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INFLUENCE OF PHYSICAL EXERCISE ON EPIGENETIC MODIFICATIONS M) Check for updates
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Anastasia |. Kadykova, Evgeniy D. Kopylov™, Nikita S. Gladyshev, Roman V. Deev, Andrey V. Zholinsky

National Center for Sports Medicine of the Federal Medical and Biological Agency, Moscow, Russia

Introduction. Physical exercise is one of the most powerful environmental factors modulating epigenetic modifications of the genome. The
regulation of gene activity via the chemical modification of DNA, histone alterations, and non-coding RNAs serves as a link between training
and the developing athletic phenotype. However, published data remain fragmented and often contradictory due to methodological chal-
lenges, heterogeneous cohorts, and a lack of protocol standardization.

Objective. Systematization and synthesis of current data on the influence of physical exercise on epigenetic modifications of the genome,
analysis of their contribution to the processes of adaptation, recovery, and formation of the risk of pathological conditions in athletes, as well
as assessment of the prospects for the use of epigenetic markers in sports medicine.

Discussion. Physical exercise induces specific changes in the three main components of the epigenome. Acute and chronic loads cause
hypomethylation of the promoters of energy metabolism genes (PPARGC1A, PDK4, PPARD), which is accompanied by increased expression
and mitochondrial biogenesis. Histone modifications (acetylation, phosphorylation of H3.3-Ser-31, lactylation) alter chromatin packing densi-
ty. The spectrum of microRNAs depends on the type and duration of training; however, information on individual microRNAs (including miR-1)
remains contradictory, largely due to differences in methodology (participant training status, time points, normalization method, sex). Signaling
cascades (AMPK, MAPK, IGF-1/Akt, NF-xB, NFE2L2) integrate energetic signals and the epigenetic response. The epigenetic response is
tissue-specific and is modulated by sex, age, and ethnicity. Promising directions include the analysis of exerkines, including microRNAs from
extracellular vesicles, and nutricepigenetics.

Conclusions. Physical exercise consistently induces characteristic epigenetic modifications that participate in adaptation and can be considered
as potential biomarkers of an athlete’s functional state. Promising areas of application in sports medicine include monitoring recovery through
epigenetic clocks, predicting injury and overtraining, personalizing training, and extending the Athlete Biological Passport with epigenetic mark-
ers. Implementation of the results into clinical practice requires overcoming methodological limitations and further prospective research.
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BJIMAHUNE ®PUSNHECKUX HATPY3OK HA SMNMUNrEHETUHECKUE MOANPUKALIMA TEHOMA:
3HAYEHME ONs CNOPTUBHOW MEOULUMHBI (OB30P)

AW. KagpikoBa, E.[]. Konbinos™, H.C. Mmapgbiwes, P.B. dees, A.B. XXonuHckui

HaumoHanbHbI LEHTP CROPTUBHOM MeauumHbl PefepanbHOro Megnko-61onornieckoro areHTcTea, Mockea, Poccus

BBepeHune. Gusnyeckas Harpyska sBnsieTcs OfHVM 13 Haubonee MOLLHBIX CPE0BbIX (haKTOPOB, MOAYMPYIOLLMX SMUrEHETUYECKNE MOa-
rkaumm reHoma. Perynsaums akTMBHOCTM FeHOB MOCPeACTBOM Xmmdeckon Moandurkaumm JHK, nameHeHns rMcTOHOB U HEKOAMPYIOLLMX
PHK BbICTynaeT CBA3YIOLLM 3BEHOM MEXOY TPEHNPOBKaMM 1 (DOPMUPYIOLLIMMCS (PEHOTUMOM criopTceMeHa. [laHHble nuTepartypbl OCTaTCs
pPa3pPO3HEHHBIMY 1 HEPEOKO MPOTUBOPEYMBBIMA, HTO OOYCNIOBAEHO METOLONOMMHYECKUMIN CNOXKHOCTSIMU, FETEPOreHHOCTBIO UCCedyeMbIX
rpynn 1 OTCYTCTBMEM CTaHAapTU3aLmMmM NPOTOKOSOB.

Llenb. Cuctematmsaums 1 0606LLEHE COBPEMEHHBIX AAaHHBIX O BANSHUM (DU3NYECKMX HArpy30K Ha SMMreHeTuYeckne Moagnurkaummn re-
HOMa, aHafInM3 X Bkfaja B NPoLecchl afanTalym, BOCCTaHOBNEHNS 1 (POPMMPOBAHNS pUCKa NaTONOMMHECKMX COCTOSIHNIA Y CMIOPTCMEHOB,
a Tak>xe OLeHKa NepcrneKkT!B NPUMEHEHNS AMUFEHETUHECKIX MapKEPOB B CIOPTMBHOM MeauLMHE.

O6cyxpeHue. duanyeckre yNpa>kHEHVS UHOYLIMPYIOT cneunuyecKkmne n3MeHeHns B TPEX OCHOBHbIX 3BEHbAX anureHoma. OCTpble 1 Xpo-
HUYeCcKKe Harpy3Ku BbI3bIBAOT M’MNOMETUNIMPOBaHKE MPOMOTOPOB reHOB aHepreTnieckoro oomeHa (PPARGCTA, PDK4, PPARD), 4to conpo-
BOX/AETCH YCUNEHNEM 3KCMPECCUM U MUTOXOHAPWaNBHbIM BroreHe3omM. Moaundrkaumm rmcToHOB (aueTunmpoBaHmne, hocopunmnpoBaHme
H3.3-Ser-31, nakTnnnpoBaHne) N3MEHSAOT MAOTHOCTb YNakoBKM xpomMaTuHa. CnekTp MUKpoPHK 3aBucuT OT Tuna 1 Npoao/mKUTENBHOCTY
TPEHMPOBOK, OAHAKO MHMopMaLms No oTaenbHbIM MUKPOPHK (B ToM Ymcne miR-1) ocTaeTcst NpoTMBOPEUMBOM, YTO B 3HAYNTENBHON CTene-
HY onpefensieTcs pasnmynsaMmn B MeETOA0NONN (TPEHNPOBAHHOCTb YHaCTHNKOB, BPEMEHHbIE TOYKIM, CNOCO6 HopManmuaaumu, non). CurHans-
Hble kackagbl (AMPK, MAPK, IGF-1/Akt, NF-kB, NFE2L2) nHTerpupytoT aHepreTm4eckmne curHabl 1 anUreHETUHECKNIN OTBET. DNUreHeTn-
YecKUii OTBET TkaHecneunduieH 1 MOAYIMPYETCS NOSIOM, BO3PACTOM U STHUHECKOW MPUHAANEXHOCTbI0. OTAeNbHbIMY NEPCNEKTUBHBIMMA
HanpasneHVsIMU SBNSIOTCS aHaNN3 9K3ePKUHOB, B TOM Hncne MUKpoPHK BHekNeTo4YHbIX Be3uKkyn (EVS), 1 HyTpuanureHeTuka.

BeiBogbl. ®Pusnyeckne Harpys3ky 3aKOHOMEPHO BbI3bIBAIOT XapakKTepHble 3MNUreHeTUdecKne MOAnUKaLMY, KOTOpble Yy4acTBYHOT
B afantaumu, U MOryT paccMaTpuBaThCst Kak NoTeHUmanbHble 6UoMapkepb! (DYHKLIMOHANBHOrO COCTOSIHIS CriopTCMeHa. NepcnekTrBHble
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HanpasneHnsl NPUMEHEHVS B CMIOPTUBHOW MedVLMHE BKIIKOHAOT MOHUTOPVHI BOCCTAHOBJIEHWSI Yepes3 anUreHeTUYeckme Yachl, MPorHo3
TpaBmaTn3ma 1 NepeTpPeHpPOBaHHOCTM, NEPCOHaNN3aLIM0 TPEHMPOBOK 1 pacluvpeHmne «Athlete Biological Passport» (6uonornyeckoro «na-
crnopTa» CMopTCMEHA) 3a CYET 3MUreHeTUYECKMX MapKepoB. BHeapeHne pesdynstaToB B KMHUYECKYKD MPaKTUKy TpebyeT npeofoneHns
METOLOSIOMMHECKUX OFPAHNYEHNI Y AaNbHENLLIMX MPOCMEKTUBHBIX NCCNEA0BaHNNA.

KnioueBble cnosa: msmdeckas Harpyska; anureHetuka; metunvposanve OHK; mogmdukaumm rmcToHOB; MUKPOPHK; 9K3epKuHbl;
CnopTUBHasA MeauLMHa

Ons untuposaHus: Kageikosa AV, Konbinos E.[0., Mageiwes H.C., Oees P.B., >KonuHckuin A.B. BansHue uruanyeckmx Harpy3oK Ha anu-
reHeTu4eckne Moamdurkaumm reHomMa: 3Ha4eHe ans CropTUBHON MeauLIMHBI (0030p). SKCTpemasibHasi bruomeauimHa. 2026;28(3):335-345.
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INTRODUCTION

Physical exercise represents a physiological stimulus
that triggers adaptive changes in cellular metabolism,
signaling cascades, and gene expression in multiple
tissues of the body. Along with alterations in the activity
of regulatory proteins, the molecular basis of this ad-
aptation involves epigenetic mechanisms — reversible
changes in the regulation of gene expression without
changes in the DNA sequence [1, 2]. Epigenetic modi-
fications provide the link between the training process
and the developing athlete phenotype, determining the
characteristics of adaptation to various types of exer-
cise [3, 4].

The primary epigenetic mechanisms include DNA
methylation, post-translational histone modifica-
tions, and regulation of expression by non-coding
RNAs [5], which are sensitive to the influence of ex-
ternal (physical activity, nutrition, sleep, stress) and
internal factors [6, 7]. Systematic training induces
specific changes in the epigenetic profile of skeletal
muscles, myocardium, adipose tissue, and immune
cells, affecting the expression of genes involved in
mitochondrial biogenesis, oxidative metabolism,
muscle hypertrophy, anti-inflammatory and antioxi-
dant responses [8, 9]. The direction and magnitude
of changes depend on the type of exercise and its
metabolic specificity [10, 11].

Epigenetic modifications induced by exercise can
be both protective and adaptive in nature, as well as
be associated with an increased risk of diseases, over-
training, and sports injuries [12, 13]. This makes epi-
genetic markers promising candidates as tools for per-
sonalized sports medicine [14, 15]. At the same time,
unresolved issues remain regarding the persistence of
acquired modifications, the reliability of associations
with phenotype, and the clinical applicability of these
markers.

The aim of the study is to systematize and synthe-
size current data on the influence of physical exercise
on epigenetic modifications of the genome, analyze
their contribution to the processes of adaptation, re-
covery, and formation of the risk of pathological condi-
tions in athletes, and assess the prospects for the use
of epigenetic markers in sports medicine.

The search for scientific publications was con-
ducted for the period 2010-2026 across the PubMed,
Scopus, and eLIBRARY databases using keywords in
Russian: “epigenetic modifications induced by exer-
cise”, “epigenetic regulation of physical performance”,
“epigenetic adaptation to exercise”, “DNA methylation
and exercise”, “microRNA and sports training”, “histone
modifications and physical activity”, “epigenetic bio-
markers in sports”, “exerkines”, “extracellular vesicles in
exercise”, “epigenetic clocks and athletes”, “athlete bi-
ological passport miRNA", “epigenetic doping”, “nutri-
cepigenetics”, as well as equivalent queries in English.
Priority was given to original experimental studies, clini-
cal trials, and systematic reviews. Publications without
access to full-text versions were excluded from selec-
tion. Gene nomenclature follows HUGO guidelines'.
For microRNA identification, the central microRNA
nomenclature online database (miRBase)? was used.
A detailed glossary of key genes and microRNAs with

identifiers is published on the journal’s website?®.
MAIN BODY

Over the past fifteen years, there have been significant
changes in the understanding of how physical exer-
cise affects epigenetic modifications of the genome.
Early studies focused on identifying changes in DNA
methylation and histone modifications in skeletal mus-
cles. With the development of molecular and bioinfor-
matic methods, integrative multi-omics approaches
have been applied, allowing a deeper understanding

" Gene Nomenclature Committee. HGNC. www.genenames.org

2 Central online database for microRNA nomenclature (miRBase). www.mirbase.org
¢ Table 2. Glossary of genes and microRNAs with HGNC / miRBase identifiers. https://doi.org/10.47183/mes.2026-467-annex
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of the relationships between epigenetic markers and
gene expression affecting metabolic health and aging
rates [16, 17]. Current research covers a wider range of
tissues (skeletal muscle, myocardium, adipose tissue,
leukocytes, saliva, spermatozoa) and diverse groups of
subjects [18].

Molecular mechanisms of epigenetic regulation
during physical exercise

The primary epigenetic changes include DNA meth-
ylation, histone modifications, and regulation of gene
expression by non-coding RNAs [11]. Epigenetic modi-
fications serve as a molecular “bridge” between geno-
type and phenotype [19]. A decrease in methylation of
promoter regions of genes associated with mitochon-
drial biogenesis (PPARGC1A, PDK4, PPARD) leads to
increased expression and enhanced aerobic endur-
ance [20, 21]. The extent and duration of epigenomic
changes range from short-term (minutes to hours) to
long-term, providing “epigenetic memory” and sus-
tained adaptation [22]. Table 1 and Figure 1 summarize
the three main types of modifications, their molecular
essence, and key physiological effects.

DNA methylation

DNA methylation is the most extensively studied epi-
genetic mechanism [23, 24]. In the work by Barrés

et al., it was shown that global methylation in skeletal
muscle decreased after intense exercise, accompa-
nied by a dose-dependent increase in the expression
of PPARGC1A, PDK4, and PPARD and marked hypo-
methylation of their promoters. A similar effect was
demonstrated in the soleus muscle of mice 45 min af-
ter ex vivo contraction [25]. In the study by Seaborne et
al., it was found that in healthy men, the genes GRIK2,
TRAF1, BICC1, and STAGT became hypomethylated af-
ter a single resistance exercise session and maintained
this state for 22 weeks [26]. A meta-analysis by Etayo-
Urtasun et al. also confirmed that both aerobic and
resistance training significantly modulate the methyla-
tion profile in the skeletal muscle and blood of healthy
adults, with the effect depending on the type and dura-
tion of training [23].

Histone modifications

Histones are the primary protein components of chro-
matin. They include five classes (H1, H2A, H2B, HS3,
H4), each with several subtypes [27]. The key meta-
bolic regulator of acetylation is acetyl-CoA: acetylation
“relaxes” chromatin (euchromatin), while deacetylation
(HDAC) “condenses” it (heterochromatin) [28]. Physical
exercise increases the oxidation of fatty acids and car-
bohydrates, raising the concentration of acetyl-CoA [29],
which creates a substrate basis for hyperacetylation. In
the study by Chen et al., it was shown that trichostatin

Table 1. Main epigenetic mechanisms, exercise-induced changes, and physiological effects

Type of modification
Parameter .
DNA methylation Histone modifications (microl\lit?\ln,&?lc:\%;?\l;‘,'\lgfcRN A)
Molecular Addition of CH, to cytosine in Acetylation (HAT) < MicroRNAs (18-24 nt) bind
mechanism CpG islands; deacetylation (HDAC); to mRNA and cause its
Hypermethylation — Phosphorylation of degradation or translational
repression; Hypomethylation — H3.3 Ser-31; blockade;
activation Lactylation of histone lysines | IncRNAs and circRNAs regulate
transcription and act as
microRNA sponges
Direction of Hypomethylation of promoters Increase in acetyl-CoA Diverse changes in miR-1,
exercise-induced | of metabolism, mitochondrial during exercise — substrate miR-133a/b, miR-206
changes biogenesis and hypertrophy | activation of acetylation. HDAC depending on the protocol
genes; Formation of persistent | inhibition — hyperacetylation. | (resistance or aerobic, acute or
hypomethylation with repeated Phosphorylation of chronic, trained or untrained);
exercise (“epigenetic memory”) | H3.3-Ser-31. Lactylation upon Increase in miR-21, miR-29b
lactate accumulation during aerobic exercise
Physiological Increased expression of Facilitation of transcriptional Muscle hypertrophy,
effects / PPARGC1A, PDK4, PPARD response, activation of cardioprotection, lipid
associated — mitochondrial biogenesis; | metabolism, regeneration, and metabolism (via PDCD4),
genes Hypomethylation of GRIK2, hypoxia adaptation genes post-injury regeneration
TRAF1, BICCT1 — long-term (miR-206, MiR-486), inter-tissue
hypertrophy communication via EVs

Table compiled by the authors based on data from references [23, 28, 34]
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Fig. 1. Three levels of epigenetic regulation during physical exercise. RISC — RNA-induced silencing complex;

DICER — enzyme complex (ribonuclease IlI)

A-induced hyperacetylation of myoblasts enhances their
fusion and the secretion of extracellular vesicles contain-
ing miR-873-3p, which stimulates the osteogenic differ-
entiation of mesenchymal stem cells [30].

Phosphorylation of Ser-31 of histone H3.3 also reg-
ulates the muscle response to exercise. Maruyama and
Kawano demonstrated that the level of H3.3-Ser-31ph
is reduced in the muscles of aged mice; introduction of
mutant H3.3 with a serine-to-glutamic acid substitution
(H3.3S31E) restored the transcriptional response to
exercise [31]. Zhang et al. first established that lactate
serves as a substrate for histone lactylation — a novel
post-translational modification that modulates the ex-
pression of tissue repair and inflammation genes [32].
In the context of physical exercise, elevated lactate
levels may contribute to epigenetic regulation through
both acetylation and lactylation [33].

Non-coding RNAs: critical analysis of
contradictions

MicroRNAs (18-24 nt) regulate gene expression post-
transcriptionally by binding to messenger RNA [34].
Physical exercise alters the expression of muscle-
specific microRNAs (“myomiRs” — miR-1, miR-133a,
miR-133b, miR-206). Resistance training reduces the
levels of miR-1 and miR-133, which suppress muscle
growth, thereby promoting hypertrophy [34].

Contradictory data on miR-1
In sports medicine, the response of miR-1 to aerobic

exercise remains one of the most controversial issues.
Nielsen et al. found that in untrained men, a single aerobic

338

exercise session increased miR-1 expression (p < 0.05),
but after 12 weeks of training, the baseline level of miR-1
dropped, and acute exercise no longer induced its eleva-
tion [35]. Russell et al., in a similar study, demonstrated
that miR-1 increased both after acute aerobic exercise
and 10 days of training (p < 0.05) [36]. Grieb et al. found
no significant changes in miR-1 in skeletal muscle after

a single submaximal endurance exercise in women [34].

A completely different pattern of changes was observed

for circulating microRNAs: plasma miR-1 increased

3 hours after exercise [37], and after a half-marathon,

circulating levels of miR-1, miR-133a, and miR-206 sig-

nificantly increased [38]. The differences between the
tissue and circulating pools of miR-1 likely reflect differ-
ent biological processes.

The discrepancies across studies can be attributed
to several methodological factors:

e training status of participants: untrained individuals
exhibit inherently higher baseline levels of myomiRs,
whereas trained individuals display reduced baseline
levels, shifting the magnitude and direction of the re-
sponse to acute exercise;

e type and intensity of exercise: incorrect comparison
of metabolically different exercise protocols (e.g.,
70% VO, max) based solely on percentage of maxi-
mal oxygen consumption without considering their
different metabolic specificities [39];

e time points of biopsy collection, including muscle tis-
sue: miR-1 exhibits rapid transient dynamics, and re-
sults strongly depend on whether the tissue was col-
lected immediately, 2, 3, or 24 h post-exercise [40];

e sex of participants: most studies have been per-
formed in males; data on females are scarce and
demonstrate a different response profile [34];

SKCTPEMAJIbHAA BMOMEVILIVIHA | 2026, TOM 28, Ne 3
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e normalization method in gPCR: the use of Rnu6,
cel-miR-39 as an exogenous control, or other refer-
ences can significantly alter the results of measuring
relative gene expression [41];

e preanalytical factors: plasma hemolysis, RNA isola-
tion method, sample storage conditions can critically
distort measurements of circulating microRNAs [42].
Thus, to establish valid epigenetic biomarkers in

sports medicine, standardization of protocols is neces-

sary according to the principles being developed by the

International Society for Extracellular Vesicles (ISEV) —

“Minimal Information for Studies of Extracellular

Vesicles (version 2023)" (MISEV2023) [43], and similar

initiatives for microRNAs.

In addition to miR-1, other microRNAs involved in
the regulation of adaptation include miR-133a (involved
in the regulation of hypertrophy and cardioprotec-
tion) [44], miR-21 (improvement of lipid metabolism via
PDCD4) [45-48], miR-29b (adaptation to aerobic ex-
ercise), as well as miR-486 (PIBK/AKT via PTEN) and
miR-206 (responsible for muscle regeneration), which
are key for signaling regulation [15]. Current studies
are increasingly focusing on the interaction of micro-
RNAs with long non-coding RNAs (IncRNAs) and cir-
cular RNAs (circRNAs) in the heart: miR-IncRNA and
miR-circRNA axes mediate the cardioprotective effect
of physical activity, and circular RNA is necessary for
exercise-induced myocardial hypertrophy [49].

Signaling cascades and their epigenetic effectors

Physical exercise affects the expression of genes in-
volved in key signaling cascades: AMPK, PGC-1a (en-
coded by PPARGCI1A), MAPK, insulin and IGF-1/Akt
pathways, NF-xB, and the NFE2L2 (NRF2) antioxidant
response [50]. Below, the changes in each of these sig-
naling pathways are briefly presented.

AMP-activated protein kinase (AMPK) is a key en-
ergy sensor. During exercise, AMPK stimulates glu-
cose utilization, fatty acid oxidation, and mitochondrial
biogenesis [51]. AMPK phosphorylates histone H2B,
HDAC4, and HDAC5, which triggers the dephospho-
rylation of the repressor MEF2A and activates the
GLUT4 (SLC2A4) promoter, enhancing muscle glucose
uptake [51, 52].

The coactivator PGC-1a is the primary regulator of
mitochondrial biogenesis. In 18-month-old mice, low
PGC-1a levels correlate with hypermethylation of the
PPARGCTA promoter; exercise training promotes its
hypomethylation and increased expression, and differ-
ent exercise regimens demonstrating comparable ef-
ficacy [53].

Mitogen-activated protein kinases (MAPKs) phos-
phorylate histone H3, altering the accessibility of genes
for transcription. The combined activation of AMPK,
MAPK, and PGC-1a after high-intensity exercise en-
hances mitochondrial biogenesis and oxidative me-
tabolism [54].

EXTREME MEDICINE | 2026, VOLUME 28, No 3

The insulin and IGF-1/Akt pathways are associat-
ed with muscle hypertrophy [55, 56]. Training in older
adults reduces methylation of /IGF7T and improves in-
sulin sensitivity [57]; at the same time, physical activity
modulates the methylation of negative regulators of the
pathway, including PTEN [58]. Moreover, miR-486 di-
rectly regulates this cascade through PTEN [15].

Inflammation and oxidative stress (NF-kB and
NFE2L2)

Regular physical activity shifts in the immune response
toward an anti-inflammatory profile and can modu-
late the expression of inflammatory response genes
through epigenetic mechanisms, including changes in
DNA methylation, histone modifications, and microRNA
regulation [59, 60]. The cytokine response to exercise
depends on intensity, duration, training status, and the
time of sample collection [61]. Moderate oxidative stress
activates NFE2L2 (NRF2) — the primary regulator of the
antioxidant response — which is accompanied by the
demethylation of promoters associated with reactive
oxygen species detoxifying enzymes [62].

Specificity of the epigenetic response

The epigenetic response to physical exercise is not uni-
form across different tissues and cells [9]. Skeletal mus-
cle exhibits the most pronounced shifts in methylation
and histone modifications, which affect genes involved
in mitochondrial biogenesis, potassium channel regula-
tion, and contractility. In the myocardium, exercise ac-
tivates specific patterns of miR-1, miR-133, miR-29a,
miR-126 and long non-coding and circular RNA axes
(IncRNA-/circRNA axes) mediated by them, providing
cardioprotection [49]. In adipose tissue, after six months
of aerobic training in sedentary adults, the methylation
level of genes related to glucose metabolism and type 2
diabetes risk is altered [63]. In peripheral blood leuko-
cytes, four weeks of sprint interval training induces dem-
ethylation of genes related to the cardiovascular system
in 12 healthy men [64]. The leukocyte methylome is con-
venient for monitoring athlete status; however, its cor-
relation with the muscle methylome is weak and does
not allow blood to be used as a surrogate source of
epigenomic data. In saliva, analysis of epigenetic clocks
(DNAmMGrimAge2, DNAmFitAge) is possible [14], and in
spermatozoa, physical exercise also alters the methyla-
tion and microRNA profile, opening an area for studying
possible transgenerational effects [65].

Nature of exercise and sports specialization

Long-term endurance training establishes a distinct
DNA methylation pattern in the skeletal muscles of ath-
letes compared to strength-sport athletes and non-ath-
letes [3, 4]. “Endurance” athletes exhibit a lower level of
methylation of slow-twitch muscle fiber gene promoters
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while simultaneously showing increased methylation of
regulatory genes (FOXO3, CREB5, PPARGC1A) [3]. Even
within the same type of exercise, different protocols
induce different epigenetic changes: when comparing
sprinting with turns versus straight-line sprinting, Maasar
et al. found more pronounced demethylation of MAPK/
AMPK cascade genes, VEGFA, and the insulin pathway
during running with turns [66]. In a case-control study,
D’Souza et al. demonstrated that microRNA profiles al-
low distinguishing powerlifters from non-athletes based
on five microRNAs (miR-126, miR-23b, miR-16, miR-23a,
miR-15a) [67]. Combined programs (aerobic + resist-
ance) also induce specific epigenetic changes: for exam-
ple, in elderly women with obesity, a 14-week program
reduces methylation of lipogenesis genes and improves
metabolic parameters [68].

Temporal dynamics of epigenetic changes

Epigenetic changes induced by exercise vary in both
intensity and duration. Following intense exercise, the
promoters of PPARGCTA, PDK4, and PPARD are hypo-
methylated, with increased mRNA levels; however, re-
methylation is observed after 3 h — an example of a
dynamic epigenetic response [25]. Using genome-wide
methylation analysis (850,000 CpG sites), Seaborne et
al. demonstrated that a repeated exercise stimulus in-
duces more pronounced genome-wide hypomethyla-
tion (18,816 CpG sites) compared to the initial bout (9,153
CpG sites). A cohort of genes (AXIN1, GRIK2, CAMK4,
TRAFT) demonstrated maintenance of a hypomethylat-
ed status even under detraining conditions with muscle
mass returning to baseline levels. Other genes (UBR5,
RPL35A, HEGT, PLAAT3 (formerly known as PLA2G16),
SETD3) also became hypomethylated, but the maxi-
mum values and the greatest increase in muscle mass
were recorded precisely with repeated exercise — an
“epigenetic memory.” The genes GRIK2, TRAF1, BICCT,
and STAGT became hypomethylated after a single re-
sistance exercise session and maintained this state for
22 weeks [26].

Influence of sex, age, and ethnicity on epigenetic
changes

Most studies on the epigenetic effects of exercise have
been conducted exclusively in men, substantially limit-
ing their extrapolation to women. Direct comparisons
between sexes reveal differences: elite male football
players exhibit a higher acceleration of epigenetic aging
compared to women [12]. Additionally, Grieb et al. re-
ported that the myomiR response profile to acute exer-
cise in women differs from previously described patterns
in men [34]. The influence of menstrual cycle phases,
hormonal contraception use, and menopausal status
on transcriptional and epigenetic response should also
be considered; however, systematic studies on these is-
sues in female athletes are extremely limited [69].
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Epigenome plasticity peaks during childhood and
adolescence. In elderly individuals, a 14 weeks mixed
training program reduces the methylation of lipogen-
esis genes and improves metabolic parameters [68];
8 weeks of training in sedentary women reduce epi-
genetic age by an average of 2 years [57]. Kawamura
et al. emphasize that the response to a training stimu-
lus is most pronounced in individuals with an initially
high acceleration of biological age [65]. Moreover, epi-
genetic changes are particularly pronounced in master
athletes, whose long-term training experience forms
a specific epigenetic “footprint”. Olympic champions
demonstrate slower epigenetic aging compared to
non-athletes [65].

DNA methylation and microRNA expression pat-
terns may differ between ethnic groups due to both
genetic factors (single nucleotide polymorphisms in
regulatory regions) and differences in environmen-
tal exposures. This implies that reference ranges for
epigenetic biomarkers, developed predominantly in
European or Asian cohorts, may not be applicable to
other populations — an important methodological ca-
veat when attempting to implement epigenetic diag-
nostics in international sports.

Exerkines and extracellular vesicles

The concept of exerkines (extracellular vesicles, EVs)
considers skeletal muscle as an endocrine organ that,
upon contraction, secretes peptides, metabolites, and
RNAs, including those packaged into extracellular vesi-
cles (exosomes 30-150 nm in size and microvesicles).
EVs provide inter-tissue communication in response to
exercise, carrying microRNAs, proteins, and lipids to
target cells [65, 70]. Frithbeis et al. showed that physi-
cal exercise induces a rapid release of small EVs into
circulation [71]. Chen et al. noted that HDAC inhibition
with trichostatin A enhanced the secretion of myocyte-
derived EVs enriched with miR-873-3p, which stimulate
osteogenic differentiation of bone marrow mesenchy-
mal stem cells [30]. Lisi et al. demonstrated that EVs
isolated from plasma after aerobic exercise exert a car-
dioprotective effect through the activation of antioxidant
pathways [72]. Sex differences also manifest at the EV
level: Kargl et al. found that the profile of circulating EVs
after 12 weeks of combined training significantly dif-
fers between men and women [73]. Recent data have
shown that EVs isolated after a training program can
partially mimic the effects of physical exercise, accel-
erating muscle recovery after detraining in mice [74]. It
must be emphasized that the correlation between EV-
microRNAs and skeletal muscle tissue microRNAs re-
mains weak. In the study by Lamon et al,, it was shown
that there was no correlation between levels of miR-1,
miR-16, miR-23b, and miR-133a/b in EVs and in mus-
cle tissue in men and women after 60 min of cycling at
70% VO, peak [75]. This likely confirms that circulating
microRNAs in EVs are not a direct “mirror” of muscle
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transcription but rather reflect a more complex dynam-
ics of secretion and clearance.

Nutriepigenetics

Nutrition acts as a cofactor in the epigenetic response
to training. Polyphenols (resveratrol, curcumin, quer-
cetin, epigallocatechin-3-gallate) modulate the activ-
ity of epigenetic enzymes: resveratrol activates SIRT1
(class Il HDAC, NAD+*-dependent), which enhances
the suppression of NF-kB-mediated inflammation, au-
tophagy, and endurance; curcumin and quercetin af-
fect histone acetyltransferases and HDACs, improving
redox balance and reducing inflammation [22]. Methy!l
donors — folates, vitamin B12, betaine, choline, me-
thionine — provide the S-adenosylmethionine pool for
DNA and histone methylation reactions. In their defi-
ciency, epigenetic responses to exercise may be im-
paired. Omega-3 polyunsaturated fatty acids alter in-
flammation-associated methylation profiles. They may
be considered as additional regulators of the epigen-
etic response to training: as the same exercise protocol
can induce different epigenetic effects under different
nutritional conditions.

Prospects for the use of epigenetic markers in
sports medicine

To date, four key areas of epigenetic marker application
can be identified: monitoring recovery and assessing
the athlete’s biological age, predicting the risk of sports
injuries, diagnosing overtraining, and personalizing the
training process (Fig. 2).

Biological age biomarkers based on DNA methyla-
tioninclude DNAmMGrimAge2, DNAmFitAge, PhenoAge,
and DunedinPACE — the so-called epigenetic clocks.

Brooke et al. evaluated professional football play-
ers (n < 19) and identified significant changes in DNA

Training personalization
* Accounting for individual
§ ‘epigenetic memory’

-EPIC array / qPCR panels
- Adaptive training load planning

Overtraining diagnostics

- myomiR panels (miR-1, miR-133a/b, miR-206)
- Methylation of metabolic genes
- Combined with CK and cytokines

methylation patterns when comparing samples taken
before and after a match. These alterations were ac-
companied by a marked reduction in biological age
estimates derived from epigenetic clocks. For exam-
ple, estimated age decreased by 32% according to
DNAMGrimAge2 (p = -7.07; p < 0.001), and by 18% ac-
cording to DNAmFitAge (p = —-4.76; p < 0.001). Following
a rest period, these values returned to baseline. The
most pronounced effect was observed in midfielders.
The authors also noted a possible association between
methylation patterns and injury frequency [14].

Fernandez Pérez et al. evaluated 74 elite football
players of both sexes, and noted that overall accelera-
tion of epigenetic aging does not directly reflect injury
risk; however, specific differentially methylated CpG
sites may serve as predictors of individual predispo-
sition [12]. Ding et al. and Marrouh et al. emphasize
the prospect of integrating polygenic risk scores with
exercise-sensitive  microRNA expression (miR-206,
miR-133a, miR-486) as a foundation for precision
sports medicine [15, 21].

Analyzing myomiRs (miR-1, miR-133a/b, miR-206) in
combination with the methylation patterns of metabolic
genes is considered a promising panel of biomarkers
for assessing fitness status [17, 76]. Combining these
markers with circulating proteins (creatine kinase, cy-
tokines) may increase the sensitivity for the early de-
tection of maladaptation; however, clinically validated
panels currently do not exist.

The concept of individual “epigenetic memory” and
varying epigenetic sensitivity to exercise potentially en-
ables the design of training programs tailored to the
epigenetic profile. Practical implementation requires
the standardization of epigenetic analysis protocols
and the development of a regulatory framework.

In the field of epigenetics and anti-doping control,
the fight against doping increasingly relies on indirect
detection methods based on long-term monitoring of

Recovery monitoring

* Epigenetic clocks (DNAmGrimAge2, DNAmFitAge)
- Saliva / dried blood spot before and after exercise
- Shiftin biological age after a match

8

eﬁ,}g':,,‘:tfc Biological age tracking
ro ile - Long-term epigenetic age monitoring
‘ Career-span DNAmAge trajectories

- Individual CpG sites as risk predictors
- Combined with PRS and
miR-206/miR-133a/miR-486

Injury risk prediction
ﬁ@’ ¢ Genome-wide leukocyte methylation

Veteran/Masters athletes profiling

Antidoping (ABP + epigenome)
Mg “

Circulating
microRNAs (AAS)

Figure prepared by the authors based on data from [14, 17, 64, 76]

EPO transcriptomic
signature

Gene doping
traces

Fig. 2. Application of epigenetic markers in sports medicine
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biomarkers. This concept is currently implemented by
the World Anti-Doping Agency (WADA) via the Athlete
Biological Passport. The hematological and steroid
modules of the passport were implemented in 2008
and 2014, respectively, both use a Bayesian adaptive
model to assess individual deviation from the norm [77].
However, the narrow detection windows and the emer-
gence of new pharmacological substances are making
direct methods less and less effective — this creates
prerequisites for expanding the Biological Passport
with epigenetic and RNA markers.

Nicoli et al. proposed the using of circulating mi-
croRNAs as biomarkers of anabolic androgenic ste-
roid (AAS) use [78]. AAS consumption causes organ
damage (heart, liver, kidneys), and a concurrent el-
evation of tissue-specific microRNAs in the blood.
For example, increased expression of miR-21 and
miR-205 in the kidneys of AAS users, miR-146a after
nandrolone administration in rats, as well as changes
in MiR-132 and miR-144 within the central nervous
system [78]. An important advantage of microRNAs
as biomarkers is their high stability at room tempera-
ture and during freeze/thaw cycles, which simplifies
biobanking logistics.

Durussel et al. identified a transcriptomic signature
in peripheral blood characteristic of recombinant hu-
man erythropoietin use. This signature persists even
after drug discontinuation — including within those
“detection windows” that are inaccessible to direct
methods [79]. This fact is fundamentally important be-
cause epigenetic and expression changes can indicate
banned substance use even when the substance itself
is no longer detectable. The concept of the “epigen-
etic legacy” of doping — the long-term persistence of
DNA methylation and microRNA changes after with-
drawal — is being actively investigated. Given the exis-
tence of “epigenetic memory” in skeletal muscle [26], it
is legitimate to ask: can methylation patterns acquired
during AAS use persist for years and provide an athlete
with a long-term advantage even after official drug dis-
continuation?

In 2021, WADA approved the first test for gene dop-
ing with methods currently being developed to detect
exogenous DNA against the background of the ath-
lete’s genomic DNA [80]. Epigenetic markers serve as a
complement here: the introduction of transgenes may
leave characteristic epigenetic traces in the expression
of target genes.

Limitations of data and the current review

When interpreting the data and presented conclusions,

a number of significant limitations must be taken into ac-

count:

e small sample sizes: the vast majority of experimen-
tal studies have been conducted on groups of 6
to 30 people, which reduces statistical power and
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increases the risk of false-positive results, especially
during multi-testing (analysis of 850,000 CpG sites);

e sex bias: most studies exclusively enroll only men or
feature highly gender-unbalanced cohorts, which se-
riously limits the extrapolation of findings to female
athletes;

e a significant portion of data has been obtained from
sedentary or moderately trained volunteers, rather
than elite athletes — the population in which sports
medicine is most interested. Extrapolation to profes-
sional athletes has limited justification;

e heterogeneity of protocols: exercise type, intensity,
duration, modality, timing, analytical platforms, and
normalization methods vary across studies, con-
founding direct comparison and meta-analysis. For
EVs, adherence to MISEV2023 guidelines is par-
ticularly important, yet not all studies comply with
them [43];

e correlation vs. causality: most data do not confirm
causal relationships. Association of a specific epi-
genetic pattern with a phenotypic outcome (endur-
ance, hypertrophy, injury) often remains presump-
tive. Functional validations (knockout, miRNA-mimic
experiments) are largely limited to animal models;

e |imited tissue availability: skeletal muscle biopsy is an
invasive procedure, making it particularly challeng-
ing to perform in elite athletes during the competi-
tive season; accessible “peripheral” tissues (blood,
saliva) do not always adequately reflect the muscle
epigenome.

CONCLUSION

Physical exercise is one of the most powerful environ-
mental factors that modulating the epigenome. Unlike
the genome, the epigenome possesses high plastic-
ity and serves as a link between the training process,
hereditary characteristics, and the developing athletic
phenotype. Physical exercise consistently induces re-
versible changes in the three primary components of
the epigenome: DNA methylation, histone modifica-
tions (acetylation, phosphorylation of H3.3-Ser-31,
lactylation), and microRNA expression, as well as in
INcBRNA- and circRNA-mediated regulation. These
mechanisms allow for the selective alteration of gene
activity and signaling pathways — AMPK, PGC-1q,
MAPK, IGF-1/Akt, NF-kB, NFE2L2. The epigenetic re-
sponse is tissue-specific, depends on the type and na-
ture of exercise, as well as on the sex, age, and ethnic-
ity of the athlete.

The long-term stability of modifications, causal re-
lationships between specific epigenetic changes and
phenotypic outcomes, as well as epigenetic memory
associated with pharmacological interventions, remain
poorly understood. Overcoming these limitations re-
quires prospective multicenter studies in large, ethni-
cally diverse cohorts using multi-omics approaches.
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