscle PGC-1-260 CpG site, upregulation of the PGC-1ac mRNA expression,
and increased mitochondrial biogenesis are noted. Hunter et al. [106] demonstrated that
DNMT3a and DNMT3b mRNA expression decreased after exercise and that the degree
of genome-wide DNA methylation and methylation of the PGC-1« gene promoter was
reduced. In addition, sex-related differences in exercise-induced DNA methylation changes
in skeletal muscle potentially occur [107]. A meta-analysis identified that DNA methylation
changes to a greater extent in females than in males after exercise, suggesting sex differences
in epigenetic responses to exercise [108]. These studies all suggest that exercise can affect
mitochondrial biogenesis by altering the DNA methylation of the genes involved in mito-
chondrial biogenesis in skeletal muscle. Maasar et al. [109] found that young male athletes
had reduced methylation of genes related to adenosine 5'-monophosphate-activated pro-
tein kinase (AMPK), mitogen-activated protein kinase, protein binding, insulin, and axonal
guidance pathways after 30 min of exercise and increased PGC-1« expression. In addition,
Rasmussen et al. [110] demonstrated that 20 min after a single exercise, methylation of the
promoter of the TFAM gene, a regulator of mtDNA transcription and replication, decreased,
and TFAM mRNA levels increased. In addition, Small et al. [111] demonstrated that the
DNA methylation of genes related to muscle development decreased in skeletal muscle
in DNMT3A knockout mice. Therefore, we hypothesize that exercise may upregulate
mitochondrial biogenesis by downregulating the expression of DNMTs and reducing the
methylation levels of mitochondria-related genes, such as PGC-1a and TFAM, resulting
in skeletal muscle health benefits. Based on the above evidence, exercise may regulate
mitochondrial content, quality, and function by inducing changes in mitochondria-related
DNA methylation modification patterns in skeletal muscle, which subsequently promotes
skeletal muscle health and prevents skeletal muscle aging.

4.2. Exercise-Induced Alterations in Histone Posttranslational Modifications

Exercise can affect gene expression and can regulate mitochondrial function by regu-
lating epigenetic modifications such as histone methylation, acetylation, and ubiquitination.
Exercise-induced PGC-1x gene expression is regulated not only by DNA methylation, but
also by histone methylation. Lochmann et al. [112] demonstrated that in a mouse acute
exercise model, the PGC-1a promoter transcriptional activity marker H3K4me3 levels in-
creased 2—4-fold and the PGC-1oc mRNA levels increased in the quadriceps femoris muscle.
Exercise may improve skeletal muscle health by increasing H3K4me3 modification in the
PGC-1a promoter, upregulating PGC-1« protein expression, and increasing mitochondrial
biogenesis. Furthermore, exercise can also regulate gene expression by altering histone
acetylation modifications. Exercise-induced SIRT1 expression, which regulates PGC-1a
expression through epigenetic modifications, has been widely reported. Exercise-induced
PGC-1x expression may be regulated by histone deacetylases (HDACs) [113]. Exercise
increased the expression of the NRF1 and MEF2A genes by inducing increased acetylation
in the NRF1 and MEF2A promoters [114], and two MEF2 binding sites on the PGC-1c
gene promoter were noted. MEF2 is an upstream regulator of PGC-1x and upregulates
the expression of PGC-1« [115]. In addition, Masuzawa et al. [116] found that 2 h after
acute exercise in rats, the level of histone 3 acetylation at the proximal promoter of PGC-1a
increased in a muscle fiber type-dependent manner, which was accompanied by an increase
in the level of PGC-1oc mRNA. Taken together, these studies linking exercise to posttransla-
tional modifications of mitochondria-related genes histones suggest that exercise-induced
regulation of posttranslational modifications of mitochondria-related genomic proteins
may be an important link in the exercise-induced adaptive responses in skeletal muscle.
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Exercise may promote skeletal muscle health and prevent skeletal muscle aging by altering
hPTMs.

4.3. Exercise-Induced Alterations in miRNA Expression

In addition to DNA methylation and hPTMs, miRNA-mediated epigenetic regulation
may alter gene expression and affect protein translation processes through posttranscrip-
tional regulation. Those miRNAs that derive from skeletal or cardiac muscle are termed
muscle-specific microRNAs (myomiRs). Only seven myomiRs associated with skeletal
muscle have been identified, namely, miR-1, miR-133a, miR-133b, miR-206 (expressed only
in skeletal muscle), miR-208b, miR-486, and miR-499, and the expression levels of these
miRNAs depend on exercise intensity [117]. Russell et al. [118] demonstrated that exercise
not only upregulates the expression level of myomiRs, but can also increase the expression
of miRNA maturation-related proteins such as Drosha, Dicer, and exportin-5. Rodrigues
et al. [119] demonstrated by skeletal muscle injection of miR-1 that miR-1 overexpression
can activate p-AMPK, upregulate PGC-1x and carnitine palmitoyltransferase 1b protein
expression, and improve skeletal muscle mitochondrial biogenesis and skeletal muscle
oxidative metabolism. Nie et al. [101] demonstrated that 6 weeks of endurance exercise
increased the level of miR-133a and increased the expression of the mitochondrial biogene-
sis regulators PGC-1«, peroxisome proliferative activated receptor gamma coactivator-13
(PGC-18), NRF1, and TFAM in skeletal muscle of wild-type mice, followed by upregulation
of mitochondrial biogenesis. In addition, the researchers showed that exercise-induced mi-
tochondprial biogenesis was blocked in miR-133a knockout mice. These results suggest that
miR-133 plays an important role in regulating exercise-induced skeletal muscle adaptation
and health. In addition to myomiRs, exercise may also regulate mitochondria by regulating
the expression of other types of miRNAs. Sun et al. [120] demonstrated that miR-494
and miR-696 were significantly decreased in the gastrocnemius muscle, accompanied by
increased NRF1 mRNA and PGC-1a protein expression after 8 weeks of spontaneous wheel
running exercise in mice, suggesting that exercise may regulate mitochondrial biogenesis by
regulating miRNA expression. Recently, Massart et al. [121] demonstrated that miR-19b-3p
expression was increased in the skeletal muscle of both humans and mice after endurance
exercise. Overexpression of miR-19b-3p in mouse skeletal muscle can upregulate AMPKo
and mitochondrial complex subunits and increase glucose transport and OXPHOS [121]. To
date, there has been no research on miRNA differences in skeletal muscle of different sexes
after exercise, but one study found sex differences in miR-4675, miR-6745, and miR-6746-3p
in saliva after long-distance running [122].

In conclusion, exercise can regulate mitochondrial content and function through epi-
genetic modifications such as DNA methylation, hPTMs, and miRNA expression, which
subsequently maintain the health of skeletal muscle and prevent skeletal muscle aging.
Therefore, different types of epigenetic modifications represent potential targets for pre-
venting skeletal muscle aging and treating skeletal muscle-related diseases.

5. Role of ROS in the Epigenetic Modification of Skeletal Muscle Mitochondria

Skeletal muscle is the major energy-consuming organ, and the required ATP is mainly
provided by mitochondrial aerobic metabolism. During mitochondrial aerobic respiration
to generate ATP, ROS are inevitably generated as byproducts. ROS are mainly produced by
mitochondria. ROS in cells play a bidirectional regulatory role, and physiological levels of
ROS play a crucial role in exercise-mediated signal transduction in skeletal muscle cells.
However, ROS beyond the antioxidant capacity of cells can oxidize proteins, lipids, DNA,
and RNA, causing oxidative stress. ROS act as regulators of epigenetic modifications and
regulate gene expression by regulating epigenetic modifications such as DNA methylation,
hPTMs, and miRNA expression [15,123,124]. Recent studies have shown that exercise-
induced physiological levels of ROS lead to extensive changes in the epigenome of skeletal
muscle cells, modulating gene expression and promoting skeletal muscle health benefits.
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Exercise appears to promote mitochondrial health by inducing ROS to alter mitochondrial-
related gene epigenetic modifications (Figure 2).
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Figure 2. Exercise-induced ROS regulate epigenetic modifications. (a) Exercise-induced ROS down-
regulate DNA methylation. ROS can directly inhibit DNA methylation via the formation of SOHG;
ROS can inhibit DNA methylation by downregulating the availability of SAM; ROS can also regu-
late the activity and/or expression of DNMTs and TETs, inducing a decrease in DNA methylation.
(b) Exercise-induced ROS can affect hPTMs. ROS can decrease histone methylation by downregulat-
ing SAM availability; ROS can increase histone methylation modification by upregulating HMTs; ROS
can increase histone acetylation by upregulating acetyl-CoA availability or by inducing class I HDAC
nuclear export through CaMKII; and ROS downregulate histone acetylation by upregulating class I/1I
HDAC:S. (c) Exercise-induced ROS regulate miRNA expression. ROS can directly oxidize miRNA and
change the target mRNAs of miRNA; ROS can promote miRNA biogenesis by upregulating Drosha,
Dicer, and extrotin-5; however, acute high-intensity exercise-induced ROS may cause oxidative stress
and inhibit miRNA biogenesis by downregulating Dicer and AGO2. For abbreviations, see the list at
the end of the paper.

5.1. ROS Are Necessary for Exercise-Induced Skeletal Muscle Health Benefits

In the classic view, ROS act as a double-edged sword in cellular processes; excess ROS
can cause oxidative stress, and physiological levels of ROS play an essential role in cell
signaling [125-127]. Skeletal muscle ROS induced by regular exercise play an essential
role in cellular signaling pathways that promote adaptive changes in skeletal muscle,
such as increasing protein synthesis, activating insulin signaling, inducing mitochondrial
biogenesis, activating signaling pathways, controlling skeletal muscle production, affecting
gene expression, and positively regulating antioxidants [128]. Although previous studies
have suggested that antioxidant supplementation is beneficial for health, the current
mainstream view is that antioxidant supplementation during exercise does not promote
adaptive skeletal muscle changes but can even inhibit exercise-mediated health benefits.
For example, Ristow et al. [129] demonstrated that exercise-induced ROS may play a
role in promoting insulin sensitivity and antioxidant defense in humans by upregulating
PGC-1a, PGC-1$3, SOD1, SOD2, and glutathione peroxidase 1. Daily intake of vitamins C
and E almost completely eliminated the changes in the expression of these genes and the
increase in insulin sensitivity after exercise [129]. Recently, Wang et al. [130] demonstrated
that regular exercise could activate UPRmt and increase the content of SOD2. However,
the expression of c-JUN, the C/EBP homologous protein, HSP60, CLpP, SIRT3, high-
temperature-regulated A2 (also known as OMI), and SOD2 decreased after intervention
with mitochondrial-derived ROS (mtROS) with the mitochondria-targeted antioxidant
MitoTEMPO. These results suggest that mtROS are a key factor for exercise to promote
UPRmt. Thus, antioxidant supplements prevent many of the beneficial effects of exercise on
metabolism. This evidence demonstrates that ROS are necessary for the exercise-induced
health effects in skeletal muscle. We cannot deny that oxidative stress caused by aging
induces changes in epigenetic modifications in skeletal muscle [15], whereas exercise can
reduce aging-related oxidative stress by upregulating the antioxidant capacity of skeletal
muscle [131,132]. Considering that exercise-induced ROS are a necessary condition for
exercise-induced skeletal muscle health, we paid more attention to the biological role of
exercise-induced ROS as signaling molecules in the regulation of skeletal muscle epigenetic
modifications.

5.2. ROS Regulate DNA Methylation

ROS can alter DNA methylation patterns through multiple pathways. High levels of
ROS cause oxidative DNA damage, and then DNMT1 and poly ADP-ribose polymerase 1
are recruited to specific recognition sites to induce gene promoter methylation. How-
ever prolonged ROS exposure induces demethylation by catalyzing the conversion of
5-methylcytosine (5-mC) to 5-hydroxymethylcytosine (5-hmC) by upregulating ten—eleven
translocation (TET) enzyme s [133]. ROS can also oxidize guanosine to 8-oxo-7,8-dihydro-2’-
deoxyguanosine (8OHG) to affect DNA methylation. When 8OHG persists, it inhibits DNA
methylation, and 8-oxoguanine DNA glycosylase (OGG) 1 attached to SOHG promotes
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DNA demethylation by recruiting TET1, resulting in DNA hypomethylation and transcrip-
tional activation [14,134,135]. Exposure to ROS upregulates cellular TET activity and pro-
motes the conversion of 5-mc to 5-hmc, so TETs can be used as a link between cellular redox
status and epigenome maintenance [136]. ROS can also modulate S-adenosylmethionine
(SAM) availability, affecting DNA methylation and histone methylation modifications.
ROS decrease SAM synthesis by inhibiting methionine synthase and methionine adeno-
syltransferase; on the other hand, the methionine residue generates glutathione (GSH)
through cysteine metabolism, which further reduces SAM synthesis and downregulates
DNA methylation and histone methylation [15,137] (Figure 2a).

Strenuous exercise induces increased ROS production [138], leading to GSH deple-
tion, which alters the glutathione disulfide (GSSG)/GSH ratio, affects SAM availability,
and downregulates DNA methylation modifications. Stephens et al. [139] demonstrated
that 10 weeks of aerobic exercise can downregulate the methylation of promoters of genes
related to mitochondrial function and glutathione metabolism. The above studies showed
that exercise-induced ROS may affect mitochondrial epigenetic modifications and promote
mitochondprial function by altering the GSSG/GSH ratio. Hunter et al. [106] demonstrated
that DNMT3a and DNMT3b mRNA expression was decreased after exercise and that both
genome-wide DNA methylation and methylation of the PGC-1x gene promoter were de-
creased. Considering that ROS regulate DNMT protein expression, exercise-induced ROS
may improve mitochondrial function by downregulating the expression of DNMTs and
the DNA methylation of mitochondria-associated genes. Of course, exercise-induced ROS
may also downregulate mitochondria-associated gene DNA methylation by increasing TET
protein activity. Carter et al. [9], however, found that PGC-1« transcription was reduced by
approximately 65% in aging skeletal muscle and was accompanied by reduced PGC-1o
mRNA stability. Altered expression patterns of PGC-1« transcriptional regulators were
also observed in aging muscle, including NRF 2, UTF 1, ATF 2, and yin yang 1. In addition,
nuclear genome methylation levels were increased in aging muscle, with DNMT3b protein
levels increased 1.9-fold compared with young muscle. Therefore, exercise-induced physio-
logical levels of ROS may lead to hypomethylation of nuclear mitochondria-related genes
via downregulation of DNMTs and upregulation of TETs, which promote mitochondrial
function and skeletal muscle health, while aging-induced high levels of ROS may play the
opposite role.

5.3. ROS Regulate Histone Posttranslational Modifications

ROS affect hPTMs by modulating epigenetic regulators and enzymatic activity. Class
I/II HDAC activity is elevated under short-term oxidative stress conditions, resulting in
reduced global histone acetylation [123]. Recently, Pradhan et al. [124] treated cells with
sublethal doses of hydrogen peroxide (H;O,) and found enhanced expression of DNMT
and HDAC, elevated DNA methylation of the cdc20 homolog 1 promoter, increased en-
richment of H3K9me3 and H3K27me3 modifications, and inhibition of gene expression.
ROS can also modulate histone acetylation modifications by modulating the availability
of acetyl-coenzyme A (acetyl-CoA), a substrate for histone acetylation. Seo et al. [140]
found that HyO, treatment of cells increased glucose uptake and promoted increased
acetyl-CoA levels. Marmisolle et al. [141] found that HyO; reduces the mRNA level of
acetyl-CoA carboxylase (ACC), an enzyme that catalyzes the ATP-dependent carboxylation
of acetyl-CoA to malonyl-CoA and inhibits the consumption of acetyl-CoA. Exercise in-
duces phosphorylation activation of calmodulin-dependent protein kinase II (CaMKII) and
AMPK via ROS [142,143], induces phosphorylation-dependent nuclear export of class Ila
HDACSs, and increases histone acetylation modifications [144]. A slight increase in ROS
concentration induces upregulation of the SIRT1 protein, whereas high levels of HyO, result
in SUMOylation and proteasomal degradation of the SIRT1 protein [145,146] (Figure 2b).

Furthermore, the acetylation level of H3 at the promoter of PGC-1« increased in
a muscle fiber type-dependent manner at 2 h after acute exercise in rats, which was
accompanied by an increase in PGC-1a mRNA levels [116]. ROS-induced increases in SIRT1
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protein expression can also affect p53 and FOXO3a, increasing mitochondrial antioxidant
capacity by upregulating SOD2 and catalase [145].

Histone methylation is similarly regulated by exercise and ROS. Histone methyltrans-
ferases (HMTs), such as DNMT, use SAM as a substrate to regulate histone methylation
modifications, and SAM availability is regulated by ROS [15,137]. ROS can regulate multi-
ple types of histone methylation modifications, including transcriptional activation mark-
ers H3K4me2/3 and transcriptional repression markers H3K9me2/3 and H3K27me3 [14].
H3K4 methylation is highly enriched at promoter regions and transcription start sites
and increases with exercise [147]. Lochmann et al. [112] demonstrated that acute exercise
in mice resulted in a 2—4-fold increase in the level of the transcriptional activity marker
H3K4me3 at the PGC-1a promoter in the quadriceps femoris and an increase in the level
of PGC-1oc mRNA expression. The above evidence suggests that exercise-induced ROS
can promote PGC-1«x protein expression, increase mitochondrial biogenesis, and improve
skeletal muscle health by upregulating the transcriptional activation marker H3K4me3 and
histone acetylation.

5.4. ROS Regulate miRNA Expression

In addition to DNA methylation and histone modifications, miRNAs can also alter
gene expression through posttranscriptional regulation and protein translation process
regulation. ROS can also directly oxidize certain miRNAs and hydroxylate guanine to
generate 8-oxo-7,8-dihydroguanosine (8OHG), altering its structure and stability [148].
Recent studies have found that miRNA-specific position 8-oxoguanine (O8G) modification
can alter the target mRNA of miRNA and play an epigenetic regulatory role [149,150]. ROS
can affect miRNA maturation by downregulating the expression of Dicer and posttransla-
tionally modifying argonaute-2 (AGO2) and altering Dicer and AGO?2 activities [151]. ROS
can also alter miRNA expression by regulating DNMT1 and HDAC?2 [152,153] (Figure 2c).

As early as in 2009, Safdar et al. [154] demonstrated that exercise upregulates the PGC-
la protein and promotes mitochondrial biogenesis by inhibiting the expression of miR-23,
a negative regulator of PGC-1a mRNA. Subsequently, multiple studies have demonstrated
that exercise can regulate the biogenesis and function of mitochondria by regulating various
miRNAs, such as miR-133a, miR-494, miR-696, and miR-196-3p [101,120,121]. Exercise not
only regulates the expression level of miRNA, but also increases the expression of miRNA
biogenesis-related proteins such as Drosha, Dicer, and exportin-5 [118]. ROS can regulate
all processes of miRNA biogenesis [151]. Thus, exercise may regulate the expression or
activity of miRNA biogenesis-related proteins, such as Dicer and AGO?2, by inducing ROS,
altering miRNA expression, promoting mitochondria-associated protein expression, and
inducing skeletal muscle health.

In conclusion, ROS can affect multiple epigenetic modifications through different
regulatory mechanisms according to concentration and exposure time, and the regulatory
effect of ROS on the same epigenetic modification cannot be generalized. The physiological
level of ROS induced by exercise can alter mitochondria-related epigenetic modifications,
upregulate mitochondrial protein expression, and promote mitochondrial health by af-
fecting various epigenetic modifications, such as DNA methylation, hPTMs, and miRNA
expression.

6. Exercise Modulates Myokine Expression
6.1. Exercise Reverses Myokine Expression during Aging

Skeletal muscle is the largest organ in the human body and is a highly differentiated
tissue with high plasticity. Skeletal muscle is also a secretory organ. Cytokines and peptides
whose production, expression, and release from muscle fibers are promoted by muscle
contraction are called “myokines” [155]. According to Skel et al., muscle plays autocrine,
paracrine, and endocrine roles and communicates with other organs, such as adipose tissue,
liver, pancreas, bone, and brain, through myokines [156,157]. Scientists collectively refer to
the exercise-induced signaling molecules produced by skeletal muscle, cardiac muscle, liver,
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and adipose tissue as “exerkines” [158]. Many myokines induced by muscle contraction
belong to muscle-derived exerkines [159,160]. The contents of various myokines, such as
interleukin (IL)-6, irisin, myostatin (MSTN), brain-derived neurotrophic factor (BDNEF),
and apelin, also change correspondingly with increasing age (Figure 1).

IL-6 was the first discovered and most extensively studied muscle factor [161]. Studies
have shown that IL-6 is a double-edged sword with bidirectional regulatory effects of anti-
inflammatory and proinflammatory effects [162,163]. Aging results in increased cellular
IL-6 expression, and increased IL-1f3 and tumor necrosis factor TNF(TNF)-« expression ex-
erts extensive proinflammatory effects, resulting in skeletal muscle atrophy [164]. However,
IL-6 levels in skeletal muscle and plasma were also elevated after exercise [165]. Exercise is
considered an anti-inflammatory intervention that can reduce or even reverse the muscle
wasting process in cancer cachexia [164]. In tumor animal models, resistance training can
increase the IL-10/TNF-« ratio and plasma IL-10 levels, exerting an anti-inflammatory
effect [166]. Studies of marathoners have found that exercise leads to a significant increase
in both IL-6 and IL-10 levels in plasma, exerting anti-inflammatory effects [167]. Exercise-
induced IL-6 acts as an anti-inflammatory myokine by inhibiting TNF-a and improving
glucose uptake by stimulating AMPK signaling [164]. Therefore, exercise-induced IL-6-
mediated anti-inflammatory effects play an important role in exercise-induced skeletal
muscle health. Li et al. found that mitochondrial respiration and enzyme activity were
reduced in skeletal muscle and partially restored to normal after exercise training in an
IL-6-deficient mouse model [168]. These results suggest that exercise-induced IL-6 has a
regulatory effect on skeletal muscle mitochondria.

Irisin, discovered by the Spiegelman team [169], has been the most studied myokine in
recent years. Irisin is a fragment that is produced when splicing or cutting fibronectin type
III domain-containing 5 (FNDC5), which has the function of converting white to brown
fat and increasing skeletal muscle glucose uptake. Studies have shown that circulating
irisin levels are associated with obesity, glucose tolerance, and insulin resistance status
in the middle-aged Chinese population [170]. Irisin expression correlates with age and
exercise. With increasing age and the occurrence of muscle atrophy in aged mice and
elderly humans, the level of circulating irisin decreases, and both endurance exercise and
resistance exercise can upregulate irisin expression and the circulating irisin content in the
skeletal muscle of aging individuals [171-175]. Resistance exercise induced a greater irisin
response than endurance exercise [176]. Exercise upregulates FNDC5/irisin expression via
PGCla, enhances mitochondrial fission and mitophagy, and improves myopathy following
critical limb ischemia in aged mice [177].

MSTN plays an important role in skeletal muscle atrophy by increasing protein
degradation [178]. MSTN increases with age, leading to the degeneration of skeletal
and smooth muscle [179]. Exercise can reduce the levels of skeletal muscle and circulating
MSTN [180-182], prevent T2DM and muscle atrophy, and protect skeletal muscle. Recent
studies have shown that MSTN may induce an abnormal increase in mitochondrial fission
by upregulating DRP1 protein expression, leading to skeletal muscle dysfunction in chronic
obstructive pulmonary disease [183]. Therefore, exercise may improve mitochondrial
homeostasis and promote skeletal muscle health by downregulating MSTN expression.

BDNF levels also decreased with age [184]. Decreased BDNF is associated with age-
related hippocampal dysfunction, memory impairment, and an increased risk of depression,
and exercise prevents aging-induced cognitive dysfunction by activating the hippocam-
pal PGC-1«/FNDC5/BDNF pathway [185]. In addition, exercise induces an increase in
skeletal muscle and circulating BDNF expression, which plays a role in the regulation of
mitochondprial function in muscle and other tissues by activating AMPK [186,187].

Recently, apelin has been shown to play an important role in combating age-related
muscle atrophy, activating AMPK, promoting mitochondrial biogenesis, and stimulating
skeletal muscle regeneration [188]. Apelin decreases with age, and skeletal muscle con-
traction leads to increased apelin production [188,189]. In addition, maternal exercise
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during pregnancy increases skeletal muscle function in offspring mice by increasing apelin
signaling and mitochondrial biogenesis [190].

In conclusion, a variety of myokines change with age, and exercise, as a nonphar-
macological treatment, can effectively reverse age-related changes in myokines, regulate
mitochondrial function, promote skeletal muscle health, and prolong lifespan.

6.2. Exercise Modulates Myokine Expression via Epigenetic Regulation

Myokine expression changes with increasing age. Exercise can reverse the changes in
myokines with age. However, the mechanism by which exercise regulates myokine expres-
sion is not entirely clear. Exercise may directly regulate myokine gene DNA methylation,
hPTMs, and miRNA expression and can regulate gene expression.

Exercise may upregulate IL-6 expression by altering epigenetic modifications. Exercise
induced an increase in plasma IL-6 levels that was accompanied by a decrease in DNMT3b
nuclear concentration in peripheral blood mononuclear cells, and a strong correlation was
noted between a decrease in DNMT3b nuclear concentration and an increase in plasma IL-6
concentration after exercise [191]. It is suggested that exercise may increase the expression
of IL-6 by reducing the nuclear concentration of DNMT3b and reducing DNA methylation.
The study also showed that the nuclear concentration of DNMT3B decreased immediately
after exercise by approximately 78% in young men, 72% in young women, 61% in adult
men, and 53% in adult women [191]. Similarly, immediately after exercise, plasma IL-6
concentrations were increased approximately 35-fold in young men, 27-fold in young
women, 25-fold in adult men, and 12-fold in adult women [191]. These results suggest
that exercise-induced elevation of IL-6 and decreased nuclear concentration of DNMT3b
are related to sex. Supplementation with different nutrients had different effects on the
DNA methylation of the IL-6 gene with omega-3 polyunsaturated fatty acids increasing
DNA methylation, whereas supplementation with extra virgin olive oil decreased DNA
methylation [106]. In addition, IL-6 expression is also regulated by histone acetylation.
Klymenko et al. [192] demonstrated that HDACS is a negative epigenetic regulator of
IL-6 synthesis and release in skeletal muscle and that HDACS inhibits IL-6 expression by
downregulating the IL6 promoter H3K9Ac modification. IL-6 expression is also regulated
by miRNAs. The highly expressed miR-1, miR-146a, miR-181, and miR-155 in plasma
were positively correlated with IL-6 levels after exercise [193]. IL-6 is a direct target of
miR-223-3p, which can directly bind the 3’ untranslated region (UTR) of IL-6 and inhibit
IL-6 expression [194,195]. The above evidence suggests that IL-6 expression is regulated by
multiple epigenetic modifications.

Kim et al. [16] treated Huh? cells with HDAC inhibitor sodium butyrate or DNA-
demethylating agent 5-azacytidine and found increased H3 acetylation and decreased
H3K27 methylation of the FNDC5 gene promoter and increased FNDC5 mRNA levels.
These researchers showed that FNDC5 expression may be regulated by gene promoter DNA
methylation and histone modifications. In addition, the expression of FNDC5/irisin is
also regulated by ncRNAs. MiR-135a-5P inhibits the expression of FNDC5 [196]. Acting as a
sponge of miR-135a-5p, circRNA ATF4 could upregulate the expression of FNDC5/irisin [17].
Exercise induced neurogenesis in the mouse hippocampus and the proliferation of neural
precursor cells of the dentate gyrus of aged mice by downregulating miR-135a-5p [197].
Therefore, exercise may promote FNDC5/irisin expression by regulating epigenetic modifi-
cation of the FNDC5/irisin gene.

Exercise can reduce the levels of skeletal muscle and circulating MSTN [180-182]. Fan
et al. [198] demonstrated that sulforaphane treatment of porcine satellite cells inhibited
MSTN expression by reducing histone acetylation enrichment in myogenic determination
gene number 1 binding sites in the MSTN promoter. Low-protein diets fed to sows during
gestation and lactation led to significant enrichment of MSTN gene promoters H3K9Ac
and H3K4me3, upregulation of MSTN expression, and slow skeletal muscle growth of
weaning piglets [18]. Treatment of C2C12 cells with siRNA targeting the MSTN gene
promoter yielded enrichment of H3K9me?2 in the MSTN promoter, resulting in silencing of
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MSTN [199]. MSTN expression is also regulated by miRNAs. Inhibition of miR-143 resulted
in a 50% reduction in MSTN expression [200]. MiR-499 and miR-208b may synergistically
target MSTN transcripts and downregulate MSTN expression [201]. Therefore, exercise
may promote MSTN expression by regulating hPTMs and miRNA expression.

A single exercise bout reduces DNMT1 and DNMT3b levels in the adult rat hip-
pocampus, downregulates DNA methylation in BDNF gene promoter IV, and increases
BDNF gene expression [19]. Similarly, short-term exercise could alter the DNA methylation
pattern of the BDNF gene and increase BDNF mRNA levels in the mouse hippocam-
pus [202]. BDNF expression is also regulated by histone modifications. Exercise can induce
an increase in the acetylation level of H3 and H4K8 in the BDNF gene promoter and up-
regulate BDNF expression [203,204]. Exercise can also inhibit HDAC2/HDACS3 through
-hydroxybutyrate followed by increased histone H3 acetylation to upregulate BDNF
expression [205]. In addition, BDNF expression is also regulated by miRNAs [20]. For
example, miR-140, miR-211, and miR-103a in human astrocytes [206-208] and miR-206 in
the mouse brain [207] can regulate BDNF expression. Exercise also upregulated BDNF
expression by inducing miRNAs. Running wheel exercise can recover hippocampal-related
cognitive deficits caused by traumatic brain injury in mice, and the recovery process is
related to miR-21 and miR-34a [209]. Therefore, exercise could promote BDNF expression
by regulating the epigenetic modification of the BDNF gene.

Animal studies have shown that apelin expression is regulated by DNA methyla-
tion. Using high-throughput sequencing, Mishra et al. [210] found that greater than 10%
DNA methylation of the CpG island of the apelin gene, resulting in a 5.9-fold reduction
in apelin expression. Rat ozone exposure decreased the DNMT activity, and Dnmt3a/b
gene expression increased DNA methylation in the apelin gene promoter and decreased
apelin expression [211]. Contrasting findings have also been reported. Keleher et al. [212]
demonstrated that hepatic apelin gene promoter DNA methylation was increased in the
daughters of high-fat-fed mothers, but apelin was highly expressed. In addition, miR-224,
miR-765, and miR-195 inhibit apelin expression [213-215]. Recent studies have demon-
strated that miR-122-5P negatively regulates autophagy, apoptosis, and oxidative stress in
rat cardiac fibroblasts by regulating the apelin~AMPK-mTOR signaling pathway [216], and
miR-122-5p can also promote tumorigenesis and cardiac remodeling in hypertensive rats by
regulating the ELABELA /apelin—apelin receptor axis and angiotensin-converting enzyme 2
(ACE2)-growth differentiation factor 15 (GDF15)-porimin signaling pathways [21].

In conclusion, the expression of various myokines is directly or indirectly regulated by
epigenetic modifications. There is reason to believe that exercise may directly or indirectly
upregulate the expression of myokines through different epigenetic modification patterns
(DNA methylation, histone modifications, and miRNA) in promoting health. Exercise-
induced ROS play an important role in the epigenetic regulation mentioned above, and
may alter the expression of myokines by regulating the epigenetic modification of myokine
genes.

7. Conclusions

As an epigenetic modulator, ROS can regulate a variety of epigenetic modification
markers by oxidizing DNA and RNA directly or by affecting the expression and/or activity
of a variety of epigenetic modification enzymes, thereby regulating mitochondrial quality
and function. ROS are central signaling molecules that regulate cell survival and adaptation,
and both aging and exercise can cause changes in cellular ROS. Aging, as a degenerative
process, causes a prolonged and sustained increase in ROS and induces mitochondrial
dysfunction in muscle. Exercise increases ROS production in contracting muscle, which
acts as a signaling molecule to regulate muscle mitochondria-associated epigenetic markers
and promote mitochondrial quality control. Mitochondrial biogenesis, mitochondrial dy-
namics, and mitophagy are all epigenetically regulated. In addition, as an endocrine organ,
exercise can stimulate skeletal muscle to produce different types of myokines, mediate
communication between muscle and other organs, and promote skeletal muscle health.
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Myokine expression is regulated by DNA methylation, hPTMs, and miRNA expression.
The degenerative process of aging affects the expression of myokines, but exercise may re-
verse the changes in myokine expression by inducing ROS-mediated changes in epigenetic
markers, thereby promoting muscle health and preventing or delaying the harmful effects
of muscle aging. In conclusion, exercise, as a nondrug intervention, can induce changes in
epigenetic markers via ROS, regulate the expression of mitochondrial homeostasis-related
proteins, and maintain or enhance skeletal muscle mitochondrial health (Figure 3).
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Figure 3. Exercise-induced ROS ameliorate aging skeletal muscle dysfunction via epigenetic regula-
tion of mitochondrial homeostasis. With increasing age and decreasing exercise, ROS accumulation
in skeletal muscle occurs. High ROS levels promote mitochondrial and skeletal muscle dysfunction.
Exercise-induced physiological levels of ROS promote mitochondrial quality control and improve
myokine expression by altering epigenetic modifications, which subsequently maintain mitochon-
drial homeostasis and promote skeletal muscle health. For abbreviations, see the list at the end of the

paper.
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Abbreviations

Acetyl-CoA  Acetyl-coenzyme A

AGO2 Argonaute-2
BDNF Brain-derived neurotrophic factor
CaMKII Calmodulin-dependent protein kinase II
DNMTs DNA methyltransferases
GSH Glutathione
GSSG Glutathione disulfide
HDAC Histone deacetylase
HMT Histone methyltransferase
hPTMs Histone posttranslational modifications
IL-6 Interleukin-6
miRNA MicroRNA
MAMs Mitochondria-associated endoplasmic reticulum membranes
MSTN Myostatin
08G 8-oxoguanine
8OHG 8-ox0-7,8-dihydroguanosine
ROS Reactive oxygen species
SAM S-adenosylmethionine
TETs Ten-eleven translocation enzymes
UPR™t Mitochondrial unfolded protein response
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