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The origins of many diseases can be traced to the dynamic interplay of genetic predispositions and environmental
exposures post-birth. Epigenetic modifications have recently gained prominence as a significant mediator between
genetic information and environmental factors, influencing the occurrence and progression of disease. There is

a burgeoning body of evidence supports that physical exercise, acting as an external environmental stimulus,
exerts a discernible impact on major epigenetic modifications, including histone modifications, DNA methylation,
RNA methylation, and non-coding RNA. This effect assumes a pivotal role in the pathogenesis of various human
diseases. Exploring the epigenetic molecular mechanisms through which physical exercise enhances human

health holds the promise of deepening our understanding of how it improves physiological functions, mitigates
disease risks, and establishes a theoretical foundation for employing physical exercise as a non-pharmacological
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Background

Physical exercise is widely recognized for its profound
benefits on both physical and psychological health. It
regulates glucose and lipid metabolism, alleviates anxi-
ety and depression, and mitigates cognitive decline, par-
ticularly in neurodegenerative diseases like Alzheimer’s
disease [1, 2]. Exercise also serves a cost-effective and
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non-pharmacological strategy for preventing cardio-
vascular diseases and promoting a healthier lifestyle [3].
Despite these established benefits, the precise biological
mechanisms underlying the health-promoting effects of
physical exercise remain incompletely understood.
Recent research has increasingly highlighted the role
of physical exercise as an environmental modulator
capable of driving epigenetic changes, which are crucial
in fine-tuning gene expression and regulating diverse
physiological processes [4—6]. Epigenetic modifications,
encompassing DNA methylation, histone modifications,
RNA methylation, and non-coding RNAs, mediate heri-
table changes in gene expression without altering the
underlying DNA sequence. These modifications respond
dynamically to environmental factors such as diet, chem-
ical exposures, and physical activity and are implicated
in the development of various diseases, including cardio-
vascular disorders, metabolic syndrome, and psychiatric
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conditions [7-9]. The epigenetic changes induced by
physical exercise are believed to be a key molecular
mechanism underlying the enhancement of physiological
functions and the mitigation of disease risks.

Several reviews have provided valuable insights into
the interplay between physical exercise and epigenetics,
often focusing on specific epigenetic mechanisms or
individual tissue types, such as skeletal muscle or the
brain [6, 10-15]. Additionally, some reviews have high-
lighted the therapeutic potential of exercise-induced
epigenetic changes in addressing specific diseases, such
as cardiovascular or metabolic disorders [16—18]. While
these efforts have significantly advanced the field, there
remains an opportunity to synthesize findings across tis-
sues and to explore both shared and unique mechanisms
in greater detail. In this review, we aim to build on these
prior efforts by offering a broader perspective on exer-
cise-induced epigenetic modifications across skeletal
muscle, brain, and cardiac tissues. By summarizing cur-
rent findings and identifying areas that warrant further
investigation, we hope to contribute to a more compre-
hensive understanding of how exercise influences gene
expression and its potential to promote health and miti-
gate disease risks.

Overview of epigenetic changes

DNA methylation

DNA methylation involves DNA methyltransferases
(DNMTs) transferring a methyl group from S-adeno-
syl methionine (SAM) to cytosine bases, primarily at
cytosine-phosphate-guanine (CpG) sites. The human
genome encodes five main DNMTs: DNMT1, DNMT?2,
DNMT3A, DNMT3B, and DNMT3L. DNMT1 is primar-
ily responsible for maintaining DNA methylation pat-
terns during DNA replication, ensuring the inheritance
of methylation marks [19, 20]. DNMT3A and DNMT3B
mediate de novo methylation, establishing new meth-
ylation patterns during development and in response to
environmental stimuli [21-23]. DNMT?2 functions as a
tRNA transferase, while DNMT3L regulates DNMT3A
and DNMT3B activity [24—29]. DNA methylation gen-
erates products like 5-methylcytosine (m5C), N4-meth-
ylcytosine (m4C), and N6-methyladenine (m6A), with
mb5C being the most common and stable in eukaryotes.
This modification constitutes a reversible process, with
enzymes like the demethylase Ten-eleven transloca-
tion (TET) orchestrating the iterative oxidation of m5C,
gradually generating 5-hydroxymethylcytosine (5hmC),
5-formylcytosine (5fC), 5-carboxylcytosine (5caC),
and ultimately yielding unmethylated cytosine (C). The
effect of DNA methylation on gene expression varies by
locus and context, either suppressing or activating tran-
scription depending on the specific situation. Typically,
methylation represses gene expression by blocking the
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transcription machinery, especially in CpG dinucleotides.
However, CpG islands in promoters remain unmeth-
ylated to allow transcription to start. Methylation in
intronic regions can also recruit factors that increase
transcription [30-32].

DNA methylation is integral to a multitude of biological
processes, encompassing the regulation of gene expres-
sion, genomic imprinting, embryonic development, and
the preservation of genomic stability [33]. Dysregulation
of DNA methylation patterns has been implicated in a
spectrum of diseases, spanning neurological disorders,
cardiovascular diseases, diabetes, autoimmune diseases,
inflammatory disorders, and cancer [34, 35]. Physical
exercise has been correlated with modifications in the
overall methylation status of DNA in humans, potentially
contributing to the preservation of genomic stability
[36—-38]. Additionally, physical exercise is capable of trig-
gering gene-specific methylation changes in aged human
skeletal muscle, predominantly in genes that govern
metabolic pathways, inflammatory responses, and oxi-
dative stress [39]. The effects of exercise-induced DNA
methylation alterations can vary depending on the tissue
involved, highlighting the tissue-specific nature of these
impacts.

Histone modification
Histone modifications involve a suite of chemical altera-
tions to histone proteins, which are essential for the
dynamic regulation of gene expression. These modifica-
tions adjust the three-dimensional architecture of chro-
mosomes, thereby influencing the accessibility of DNA
and the overall structure of chromatin. The most preva-
lent types of histone modifications include acetylation,
phosphorylation, methylation, and ubiquitination. These
modifications are regulated by various enzymes: histone
acetyltransferases (HATs) add acetyl groups to increase
chromatin flexibility, histone methyltransferases (HMTs)
add methyl groups to activate or repress gene expression,
histone deacetylases (HDACs) remove acetyl groups to
condense chromatin, and histone demethylases (HDMs)
remove methyl groups to activate gene expression.
Histone modifications are collectively referred to as the
“histone code,” a sophisticated and dynamic regulatory
language that cells utilize to modulate gene expression.
The specific patterning of these modifications is subject
to modulation by a variety of cellular signals and environ-
mental cues, and they are instrumental in fundamental
biological processes such as developmental program-
ming, cellular differentiation, and adaptation to external
stimuli [40, 41]. Perturbations in the regulation of his-
tone modifications have been associated with a range
of diseases, including but not limited to cardiovascular
disease, neurological disorders and cancer [42—44]. The
relationship between exercise and histone modifications
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is complex, but research suggests that exercise may mod-
ulate these epigenetic marks. For instance, Elsner et al.
observed that exercise elevates the activity of HATs in
the hippocampus of rats, while concurrently reducing the
activity of HDACs, a shift that favors histone acetylation
[45]. The accumulation of certain metabolic byproducts
that result from increased exercise intensity, such as lac-
tate, has been shown to inhibit HDAC activity and pro-
mote gene expression [46]. These findings suggest that
physical exercise may serve as a non-invasive strategy to
influence the histone code, with potential implications
for disease prevention and health promotion.

RNA methylation
RNA methylation is a key post-transcriptional modifi-
cation that entails the addition of methyl groups to spe-
cific RNA nucleotides, exerting significant influence over
RNA stability, splicing, translation efficiency, and the
ability of RNA molecules to interact with other cellular
components. It regulates RNA at all stages, from synthe-
sis to degradation, and plays a key role in gene expres-
sion and cellular processes. Key RNA methylation types
include m5C, m6A, mlA (N1-methyladenosine), and
m7G (7-methylguanosine), each with distinct effects on
RNA function and cellular outcomes. These methylation
events are catalyzed by a specific set of enzymes, includ-
ing methyltransferases that add the methyl groups and
demethylases that remove them, creating a dynamic
and reversible system. While DNA serves as the carrier
of genetic information, RNA modifications add another
layer of complexity to the regulation of gene expression.
They enable cells to fine-tune their response to inter-
nal and external signals, allowing for the adaptation to
changing environments and the execution of specialized
functions. RNA methylation is thus an essential compo-
nent of the cellular machinery that ensures the accurate
and efficient operation of gene expression programs, con-
tributing to the overall homeostasis and adaptability of
the cell.

m6A, a prevalent RNA methylation, plays a significant
role in a multitude of physiological processes. This modi-
fication involves the methylation of the nitrogen-6 posi-
tion of adenosine residues within RNA molecules, which
is crucial for the regulation of gene expression and cellu-
lar function. Disruptions in the precise regulation of m6A
are linked to psychiatric disorders, metabolic diseases,
and cancer [47]. Physical exercise has been shown to
alterations in m6A modification patterns within mRNA
transcripts, which in turn can influence key aspects of
mRNA metabolism [48]. Exercise-induced changes in
m6A contribute to adaptive cellular responses, enhanc-
ing metabolism and overall performance. For instance,
research has indicated that exercise induces specific
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changes in m6A modification in genes that are pertinent
to metabolic regulation and muscle function [10].

Non-coding RNAs

Non-coding RNAs (ncRNAs) constitute a diverse class of
RNA molecules that, despite not encoding proteins, serve
critical regulatory functions in the modulation of gene
expression. This category encompasses several distinct
types, including microRNAs (miRNAs), long non-coding
RNAs (IncRNAs), and circular RNAs (circRNAs), each
with unique mechanisms of action and biological roles.

MiRNAs are small RNA molecules that typically func-
tion as post-transcriptional regulators by binding to the 3’
untranslated region (UTR), 5’UTR, or coding sequences
of target messenger RNAs (mRNAs). This binding leads
to either mRNA degradation or translational repression,
depending on the degree of complementarity between
the miRNA and its target [49, 50]. Physical exercise has
been shown to influence the expression profiles of miR-
NAs, thereby affecting muscle adaptation, metabolic
regulation, and the inflammatory response [51, 52].
This suggests that miRNAs may mediate the adaptive
responses to exercise and could be potential targets for
therapeutic interventions aimed at enhancing exercise
benefits.

LncRNAs are longer RNA molecules that engage in the
regulation of gene expression through chromatin remod-
eling, transcriptional regulation and interaction with
other molecules. Physical exercise has been correlated
with changes in the expression of specific IncRNAs that
are involved in muscle development, metabolic homeo-
stasis, and cardiovascular function [53-55]. These find-
ings highlight the potential of IncRNAs as key mediators
of the exercise-induced adaptations that are essential for
maintaining health and preventing disease.

CircRNAs represent a novel class of non-coding RNAs
with a circular structure that act as miRNA sponges, pre-
venting miRNAs from interacting with target mRNAs.
Physical exercise has been observed to induce changes of
circRNAs expression in skeletal muscle, brain, and heart
in both human and animal studies [56], potentially con-
tributing to its beneficial effects by modulating miRNAs
activity and their downstream targets.

Effects of physical exercise on epigenetic changes in
specific tissues

Physical inactivity is a pervasive and modifiable risk fac-
tor that significantly contributes to the development and
exacerbation of various diseases, posing a substantial
threat to global public health [57]. Engaging in regular
physical activity has profound effects on the human body,
extending beyond the immediate physiological responses
to exertion. Emerging evidence indicates that physi-
cal exercise can modulate the epigenetic mechanisms
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Fig. 1 Exercise induces epigenetic modifications in skeletal muscle, brain and heart. DNA methylation, catalyzed by DNMTs, modulates gene expression
through the addition and removal of methyl groups. Histone modifications, including phosphorylation, acetylation, methylation, and ubiquitination on

histone tails adjust chromatin compaction, thereby regulating gene accessibility. RNA modifications, particularly m6A methylation, mediated by ‘writer

,

enzymes like METTL3, reversed by ‘eraser’ enzymes such as FTO, and recognized by ‘reader’ proteins like YTHDC1-2, critically modulates mRNA stability,
translation, and decay. Non-coding RNAs, such as circRNA, miRNA, and siRNA, interact with the RISC complex involving AGO2, to modulate mRNA sta-
bility and gene silencing. The nuclear and cytoplasmic distribution of these processes suggests a spatial regulation in response to exercise, collectively
contributing to the enhancement of muscle performance, cognitive function, and cardiac health by precisely tuning gene expression. ME =methyl group;
DNMTs =DNA Methyltransferases; RISC=RNA-induced silencing complex; AGO2 = Argonaute 2; ORF=Open reading frame

associated with a variety of human diseases [58]. The
tissue-specific responses to exercise-induced epigenetic
changes underscore the nuanced and targeted impact of
physical activity on diverse physiological systems. This
review explores the epigenetic regulatory mechanisms of
exercise in muscle, brain, and cardiac tissues, elucidating
the targeted effects of physical activity on their specific
functions (Fig. 1).

In skeletal muscle

Physical exercise has a profound impact on the human
body, particularly on the skeletal muscle, by inducing
epigenetic changes that influence gene expression and,
consequently, metabolism and muscle function. A key
exercise-induced modification in skeletal muscle is DNA
hypomethylation (Fig. 2A). Barrés et al. first reported that
acute exercise induces hypomethylation of key metabolic
gene promoters in human skeletal muscle, including per-
oxisome proliferator-activated receptor-y coactivator la
(PGCla), peroxisome proliferator-activated receptor-8
(PPAR-9), and pyruvate dehydrogenase kinase 4 (PDK4)
[59]. Moreover, they identified that exercise induces
hypomethylation at the CpG sites in the promoter
region of PGCla, located 337-139 bp upstream from the
transcription start site (TSS). Of note, PGCla, a tran-
scriptional coactivator involved in mitochondrial biogen-
esis and metabolic regulation, is rapidly upregulated in
response to physical activity, with its expression modu-
lated by nucleosome positioning and DNA methylation
changes [60, 61]. Additionally, exercise-induced demeth-
ylation of PGCla has been observed in individuals with
spinal cord injuries following long-term electrically
induced muscle exercise, suggesting that even popula-
tions with limited mobility may experience epigenetic
changes in response to exercise [62]. Studies also show
that acute aerobic exercise, particularly at higher intensi-
ties, promotes the hypomethylation of genes like NR4A3
(cgl1666140 and cg20661548) and VEGFA (cg01116220,
cg04629501 and cg21099624) [63]. Furthermore, resis-
tance and high-intensity interval exercise (HIIT) simi-
larly induce DNA demethylation of myogenic regulatory
factors (e.g., MYOD1, MYF5, and MYF6), with the tim-
ing and nature of these changes being dependent on the
exercise modality and duration [64]. These findings illus-
trate how exercise, across different modalities and inten-
sities, induces dynamic and context-specific changes

in the skeletal muscle epigenome. Notably, a compara-
tive analysis of acute and chronic resistance exercise,
detraining, and retraining by Turner et al. revealed that
both hypomethylated and hypermethylated genes are
associated with essential functions such as matrix/actin
structure remodeling, mechanotransduction, and protein
synthesis [65]. Moreover, in a study of healthy aging men,
Sailani et al. identified 714 promoter regions with hypo-
methylation of genes linked to metabolism, myogenesis,
contractile properties, and oxidative stress in individu-
als who had engaged in lifelong exercise, suggesting that
sustained physical activity may preserve skeletal muscle
function through epigenetic “memory” [39]. These stud-
ies underscore the complexity and adaptability of skel-
etal muscle epigenetic responses to exercise, providing
valuable insights into how regular physical activity can
modulate gene expression and maintain muscle health
throughout life.

Physical exercise modulates glucose homeostasis
in skeletal muscle, in part through histone modifica-
tions that regulate the expression of key genes involved
in glucose uptake (Fig. 2B). One of the primary targets
of exercise-induced epigenetic changes is the glucose
transporter 4 (GLUT4), which facilitates glucose uptake
into muscle cells. Physical exercise upregulates GLUT4
expression, primarily by promoting histone H3 hyper-
acetylation at the MEF2 binding domain on the GLUT4
promoter [66]. This process is further driven by the
activation of key signaling molecules, including AMP-
activated protein kinase (AMPK) and calcium-calmodu-
lin-dependent protein kinase II (CaMKII), both of which
play critical roles in the regulation of metabolic responses
to exercise. AMPK activation is enhanced by an
increased AMP/ATP ratio and phosphorylation by LKB1
and CaMKK, whereas muscle contraction during exer-
cise increases intracellular calcium levels, which in turn
activate CaMKII through the formation of a calcium/
calmodulin complex [66—69]. The activation of both
AMPK and CaMKII leads to the phosphorylation of class
IIa HDAC:, specifically HDAC4 and HDACS5, promoting
their nuclear export [70, 71]. Gong et al. demonstrated
that exercise training results in increased nuclear con-
tent of MEF2A and its binding to the GLUT4 promoter,
a process that is dependent on AMPK activity [72]. This
observation suggests that the exercise-induced increase
in histone H3 acetylation at the MEF2 binding site on
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Fig. 2 Exercise-induced epigenetic changes in skeletal muscle. (A) DNA Methylation: Exercise induces changes in DNA methylation patterns that requ-
late gene expression. (B) Histone Modification: Exercise increases AMPK activation through AMP/ATP ratio changes and calcium signaling via CaMKII.
These pathways lead to the phosphorylation of HDAC4 and HDACS, which promote MEF2A-dependent activation of the GLUT4 promoter, improving glu-
cose uptake and enhancing metabolic adaptations. (C) miRNA Regulation: Different types of exercise, such as acute endurance exercise, short-term en-
durance training, and weight training, influence the expression of specific miRNAs, which play crucial roles in regulating muscle growth and metabolism

the GLUT4 promoter is facilitated by the nuclear export
of HDACS5, which is mediated by AMPK and CaMKIIL
Upon activation, AMPK phosphorylates HDACS5, lead-
ing to its dissociation from MEF2 and its export from the
nucleus [73, 74]. Given that HDACS5 is a potent repres-
sor of MEF2 transcriptional activity when bound to it, its
export from the nucleus effectively enhances the acety-
lation of histones at the GLUT4 promoter, thereby pro-
moting GLUT4 expression and improving glucose uptake
[75]. Together, these findings highlight the intricate inter-
play between signaling pathways and histone modifica-
tions in regulating GLUT4 expression during physical
exercise. The coordinated actions of AMPK and CaM-
KII in modifying histone acetylation patterns not only
enhance GLUT4 transcription but also underscore the
importance of chromatin remodeling in exercise-induced
metabolic adaptations.

In the context of skeletal muscle, miRNAs have been
identified that are specifically expressed and functional,
collectively termed myomiRs. The myomiRs currently
classified include miR-1, miR-133a, miR-133b, miR-
206, miR-208a, miR-208b, miR-486, and miR-499 [76].
The expression patterns of myomiRs are influenced by
the type, intensity, and duration of physical exercise,
reflecting their dynamic role in regulating skeletal mus-
cle responses (Fig. 2C). For instance, acute endurance
exercise upregulates miR-1, miR-133a, miR-486, and
miR-133b, which are associated with muscle differentia-
tion, metabolism, stress response, and glucose transport,
respectively [77-79]. Conversely, miR-23 expression is
downregulated after acute exercise, potentially facilitat-
ing muscle remodeling and adaptation. These findings
highlight the nuanced regulatory roles of myomiRs in
orchestrating exercise-induced muscle changes. Beyond
acute responses, miRNAs also exhibit unique expression
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profiles based on training status, suggesting their utility
as biomarkers for training adaptations and athletic per-
formance. For example, a case-control study identified
five miRNAs—miR-126, miR-23b, miR-16, miR-23a, and
miR-15a—that distinguish powerlifters from healthy con-
trols, underscoring the potential of miRNA signatures
to reflect specific training regimens [80]. While numer-
ous exercise-induced changes in miRNA expression have
been identified [77, 78, 81-88], the functional implica-
tions of these alterations remain under active investiga-
tion. Emerging evidence suggests that individual miRNAs
act within complex regulatory networks, influencing sig-
naling pathways, gene expression programs, and adaptive
responses in skeletal muscle. These networks may regu-
late key processes such as muscle growth, metabolism,
and responses to stress or injury. The continued explo-
ration of exercise-modulated miRNAs offers promising
insights into the molecular mechanisms underlying skel-
etal muscle plasticity and adaptation.

In the brain

Abundant research indicates that physical exercise has
the capacity to reprogram the brain’s methylation pat-
terns, thereby regulating gene transcription required for
maintaining brain health and motor function (Fig. 3A).
For instance, rats with spinal cord injuries that under-
went 12 weeks of treadmill exercise exhibited the activa-
tion of genes and pathways related to DNA methylation
and hydroxymethylation in the brain motor cortex [89].
These mediators encompass 5mC, 5hmC, Tetl, Tet2,
Tet3, Dnmtl, and Dnmt3a; where Dnmtl and Dnmt3A
are capable of converting cytosine into 5mC; and 5mC
can be hydroxymethylated to 5hmC by Tet1-3 [90]. In a
similar vein, forced running in mice alleviated radiation-
induced cognitive dysfunction, which was positively cor-
related with increased Tet2 content in the hippocampus
and elevated 5hmC levels in the promoter region of the
brain-derived neurotrophic factor (BDNF) gene [91].
BDNF is a critical neurotrophic factor that is involved in
synaptic plasticity, neuronal survival, and the improve-
ment of depressive symptoms [92, 93]. Exercise’s capac-
ity to upregulate Bdnf expression in the hippocampus is
accompanied by DNA demethylation at the Bdnf exon
IV promoter. Specifically, exercise significantly reduces
methylation at a CpG site (-148 bp) in the promoter, as
evidenced by a lower unmethylated-to-total clone ratio
[94]. Moreover, studies have shown that swimming in
rats enhances DNA methylation in brain regions such as
the hippocampus, cortex, and hypothalamus, suggesting
that exercise can modulate the brain’s response to stress
[95]. Another study highlighted that DNA methylation
in Agouti-related peptide (AgRP) neurons regulates vol-
untary physical activity, further emphasizing the role of
epigenetic modifications in governing exercise behavior
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and metabolic processes [96]. Collectively, these find-
ings demonstrate how physical exercise exerts profound
effects on the epigenome, influencing gene expression
and supporting the brain’s adaptive responses to injury,
stress, and aging.

Numerous studies have demonstrated that exercise-
induced acetylation modification in the hippocam-
pus improves depression and cognitive dysfunction
(Fig. 3B). One of the mechanisms underlying this pro-
cess is the increase in ketone bodies, particularly D-f3-
hydroxybutyrate (DBHB), produced during exercise.
DBHB crosses the blood-brain barrier and influences
histone acetylation in the hippocampus. Elevated DBHB
levels reduce the binding of HDACs such as HDAC2
and HDAC3 to the promoter region of the Bdnf gene,
thereby increasing histone H3 acetylation and promot-
ing Bdnf expression [97]. Swimming have also been
shown to mitigate isoflurane-induced neurocognitive
deficits by enhancing hippocampal histone acetylation,
specifically at H3K9, H4K5 and H4K12 lysine sites, and
increasing cAMP-response element-binding protein
(CREB)-binding protein (CBP) expression [98]. Further
supporting this, Maejima et al. found that four weeks
of aerobic exercise in mice increased both HAT and
HDAC activities, which, in turn, enhanced Bdnf expres-
sion and improved cognitive function [99]. Similarly,
exercise-induced changes in histone H3 phospho-acet-
ylation and gene expression in the dentate gyrus of rats
were associated with improved stress coping abilities
[100]. Additionally, both aerobic and resistance exercise
counteract age-related declines in histone modifications
such as H3K4me3 at the hippocampal Bduf promoter,
and modify H3K9ac or H3K4me3 at the cFos promoter,
thus enhancing transcription [94, 101-103]. Exercise has
also been shown to reverse age-related memory decline
and reduce inflammatory markers (e.g., TNFa, IL-1(,
and NF-kB) in the rat hippocampus, with a concurrent
increase in histone H4 acetylation [104]. These find-
ings suggest that exercise-induced changes in histone
acetylation may contribute to the improvement of cog-
nitive function and the reduction of neuroinflammation.
Interestingly, the effects of exercise on HAT and HDAC
activities vary depending on the frequency, intensity, and
type of exercise. For example, a single session of acute
treadmill exercise in rats results in an immediate reduc-
tion in HDAC activity and an increase in HAT activity
in the hippocampus, whereas a 2-week long-term tread-
mill regimen has no significant effect on these enzymes
[105]. Voluntary exercise for 7 days reduces the expres-
sion of Hdac5, Hdac7, and Hdac8, while 8 weeks of vol-
untary exercise leads to decreased transcription of Hdac3
and Hdac5 [106, 107]. Notably, long-term aerobic exer-
cise activates both HAT and HDAC activities in the hip-
pocampus, suggesting a potential role for epigenetic
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Fig. 3 Exercise-induced epigenetic changes in the brain. (A) DNA Methylation: Exercise induces changes in DNA methylation that regulate gene expres-
sion, such as in the BDNF promoter. (B) Histone Modification: Exercise influences histone modifications in various brain regions, such as the cFos promoter
in the hippocampus, which attenuates memory deficits induced by aging. Additionally, HDAC2 and HDAC3 are involved in promoting BDNF expression,
enhancing cognitive function via circulating molecules like DBHB. (C) m6A RNA Methylation: Exercise affects brain m6A levels through hepatic biosyn-
thesis of SAM, influencing anxiety-like behaviors and neural activity, improving stress resilience. (D) miRNA Regulation: Exercise alters the expression of

specific miRNAs in the brain

modifications in cognitive improvement [99]. These vari-
ations in exercise-induced changes highlight the impor-
tance of tailoring exercise modalities to optimize HAT/
HDAC activity for cognitive benefits and neuroprotec-
tion. Understanding how specific exercise prescriptions
affect HAT/HDAC activity and gene expression in the
brain offers promising therapeutic avenues for improving
brain health, preventing cognitive decline, and mitigating
neurodegenerative diseases.

The impact of exercise on RNA modifications, particu-
larly m6A, in the brain is an emerging area of research
with significant implications for brain health and

function (Fig. 3C). Liu et al. found that long-term exer-
cise training in mice reduces fat mass and obesity-asso-
ciated protein (FTO) expression in the hypothalamus and
hippocampus, increasing m6A-tagged transcripts [108].
Additionally, exercise appears to influence m6A levels in
response to environmental stress. For instance, decreased
m6A methylation has been linked to anxiety-like behav-
iors in mice, while physical exercise has been shown to
enhance SAM biosynthesis in the liver. This, in turn,
increases m6A methylation in the cortex, stabilizing cor-
tical circuits and reducing anxiety-like behaviors [109].
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Physical exercise has been recognized for its neuro-
protective and cognitive-enhancing effects, with a grow-
ing body of research implicating the role of miRNAs in
mediating these benefits (Fig. 3D). In individuals with
Alzheimer’s disease, exercise elevates levels of miR-
148a-3p, which is associated with mitigating inflamma-
tory responses, improving memory dysfunction, and
reducing cognitive decline [110]. Exercise also downreg-
ulates miR-135a, a miRNA that inhibits neural precursor
cell proliferation in the dentate gyrus of mice, suggest-
ing a role for exercise in promoting neurogenesis [111].
Another important miRNA, miR-137, is upregulated by
exercise, which enhances neurogenesis and memory in
aged mice by increasing 5hmC levels at the miR-137 pro-
moter in the hippocampus [112]. This epigenetic modi-
fication may boost miR-137 expression, supporting the
survival and integration of new neurons and thereby
improving memory function. Exercise also influences
the hippocampal miRNA-mRNA regulatory network,
enhancing memory and upregulating genes that ben-
efit cognitive function [113]. Specific miRNAs, such as
miR-409-5p and miR-501-3p, have been identified as key
mediators of exercise-induced cognitive improvements,
likely by targeting genes involved in synaptic plasticity,
neuronal survival, and other processes critical for cogni-
tive health [114].

In the heart

The interplay between exercise, DNA methylation, and
cardiac health is a complex and multifaceted area of
research that is still being explored. Although direct
evidence linking exercise to DNA methylation changes
specifically in the heart remains limited, studies in other
tissues suggest that exercise-induced epigenetic modifi-
cations may confer cardiovascular benefits. One notable
example involves the apoptosis-associated speck-like
protein containing a caspase recruitment domain (ASC),
a critical component of the inflammasome responsible
for activating inflammatory cytokines (Fig. 4A). Dysreg-
ulation of the inflammasome and chronic inflammation
are strongly associated with various cardiac conditions,
including heart failure. Research indicates that the meth-
ylation status of the ASC gene may play a role in mediat-
ing the anti-inflammatory effects of exercise, potentially
enhancing aerobic capacity and mitigating inflamma-
tion in heart failure patients [115, 116]. Interestingly, an
age-related decline in ASC gene methylation has been
observed, which may contribute to increased systemic
inflammation in older individuals. However, long-term
moderate exercise appears to counteract this decline by
maintaining ASC methylation levels, specifically at seven
CpG sites preceding exon 1 of ASC, thereby reducing
excessive secretion of pro-inflammatory cytokine [117].
These findings suggest that regular physical activity not
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only promotes cardiovascular health but may also miti-
gate age-associated inflammation by modulating the
methylation status of key inflammatory genes like ASC,
highlighting a potential epigenetic mechanism underly-
ing the cardioprotective effects of exercise.

Physical exercise is increasingly recognized for its
ability to modulate cardiac function through the regu-
lation of histone modifications, particularly via the bal-
ance of histone acetylation and deacetylation (Fig. 4B).
A study by Lehmann et al. highlighted the protective
role of the HDAC4 N-terminal fragment (HDAC4-NT)
in the heart. They observed that failing hearts exhibit
reduced HDAC4-NT levels compared to healthy con-
trols. This fragment suppresses Nr4al, a nuclear orphan
receptor, thereby inhibiting the Nr4al-dependent hexos-
amine biosynthetic pathway (HBP), which is associated
with cardioprotection. Importantly, exercise was shown
to enhance HDAC4-NT levels, while deletion of the
Hdac4 gene in cardiomyocytes led to diminished exer-
cise capacity, elevated Nr4al expression, and impaired
cardiac contractility [118]. Further evidence links exer-
cise to the regulation of HDACs through O-linked B-N-
acetylglucosamine (O-GlcNAc) modifications in the
diabetic heart. Exercise increases O-GlcNAc levels and
enhances the interaction between the mSin3A/HDAC1/
HDAC2 complex and O-linked B-N-acetylglucosamine
transferase (OGT) [119]. This interaction suggests a
mechanism by which exercise modulates HDAC activ-
ity to mitigate diabetic heart hypertrophy. In addition to
these findings, recent animal studies have uncovered a
novel mechanism by which exercise can improve cardiac
function in heart failure. Specifically, the research has
shown that during exercise, myocardial AMPK becomes
activated and phosphorylates HDAC4. This phosphory-
lation reduces HDAC4’s inhibitory effect on MEF2a, a
transcription factor involved in the regulation of car-
diac genes. The increased phosphorylation of HDAC4
also leads to an increase in the acetylation level of his-
tone H3K9 at the promoter of the glucose transporter 1
(Glutl) gene, resulting in upregulated Glutl expression
[120]. This upregulation contributes to the improvement
of both cardiac function and glucose metabolism in mice
with heart failure.

Exercise has been shown to significantly modulate
miRNA expression in cardiac tissues, contributing to
beneficial adaptations in heart function (Fig. 4C). Among
the most studied miRNAs, miR-1 is upregulated follow-
ing aerobic exercise in both humans and rats, enhancing
cardiac contractility and promoting structural and func-
tional remodeling of the heart [121-123]. Similarly, miR-
133a levels increase in response to endurance exercise,
such as marathons, and exercise training can mitigate
diabetes-induced cardiac damage by modulating the pro-
apoptotic and anti-apoptotic balance [124—126]. These
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findings suggest miR-133’s protective role against path-
ological cardiac remodeling, particularly under stress
conditions like diabetes. MiR-21 is another key miRNA
that is upregulated by various forms of exercise, includ-
ing HIIT and aerobic exercise [127-129]. The upregula-
tion of miR-21 has been associated with several beneficial
effects, such as the downregulation of programmed cell
death protein 4 (PDCD4), which can mitigate apopto-
sis, and the improvement of lipid metabolism, which
can be particularly beneficial in conditions like hyper-
lipidemia and heart failure [129, 130]. Furthermore, the
cardioprotective effects of miR-21 have been observed
in heart failure patients undergoing swim training and
cardiopulmonary exercise tests [128, 131]. The increased
expression of miR-21 in these contexts suggests that it
may contribute to the improvement of cardiac function
and the mitigation of heart failure symptoms. Beyond

the recognized miRNAs, miR-342-5p, a novel exerkine,
is upregulated by long-term exercise and transported
to the heart via exosomes, where it protects cardiomyo-
cytes from apoptosis and mitigates ischemia/reperfusion
injury [132].

Conclusion

This review emphasizes the pivotal role of physical exer-
cise in modulating the epigenome, with profound effects
on skeletal muscle, brain, and heart tissues. Through the
induction of DNA methylation, histone modifications,
RNA methylation, and alterations in non-coding RNA
expression, exercise orchestrates tissue-specific gene
expression changes that underpin physiological adapta-
tions essential for metabolic regulation, cognitive func-
tion, and cardiovascular health.
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The evidence highlights the complexity and context-
dependent nature of exercise-induced epigenetic modifi-
cations. In skeletal muscle, DNA hypomethylation of key
metabolic genes such as PGCla and GLUT4 enhances
metabolic processes and muscle adaptation. Histone
modifications, regulated by AMPK and CaMKII, drive
chromatin remodeling, supporting long-term muscle
health. In the brain, exercise promotes neuroplasticity
through DNA demethylation and histone acetylation of
BDNE, with miRNAs like miR-137 influencing neurogen-
esis and memory. In cardiac tissue, exercise modulates
HDAC4 activity and miRNAs such as miR-1 and miR-21
to improve cardiac function and mitigate pathological
remodeling.

These findings provide compelling evidence for the
potential of exercise as a non-pharmacological interven-
tion that modulates the epigenome to promote health.
While the correlations between exercise-induced epi-
genetic changes and health outcomes are well-docu-
mented, understanding the causality and variability in
these responses remains a challenge. Future research
should focus on elucidating the molecular pathways link-
ing these epigenetic modifications to health outcomes,
enabling the development of targeted interventions that
optimize the benefits of exercise. Longitudinal studies
and advanced genomic technologies are essential for cap-
turing the full spectrum of exercise-induced epigenetic
changes.

The temporal dynamics of exercise-induced epigen-
etic changes, particularly across the lifespan, warrant
further investigation. Early-life exercise has been shown
to provide long-term immunometabolic benefits [133],
while maternal exercise may improve vascular health
in offspring [134, 135], underscoring the transgenera-
tional effects of physical activity. Optimizing early-life
and maternal exercise interventions holds promise for
improving long-term health outcomes. Individual vari-
ability in epigenetic responses to exercise also presents
a significant research challenge. Understanding how fac-
tors such as exercise modality, intensity, and duration
interact with individual genetic and epigenetic profiles is
critical for personalizing exercise interventions.

In conclusion, the epigenetic effects of exercise offer
promising avenues for improving health and preventing
disease. As research progresses, personalized approaches
to exercise may become a cornerstone of preventive
healthcare, unlocking the full potential of physical activ-
ity in enhancing quality of life and extending healthspan.

Abbreviations

DNMTs DNA methyltransferases

SAM S-adenosyl methionine

CpG Cytosine-phosphate-guanine
m5C 5-methylcytosine

maC N4-methylcytosine

mo6A N6-methyladenine

Page 11 of 14

TET Ten-eleven translocation
5hmC 5-hydroxymethylcytosine
5fC 5-formylcytosine

5caC 5-carboxylcytosine

C Cytosine

HATs Histone acetyltransferases

HMTs Histone methyltransferases

HDACs Histone deacetylases

HDMs Histone demethylases

m1A N1-methyladenosine

m7G 7-methylguanosine

ncRNAs Non-coding RNAs

miRNAs microRNAs

INcRNAs Long non-coding RNAs

circRNAs Circular RNAs

UTR Untranslated region

mRNAs Messenger RNAs

PPARGC1A  Peroxisome proliferator-activated receptor-y coactivator 1 A

PPAR-6 Peroxisome proliferator-activated receptor-6

PDK4 Pyruvate dehydrogenase kinase 4

MEF2 Myocyte enhancer factor 2

GLUT4 Glucose transporter 4

CaMKIl Calcium-calmodulin-dependent protein kinase Il

AMPK AMP-activated protein kinase

BDNF Brain-derived neurotrophic factor

AgRP Agouti-related peptide

DBHB D-B-hydroxybutyrate

CREB cAMP-response element-binding protein

CBP CREB-binding protein

FTO Fat mass and obesity-associated protein

ASC Apoptosis-associated speck-like protein containing a caspase
recruitment domain

HDAC4-NT ~ HDAC4 N-terminal fragment

HBP Hexosamine biosynthetic pathway

O-GIcNAc O-linked 3-N-acetylglucosamine

OGT O-linked -N-acetylglucosamine transferase

Mef2a Myocyte enhancer factor 2a

Glut1 Glucose transporter 1

HIT High-intensity interval training
PDCD4 Programmed cell death protein 4

Acknowledgements
Not applicable.

Author contributions

PL and XH contributed to the idea for the article. XZ, XL, YG, YL, CL, DW and
SW performed the literature search and synthesis, and XL drafted the first draft
of the manuscript. XZ critically revised subsequent drafts. All authors read and
approved the final manuscript.

Funding
This work was supported by the Natural Science Foundation of Fujian Province

(Grant Nos. 2023J05121 and 2023J01510).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 3 September 2024 / Accepted: 21 February 2025
Published online: 21 March 2025



Zheng et al. Epigenetics & Chromatin

(2025) 18:12

References

1.

22.

23.

24,

25.

Tan A, Thomas RL, Campbell MD, Prior SL, Bracken RM, Churm R. Effects of
exercise training on metabolic syndrome risk factors in post-menopausal
women - A systematic review and meta-analysis of randomised controlled
trials. Clin Nutr. 2023;42:337-51.

LuJ, Liu L, Chen J, Zhi J, Li J, Li L, et al. LncRNA HOTAIR in exercise-induced
neuro-protective function in Alzheimer’s disease. Folia Neuropathol.
2022;,60:414-20.

Hoier B, Olsen LN, Leinum M, Jargensen TS, Carter HH, Hellsten Y, et al. Aero-
bic high-intensity exercise training improves cardiovascular health in older
post-menopausal women. Front Aging. 2021,2:667519.

Sellami M, Bragazzi N, Prince MS, Denham J, Elrayess M. Regular, intense exer-
cise training as a healthy aging lifestyle strategy: preventing DNA damage,
telomere shortening and adverse DNA methylation changes over a lifetime.
Front Genet. 2021;12:652497.

Swiatowy WJ, Drzewiecka H, Kliber M, Sasiadek M, Karpiriski P, Ptawski A et al.
Physical activity and DNA methylation in humans. Int J Mol Sci. 2021;22.
Widmann M, Nie8 AM, Munz B. Physical exercise and epigenetic modifica-
tions in skeletal muscle. Sports Med. 2019;49:509-23.

Dorn LE, Lasman L, Chen J, Xu X, Hund TJ, Medvedovic M, et al. The
N6-methyladenosine Mrna Methylase mettl3 controls cardiac homeostasis
and hypertrophy. Circulation. 2019;139:533-45.

Yadav PK, Rajasekharan R. The m6A methyltransferase Ime4 epitranscription-
ally regulates triacylglycerol metabolism and vacuolar morphology in haploid
yeast cells. J Biol Chem. 2017;292:13727-44.

Barros-Viegas AT, CarmonaV, Ferreiro E, Guedes J, Cardoso AM, Cunha P, et al.
MIRNA-31 improves cognition and abolishes amyloid-3 pathology by target-
ing APP and BACET in an animal model of Alzheimer’s disease. Mol Ther
Nucleic Acids. 2020;19:1219-36.

Plaza-Diaz J, Izquierdo D, Torres-Martos A, Baig AT, Aguilera CM, Ruiz-Ojeda FJ.
Impact of physical activity and exercise on the epigenome in skeletal muscle
and effects on systemic metabolism. Biomedicines. 2022;10.

McGee SL, Walder KR. Exercise and the skeletal muscle epigenome. Cold
Spring Harbor Perspect Med. 2017;7.

Seaborne RA, Sharples AP. The interplay between exercise metabo-

lism, epigenetics, and skeletal muscle remodeling. Exerc Sport Sci Rev.
2020;48:188-200.

Mallett G. The effect of exercise and physical activity on skeletal muscle
epigenetics and metabolic adaptations. Eur J Appl Physiol. 2025.

Fernandes J, Arida RM, Gomez-Pinilla F. Physical exercise as an epigen-

etic modulator of brain plasticity and cognition. Neurosci Biobehav Rev.
2017;80:443-56.

Xu M, Zhu J, Liu XD, Luo MY, Xu NJ. Roles of physical exercise in neurodegen-
eration: reversal of epigenetic clock. TransI Neurodegener. 2021;10:30.

Wu G, Zhang X, Gao F. The epigenetic landscape of exercise in cardiac health
and disease. J Sport Health Sci. 2021;10:648-59.

Papaioannou F, Karatzanos E, Chatziandreou |, Philippou A, Nanas S,
Dimopoulos S. Epigenetic effects following acute and chronic exercise in
cardiovascular disease: A systematic review. Int J Cardiol. 2021,341:88-95.
Abraham MJ, El Sherbini A, EI-Diasty M, Askari S, Szewczuk MR. Restoring
epigenetic reprogramming with diet and exercise to improve health-related
metabolic diseases. Biomolecules. 2023;13.

Bird A. DNA methylation patterns and epigenetic memory. Genes Dev.
2002;16:6-21.

Bestor TH. The DNA methyltransferases of mammals. Hum Mol Genet.
2000;9:2395-402.

Okano M, Bell DW, Haber DA, Li E. DNA methyltransferases Dnmt3a and
Dnmt3b are essential for de Novo methylation and mammalian develop-
ment. Cell. 1999,99:247-57.

Kaneda M, Okano M, Hata K, Sado T, Tsujimoto N, Li E, et al. Essential role for
de Novo DNA methyltransferase Dnmt3a in paternal and maternal imprint-
ing. Nature. 2004;429:900-3.

Andrews S, Krueger C, Mellado-Lopez M, Hemberger M, Dean W, Perez-
GarciaV, et al. Mechanisms and function of de Novo DNA methylation in
placental development reveals an essential role for DNMT3B. Nat Commun.
2023;14:371.

Goll MG, Kirpekar F, Maggert KA, Yoder JA, Hsieh CL, Zhang X, et al. Methyla-
tion of tRNAAsp by the DNA methyltransferase homolog Dnmt2. Science.
2006;311:395-8.

Raddatz G, Guzzardo PM, Olova N, Fantappié MR, Rampp M, Schaefer M, et al.
Dnmt2-dependent methylomes lack defined DNA methylation patterns. Proc
Natl Acad Sci U S A.2013;110:8627-31.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

5T

52.

Page 12 of 14

Schaefer M, Pollex T, Hanna K, Tuorto F, Meusburger M, Helm M, et al. RNA
methylation by Dnmt2 protects transfer RNAs against stress-induced cleav-
age. Genes Dev. 2010;24:1590-5.

Ooi SK, Qiu C, Bernstein E, Li K, Jia D, Yang Z, et al. DNMT3L connects
unmethylated lysine 4 of histone H3 to de Novo methylation of DNA. Nature.
2007;448:714-7.

Hata K, Okano M, Lei H, Li E. Dnmt3L cooperates with the Dnmt3 family of
de Novo DNA methyltransferases to Establish maternal imprints in mice.
Development. 2002;129:1983-93.

Jia D, Jurkowska RZ, Zhang X, Jeltsch A, Cheng X. Structure of Dnmt3a
bound to Dnmt3L suggests a model for de Novo DNA methylation. Nature.
2007;449:248-51.

Deaton AM, Bird A. CpG Islands and the regulation of transcription. Genes
Dev. 2011;25:1010-22.

Jones PA. Functions of DNA methylation: Islands, start sites, gene bodies and
beyond. Nat Rev Genet. 2012;13:484-92.

Dhar GA, Saha S, Mitra P, Nag Chaudhuri R. DNA methylation and regulation
of gene expression: guardian of our health. Nucleus. 2021,64:259-70.

Jones PA, Takai D. The role of DNA methylation in mammalian epigenetics.
Science. 2001;293:1068-70.

Jaenisch R, Bird A. Epigenetic regulation of gene expression: how the
genome integrates intrinsic and environmental signals. Nat Genet.
2003;33(Suppl):245-54.

You JS, Jones PA. Cancer genetics and epigenetics: two sides of the same
coin? Cancer Cell. 2012;22.

Hunter DJ, James L, Hussey B, Wadley AJ, Lindley MR, Mastana SS. Impact of
aerobic exercise and fatty acid supplementation on global and gene-specific
DNA methylation. Epigenetics. 2019;14:294-309.

Zhang FF, Cardarelli R, Carroll J, Zhang S, Fulda KG, Gonzalez K, et al. Physical
activity and global genomic DNA methylation in a cancer-free population.
Epigenetics. 2011,6:293-9.

Luttropp K, Nordfors L, Ekstrom TJ, Lind L. Physical activity is associated with
decreased global DNA methylation in Swedish older individuals. Scand J Clin
Lab Invest. 2013;73:184-5.

Sailani MR, Halling JF, Mgller HD, Lee H, Plomgaard P, Pilegaard H, et al. Life-
long physical activity is associated with promoter hypomethylation of genes
involved in metabolism, myogenesis, contractile properties and oxidative
stress resistance in aged human skeletal muscle. Sci Rep. 2019;9:3272.
Kouzarides T. Chromatin modifications and their function. Cell.
2007;128:693-705.

Lawrence M, Daujat S, Schneider R. Lateral thinking: how histone modifica-
tions regulate gene expression. Trends Genet. 2016;32:42-56.

Zhang W, Song M, Qu J, Liu GH. Epigenetic modifications in cardiovascular
aging and diseases. Circ Res. 2018;123:773-86.

Zhao A, Xu W, Han R, Wei J, Yu Q, Wang M, et al. Role of histone modifications
in neurogenesis and neurodegenerative disease development. Ageing Res
Rev. 2024;98:102324.

Audia JE, Campbell RM. Histone modifications and cancer. Cold Spring Harb
Perspect Biol. 2016;8:a019521.

Elsner VR, Lovatel GA, Bertoldi K, Vanzella C, Santos FM, Spindler C, et al. Effect
of different exercise protocols on histone acetyltransferases and histone
deacetylases activities in rat hippocampus. Neuroscience. 2011;192:580-7.
Latham T, Mackay L, Sproul D, Karim M, Culley J, Harrison DJ, et al. Lactate, a
product of glycolytic metabolism, inhibits histone deacetylase activity and
promotes changes in gene expression. Nucleic Acids Res. 2012;40:4794-803.
Yang C, Hu'Y, Zhou B, Bao Y, Li Z, Gong C, et al. The role of m6A modification
in physiology and disease. Cell Death Dis. 2020;11:960.

Wang L, Wang J, Yu P, Feng J, Xu GE, Zhao X, et al. METTL14 is required for
exercise-induced cardiac hypertrophy and protects against myocardial
ischemia-reperfusion injury. Nat Commun. 2022;13:6762.

Bartel DP. MicroRNASs: target recognition and regulatory functions. Cell.
2009;136:215-33.

Filipowicz W, Bhattacharyya SN, Sonenberg N. Mechanisms of post-transcrip-
tional regulation by MicroRNAs: are the answers in sight? Nat Rev Genet.
2008;9:102-14.

Dos Santos JAC, Veras ASC, Batista VRG, Tavares MEA, Correia RR, Sug-

gett CB, et al. Physical exercise and the functions of MicroRNAs. Life Sci.
2022;304:120723.

Wang H, Liang Y, Li Y. Non-coding RNAs in exercise. Noncoding RNA Res.
2017;1.



Zheng et al. Epigenetics & Chromatin

53.

54.

55.
56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.
68.
69.

70.

72.

73.

74.

75.
76.

77.

(2025) 18:12

Bonilauri B, Dallagiovanna B. Long non-coding RNAs are differentially
expressed after different exercise training programs. Front Physiol.
2020;11:567614.

Wohlwend M, Laurila P-P, Williams K, Romani M, Lima T, Pattawaran P, et al.
The exercise-induced long noncoding RNA CYTOR promotes fast-twitch
myogenesis in aging. Sci Trans| Med. 2021;13:eabc7367.

Makarewich CA, Thum T. Exercise-induced long noncoding RNAs as new
players in cardiac hypertrophy. Circulation. 2022;145:1234-7.

Joaquim VHA, Pereira NP, Fernandes T, Oliveira EM. Circular RNAs as a diagnos-
tic and therapeutic target in cardiovascular diseases. Int J Mol Sci. 2023;24.
Lee IM, Shiroma EJ, Lobelo F, Puska P, Blair SN, Katzmarzyk PT. Effect of physi-
cal inactivity on major non-communicable diseases worldwide: an analysis of
burden of disease and life expectancy. Lancet. 2012,380:219-29.
Pareja-Galeano H, Sanchis-Gomar F, Garcia-Giménez JL. Physical exercise

and epigenetic modulation: elucidating intricate mechanisms. Sports Med.
2014;,44:429-36.

Barrés R, Yan J, Egan B, Treebak JT, Rasmussen M, Fritz T, et al. Acute exercise
remodels promoter methylation in human skeletal muscle. Cell Metab.
2012;15:405-11.

Ventura-Clapier R, Garnier A, Veksler V. Transcriptional control of mito-
chondrial biogenesis: the central role of PGC-1alpha. Cardiovasc Res.
2008;79:208-17.

Bajpeyi S, Covington JD, Taylor EM, Stewart LK, Galgani JE, Henagan TM. Skel-
etal muscle PGC1a -1 nucleosome position and-260 Nt DNA methylation
determine exercise response and prevent ectopic lipid accumulation in men.
Endocrinology. 2017;158:2190-9.

Petrie MA, Sharma A, Taylor EB, Suneja M, Shields RK. Impact of short- and
long-term electrically induced muscle exercise on gene signaling pathways,
gene expression, and PGC1a methylation in men with spinal cord injury.
Physiol Genomics. 2020;52:71-80.

Maasar M-F, Turner DC, Gorski PP, Seaborne RA, Strauss JA, Shepherd SO, et
al. The comparative methylome and transcriptome after change of direction
compared to straight line running exercise in human skeletal muscle. Front
Physiol. 2021;12:619447.

Telles GD, Libardi CA, Conceigao MS, Vechin FC, Lixandrdo ME, Mangone FRR,
et al. Interrelated but not time-aligned response in myogenic regulatory
factors demethylation and mRNA expression after divergent exercise bouts.
Med Sci Sports Exerc. 2023;55:199-208.

Turner DC, Seaborne RA, Sharples AP. Comparative transcriptome and
methylome analysis in human skeletal muscle anabolism, hypertrophy and
epigenetic memory. Sci Rep. 2019,9:4251.

Smith JA, Kohn TA, Chetty AK, Ojuka EO. CaMK activation during exercise is
required for histone hyperacetylation and MEF2A binding at the MEF2 site on
the Glut4 gene. Am J Physiol Endocrinol Metab. 2008;295:E698-704.

Richter EA, Ruderman NB. AMPK and the biochemistry of exercise: implica-
tions for human health and disease. Biochem J. 2009;418:261-75.

Spaulding HR, Yan Z. AMPK and the adaptation to exercise. Annu Rev Physiol.
2022;84:209-27.

Rose AJ, Hargreaves M. Exercise increases Ca2+-calmodulin-dependent
protein kinase Il activity in human skeletal muscle. J Physiol. 2003;553:303-9.
McGee SL, Fairlie E, Garnham AP, Hargreaves M. Exercise-induced histone
modifications in human skeletal muscle. J Physiol. 2009;587:5951-8.

Backs J, Backs T, Bezprozvannaya S, McKinsey TA, Olson EN. Histone deacety-
lase 5 acquires calcium/calmodulin-dependent kinase Il responsiveness by
oligomerization with histone deacetylase 4. Mol Cell Biol. 2008;28:3437-45.
Gong H, Xie J, Zhang N, Yao L, Zhang Y. MEF2A binding to the Glut4 promoter
occurs via an AMPKa2-dependent mechanism. Med Sci Sports Exerc.
2011;43:1441-50.

McGee SL, van Denderen BJW, Howlett KF, Mollica J, Schertzer JD, Kemp BE,
et al. AMP-activated protein kinase regulates GLUT4 transcription by phos-
phorylating histone deacetylase 5. Diabetes. 2008,57:860-7.

Lemercier C, Verdel A, Galloo B, Curtet S, Brocard MP, Khochbin S. mHDA1/
HDACS histone deacetylase interacts with and represses MEF2A transcrip-
tional activity. J Biol Chem. 2000,275:15594-9.

Richter EA, Hargreaves M, Exercise. GLUT4, and skeletal muscle glucose
uptake. Physiol Rev. 2013;93.

Horak M, Novak J, Bienertova-Vasku J. Muscle-specific MicroRNAs in skeletal
muscle development. Dev Biol. 2016;410.

Russell AP, Lamon S, Boon H, Wada S, Giller |, Brown EL, et al. Regulation of
MiRNAs in human skeletal muscle following acute endurance exercise and
short-term endurance training. J Physiol. 2013;591:4637-53.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 13 of 14

Nielsen S, Scheele C, Yfanti C, Akerstrom T, Nielsen AR, Pedersen BK; et al.
Muscle specific MicroRNAs are regulated by endurance exercise in human
skeletal muscle. J Physiol. 2010;588:4029-37.

D'Souza RF, Markworth JF, Aasen KMM, Zeng N, Cameron-Smith D, Mitchell
CJ. Acute resistance exercise modulates MicroRNA expression profiles: com-
bined tissue and circulatory targeted analyses. PLoS ONE. 2017;12:e0181594.
D'Souza RF, Bjgrnsen T, Zeng N, Aasen KMM, Raastad T, Cameron-Smith D,
et al. Micrornas in muscle: characterizing the powerlifter phenotype. Front
Physiol. 2017;8:383.

Keller P, Vollaard NBJ, Gustafsson T, Gallagher 1J, Sundberg CJ, Rankinen T, et
al. A transcriptional map of the impact of endurance exercise training on
skeletal muscle phenotype. J Appl Physiol. 2011;110:46-59.

Mueller M, Breil FA, Lurman G, Klossner S, Fliick M, Billeter R, et al. Differ-

ent molecular and structural adaptations with eccentric and conventional
strength training in elderly men and women. Gerontology. 2011,57:528-38.
Rowlands DS, Page RA, Sukala WR, Giri M, Ghimbovschi SD, Hayat |, et al.
Multi-omic integrated networks connect DNA methylation and MiRNA

with skeletal muscle plasticity to chronic exercise in type 2 diabetic obesity.
Physiol Genomics. 2014;46:747-65.

Zacharewicz E, Della Gatta P, Reynolds J, Garnham A, Crowley T, Russell AP,
et al. Identification of MicroRNAs linked to regulators of muscle protein
synthesis and regeneration in young and old skeletal muscle. PLoS ONE.
2014;9:2114009.

McLean CS, Mielke C, Cordova JM, Langlais PR, Bowen B, Miranda D, et al.
Gene and MicroRNA expression responses to exercise; relationship with
insulin sensitivity. PLoS ONE. 2015;10:¢0127089.

Camera DM, Ong JN, Coffey VG, Hawley JA. Selective modulation of
MicroRNA expression with protein ingestion following concurrent resistance
and endurance exercise in human skeletal muscle. Front Physiol. 2016;7:87.
Fyfe JJ, Bishop DJ, Zacharewicz E, Russell AP, Stepto NK. Concurrent exercise
incorporating high-intensity interval or continuous training modulates
mTORCT1 signaling and MicroRNA expression in human skeletal muscle. Am J
Physiol Regul Integr Comp Physiol. 2016;310:R1297-311.

Ogasawara R, Akimoto T, Umeno T, Sawada S, Hamaoka T, Fujita S. MicroRNA
expression profiling in skeletal muscle reveals different regulatory pat-

terns in high and low responders to resistance training. Physiol Genomics.
2016;48:320-4.

Davaa G, Hong JY, Kim TU, Lee SJ, Kim SY, Hong K; et al. Exercise ameliorates
spinal cord injury by changing DNA methylation. Cells. 2021;10:143.

Ito S, D'Alessio AC, Taranova OV, Hong K, Sowers LC, Zhang Y. Role of tet
proteins in 5mC to 5ShmC conversion, ES-cell self-renewal and inner cell mass
specification. Nature. 2010;466:1129-33.

Zhang J, Li J, ZhuY, Miao Z, Tian Y. Forced running exercise mitigates
radiation-induced cognitive deficits via regulated DNA hydroxymethylation.
Epigenomics. 2020;12:385-96.

Huang EJ, Reichardt LF. Neurotrophins: roles in neuronal development and
function. Annu Rev Neurosci. 2001,24:677-736.

Mondal AC, Fatima M. Direct and indirect evidences of BDNF and NGF as key
modulators in depression: role of antidepressants treatment. Int J Neurosci.
2019;129:283-96.

Gomez-Pinilla F, Zhuang Y, Feng J, Ying Z, Fan G. Exercise impacts brain-
derived neurotrophic factor plasticity by engaging mechanisms of epigen-
etic regulation. Eur J Neurosci. 2011;33:383-90.

Kashimoto RK, Toffoli LV, Manfredo MHF, Volpini VL, Martins-Pinge MC, Pelosi
GG, et al. Physical exercise affects the epigenetic programming of rat brain
and modulates the adaptive response evoked by repeated restraint stress.
Behav Brain Res. 2016;296:286-9.

MacKay H, Scott CA, Duryea JD, Baker MS, Laritsky E, Elson AE, et al. DNA
methylation in AgRP neurons regulates voluntary exercise behavior in mice.
Nat Commun. 2019;10:5364.

Sleiman SF, Henry J, Al-Haddad R, El Hayek L, Abou Haidar E, Stringer T, et

al. Exercise promotes the expression of brain derived neurotrophic factor
(BDNF) through the action of the ketone body 3-hydroxybutyrate. eLife.
2016;5:15092.

Zhong T, Ren F, Huang CS, Zou WY, Yang Y, Pan YD, et al. Swimming exercise
ameliorates neurocognitive impairment induced by neonatal exposure to
isoflurane and enhances hippocampal histone acetylation in mice. Neurosci-
ence. 2016;316:378-88.

Maejima H, Kanemura N, Kokubun T, Murata K, Takayanagi K. Exercise
enhances cognitive function and neurotrophin expression in the hippocam-
pus accompanied by changes in epigenetic programming in senescence-
accelerated mice. Neurosci Lett. 2018:665:67-73.



Zheng et al. Epigenetics & Chromatin

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

111

113.

115.

117.

118.

(2025) 18:12

Collins A, Hill LE, Chandramohan Y, Whitcomb D, Droste SK, Reul JMHM. Exer-
cise improves cognitive responses to psychological stress through enhance-
ment of epigenetic mechanisms and gene expression in the dentate gyrus.
PLoS ONE. 2009;4:e4330.

Kitraki E, Bozas E, Philippidis H, Stylianopoulou F. Aging-related changes

in IGF-Il and c-fos gene expression in the rat brain. Int J Dev Neurosci.
1993;11:1-9.

Bayraktar G, Kreutz MR. Neuronal DNA methyltransferases: epigenetic
mediators between synaptic activity and gene expression? Neuroscientist.
2018;24:171-85.

de Meireles LCF, Galvdo F, Walker DM, Cechinel LR, de Souza Grefenhagen Al,
Andrade G, et al. Exercise modalities improve aversive memory and survival
rate in aged rats: role of hippocampal epigenetic modifications. Mol Neuro-
biol. 2019;56:8408-19.

Lovatel GA, Elsner VR, Bertoldi K, Vanzella C, Moysés FDS, Vizuete A et al.
Treadmill exercise induces age-related changes in aversive memory, neuro-
inflammatory and epigenetic processes in the rat hippocampus. Neurobiol
Learn Mem. 2013;101.

Spindler C, Cechinel LR, Basso C, Moysés F, Bertoldi K, Roesler R, et al. Tread-
mill exercise alters histone acetyltransferases and histone deacetylases activi-
ties in frontal cortices from Wistar rats. Cell Mol Neurobiol. 2014;34:1097-101.
Abel JL, Rissman EF. Running-induced epigenetic and gene expression
changes in the adolescent brain. Int J Dev Neurosci. 2013;31:382-90.
Cosin-Tomas M, Alvarez-Lépez MJ, Sanchez-Roige S, Lalanza JF, Bayod S,
Sanfeliu C, et al. Epigenetic alterations in hippocampus of SAMP8 senescent
mice and modulation by voluntary physical exercise. Front Aging Neurosci.
2014;6:51.

Liu S-J, Cai T-H, Fang C-L, Lin S-Z, Yang W-Q, Wei Y, et al. Long-term exercise
training down-regulates m6A RNA demethylase FTO expression in the
hippocampus and hypothalamus: an effective intervention for epigenetic
modification. BMC Neurosci. 2022;23:54.

Yan L, Wei J-A, Yang F, Wang M, Wang S, Cheng T, et al. Physical exercise
prevented stress-induced anxiety via improving brain RNA methylation. Adv
Sci. 2022,9:2105731.

. Chen J, Bai X, Wu Q, Chen L, Wang H, Zhang J. Exercise protects against

cognitive injury and inflammation in Alzheimer’s disease through elevating
miR-148a-3p. Neuroscience. 2023;513:126-33.

Pons-Espinal M, Gasperini C, Marzi MJ, Braccia C, Armirotti A, Pétzsch A, et
al. MiR-135a-5p is critical for exercise-induced adult neurogenesis. Stem Cell
Rep. 2019;12:1298-312.

. Jessop P, Toledo-Rodriguez M. Hippocampal Tet1 and Tet2 expression and

DNA hydroxymethylation are affected by physical exercise in aged mice.
Front Cell Dev Biol. 2018;6:45.

Fernandes J, Vieira AS, Kramer-Soares JC, Da Silva EA, Lee KS, Lopes-Cendes |,
et al. Hippocampal microRNA-mRNA regulatory network is affected by physi-
cal exercise. Biochim Biophys Acta Gen Subj. 2018;1862:1711-20.

. Goldberg M, Islam MR, Kerimoglu C, Lancelin C, Gisa V, Burkhardt S, et al.

Exercise as a model to identify MicroRNAs linked to human cognition: a role
for microRNA-409 and microRNA-501. Trans| Psychiatry. 2021;11:514.

Butts B, Butler J, Dunbar SB, Corwin EJ, Gary RA. ASC methylation and
Interleukin-1p are associated with aerobic capacity in heart failure. Med Sci
Sports Exerc. 2017;49:1072-8.

. Butts B, Gary RA, Dunbar SB, Butler J. Methylation of apoptosis-associated

speck-like protein with a caspase recruitment domain and outcomes in heart
failure. J Card Fail. 2016,22:340-6.

Nakajima K, Takeoka M, Mori M, Hashimoto S, Sakurai A, Nose H, et al. Exercise
effects on methylation of ASC gene. Int J Sports Med. 2010;31:671-5.
Lehmann LH, Jebessa ZH, Kreusser MM, Horsch A, He T, Kronlage M, et al.

A proteolytic fragment of histone deacetylase 4 protects the heart from
failure by regulating the hexosamine biosynthetic pathway. Nat Med.
2018;24:62-72.

120.

12

123.

124.

128.

130.

13

133.

135.

Page 14 of 14

. Cox EJ, Marsh SA. Exercise and diabetes have opposite effects on the assem-

bly and O-GIcNAc modification of the mSin3A/HDAC1/2 complex in the
heart. Cardiovasc Diabetol. 2013;12:101.

Jiang H, Jia D, Zhang B, Yang W, Dong Z, Sun X, et al. Exercise improves car-
diac function and glucose metabolism in mice with experimental myocardial
infarction through inhibiting HDAC4 and upregulating GLUT1 expression.
Basic Res Cardiol. 2020;115:28.

. Mooren FC, Viereck J, Kriiger K, Thum T. Circulating MicroRNAs as potential

biomarkers of aerobic exercise capacity. Am J Physiol Heart Circ Physiol.
2014,306:H557-63.

. Baggish AL, Park J, Min P-K, Isaacs S, Parker BA, Thompson PD, et al. Rapid

upregulation and clearance of distinct Circulating MicroRNAs after prolonged
aerobic exercise. J Appl Physiol. 2014;116:522-31.

Melo SFS, Barauna VG, Neves VJ, Fernandes T, Lara LS, Mazzotti DR, et al.
Exercise training restores the cardiac microRNA-1 and-214 levels regulat-

ing Ca2 +handling after myocardial infarction. BMC Cardiovasc Disord.
2015;15:166.

Gomes CPC, Oliveira GP, Madrid B, Almeida JA, Franco OL, Pereira RW.
Circulating miR-1, miR-133a, and miR-206 levels are increased after a half-
marathon run. Biomarkers. 2014;19:585-9.

. Clauss S, Wakili R, Hildebrand B, K&db S, Hoster E, Klier |, et al. Micrornas

as biomarkers for acute atrial remodeling in marathon runners (the
mirathon study-a sub-study of the Munich marathon study). PLoS ONE.
2016;11:20148599.

. Habibi P, Alihemmati A, Ahmadiasl N, Fateh A, Anvari E. Exercise training

attenuates diabetes-induced cardiac injury through increasing miR-133a and
improving pro-apoptosis/anti-apoptosis balance in ovariectomized rats. Iran
J Basic Med Sci. 2020;23:79-85.

. Horak M, Zlamal F, lliev R, Kucera J, Cacek J, Svobodova L, et al. Exercise-

induced Circulating MicroRNA changes in athletes in various training
scenarios. PLoS ONE. 2018;13:e0191060.

Ma Z, Qi J, Meng S, Wen B, Zhang J. Swimming exercise training-induced left
ventricular hypertrophy involves MicroRNAs and synergistic regulation of the
PI3K/AKT/mTOR signaling pathway. Eur J Appl Physiol. 2013;113:2473-86.

. Zhao J,SongY, Zeng Y, Chen L, Yan F, Chen A, et al. Improvement of hyperlip-

idemia by aerobic exercise in mice through a regulatory effect of miR-21a-5p
on its target genes. Sci Rep. 2021;11:11966.

ZhaoY, Ma Z. Swimming training affects apoptosis-related MicroRNAs and
reduces cardiac apoptosis in mice. Gen Physiol Biophys. 2016;35:443-50.

. XuT, Zhou Q, Che L, Das S, Wang L, Jiang J, et al. Circulating miR-21, miR-378,

and miR-940 increase in response to an acute exhaustive exercise in chronic
heart failure patients. Oncotarget. 2016;7:12414-25.

. Hou Z,Qin X, HuY, Zhang X, Li G, Wu J, et al. Longterm exercise-derived

Exosomal miR-342-5p: A novel exerkine for cardioprotection. Circ Res.
2019;124:1386-400.

Zhang N, Wang X, Feng M, Li M, Wang J, Yang H, et al. Early-life exercise
induces immunometabolic epigenetic modification enhancing anti-inflam-
matory immunity in middle-aged male mice. Nat Commun. 2024;15:3103.

. Shan M, Li S, Zhang Y, Chen Y, Zhou Y, Shi L. Maternal exercise upregulates

the DNA methylation of Agtr1a to enhance vascular function in offspring of
hypertensive rats. Hypertens Res. 2023;46:654-66.

Qiu F, Meiling S, Zhang Y, Shi L. Maternal exercise improves vascular function
in Shr offspring via epigenetic regulation of akap5 gene expression: 3117.
Med Sci Sports Exerc. 2023;55:1051.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Physical exercise and epigenetic modifications in skeletal muscle, brain, and heart
	﻿Abstract
	﻿Background
	﻿Overview of epigenetic changes
	﻿DNA methylation
	﻿Histone modification
	﻿RNA methylation
	﻿Non-coding RNAs
	﻿Effects of physical exercise on epigenetic changes in specific tissues
	﻿In skeletal muscle
	﻿In the brain
	﻿In the heart

	﻿Conclusion
	﻿References


