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Epigenetic events associated with strength training
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Epigenetic mechanisms play a pivotal role in shaping muscular adaptations to physical training, offering a dynamic framework

to understand how exercise modifies gene expression without altering the DNA sequence. Weightlifting, a sport demanding

exceptional muscular strength and endurance, induces significant molecular and physiological changes, widely mediated

by epigenetic processes. These include DNA methylation, histone modifications, and the expression of regulatory microRNAs

(miRNAs), which together regulate gene networks critical for muscle hypertrophy, energy metabolism, and recovery. The dy-

namic interplay between these mechanisms has shown promise for identifying biomarkers of athletic potential and tailoring

training programs to optimize performance. DNA hypomethylation at key genomic loci, alterations in histone acetylation

promoting chromatin relaxation, and the activity of muscle-specific miRNAs (e.g. miR-1, miR-133, and miR-486) emerge as

central features in the adaptive response to resistance training. Furthermore, circulating extracellular vesicles containing

miRNAs provide potential non-invasive markers for physiological changes and recovery status tracking. This review explores

recent advancements in the field, discussing foundational principles, areas of debate, and practical applications for athletes

Key words: and trainers. Gaps in understanding—such as the long-term heritability of exercise-induced epigenetic changes and the

Weightlifting. Resistance training.  combined impact of multiple epigenetic modifications—underscore the need for further research.
Epigenomics. DNA methylation.  Conclusion: Ultimately, leveraging these insights could revolutionize training methodologies and precision fitness in strength
MicroRNA.  sports, aligning genetic predisposition with optimized environmental stimuli.

Eventos epigenéticos asociados con el entrenamiento de fuerza

Resumen

Los mecanismos epigenéticos desempenfan un papel fundamental en la configuracion de las adaptaciones musculares al
entrenamiento fisico, ofreciendo un marco dindmico para comprender como el ejercicio modifica la expresion genética sin
alterar la secuencia del ADN. El levantamiento de pesas, un deporte que exige una fuerzay resistencia muscular excepcionales,
induce importantes cambios moleculares y fisiolégicos, en gran medida mediados por procesos epigenéticos. Estos incluyen la
metilacion del ADN, modificaciones de histonas y la expresion de microARN reguladores, gue en conjunto regulan las redes de
genes fundamentales para la hipertrofia muscular, el metabolismo energéticoy la recuperacion. La interaccién dindmica entre
estos mecanismos se ha mostrado prometedora para identificar biomarcadores del potencial atlético y adaptar los programas
de entrenamiento para optimizar el rendimiento. La hipometilacion del ADN en loci gendmicos clave, las alteraciones en la
acetilacion de histonas que promueven la relajacion de la cromatina y la actividad de los microARNs especificos del musculo
(p. €], miR-1, miR-133 y miR-486) emergen como caracteristicas centrales en la respuesta adaptativa al entrenamiento de
resistencia. Ademas, las vesiculas extracelulares circulantes que contienen microARNs proporcionan posibles marcadores
no invasivos para rastrear los cambios fisiolégicos y el estado de recuperacion. Esta revision explora los avances recientes en
el campo, analizando principios fundamentales, dreas de debate y aplicaciones practicas para deportistas y entrenadores.
Palabras clave:  Las lagunas en la comprension, como la heredabilidad a largo plazo de los cambios epigenéticos inducidos por el ejercicio
Halterofilia. Entrenamiento de fuerza. Y €l impacto combinado de multiples modificaciones epigenéticas, subrayan la necesidad de realizar mas investigaciones.
Epigenomica. Metilacion de ADN.  Conclusién: En Ultima instancia, aprovechar estos conocimientos podria revolucionar las metodologias de entrenamiento y
MicroARN.  elfitness de precisién en los deportes de fuerza, alineando la predisposicion genética con estimulos ambientales optimizados.
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Epigenetic changes associated with
physical training

The search for factors capable of explaining physical performance
in athletes has led to the study of genetic and epigenetic character-
istics'. In sport, the identification of polymorphisms involving simple
nucleotides, insertions and deletions, and copy number variations in
specific loci have been fundamental for establishing links to physical
capacity. Epigenetics studies changes in the chromatin that do not
involve DNA sequence changes but rather regulate gene expression
and the phenotype, particularly DNA methylation, histone modification
and microRNA regulation, as mediators in the metabolic adaptations
induced by exercise. Some confer a noticeable degree of muscular
plasticity that favours the generation of strength and aerobic capacity,
often in coordination with the level of activity inherent to the exercise’.

Epigenetics encompasses the study of transcriptional states that
determine alternative phenotypes in an organism, cell or tissue; poten-
tially reversible and/or inheritable, without any associated changes in the
genomic DNA sequence. An epigenomic profile may be altered during
tumoral processes or by exposure to certain environmental factors. It
therefore often explores molecular markers in different cancer types or
is used to assess the quality of response to a certain treatment, among
such other applications as sport performance’.

Muscular contraction during exercise produces an increase in en-
ergy demand, which activates the production of ATP, maximal oxygen
uptake (VO, ), the elimination of carbon dioxide (VCO,), the elimination
of heat being produced and the replacement of muscle fluids during
high-intensity exercise*. Depending on the type and intensity of the
exercise in question, the extracellular secretion of hormones, cytokines
and growth factors is increased, which leads to coordinated functional
changes in the gene networks of multiple tissues®. The epigenetic as-
pects frequently associated with the adaptation of muscle to exercise
include modification of the genomic methylation profile, modification
of the methylation/acetylation status of the associated histones and
alteration of microRNA expression levels.

In Colombia, there is still a gap between the identification and the
application of epigenetic markers in elite athletes that limits the devel-
opment of strategies to maximise performance and personalise training
activities. This review proposes a contribution to the understanding of
epigenetic events associated with weightlifting as a starting point for
the identification of biomarkers applicable to high-performance sport
in weightlifting.

Method

We performed a narrative search in PubMed and Scopus for epi-
genetics, microRNAs and strength training (last 10-12 years, with the
inclusion of previous seminal works). Combined descriptors were used
(e.g., microRNA, miRNA, strength training, resistance exercise, hypertrophy,
epigenetics). Priority was given to studies in humans and recent reviews;
animal models were considered when relevant mechanisms were
contributed. Reports with no methodological detail or no relation to

strength/hypertrophy were excluded. The synthesis was structured into
key themed areas (myomiRs, PI3K/Akt/mTOR and Ca**/CaMK pathways,
and circulating biomarkers), integrating findings and their potential
application to sport.

DNA methylation

In eukaryotic cells, such epigenetic mechanisms as DNA methyla-
tion, histone modification and the production of regulating microRNAs
are strategies used to regulate the genetic expression of key proteins in
the adaptation to strength training. Genomic DNA methylation involves
the addition of a methyl group onto the 5-carbon position of a cytosine
base, most frequently in the context of the cytosine-phosphate-guanine
dinucleotide (CpG), by a family of DNA methyltransferase enzymes
(DNMTs). DNMTs are classified into three groups based on their specific
function. Writer DNMTs catalyse the addition of methyl groups to cyto-
sine residues (DNMT1, DNMT3A and DNMT3B). Reader DNMTs recognise
the methyl groups present in the DNA to influence gene expression.
Eraser DNMTs revert methylation at specific moments in the cell cycle®’.

Within the genome, the CpG dinucleotide is densely concentrated
in clusters of variable size known as CpG islands, separated by long
segments in which their presence is significantly lower. CpG islands
often superimpose the promoters of many genes in such a way that
the local states of chromatin compaction—correlated with the state
of methylation—impacts their transcriptional activity9. Said sate of
methylation therefore enables regulation of access by transcription
factors to the promoters, in particular those that require interaction
with cytosines to function®.

The set of adaptive responses induced by muscular contraction im-
proves metabolic efficiency, oxidative capacity and contraction strength
by altering gene expression profiles and protein levels®. This is accompa-
nied by changesin Ca** transportation by the sarcoplasmic reticulum. An
increased level of Ca?* in myocytes increases the appearance of calcium/
calmodulin-dependent protein kinase Il (CaMKIl), which promotes the
phosphorylation of methyl-CpG-binding protein (MeCP2), a protein that
modulates chromatin structure and alters its transcriptional activity'®.
Furthermore, the consumption of ATP during the movement of myosin
increases the cytosolic AMP to ATP relationship. This determines the
temporary activation of AMP-activated protein kinase (AMPK) based on
the completion of exercise'. The increased metabolism also generates
a greater production of reactive oxygen species (ROS), which cause
DNA hypomethylation by reducing availability of the natural methyl
donor molecule for the function of DNA methyltransferases (DNMTs);
S-adenosylmethionine (SAM)™.

An increase in the intensity of an exercise is associated with an
increase in the mRNA levels of specific genes, meaning that changes in
the methylation level contribute to the associated muscle adaptation.
The increase in mRNA generation is often associated with muscular DNA
hypomethylation, both at a global level and in specific loci'. At metab-
olism regulation gene loci, such as peroxisome proliferator-activated
receptor delta (PPAR-6), mitochondrial transcription factor A (TFAM) or
myocyte enhancer factor-2 (MEF2), hypomethylation was significantly
observed to be associated with an increase in gene expression, which
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was most notable at higher effort intensities®. Furthermore, the peroxi-
some proliferator-activated receptor gamma coactivator 1-alpha gene
(PGC-Ta) showed hypomethylation coinciding with local changes in
nucleosome structure, an increase in expression level and a reduction
inintramuscular lipid content™. The over-expression of PGC-1a in mice
was shown to be associated with a greater proclivity of satellite repair
cells and stromal cells in skeletal muscle to favour myogenic lineage
over others during muscle regeneration®.

In a study by Senesi et al.in 2014, the 5-azacytidine (AZA) demeth-
ylation agent was used in C2C12 mouse myoblasts'. After 24 hours of
incubation with uM 5-AZA, a strengthening in the expression of such
myogenesis biomarkers as Myf6 and myosin heavy chain (MyHC) was
observed, as well as an increased general production of proteins. "AZA
shortens the differentiation process, maintaining the ordered and se-
quential expression of the muscle-specific gene programme”. The results
suggested a probable link between muscle hypertrophy and an overall
reduction in methylation. Furthermore, the DNA hypomethylation
induced by AZA increases synthesis of the insulin-like growth factor 1
receptor (IGF-I R)' and certain muscle protein synthesis regulators.
IGF-l is a mediator of hormonal and metabolic action by the growth
hormone (GH), which is secreted in stress conditions'®. IGF-I and GH
could actin synergy during the late stage of myogenic differentiation’®.
When combined with the demonstration of a significant link between
the phenotype of elite strength athletes and specific profiles in DNA
methylation', these results suggest that epigenetic studies related to
high sports performance in strength sports disciplines are promising
in the identification of markers of individual potential or for training
supervision purposes.

One example of the involvement of epigenetic mechanisms in the
regulation of muscle hypertrophy can be found in the overexpression
of TETT demethylase, both due to the presence of ROS? and its medi-
ation in the effects of myostatin (MSTN)?". MSTN in skeletal muscle is
a limiting factor for muscle development?, the deficiency of which or
the presence of mutations in the MSTN gene reduces its effects and
promotes hypertrophy?. Expression of a mutated version of MSTN af-
fects the binding of the SMAD2/SMAD?3 transcription factor to the TET1
promoter, releasing it from its repressive action and enhancing TET1
function in the cell. The consequential reduction in demethylation level
strengthens the expression of certain muscle genesis promoters, such
as PAX3, PAX7, MyoD and MyoG?'. The demethylation action of TET1 also
increases expression of the coding gene of the Receptor for Activated
CKinase 1 (RACK1). In the event of a functional reduction of MSTN, its
transcriptional upregulation intensifies the PI3K/AKT/mTOR pathway,
enhancing myogenic differentiation®. In conclusion, a large part of
the effects exercised by myostatin on myogenic differentiation are
exercised through the effective binding of SMAD2/SMAD3 to the TET1
promoter. This maintains a low level of expression of this demethylase
while holding normal methylation levels in numerous genes involved in
muscle differentiation, limiting expression in RACK1 and, by extension,
the intensity of signalling via the PI3K/AKT/mTOR pathway. As a result,
protein synthesis and muscle hypertrophy are reduced.

Epigenetic events associated with strength training

Histone modification

Histones are positively charged proteins around which negatively
charged genomic DNA wraps to organise and condense into structures
called nucleosomes. The local control of compaction levels dictates
whether DNA is tightly packed and transcriptionally inactive (hetero-
chromatin) or loosely packed, active and accessible for transcription
(euchromatin). However, the N-terminal ends project beyond the
nucleosomes, remaining accessible for modification via methylation,
SUMOylation, acetylation, phosphorylation or ubiquitination. Since
heterochromatic DNA is largely inaccessible to transcription factors and
RNA polymerases®, the presence of acetyl groups on certain exposed
lysines—which are known to regulate chromatin accessibility?>—con-
stitutes an important mechanism of transcriptional regulation?. The
addition of organic groups to nucleosome histones can mask the
positive charge on the nucleosomes and alter the coiling tightness of
the negatively charged DNA strands. Modifications are introduced by
such ‘writer’ enzymes as histone acetyltransferases (HATs) and histone
methyltransferases (HMTs), and removed by histone deacetylases
(HDAGs) and erasing demethylases.

The acetylation of certain lysine (K) residues located near the
NH,-terminal end is frequently associated with an exposed DNA
conformation and increased accessibility for transcription, while the
presence of methyl groups can have both activating and inactivating
effects. By way of example, consider the activation of gene expression
caused by trimethylation of lysine at position 4 of histone 3 (H3K4me3)
and, conversely, the tendency towards repression caused by meth-
ylation at H3K9 and H3K27%. It is interesting to note that different
levels of methylation at the same site can have opposite effects. Thus,
the presence of a single methyl group on H3K27 (H3K27me1) has an
activating effect while three methyl groups on this lysine (H3K27me3)
have a repressive effect?. Furthermore, histone methylation and local
CpG content in promoters regulate gene expression. Promoters rich in
CpGs are demethylated and therefore active, while those poor in CpGs
are usually methylated and inactive?**. Local modifications to histones
can also reactivate CpG-poor regions®'.

MicroRNAs

The existence and possible mechanism of action of microRNAs
(miRNAs) were reported in 1993 by Dr Victor Ambros and Dr Gary Ru-
vkun?**, who were awarded the 2024 Nobel Prize in Medicine. These
small non-coding RNAs, ranging from 18 to 24 nucleotides in length,
enable both negative and positive regulation of the expression of nu-
merous genes by modulating the stability of their mRNAs*.

The canonical pathway for their production begins with transcrip-
tion from their respective loci in the genome as pri-miRNAs (primary
microRNAs) by RNA polymerase II*'. They are then modified by a ‘mi-
croprocessor complex; consisting of the proteins DGCR8 and Drosha
(a ribonuclease ll), which converts them into pre-miRNAs (precursor
microRNAs). Pre-microRNAs, comprising approximately 40 residues and
whose 5'and 3'regions are usually self-complementary, defining a folded
conformation with a hairpin bend at the centre. After being exported
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to the cytosol by the Exportin-5/RanGTP complex, the Dicer protein
(an RNase Ill) cleaves the molecules at the hairpin region, generating
mature microRNAs*. The ATP-dependent binding of either the 5'or 3’
end (18-22 nucleotides) to the Argonaute 2 (AGO2) protein forms the
microRNA-induced silencing complex (miRISC)*.

Each miRISC complex hybridises via complementary binding to
the 3'UTR or 5'UTR regions of target mRNAs in the cytosol, recruiting
such deadenylation proteins as PAN2/3 and CCR4-NQOT, thereby limiting
their availability to ribosomes*. miRISC complexes colocalise in cellular
subcompartments with the corresponding target mRNAs alongside
other elements that facilitate their regulatory function in gene expres-
sion®®. The presence of microRNAs varies when physiological conditions
deviate from homeostasis, making their analysis a promising approach
for monitoring exercise physiology.

myomiRs, microRNAs derived from skeletal or cardiac muscle (of
which eight are known: miR-1, miR-133a, miR-133b, miR-206, miR-208b,
miR-486, MiR-499 and miR-223), modulate muscle plasticity (hypertro-
phy and fibre type)*’. Their expression occurs in coordination with the
type and duration of the exercise performed, regulating the biogenesis,
regeneration and maintenance of muscle tissue®. Concurrently, the
expression levels of the proteins Drosha, Dicer and Exportin-5 increase®.

More than 60% of human protein-coding genes are regulated by
microRNAs*. The microRNAs miR-1 and miR-133 are located in the same
chromosomal region and are expressed from the same polycistronic
transcript. However, they act independently; miR-1 promotes myo-
genesis by downregulating the translation of the histone deacetylase
4 (HDAC-4) mRNA, while miR-133 enhances myoblast differentiation by
similarly affecting the translation of the SRF protein mMRNA*". In neither
case is the expression, and therefore the levels, of each target mRNA
affected, meaning that their influence specifically affects translation.
Furthermore, the myostatin mRNA (MSTN or GDF8 gene), a known
negative regulator of muscle hypertrophy, is also the target of regulation
by two myomiRs: miR-208b and miR-499%.

The PI3K/Akt/mTOR and PI3K/Akt/GSK3 pathways are key mecha-
nisms through which insulin-like growth factor-1 (IGF-1) regulates both
anabolism and catabolism in skeletal muscle (autophagy), and these
pathways are significantly regulated at various levels by microRNAs*,
It is known that miR-1 and miR-133 participate in the regulation of
this pathway by reducing their expression and releasing the IGF-1
and IGF1R mRNAs, respectively, from their repressive action*#. This
leads to the strengthening of the signalling cascade and increased
protein synthesis.

Furthermore, miR-15 and miR-128a act as inhibitors of IRS-1 ex-
pression, which is a substrate of IGF1R and an activator of PI3K. MiR-15
is requlated by the long non-coding RNA LnclRS1, which contains
sequences complementary to the microRNA and may act as a sponge
that prevents miR-15 from reaching its target, the IRS-1 mRNA*. MiR-
128ainhibits myocyte proliferation by also targeting the IRS-1 mRNA. In
this case, inhibition of its expression induces myoblast proliferation and
the maturation and hypertrophy of myotubes. Reduced expression of
miR-128a mediates the effects of TNF-a during muscle development®’.

In turn, miR-486 is encoded in one of the introns of the ANK1 gene,
the product of which (sAnk1.5) plays a role in binding the sarcomeres
of myofibrils and the sarcoplasmic reticulum of myofibres®. MiR-486,

which, given its location, is co-expressed with the sAnk1.5 mRNA, has
the PTEN mRNA as one of its targets, thereby inhibiting its function. PTEN
promotes the dephosphorylation of PIP3 produced by PI3K, thereby
significantly reducing signal intensity in the Akt/mTOR pathway, resulting
in the inhibition of Akt. The expression of this microRNA blocks PTEN
function, restoring signalling via the pathway and increasing protein
synthesis in myocytes. Due to these characteristics, miR-486, in addition
toits potential as a marker for monitoring muscle hypertrophy in sport, is
considered a possible therapeutic target for the management of muscle
atrophy in addition to a specific exercise regimen®.

Circulating microRNAs

Many microRNAs are regularly released into the extracellular space,
giving them potential as biomarkers for a variety of pathological pro-
cesses*®!. These can be found in exosomes, microvesicles or apoptotic
bodies, as well as associated with AGO2 (miRISC), and may act as intercel-
lular regulators in a manner similar to autocrine, paracrine or endocrine
hormones. They are potential regulators of key processes in recipient
cells, such as proliferation, migration, apoptosis and differentiation®>3,

Plasma microRNAs act as markers of differentiation, and their release
by muscle following high-intensity exercise has been demonstrated*.
The release of vesicles loaded with specific microRNAs, such as miR-1,
miR-21, miR-133, miR-182, and miR-206, may be aimed at modulating
muscle physiology or pathological status by altering gene expression in
recipient myocytes>®. MiRNAs exhibit greater stability than other circu-
lating RNAs due to their association with AGO2 during their circulation,
which highlights their potential as robust molecular markers correlated
with muscle adaptation to exercise’'.

In some cases, the microRNAs present in blood plasma are the
result of cellular activities associated with tissue repair or cell death.
However, there is evidence that the release of exosomes loaded with
specific microRNAs is a regulated process. This mechanism depends on
a ceramide-mediated pathway in the secreting cells®, where inhibition
of the activity of neutral sphingomyelinase 2 (nSMase2), an enzyme reg-
ulating ceramide biosynthesis, or its overexpression, results in a change
proportional to the amount of microRNAs in the exosomes®. However,
the specific mechanisms are not yet fully understood.

The microRNA/mRNA regulatory network is complex, but recent
studies reveal its key role in muscle regeneration®. A notable example
is miR-223, the most abundant microRNA in human peripheral blood
microvesicles, which is known for its anti-inflammatory activity during
chronic skeletal muscle inflammation and is negatively correlated with
pro-inflammatory factors such as serum TNF-<*. MiR-223 is a negative
regulator of the canonical NF-kB inflammatory signalling pathway, signif-
icantly influencing the inflammatory imbalance and promoting skeletal
muscle repair®®'. MiR-223 can inhibit inflammatory tissue infiltration and
accelerate resolution of the process, markedly reducing the damage
the tissue would otherwise sustain due to persistent inflammation. This
could have important implications in the context of physical activities
that generate mechanical stress and micro-injuries in skeletal muscle,
such as weightlifting®'.
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Conclusion

Traditional genetic markers, such as ACTN3 and ACE, have provid-
ed valuable insights into predispositions associated with strength or
endurance. However, the epigenetic layer—in particular microRNAs
(miRNAs)—offers a dynamic insight into how training modulates gene
expression and neuromuscular function. MyomiRs (e.g. miR-1, miR-133,
miR-206, miR-486) can complement traditional assessment, helping to
monitor the state of adaptation and guide fine-tuning of periodisation.

Circulating myomiRs may serve as early and sensitive indicators
of individual response to strength training, offering an additional
layer of monitoring that complements traditional indicators (RPE, test
performance, strength-speed profile, CMJ jump, perceived pain and
markers of damage). In practice, short-term variations in these markers
following sessions with different combinations of volume and intensity
could help identify signs of hypertrophy, accumulated fatigue or the
need for recovery, guiding fine-tuning of the load and the sequence
of stimuli within microcycles. Consistent changes in miRNAs linked to
anabolic pathways (e.g. PI3K/Akt/mTOR and IGF-1) may suggest oppor-
tune windows to emphasise training blocks, consolidate adaptations
orintroduce strategic deloads, maximising the transfer from training to
performance. During recovery, transient alterations in certain myomiRs
offer clues for scheduling the next stimulus without compromising su-
percompensation; for example, when profiles return to baseline levels, a
new high-load stimulus is more likely to be productive. Decision-making
should integrate these signals with the context of the athlete, where
their practical value emerges from patterns replicable over time rather
than from a single measurement. In short, the combined use of myomiRs
with field metrics allows for more personalised and adaptive program-
ming, supporting adjustments to volume/intensity, exercise selection
and session spacing to optimise strength gains and hypertrophy with
a lower risk of overload, while always recognising that pre-analytical
standardisation and benchmark thresholds are still under development.

When it comes to resistance training aimed at promoting muscle
hypertrophy, individuals can be classified into three categories based
on the extent of muscle hypertrophy each achieves through resistance
training: extreme responders, moderate responders and non-responders.
There is keen interest, both in weightlifting and across various sporting
disciplines, in identifying those athletes with the physical, genetic and
metabolic characteristics that enable them to achieve the greatest
possible success. The epigenetic approach shows promise in identi-
fying molecular tools to support both the recognition of the innate
capacity of each individual in different sporting disciplines and the
monitoring of adaptations by the athlete throughout their training.
There are numerous reports demonstrating a clear association between
specific alterations in DNA methylation status, as well as in the methyl-
ation/acetylation status of histones and the expression of microRNAs,
which have a significant capacity to modify various aspects of muscle
restructuring and remodelling, as well as energy metabolism. However,
further studies are still needed to assess the individual or combined
contributions of these alterations to the development of high physical
fitness in high-performance athletes.

Epigenetic events associated with strength training
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