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ABSTRACT

Sarcopenia is an age-associated degenerative disorder of skeletal muscle, characterized by the pro-
gressive decline in muscle mass and function, which increases the risk of falls, injuries, and accidental
death in older adults. Deciphering its pathogenic mechanisms is crucial for advancing early detection,
precision prevention, and ultimately improving the quality of life for the elderly population. Increasing
evidence suggests that epigenetic regulation plays a central role in driving sarcopenia. DNA methyla-
tion, chromatin remodeling, and noncoding RNA regulation collectively accelerate the deterioration of
bone and muscle by altering gene expression involved in biosynthesis and metabolism, disrupting
protein homeostasis, activating inflammatory pathways, and compromising mitochondrial integrity.
This review, which synthesizes the most recent progress in epigenetic research on sarcopenia, uses
structured searches of PubMed and Web of Science for studies published from 2014 to the present and
emphasizes how these interconnected regulatory networks drive the initiation and progression of the
disease. Importantly, we emphasize their translational potential to identify novel biomarkers, enabling
early risk stratification and informing the development of targeted therapeutic strategies, thereby
laying the groundwork for precision clinical intervention.
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PLAIN LANGUAGE SUMMARY

Sarcopenia is a condition in which older adults gradually lose muscle mass and strength, making
everyday activities harder and increasing the risk of falls and disability. Recent research indicates that
this process is not only related to aging or lifestyle, but also to “epigenetic changes” - molecular
switches that control how genes function without altering the DNA itself.

These epigenetic switches can affect how muscle cells grow, repair damage, produce energy, and
respond to inflammation. When these switches become disrupted with age, they can speed up muscle
loss. This review summarizes the latest findings on three major types of epigenetic changes: DNA
methylation, chromatin remodeling, and noncoding RNAs. Together, these mechanisms influence
muscle regeneration, energy metabolism, and protein balance, which may explain why muscle and
bone often deteriorate simultaneously.

Because epigenetic changes are reversible, they offer promising opportunities for early diagnosis
and the development of new treatments. Blood-based biomarkers, targeted drugs, RNA therapies, and
gene-editing tools are emerging as potential strategies to slow or reverse muscle decline.
Understanding these mechanisms may lead to earlier detection and more personalized approaches
to prevent sarcopenia, helping older adults maintain strength and independence.

1. Introduction
metabolism, its decline and dysfunction further increase the

risk of diabetes, obesity, atherosclerosis, and cardiovascular dis-
ease [3-5]. These adverse outcomes ultimately compromise
overall health and quality of life in the elderly.
Epidemiological data indicate that among individuals aged 45

Sarcopenia is a complex clinical disorder whose prevalence
increases progressively with age, making aging the most sig-
nificant risk factor [1]. Most patients with sarcopenia present
with marked reductions in skeletal muscle mass, decreased

muscle strength, and impaired physical performance, leading
to fatigue, slow gait, impaired balance, reduced grip strength,
and a higher risk of falls and fractures [2]. Moreover, as skeletal
muscle is a primary site of glucose uptake and energy

years and older, the prevalence of suspected sarcopenia is
approximately 22.91%, with confirmed cases accounting for
14.11% [6]. A thorough understanding of the underlying
mechanisms of sarcopenia is therefore crucial for its prevention,
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Article highlights

o This review provides an updated synthesis of epigenetic mechanisms
driving osteosarcopenia, focusing on DNA methylation, chromatin
remodeling, and noncoding RNA - mediated regulation.

e Age-related chronic inflammation, oxidative stress, and metabolic
imbalance collectively induce epigenetic alterations that impair
osteogenic differentiation and compromise muscle regenerative
capacity.

e Aberrant DNA methylation of key regulatory genes - including
RUNX2, SPARC, OPG, MYOD1, and PGC-1a—disrupts bone remodeling
processes and accelerates skeletal muscle metabolic decline.

o Dysregulated histone deacetylase (HDAC) activity and reduced SIRT1/
SIRT3 function amplify cellular senescence, weaken antioxidant
defense pathways, and promote degenerative changes in both
bone and muscle tissues.

o Alterations in noncoding RNA networks, particularly miR-29b, miR-
128, and miR-21, contribute to the coordinated deterioration of bone
and muscle by modulating /GF-1/SIRT1 signaling, osteoclast activa-
tion, and muscle fibrosis.

 Elucidating these epigenetic requlatory pathways offers new mechan-
istic insights and provides a scientific basis for developing integrated
prevention and therapeutic strategies for osteosarcopenia.

early detection, and targeted treatment. Over the past decade,
significant progress has been made in identifying the key con-
tributors to sarcopenia, including imbalances in protein synth-
esis and degradation, mitochondrial dysfunction, and
disturbances in neuroendocrine regulation [7]. Moreover, grow-
ing evidence suggests that bone and muscle are not indepen-
dent structures. Instead, they form a tightly interconnected
“bone - muscle” network. This network is linked through
mechanical loading and metabolic signaling [8]. Chronic inflam-
mation, hormonal alterations, and metabolic dysregulation can
disrupt its stability. As a result, bone loss and muscle decline
may follow a highly synchronized pathological trajectory [9].
Elucidating the molecular interactions between bone and mus-
cle is essential. It can help uncover the biological basis under-
lying the co-occurrence of sarcopenia and osteoporosis. It can
also provide a theoretical foundation for developing integrated
prevention and treatment strategies.

Epigenetics, the study of heritable modifications in gene
expression that occur without changes to the DNA sequence,
has emerged as a powerful approach for uncovering aging-
related molecular mechanisms and elucidating the complex
regulatory networks associated with sarcopenia. The principal
epigenetic mechanisms include DNA methylation, chromatin
remodeling, histone modifications, and noncoding RNAs
(ncRNAs)-mediated regulation, such as microRNAs (miRNAs)
and long noncoding RNAs (IncRNAs) [10,11]. As research con-
tinues to advance, it has become increasingly recognized that
epigenetic mechanisms play a central role in the pathogenesis
of sarcopenia, particularly DNA methylation and noncoding
RNA-mediated regulation. These mechanisms alter gene
expression patterns and chromatin architecture, thereby
impairing cellular function and tissue homeostasis, ultimately
leading to skeletal muscle degeneration. Thus, epigenetic stu-
dies not only deepen our understanding of the molecular
pathology of sarcopenia but also provide a theoretical basis
for its early detection and targeted intervention.

In this review, we conducted structured searches in
PubMed and Web of Science using key terms related to

sarcopenia, skeletal muscle aging, osteosarcopenia, epige-
netics, DNA methylation, chromatin remodeling, and noncod-
ing RNAs. The search focused on peer-reviewed studies
published from 2014 to the present, a period marked by
rapid advances in epigenomic technologies and their applica-
tion to muscle biology. We included English-language studies
that investigated molecular mechanisms, epigenetic altera-
tions, or regulatory networks implicated in muscle atrophy,
with priority given to population-based research. Articles lack-
ing relevance to skeletal muscle pathophysiology or epige-
netic regulation, as well as non-peer-reviewed material, were
excluded. By integrating evidence across DNA methylation,
chromatin remodeling, and ncRNA-mediated pathways, this
review aims to provide a comprehensive framework for under-
standing the epigenetic drivers of sarcopenia and to highlight
their significance for biomarker development and targeted
therapeutic innovation.

2. Epigenetic mechanisms of osteosarcopenia

Sarcopenia is increasingly recognized as a shared phenotype
linking osteoporosis and age-related muscle wasting. Its devel-
opment reflects not merely the degeneration of a single tissue
but a systemic imbalance within the bone - muscle functional
unit in the aging milieu. Recent studies have revealed that,
beyond mechanical loading, a complex endocrine and meta-
bolic interaction network exists between bone and skeletal
muscle [12]. Within this framework, epigenetic regulation
serves as a crucial molecular bridge linking inflammation,
metabolic dysregulation, and tissue functional decline. Age-
related functional decline induces widespread epigenetic
alterations in bone and skeletal muscle cells, including aber-
rant DNA methylation, dysregulated histone modifications,
and remodeling of non-coding RNA expression profiles.
These alterations affect cellular differentiation, energy meta-
bolism, and tissue regenerative capacity, collectively driving
bone loss and muscle atrophy [13].

In bone tissue, reduced mesenchymal stem cell differentia-
tion into osteoblasts is closely associated with promoter methy-
lation of key osteogenic genes. Hypermethylation of promoter
regions in crucial osteogenic genes, such as Runx-related tran-
scription factor 2 (RUNX2) and secreted protein acidic and rich
in cysteine (SPARC), impairs mesenchymal stem cell (MSC) dif-
ferentiation toward the osteogenic lineage, while increased
methylation of osteoprotegerin (OPG) disrupts the receptor
activator of nuclear factor-kB ligand (RANKL)/OPG balance,
thereby enhancing osteoclast activity and accelerating bone
resorption [14,15]. Concurrently, excessive activation of histone
deacetylases (HDACs) suppresses transcription of osteogenic
genes, promoting preferential differentiation of mesenchymal
stem cells into adipocytes rather than osteoblasts, and also
inhibits myoblast determination protein 1 (MyoD), thereby
impairing satellite cell activation and subsequent myofibrillar
regeneration [16]. Similarly, in skeletal muscle, age-related epi-
genetic drift affects the stability of the bone — muscle functional
unit. Dynamic changes in DNA methylation and histone mod-
ifications regulate Myogenin-mediated terminal myoblast differ-
entiation and myofibrillar formation - thereby determining
muscle mass and mechanical output - and also govern



peroxisome proliferator-activated receptor gamma coactivator-
1a (PGC-10) - mediated mitochondrial biogenesis, myofibrillar
metabolic phenotypes, and anti-inflammatory responses, ulti-
mately shaping muscle function. Disruption of this epigenetic
equilibrium impairs muscle differentiation and reduces meta-
bolic capacity, leading to declines in muscle strength and
endurance. This reduces mechanical stimulation of bone and
weakens the positive regulation of osteogenesis and bone
remodeling by myokines (e.g., irisin), ultimately disrupting mus-
cle - bone homeostasis and promoting the progression of
sarcopenia and osteoporosis [17,18].

Notably, endocrine interactions between bone and muscle
may facilitate cross-tissue regulation through epigenetic
mechanisms. Bone-derived factors, such as osteocalcin and
osteonectin, have been shown to influence skeletal muscle
metabolic function and insulin sensitivity [19]. Although direct
evidence is lacking that osteogenic factors induce DNA methy-
lation or chromatin structural changes in myocytes, their poten-
tial to indirectly influence epigenetic enzyme activity via
inflammatory and metabolic signaling pathways is biologically
plausible. Conversely, skeletal muscle, as an endocrine organ,
also participates in bone remodeling regulation by secreting
myokines. For example, myostatin not only inhibits muscle
growth but is also believed to suppress osteogenic differentia-
tion, while factors such as insulin-like growth factor 1 (IGF-1)
and irisin promote bone formation [20]. Under chronic inflam-
mation or sarcopenic conditions, persistently elevated pro-
inflammatory myokines may enhance DNA methyltransferase
or histone deacetylase activity, thereby suppressing osteogenic
gene expression and promoting bone resorption. Furthermore,
muscle-derived exosomes and their cargo microRNAs are con-
sidered potential cross-tissue information carriers involved in
the epigenetic regulation of osteocyte gene expression [21].
However, direct evidence for such cross-tissue epigenetic reg-
ulation in human sarcopenia remains limited.

Current research on bone - muscle epigenetic interactions
remains exploratory mainly. Existing evidence primarily
derives from animal models and in vitro experiments, with
most studies focusing on single tissues. The difficulty in
obtaining paired human bone and skeletal muscle samples,
coupled with the challenges of longitudinal follow-up, ham-
pers the establishment of clear cross-tissue causal relation-
ships. Furthermore, systemic variables such as inflammation
status, physical activity, and nutritional factors may confound
epigenetic analyses. Therefore, future studies should integrate
single-cell epigenomics, multi-omics approaches, and longitu-
dinal cohort designs to elucidate bone — muscle epigenetic
regulatory networks systematically.

3. Roles of DNA methylation in sarcopenia

DNA methylation is an essential epigenetic process that gov-
erns muscle growth, differentiation, and metabolic activity by
regulating the expression of genes associated with muscle
physiology, thereby contributing to the onset of sarcopenia.
Evidence suggests that age-related alterations occur in skeletal
muscle methylation patterns, with younger individuals typi-
cally exhibiting higher methylation levels than older indivi-
duals. In contrast, reduced methylation is frequently
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observed in aged muscle, a phenomenon linked to decreases
in muscle mass and functional capacity. Notably, reactive oxy-
gen species (ROS) can induce DNA damage and alter methyla-
tion patterns. Together with inflammatory responses, these
processes are key pathological mechanisms in sarcopenia,
and abnormal DNA methylation may further exacerbate
them [22]. Moreover, increasing attention has been directed
toward active DNA demethylation processes and their contri-
bution to muscle aging. Recent studies emphasize the critical
role of the ten - eleven translocation (TET) enzymes, which are
involved in skeletal muscle development and the regulation of
aging-associated adaptations [23].

3.1. DNA methylation and its regulatory machinery

DNA methylation represents a fundamental epigenetic mod-
ification carried out by DNA methyltransferases (DNMTs),
which catalyze the transfer of methyl groups from
S-adenosylmethionine (SAM) to cytosine bases, thereby pro-
ducing 5-methylcytosine (5-mC) and influencing transcrip-
tional regulation [24]. This epigenetic mechanism plays
a crucial role in safeguarding genomic integrity, facilitating
cell differentiation, and regulating age-related physiological
processes [25]. As individuals age, significant alterations in
DNA methylation occur, characterized primarily by a global
decrease in DNA methylation and hyper- or hypomethylation
in specific genomic regions [26]. For example, differential
methylation within the promoters or enhancers of sarcope-
nia-related genes (e.g., GAB2, JPH3, and HLA-DQBIT) can dis-
rupt key signaling pathways in myocytes. These pathways
include IGF-1/phosphatidylinositol 3-kinase (PI3K)-protein
kinase B(AKT) signaling, mitochondrial energy metabolism,
and myocyte adhesion and regeneration signaling pathways
(such as the Notch and Rap pathways). This disruption may
reduce muscle protein synthesis and accelerate protein
degradation. It can also promote myofiber atrophy, thereby
contributing to sarcopenia [27]. Furthermore, aberrant
methylation events have been strongly linked to age-
related loss of muscle mass and declines in functional per-
formance [28].

To elucidate the role of DNA methylation in regulating
skeletal muscle physiology, researchers have developed
a skeletal muscle-specific DNA methyltransferase 3a (Dnmt3a)
transgenic mouse model [29]. In this model, Dnmt3a over-
expression increases DNA methylation in skeletal muscle,
mimicking age-related methylation accumulation.
Comprehensive assessments revealed that mice overexpres-
sing Dnmt3a exhibited a distinct muscle atrophy phenotype
characterized by decreased muscle mass, reduced strength,
a transition from fast-twitch to slow-twitch fibers, and
impaired metabolic adaptability. These results suggest that
DNA methylation plays a significant role in skeletal muscle
degeneration, offering insights into the molecular mechanisms
underlying muscle aging.

Aging is characterized by persistent oxidative stress and
chronic low-grade inflammation, both of which closely interact
with DNA methylation machinery [30,31]. Excessive ROS can alter
DNMT activity and induce locus-specific hyper- or
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hypomethylation, thereby reshaping transcriptional programs
associated with myogenesis and mitochondrial metabolism
[32]. Simultaneously, pro-inflammatory cytokines such as inter-
leukin-6 (IL-6) and tumor necrosis factor-a (TNF-a) modulate
methylation-related enzymes and influence promoter methyla-
tion patterns of key muscle regulatory genes, including MyoD
and IGF-1 [23]. Importantly, aberrant methylation of mitochon-
drial and metabolic genes may further exacerbate mitochondrial
dysfunction, enhance ROS generation, and sustain inflammatory
signaling [33]. Therefore, oxidative stress, chronic inflammation,
and DNA methylation form a tightly interconnected regulatory
axis rather than independent pathological events. This epige-
netic - inflammatory interaction represents a central mechanism
contributing to progressive muscle degeneration in sarcopenia.

Within skeletal muscle, DNA methylation can further mod-
ulate the transcriptional activity of genes involved in energy
metabolism, ultimately impairing muscle performance [29].
For example, PGC-1a, a key regulator of cellular energy
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metabolism, is expressed at low levels or exhibits impaired
function, leading to muscle atrophy and functional decline,
thereby promoting sarcopenia [34]. Evidence suggests that
DNA methylation can decrease PGC-1a transcriptional activity
by inhibiting its promoter, thereby exacerbating mitochondrial
dysfunction and muscle loss [35]. Moreover, altered methyla-
tion may dysregulate apoptosis-related genes, such as tumor
protein P53 (TP53), leading to impaired cell-cycle control and
apoptosis regulation, ultimately resulting in muscle dysfunc-
tion [36]. These results suggest that hypermethylation in ske-
letal muscle hampers the activity of genes essential for muscle
development, disrupts myogenic differentiation and cellular
function, and alters the regulation of apoptosis- and autop-
hagy-associated genes. Collectively, these molecular distur-
bances accelerate the loss of muscle tissue and diminish
contractile strength. The proposed mechanism of DNA methy-
lation dysregulation in the pathogenesis of sarcopenia is illu-
strated in Figure 1.
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Figure 1. Epigenetic mechanisms of DNA methylation dysregulation in sarcopenia pathogenesis. Figure 1 is a conceptual diagram (created using BioRender.com)
summarizing the reported mechanisms by which epigenetic dysregulation may contribute to sarcopenia. Chronic inflammation and oxidative stress are associated
with aberrant DNA methylation in skeletal muscle. These changes include hypomethylation of atrophy-related genes (FBX032/Atrogin-1, FoxO1, and FGF2), which is
linked to enhanced ubiquitin — proteasome-mediated protein degradation and satellite cell depletion, as well as hypermethylation of regenerative genes (e.g.,
MyoD), which may suppress myogenic differentiation. These epigenetic alterations are also associated with mitochondrial dysfunction and energy insufficiency,
contributing to increased ROS accumulation. Together, these processes impair skeletal muscle cell differentiation, regeneration, and proteostasis, ultimately

contributing to progressive muscle atrophy.
Created in BioRender. Ding, F. (2025) https://BioRender.com/z56c7ax.
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3.2. DNA methylation of key sarcopenia-related genes

Alterations in DNA methylation, whether hypermethylation or
hypomethylation within promoter regions, can significantly
influence skeletal muscle performance and its regenerative
potential [37]. For example, epigenetic modifications of
genes such as fibroblast growth factor 2 (FGF2), Forkhead
box O1 (FoxO1), and MyoD1 have been strongly associated
with the onset and progression of sarcopenia [38]. Moreover,
a range of additional genes exhibit characteristic DNA methy-
lation alterations, further highlighting the pivotal role of epi-
genetic regulation in this condition [39].

3.2.1. Fibroblast growth factor 2

FGF2is a key member of the fibroblast growth factor family and is
located on the long arm of human chromosome 4 (4q). It
encodes a multifunctional protein consisting of 288 amino
acids. FGF2 plays a pivotal role in skeletal muscle homeostasis
and pathology, participating in multiple biological processes,
including angiogenesis, cell proliferation, tissue repair, and
developmental regulation [22].

In the early stages of sarcopenia, FGF2 regulates muscle
regenerative capacity by acting on skeletal muscle satellite
cells. Under physiological conditions, FGF2 promotes satellite
cell activation and proliferation, thereby sustaining muscle
fiber renewal and preserving muscle mass. However, with
aging, aberrant DNA hypermethylation occurs in the FGF2
gene promoter and in genes involved in its signaling pathway
in skeletal muscle, leading to reduced FGF2 transcription. This
epigenetic suppression attenuates FGF2-induced proliferation
in satellite cells, thereby impairing muscle regenerative capa-
city. Consequently, this process accelerates declines in muscle
mass, strength, and physical function, thereby promoting the
progression of sarcopenia [23].

During sarcopenia progression, altered DNA methylation at
FGF2-related loci further contributes to disease pathogenesis.
Evidence suggests that methylation levels at loci encoding
secretory factors involved in skeletal muscle function signifi-
cantly influence the onset and progression of sarcopenia [40].
Studies analyzing peripheral blood samples from individuals
with sarcopenia revealed reduced DNA methylation at the
FGF2-30 locus compared with non-sarcopenic controls, with
further decreases correlating with disease severity [41].

From a phenotypic perspective, methylation levels at the
FGF2-30 locus were positively correlated with multiple core
sarcopenia indicators, including appendicular skeletal muscle
mass index (ASMI), grip strength, and gait speed. Receiver
operating characteristic (ROC) curve analysis indicated that
a methylation level of 0.15 at this site demonstrated good
diagnostic performance for sarcopenia, suggesting that FGF2-
30 methylation may serve as a potential epigenetic biomarker
for early screening and severity assessment [42].

Notably, FGF2 does not exert a uniformly protective effect in
advanced sarcopenia or under dysregulated conditions. Fujii
et al. suggested that age-related overexpression of FGF2 may
accelerate satellite cell depletion, thereby promoting skeletal
muscle degeneration and atrophy [43]. These findings indicate
that FGF2 plays a stage-dependent role in sarcopenia

EPIGENOMICS (&) 357

development and progression, with moderate expression levels
being crucial for maintaining skeletal muscle homeostasis.

3.2.2. Forkhead box O1

FoxO1 is a central member of the FoxO subfamily and plays
a crucial role in energy metabolism, protein homeostasis, and
cell fate regulation [44]. In pathological conditions characterized
by disrupted skeletal muscle homeostasis, aberrant FoxO1 acti-
vation is recognized as a key molecular driver of muscle atrophy.
In sarcopenia, FoxOT primarily remodels the muscle protein
metabolic network through its actions in myofibers and satellite
cells. Sustained FoxO1 activation significantly enhances the tran-
scription of genes associated with the ubiquitin — proteasome
system (UPS) and the autophagy - lysosomal pathway, thereby
accelerating muscle protein degradation and contributing to
progressive declines in muscle mass and function [45].

However, transcriptional regulation alone cannot fully
explain how FoxOT maintains persistently elevated activity in
aging muscle. Kim et al. provided important mechanistic
insight into this issue [46]. They demonstrated that protein
arginine methyltransferase 5 (PRMT5) finely regulates FoxO1
subcellular localization by controlling FoxOT1 protein arginine
methylation, thereby influencing satellite cell fate determina-
tion and regenerative potential. When PRMT5 expression or
activity declines, FoxO1 protein arginine methylation is
reduced. This reduction promotes abnormal cytoplasmic trans-
location of FoxOT1, triggering excessive autophagy activation,
particularly increased lipid droplet autophagy. This process
depletes lipid droplet reserves in satellite cells, weakens their
self-renewal capacity, and promotes premature differentiation,
ultimately leading to depletion of the satellite cell pool and
impaired muscle regenerative function. These findings directly
link the epigenetic modification status of FoxO7 to metabo-
lism-dependent self-renewal mechanisms of satellite cells, pro-
viding a novel framework for understanding regenerative
impairment in sarcopenia.

Additionally, studies on DNA methylation in the FoxOT pro-
moter region have further elucidated the epigenetic basis of its
age-related dysregulation. Evidence indicates that the FoxO7
promoter region exhibits high methylation levels in young ske-
letal muscle. In contrast, methylation in this region significantly
decreases in mature and aged muscle and shows a significant
negative correlation with elevated FoxO7 mRNA expression [47].
Functional analyses indicate that inhibition of FoxO1 expression
significantly promotes myoblast proliferation and differentiation,
as evidenced by the coordinated upregulation of cell cycle -
related genes (PCNA, CDK2, CCND1) and myogenic marker
genes (MyoD, MYOG, MYHC). These findings suggest that DNA
methylation events in the FoxOT promoter region may represent
a key epigenetic driver of sarcopenia development.

3.2.3. Myogenic determinants

Myogenic determination factors, particularly MyoD, play
a pivotal role in skeletal muscle lineage specification, differ-
entiation, and regeneration by binding to E-box cis-regulatory
elements within the promoters of target genes and activating
downstream myogenic transcriptional programs [48,49].
Accumulating evidence indicates that MyoD dysfunction in
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sarcopenia is neither an isolated nor a static event but is
closely associated with epigenetic alterations. These altera-
tions affect distinct myogenic cell populations at different
stages of sarcopenia, ultimately leading to a progressive
decline in skeletal muscle regenerative capacity.

During the early stages of sarcopenia, MyoD-related epige-
netic alterations predominantly act as driving events affecting
satellite cells and early myogenic progenitors. Genome-wide
DNA methylation analyses have revealed a global hyper-
methylation pattern in aged human skeletal muscle, with
particularly pronounced methylation changes at the MyoD
locus [50]. Such aberrant methylation is associated with
impaired differentiation potential of aged myogenic cells, as
evidenced by significantly reduced expression of MyoD and its
key downstream regulator, myogenin, during the late stages
of induced differentiation (e.g., days 7 and 10) [51]. Because
these epigenetic changes occur before overt muscle fiber loss,
they are more likely to represent initiating mechanisms in
sarcopenia development. Functionally, compromised activa-
tion of MyoD-dependent transcriptional programs directly
impairs the transition of satellite cells from an activated state
to differentiated myoblasts, thereby diminishing the regenera-
tive reserve of skeletal muscle at early disease stages.

As sarcopenia progresses, chronic pathological conditions
further reshape the epigenetic landscape of myogenic cells, giving
rise to regulatory patterns characterized by secondary epigenetic
alterations. Studies have shown that MyoD binding sites across the
genome significantly overlap with differentially methylated
regions (DMRs) in myoblasts, highlighting a critical role for DNA
methylation in modulating MyoD transcriptional activity [52].
Investigations focusing on TWISTT provide further mechanistic
insight: despite the presence of pro-myogenic transcriptional
cues, hypermethylation in regions adjacent to the TWISTT promo-
ter markedly suppresses its expression. The TWISTI protein, in
turn, inhibits MyoD activity, thereby delaying myoblast differentia-
tion into myotubes [53]. These secondary epigenetic alterations
do not merely reduce MyoD expression levels but instead desta-
bilize the MyoD-centered regulatory network, leading to delayed
differentiation, reduced fusion efficiency, and incomplete muscle
repair. Collectively, these alterations exacerbate the muscle
degeneration phenotype observed in advanced disease stages.

Beyond disease-specific mechanisms, aging itself intro-
duces systemic instability into the MyoD regulatory network
through epigenetic drift. Epigenetic drift is typically character-
ized by the progressive accumulation of age-associated altera-
tions in DNA methylation patterns, which broadly undermine
the precision of transcriptional regulation rather than affecting
individual genes in isolation. Studies on MyoD-mediated cel-
lular reprogramming provide essential insights into this pro-
cess. MyoD can directly reprogram fibroblasts into mature
myocytes or convert them into induced myogenic progenitor
cells (iMPCs) [54]. The stable generation of iMPCs relies on TET
enzyme - mediated active DNA demethylation, which mark-
edly enhances chromatin accessibility at loci associated with
muscle stem cell identity, such as Pax7 and Myf5 [55]. In
contrast, reprogramming strategies based solely on MyoD
overexpression induce relatively limited methylation remodel-
ing, resulting in myotubes that fail to maintain endogenous
MyoD expression and exhibit unstable myogenic identity, with

a high propensity for phenotypic reversion [55]. Collectively,
these findings suggest that epigenetic abnormalities asso-
ciated with MyoD in sarcopenia constitute a multilayered and
dynamically evolving process.

3.2.4. Other genes

Beyond classical regulatory factors, the onset and progression of
sarcopenia also involve aberrant DNA methylation across multi-
ple genes, reflecting hierarchical epigenetic contributions to dis-
ease initiation and progression, as well as age-related epigenetic
drift. In the early stages of sarcopenia, epigenetic alterations that
directly compromise myofibrillar stability and protein homeos-
tasis appear to function as primary disease drivers. Among these,
myomesin-2 (MYOM2) may represent a critical early regulatory
factor. MYOM2 encodes a core M-band protein essential for
maintaining sarcomere alignment and structural stability during
muscle contraction [56]. Reduced methylation at the MYOM2
locus has been observed in sarcopenia-prone populations,
accompanied by increased gene expression. Dysregulated
MYOM?2 expression disrupts the balance of sarcomeric compo-
nents, leading to myofibrillar structural damage, impaired force
transmission, and early functional decline in muscle [57]. In
addition, myosin filament instability may alter the mechanical
microenvironment of skeletal muscle, indirectly suppressing
satellite cell activation and impairing regenerative capacity.
Collectively, these findings suggest that MYOM2 hypomethyla-
tion represents an early epigenetic driver centered on structural
impairment rather than merely an age-associated change.

Concurrently, integrative machine learning — based ana-
lyses have demonstrated significant associations between
hypomethylation of specific genes and sarcopenia susceptibil-
ity. Reduced methylation of FBXO32 (encoding Atrogin-1) and
TRIM63 (encoding MuRF1) enhances transcriptional activation
of ubiquitin — proteasome system - related genes, thereby
accelerating myofibrillar protein degradation. Such alterations
shift protein homeostasis toward net loss, exacerbating mus-
cle atrophy. In contrast, hypomethylation of histone deacety-
lase genes (e.g, HDAC4 and HDAC5) may impede muscle
repair and differentiation by reinforcing repressive chromatin
states. Furthermore, methylation alterations in myofiber type -
specific genes (e.g.,, MYH1, MYH2, MYH6, MYH7, and MYL3)
disrupt the dynamic equilibrium between fast- and slow-
twitch fibers, thereby impairing contractile function [58].
These alterations are more consistent with epigenetic
responses characteristic of disease amplification, representing
a maladaptive remodeling process that ultimately culminates
in dysfunction under chronic degenerative conditions.

In summary, current evidence indicates that DNA methylation
changes in sarcopenia constitute a multi-tiered epigenetic frame-
work with distinct functional roles. These include driver epigenetic
events initiating muscle atrophy, secondary modifications that
accelerate disease progression, and age-related epigenetic drift
that amplifies individual susceptibility. Clarifying these layers not
only deepens our understanding of sarcopenia pathogenesis but
also facilitates the linkage of specific methylation signatures to
disease stages and cellular targets, thereby enhancing the transla-
tional potential of epigenetic biomarkers. The key DNA methyla-
tion alterations and their phenotypic associations discussed above
are systematically summarized in Table 1.
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Table 1. Association between the methylation status of key genes and muscle phenotype.

Disease model/  Representative Methylation Trend of DNA
cell model gene(s) site(s) methylation levels Mechanisms References
Aging muscle PGC-1a Promoter region  Hypermethylationt PGC-1a hypermethylation = Transcriptional suppression = [34,35]
Mitochondrial dysfunction = Muscle atrophy

Spinal cord injury  FBX032 Promoter region  Hypomethylation! FBX032 hypomethylation = Ubiquitin-proteasome activity * = Muscle [39,58]
mice (Atrogin-1) protein degradation t

Human skeletal MYH2 Promoter region  Hypomethylation! MYH2 hypomethylation = Fast-twitch fiber proportion ! = Contractile [39,58]
muscle tissue dysfunction

Sarcopenia patients FGF2 FGF2-30 locus Hypomethylation!{  Low methylation at FGF2-30 = FGF2 expression t = Correlates with [41,42]
(whole blood) reduced ASMI, grip strength, gait speed

Aging human FGF2 Promoter (e.g., Hypomethylation{  FGF2 hypomethylation = FGF2 expressiont = Satellite cell depletion [41-43]
skeletal muscle FGF2-30 locus) = Muscle regeneration{ = Sarcopenia

PRMT5-deficient FoxO1 Arginine residues Hypomethylation!  FoxO7 hypomethylation = Cytoplasmic translocation = Lipophagy t = [46]
models (by PRMTS) Satellite cell depletion = Impaired regeneration

Aged muscle tissue  FoxO1 Promoter region  Hypomethylation!{  FoxO7 hypomethylation = FoxO17 expressiont = UPP/autophagy [47]

activation = Protein degradation = Muscle atrophy

Aged human MyoD Promoter- Hypermethylationt MyoD hypermethylation = MyoD/Myogenin expression| = Satellite ~ [50,51]

myoblasts proximal cell activation | = Myogenic differentiation |
regions

Transdifferentiation  MyoD target DMRs (e.g., Hypermethylationt  TWIST1 hypermethylation = TWIST1 suppression | = MyoD inhibition  [52,53]

models genes TWIST1 = Delayed myotube formation
promoter)
Muscle atrophy MYOM2 Promoter region  Hypomethylation! MYOM2 hypomethylation = Sarcomere destabilization = Myofibril [56,57]

patients

dysfunction = Impaired satellite cell function

Note: The symbols “1” (red) and “{"” (green) indicate increased (hypermethylation) or decreased (hypomethylation) DNA methylation levels at key regulatory sites.
Table 1 presents a conceptual summary based on published studies, illustrating how epigenetic alterations in sarcopenia-related genes are associated with muscle

atrophy through specific molecular pathways.

4. Roles of chromatin remodeling in sarcopenia

Chromatin remodeling refers to an ATP-dependent process in
which chromatin regulatory complexes modulate gene tran-
scription by altering nucleosome positioning and chromatin
accessibility [59]. Compared with DNA methylation, chromatin
remodeling is more dynamic, enabling rapid responses to
metabolic stress, mechanical loading changes, and inflamma-
tory microenvironments. In sarcopenia, abnormal chromatin
remodeling is not a single event but occurs across multiple
stages of disease onset and progression, exerting distinct
effects in different cell types [60]. Elucidating the role of
chromatin remodeling in sarcopenia is crucial for understand-
ing its pathophysiology and enabling stage-specific
interventions.

4.1. Modulating muscle gene expression

Chromatin remodeling plays a central regulatory role in the
onset and progression of sarcopenia by dynamically modulat-
ing chromatin structure and transcriptional accessibility.
Compared with individual gene expression changes, this
mechanism systematically reshapes the response patterns of
muscle cells to aging-related stimuli. Emerging evidence indi-
cates that chromatin remodeling is not merely a passive
byproduct of sarcopenia but an active driver shaping disease
trajectories across stages and cell types [61].

In the early stages of sarcopenia, abnormal chromatin
remodeling primarily affects skeletal muscle satellite cells,
leading to a latent impairment of their compensatory regen-
erative capacity. Under normal conditions, ATP-dependent
chromatin remodeling complexes (e.g., SWI/SNF) maintain an
open chromatin state at myogenic gene promoters and
enhancers, enabling satellite cells to respond effectively to
injury or metabolic stimuli [62]. Recent studies, including

those on BAF60c, demonstrate at the chromatin level that
sarcopenia-related alterations stem not only from reduced
satellite cell numbers but also from diminished transcriptional
plasticity [63]. Using muscle-specific genetic manipulation
models, researchers found that BAF60c synergizes with
MEF2C to regulate chromatin accessibility at specific myogenic
and secretory factor gene loci [64,65]. This finding advances
understanding of satellite cell functional decline, moving
beyond the traditional cell-depletion paradigm to an epigen-
etically regulated disorder, providing a new conceptual frame-
work for early intervention.

As sarcopenia progresses, abnormal chromatin remodeling
gradually extends to mature muscle fibers, directly contribut-
ing to the transcriptional suppression of protein metabolism
and regenerative programs. HDACs are persistently activated
at this stage, systemically inhibiting the transcriptional activity
of myogenic transcription factors by reducing chromatin
accessibility [66]. Compared with earlier studies that primarily
viewed HDACs as transcriptional repressors during myogen-
esis, recent research has expanded their functional scope. It
suggests that HDACs may also indirectly modulate the
mechanical characteristics and redox microenvironment of
satellite cells by reprogramming the transcriptional landscape
of extracellular matrix-associated genes [67,68]. This mechan-
ism provides a plausible explanation for the phenomenon of
preserved satellite cell numbers yet limited regenerative capa-
city in aged muscle, highlighting chromatin remodeling’s pivo-
tal role as a hub linking intracellular transcriptional regulation
and microenvironmental changes.

In advanced sarcopenia, dysregulated chromatin remodel-
ing exhibits synergistic amplification across cell types, includ-
ing myofibers, satellite cells, and interstitial muscle cells. At
this stage, sustained downregulation of BAF60c not only weak-
ens myogenic transcriptional networks but also blocks myo-
genic stem cell differentiation by inhibiting Six4-dependent
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pathways and upregulating the inhibitory secretory factor
Dkk3 [69,70]. Such studies extend the scope of chromatin
remodeling from intracellular transcriptional regulation to
the systematic reorganization of intercellular signaling net-
works, revealing how epigenetic abnormalities in sarcopenia
form degenerative amplification loops through secretory fac-
tor - mediated signaling pathways. However, it should be
noted that existing evidence primarily originates from animal
models or in vitro systems. Whether these mechanisms exhibit
identical temporal sequences and intensities in human popu-
lations requires validation through longitudinal studies.

Collectively, studies of chromatin remodeling have estab-
lished an epigenetic regulatory framework that explains the
progressive, largely irreversible pathological features of sarco-
penia. Together, these findings indicate that declining chro-
matin plasticity constitutes a pivotal hub in the transition from
functional compensation to structural deterioration in muscle.
Although current research faces limitations in extrapolating
models and validating causal mechanisms, this field has laid
a solid theoretical foundation for developing precision inter-
vention strategies targeting chromatin regulatory factors. It
also highlights future directions for in-depth exploration,
including the integration of single-cell and spatial epige-
nomics technologies.

4.2. Governing fiber-type transition

The composition of skeletal muscle fiber types directly deter-
mines contractile properties and force output, and its dynamic
equilibrium depends on coordinated transcriptional regulation
and chromatin remodeling mechanisms [71]. Aging and sarco-
penia are characterized by a selective reduction in fast-twitch
(type Il) fibers and a relative increase in slow-twitch (type I)
fibers, representing a hallmark structural alteration. This shift is
primarily driven by chromatin remodeling - mediated repro-
gramming of gene expression profiles [72].

During the early, initial stages of sarcopenia, chromatin remo-
deling primarily acts on differentiated, mature myofibers. By
modulating chromatin accessibility at loci specific to fast- and
slow-twitch genes, it regulates myofiber phenotypic plasticity.
Under physiological conditions, fast- and slow-twitch - asso-
ciated genes maintain a reversible equilibrium via specific enhan-
cer — promoter interactions, enabling adaptive responses to
neural input and metabolic demand [73]. However, aging-
associated declines in chromatin remodeling capacity gradually
disrupt this regulatory equilibrium [74]. Studies indicate that
transcription factors such as kruppel-like factor 5 (KLF5) and
activator protein 1 (AP-7) recruit chromatin remodeling com-
plexes to modulate the chromatin architecture of myofibrillar
type - determining genes, including MYH4 and MYH7. Under
sarcopenia-associated stress, these regulatory axes preferentially
maintain open chromatin states at slow-twitch fiber genes while
suppressing activation of fast-twitch programs. This transcrip-
tional bias may initially represent a compensatory adaptation
to reduced energetic efficiency. However, progressive stabiliza-
tion of chromatin states ultimately impairs fast-twitch fiber
recovery and sustains declines in force output [55]. At this
stage, chromatin remodeling alterations are not primary drivers

but rather secondary epigenetic changes that emerge during
disease progression.

In mid-to-late stages, aberrant chromatin remodeling
further stabilizes and amplifies myofibrillar type conversion,
resulting in long-term maintenance of a low-power, oxidative
phenotype. The STARD7-associated super-enhancer network
plays a pivotal role in this process. By enhancing transcription
of slow-twitch and oxidative metabolism - related genes, it
promotes the transition from glycolytic to oxidative fibers. This
mechanism primarily affects the metabolic and contractile
functions of mature myofibers. It is accompanied by mito-
chondrial dysfunction and ROS accumulation, ultimately redu-
cing fatigue resistance and explosive power [75].

Furthermore, ELK family member 4 (ELK4), a transcriptional
regulator, influences myofiber type conversion by modifying
chromatin states at fast- and slow-twitch gene loci and by
interacting with the transforming growth factor beta 1 (TGF-
1) signaling pathway [58]. ELK4-mediated chromatin remo-
deling not only disrupts the balance between fast/slow gene
expression but also activates fibrosis-associated transcriptional
programs, thereby enhancing extracellular matrix deposition.
This process involves interactions between mature myofibers
and interstitial cells, indirectly suppressing fast-twitch fiber
maintenance and regenerative capacity by altering the
mechanical properties of the muscle microenvironment [56].
This mechanism represents secondary epigenetic reprogram-
ming during disease progression. Once established, however,
it markedly limits the reversibility of myofibrillar phenotypes.

Notably, some age-related myofibrillar chromatin alterations
reflect epigenetic drift, characterized by a gradual convergence
in chromatin accessibility across fiber types. Although insufficient
alone to dictate fiber-type conversion, this drift reduces myofiber
responsiveness to neural stimulation, exercise, and metabolic
cues, thereby creating a permissive background for disease-
associated chromatin remodeling abnormalities [57]. Against
this background, secondary epigenetic alterations become
more readily stabilized as long-term pathological states, acceler-
ating sarcopenia-associated functional decline.

4.3. Regulating mitochondrial function

Mitochondrial dysfunction is considered a core pathological
mechanism in the onset and progression of sarcopenia, char-
acterized by reduced respiratory chain complex activity,
decreased ATP production, and excessive ROS accumulation,
ultimately leading to energy insufficiency and functional
decline in myofibers [76,77]. However, accumulating evidence
indicates that mitochondrial damage is not solely driven by
aging or metabolic imbalance but is dynamically regulated by
multi-level epigenetic mechanisms across different disease
stages [78,79]. Therefore, clarifying the temporal sequence
and causal roles of these regulatory processes is crucial for
distinguishing driver alterations from secondary responses
arising during disease progression.

In early or subclinical stages of sarcopenia, certain chromatin
remodeling - related alterations may precede overt myofibrillar
atrophy, suggesting a potential driver role in epigenetic regula-
tion. Among these, BAF60c, a subunit of the SWI/SNF chromatin



remodeling complex, serves as a key node linking chromatin
structural regulation to mitochondrial metabolic programs.
Studies indicate that BAF60c interacts with the transcription
factor Six4 to induce DEPTOR expression. This interaction pro-
motes glycolytic metabolism and mitochondrial biogenesis via
the AKT signaling pathway, thereby sustaining skeletal muscle
metabolic activity [65]. Under sarcopenia-associated pathologi-
cal conditions, BAF60c expression is suppressed, leading to mito-
chondrial dysfunction and metabolic imbalance. This alteration
not only compromises energy metabolism in mature myofibers
but also diminishes satellite cell adaptability to high energy
demands and regenerative capacity [69]. Consequently, BAF60c-
mediated chromatin remodeling abnormalities likely represent
an early regulatory event in mitochondrial dysfunction rather
than a secondary consequence of disease progression.

In contrast, the arginine methyltransferase CARM1 modu-
lates gene transcription by inducing chromatin conformational
changes through modification of NURD complex - associated
subunits [80]. Under physiological conditions, CARM1 main-
tains mitochondrial integrity and oxidative metabolism by
regulating PPARGCTA and its downstream mitochondrial-
associated genes (e.g., TFAM, NFE2L2). However, CARM1 dys-
function disrupts chromatin remodeling, inhibits mitophagy,
and impairs mitochondrial turnover, ultimately leading to
energy metabolism disorders and myofiber atrophy [81].
Such regulatory abnormalities not only affect mature myofi-
bers but may also indirectly reduce the proliferation and
differentiation capacity of muscle satellite cells by compromis-
ing mitochondrial homeostasis. Because these epigenetic
alterations can precede overt muscle atrophy, existing evi-
dence supports CARM1 as a potential driver in sarcopenia.

As the disease progresses, mitochondrial dysfunction wor-
sens, characterized by declining NAD" levels, increased oxida-
tive stress, and chronic low-grade inflammation. Under these
conditions, specific epigenetic regulatory mechanisms tend to
manifest as secondary responses to the pathological microen-
vironment. Sirtuins (SIRTs), as NAD*-dependent deacetylases,
participate in chromatin remodeling by regulating histone acet-
ylation and promote mitochondrial biogenesis and oxidative
metabolism through deacetylation of PGC-1a [82,83]. In multi-
ple experimental models, sirtuins partially delay muscle func-
tional decline by increasing mitochondrial DNA content,
improving respiratory function, and regulating mitochondrial
fusion — associated proteins (e.g., MFNT1). However, during sar-
copenia progression, sustained NAD* depletion limits sirtuin
activity, leading to a progressive failure of compensatory and
protective epigenetic regulation, thereby further amplifying
mitochondrial dysfunction [84]. Therefore, sirtuin-related altera-
tions more accurately reflect secondary, metabolically stress —
driven epigenetic dysregulation during disease progression
rather than serving as initial triggers of sarcopenia onset.

Collectively, existing evidence indicates that mitochondrial
dysfunction constitutes a key pathological basis of sarcopenia
development and is dynamically regulated by multi-level epi-
genetic mechanisms. This perspective challenges the traditional
view that primarily attributes mitochondrial dysfunction to
aging or metabolic decline and provides a theoretical

EPIGENOMICS (&) 361

foundation for early risk identification and molecular subtyping
of sarcopenia. However, current conclusions are mainly derived
from animal models and in vitro studies. Their applicability to
clinical populations, temporal causality, and translational rele-
vance requires further validation.

5. Roles of ncRNAs in sarcopenia

In recent years, the role of ncRNAs in sarcopenia has attracted
increasing attention. These molecules, including miRNAs,
IncRNAs, and circRNAs, have been implicated in both the
pathogenesis and progression of sarcopenia [85]. Unlike DNA
methylation and chromatin remodeling, ncRNAs primarily
exert regulatory effects at the post-transcriptional level. They
influence disease onset and progression by modulating estab-
lished gene expression programs and disease-related signaling
networks [86].

5.1. MicroRNAs

MiRNAs are small endogenous non-coding RNAs, typically
20-25 nucleotides in length, that play crucial roles in path-
ways related to muscle protein synthesis, degradation, and
metabolism. Dysregulation of specific miRNAs that act on
satellite cells represents an early driver of impaired muscle
regeneration and repair capacity. miRNAs directly influence
satellite cell fate by regulating key transcription factors and
signaling pathways [87]. For example, miR-206 targets and
suppresses the transcription factors Pax3 and Pax7, thereby
promoting satellite cell differentiation toward the myogenic
lineage and enhancing muscle repair [88]. However, during
aging and certain pathological conditions, downregulation of
miR-206 weakens its repression of Pax3 and Pax7, impairing
satellite cell differentiation and reducing repair capacity fol-
lowing muscle injury. Similarly, age-related reduction of miR-
143 expression relieves its inhibitory effect on insulin-like
growth factor-binding protein 5 (/IGFBP5). Elevated IGFBP5
may promote satellite cell senescence, leading to depletion
of their proliferative and differentiative potential [89].
Furthermore, one study reported significantly elevated serum
miR-451a levels in patients with sarcopenia compared with
healthy controls, with a further increase observed after reha-
bilitation, suggesting its involvement in disease pathogenesis.
Bioinformatic analyses indicate that miR-451a directly targets
the 3" untranslated region (3'UTR) of the titin (TTN) gene, a key
structural protein in muscle fibers, thereby suppressing TTN
expression at the post-transcriptional level. This may represent
a critical mechanism affecting muscle structure and function.
The sustained elevation of miR-451a after recovery may indi-
cate activation of a compensatory repair pathway following
muscle injury [90]. Collectively, these alterations contribute to
depletion of the myogenic precursor pool and blunted regen-
erative responses at the cellular level, constituting an impor-
tant mechanism underlying the failure to maintain muscle
mass in sarcopenia.

Conversely, miRNAs can concurrently target protein synth-
esis and degradation pathways, disrupting protein
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homeostasis in myofibers and promoting muscle atrophy [91].
For instance, miR-7a-1-3p exacerbates metabolic imbalance
through a dual mechanism: it suppresses androgen receptor
(AR) expression, thereby hindering myosin synthesis, and inhi-
bits IGF-1-mediated activation of the Akt/mTOR signaling
pathway, further impairing protein synthesis and potentially
promoting degradation pathways [92]. In contrast, certain
miRNAs exert protective effects under physiological condi-
tions. MiR-486 activates the PI3K/AKT signaling pathway and
suppresses the transcription factor FoxO1, thereby downregu-
lating the atrophy-related genes Atrogin-1 and MuRF1 and
inhibiting protein degradation mediated by the ubiquitin -
proteasome pathway [93]. The regulatory network formed by
these miRNAs within muscle fibers directly determines net
protein balance, and its disruption constitutes a critical step
in muscle fiber atrophy.

Additionally, miRNAs regulate muscle metabolism and
inflammatory responses. Dysregulation of specific miRNAs can
lead to mitochondrial dysfunction, which is closely associated
with muscle weakness and increased fatigue susceptibility.
Evidence indicates that miR-129-3p increases intracellular nico-
tinamide adenine dinucleotide (NAD") levels by inhibiting poly
(ADP-ribose) polymerase 1 (PARPT), thereby activating the dea-
cetylase sirtuin 1 (SIRTT). Activated SIRTT promotes deacetylation
of PGC-1a, enhancing mitochondrial biogenesis and function,
which ultimately improves muscle strength and metabolic
adaptability [94]. This finding reveals a key molecular pathway
underlying miRNA-mediated regulation of mitochondrial func-
tion. It provides theoretical support and potential therapeutic
targets for precision interventions focused on miRNA-guided
modulation of energy metabolism. In contrast, certain miRNAs
modulate the local microenvironment by regulating inflamma-
tory responses. For example, miR-1245a, which is significantly
elevated in patients with sarcopenia, interferes with the JAK -
STAT signaling pathway and cytoskeletal organization, inhibits
immune cell activation, and is closely associated with inflamma-
tory processes [95]. Therefore, a deeper understanding of the
mechanisms and pathways through which different miRNAs
function in muscle tissue is essential for the prevention and
treatment of sarcopenia.

5.2. Long noncoding RNAs

LncRNAs are transcripts longer than 200 nucleotides that gen-
erally lack protein-coding capacity [96]. Unlike miRNAs,
IncRNAs exhibit diverse mechanisms of action. They regulate
gene transcription through cis- or trans-acting mechanisms,
serve as molecular scaffolds or signaling mediators, and func-
tion as miRNA sponges. IncRNAs participate in the modulation
of chromatin states, transcription factor activity, and the inte-
gration of signaling pathways [97,98].

In mature muscle fibers, certain IncRNAs influence skeletal
muscle energy metabolism by regulating mitochondrial home-
ostasis, representing a key molecular basis of sarcopenia
development. Yu et al. reported that INncRNA Gm20743 func-
tions within the mitochondrial regulatory network of myofi-
bers, alleviating oxidative stress while enhancing oxidative
phosphorylation and glutathione metabolism. This preserves

mitochondrial structural and functional integrity, thereby sup-
porting cellular energy supply and metabolic homeostasis in
myocytes [99]. These findings indicate a protective regulatory
role for Gm20743 in skeletal muscle; reduced expression may
impair myocyte adaptation to metabolic stress and, in turn,
promote myofibrillar functional decline. Conversely, certain
IncRNAs exert pro-pathogenic effects by disrupting mitochon-
drial homeostasis. Aparicio et al. demonstrated that IncRNA
PVT1 induces mitochondrial dysfunction and reduces cellular
energy efficiency by downregulating c-Myc and upregulating
the anti-apoptotic protein Bcl-2 [100]. This metabolic abnorm-
ality is not incidental; it impairs skeletal muscle cell adaptabil-
ity, activates proteolytic pathways, and accelerates myofibrillar
atrophy. This suggests PVTT may serve as an upstream driver
in sarcopenia progression, with metabolic imbalance at its
core. Additionally, IncRNAs influence the ubiquitin — protea-
some and autophagy pathways involved in myofibrillar pro-
tein degradation. Among these, IncRNA SYISL primarily acts in
mature muscle fibers. By competitively binding miR-103-3p,
miR-205-5p, and miR-23a-3p, SYISL upregulates key atrophy-
related factors such as MuRF1, FoxO3a, and Atrogin-1, thereby
enhancing post-transcriptional protein degradation signaling
[101]. Furthermore, SYISL interacts with Polycomb repressive
complex 2 (PRC2), inhibiting the transcriptional activity of p21
and myogenin, thereby blocking satellite cell differentiation at
the chromatin epigenetic level. This dual regulatory mechan-
ism, which simultaneously modulates protein metabolism in
mature myofibers and muscle regeneration, positions SYISL as
a pivotal molecular hub linking enhanced proteolysis with
impaired regenerative capacity. Furthermore, IncRNAs signifi-
cantly influence cell proliferation, differentiation, and mainte-
nance of cell fate. Zheng et al. demonstrated that
upregulation of INncRNA PRKG1-AST suppresses the expression
of key myogenic transcription factors, including MyoD, myo-
genin, MEF2C, and Myf5, markedly reducing myoblast differ-
entiation potential and inducing apoptotic signaling, thereby
limiting muscle regenerative capacity [102]. This further
demonstrates that IncRNAs can systematically suppress myo-
genic transcriptional networks, accelerating the depletion of
muscle regenerative function. Concurrently, the downregula-
tion of certain IncRNAs warrants equal attention. IncRNA
GPRC5D-AST is markedly reduced in sarcopenic skeletal mus-
cle. Its normal function involves directly binding to and stabi-
lizing SLC7A11 mRNA and protein, thereby promoting
glutathione synthesis and inhibiting lipid peroxidation and
ferroptosis [103]. However, insufficient GPRC5D-AST expression
increases susceptibility to oxidative stress and ferroptosis,
thereby amplifying myocyte loss and muscle fiber atrophy.
Furthermore, IncRNAs influence the long-term stability of the
skeletal muscle microenvironment by regulating cellular
senescence and fibrosis-related  signaling  pathways.
Downregulation of IncRNA MALATT releases inhibition of
miR-34a-5p, suppresses SIRT1 activity, and induces cellular
senescence. Concurrently, reduced MALATT expression acti-
vates the TGF-B1 signaling pathway, promoting myofibrillar
fibrosis and further limiting regeneration and functional recov-
ery [104]. This dual regulation of aging and fibrosis processes
positions MALATT as a crucial regulator for maintaining skele-
tal muscle structural and functional homeostasis.



At the protein level, IncRNAs influence ribosome biogenesis
and mRNA stability, thereby directly determining the sus-
tained synthetic capacity of myofibrillar structural proteins
[105]. Sen et al. found that downregulation of IncRNA
TMEM9B-AS1 weakens the binding and stabilizing effects of
IGF2BP1 on MYC mRNA, leading to accelerated MYC protein
degradation and insufficient ribosome production, thereby
inhibiting actin and myosin synthesis [106]. This regulatory
mechanism directly links alterations in IncRNA expression to
impaired maintenance of myofibrillar structure, constituting
a key molecular basis for structural atrophy in sarcopenia.

Given the diverse and complex regulatory roles of IncRNAs,
elucidating the causal functions of specific IncRNAs across
different cell types and regulatory layers is essential for under-
standing the molecular basis of sarcopenia and developing
precision intervention strategies.

5.3. Circular RNAs

CircRNAs are a class of non-coding RNAs characterized by
covalently closed circular structures. Due to the absence of
a 5 cap and a 3’ poly(A) tail, circRNAs exhibit enhanced
structural stability. Consequently, compared with miRNAs
and IncRNAs, circRNAs accumulate more readily in aging tis-
sues and exert more sustained regulatory effects [107,108].

In mature skeletal muscle fibers, certain circRNAs directly
disrupt myofibrillar homeostasis by encoding atrophy-
promoting peptides or by inducing inflammatory signaling
cascades [109]. Studies have shown that circTmeff1 is signifi-
cantly upregulated in multiple sarcopenia models and ampli-
fies muscle atrophy signaling through dual mechanisms, in
addition to transcriptional regulation. CircTmeff1 interacts
with TAR DNA-binding protein 43 (TDP-43), promoting its
aberrant aggregation within myocyte mitochondria. This inter-
action stimulates the release of mitochondrial DNA (mtDNA)
into the cytoplasm, thereby activating the cyclic GMP-AMP
synthase (cGAS) - stimulator of interferon genes (STING)
innate immune pathway and triggering sustained inflamma-
tory and proteolytic signaling. Concurrently, circTmeff1 pro-
duces the atrophy-promoting peptide TMEFF1-339aa via IRES-
dependent circular translation, directly intensifying catabolic
processes within myofibers [110]. This synergistic interaction
between inflammatory amplification and translation-
dependent mechanisms establishes a coherent causal frame-
work for circTmeff1-mediated myofibrillar atrophy. Similarly,
circDdb1 exhibits sustained upregulation in aging- or disuse-
associated muscle atrophy models, with its primary effect
centered on the imbalance between protein synthesis inhibi-
tion and degradation enhancement. circDdb1 produces
circDdb1-867aa through rolling-circle translation. This peptide
binds to elongation factor eEF2 and enhances phosphoryla-
tion at Thr56, thereby inhibiting global translation elongation.
Concurrently, circDdb1-867aa synergistically activates the ubi-
quitin — proteasome system and autophagy - lysosomal path-
ways, accelerating myofibrillar protein degradation. At the
upstream regulatory level, eukaryotic initiation factor 4A3
(EIF4A3)  promotes circDdb1  circularization, forming
a positive feedback loop that sustains protein synthesis
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inhibition and enhanced degradation, thereby stabilizing the
muscle atrophy phenotype [111]. In pathological contexts
characterized by inflammation and stress responses, certain
circRNAs remodel inflammatory and apoptotic signaling path-
ways through the miRNA sponge mechanism, thereby indir-
ectly disrupting muscle homeostasis. circAGO3 exemplifies this
process by sponging miR-34b-5p to upregulate TRAF3 expres-
sion, thereby persistently activating the NF-kB signaling path-
way. In skeletal muscle cells, chronic NF-kB activation
promotes the release of inflammatory cytokines, directly
induces the expression of proteolysis-related genes, such as
Atrogin-1 and MuRF1, and exacerbates oxidative stress and
apoptosis. Consequently, circAGO3 forms an amplification
loop linking inflammatory signaling, protein degradation, and
cell death, thereby driving sarcopenia toward irreversible pro-
gression [112].

Additionally, at the neuromuscular axis level, certain
circRNAs indirectly contribute to sarcopenia by regulating
RNA metabolic networks and neuronal homeostasis. Studies
have shown that in neurogenic muscle atrophy disorders such
as spinal muscular atrophy (SMA), circRNA C2A-2B-3-4 is sig-
nificantly downregulated, and its loss leads to reduced expres-
sion of genes involved in ribosome biogenesis, RNA
metabolism, and protein synthesis (e.g., NAMPT, CELSR3),
while also causing dysregulation of genes associated with
axonal growth and synaptic maintenance, thereby impairing
neuromuscular signaling efficiency [113]. Similarly, circ4-2b-3
interferes with the stability and splicing of full-length SMN
mMRNA by competitively binding miRNAs or RNA-binding pro-
teins, thereby accelerating a-motor neuron degeneration and
ultimately inducing secondary muscle atrophy [114]. These
findings suggest that circRNAs exert effects not only within
muscle cells but also influence muscle structure and function
through neural regulatory pathways.

In contrast, certain circRNAs exert protective regulatory
roles in sarcopenia, and their absence or downregulation
may constitute pathogenic factors. circCCDC91 primarily func-
tions in muscle satellite cells during proliferation and differ-
entiation. By competitively binding miR-15 family members,
circCCDCI1 relieves their inhibition of IRS1, thereby maintain-
ing activation of the IGF-1-PI3K/AKT signaling pathway. This
pathway not only promotes myoblast proliferation and differ-
entiation but also suppresses FoxO1-mediated expression of
proteolytic genes. When circCCDC91 expression declines, AKT
signaling is impaired, muscle regenerative capacity decreases,
and proteolytic signaling becomes dominant, ultimately accel-
erating sarcopenia progression [115]. Thus, circCCDCI1
expression status partially reflects the preservation of muscle
synthetic and regenerative capacity and may hold potential
value for disease monitoring.

Collectively, the diverse epigenetic mechanisms of circRNAs
are involved throughout the pathophysiological process of
sarcopenia. Specific circRNAs are implicated in early satellite
cell dysfunction, mid-stage protein homeostasis imbalance,
and late-stage irreversible muscle fiber loss. These character-
istics position circRNAs not only as valuable entry points for
mechanistic research but also as promising biomarkers and
potential therapeutic targets for sarcopenia. Future research
should further elucidate their temporal dynamics and cell-type
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specificity while exploring translational strategies for clinical
application. The essential features and mechanisms of non-
coding RNAs in sarcopenia are systematically summarized in
Table 2. An integrated regulatory network of noncoding RNAs
in the pathogenesis of sarcopenia is depicted in Figure 2.

6. Conclusion

Epigenetic research offers key mechanistic insight into the
onset and progression of sarcopenia. It explains how reversi-
ble regulators, DNA methylation, chromatin remodeling, and
ncRNAs shape muscle differentiation, protein synthesis and

Table 2. Essential features of the roles of noncoding RNAs in the regulation of sarcopenia.

Trend of
non-coding

Models RNA Target molecules Mechanisms Outcome event References

Aged muscle miR-206!  Pax3, Pax7 miR-206 | = Pax3/Pax7 inhibition ! = Satellite cell Impaired muscle [88]
tissue differentiation { = Muscle repair{ regeneration

Aging muscle miR-1431  IGFBP5 miR-143 | =|GFBP5 inhibition | = IGFBP5 t = Satellite cell Satellite cell senescence, [89]

senescence T = Functional declinet muscle function decline

Sarcopenia miR-451at  TTN (titin) miR-451a 1= TTN mRNA targeting (3'UTR) = TTN Potential compensatory [90]
patients expression | = Muscle structure/function impairment repair after injury
(serum)

Aged male rats miR-7a- AR, IGF-1 miR-7a-1-3p * = AR{ & IGF-1-Akt/mTOR inhibition = Imbalance in protein [92]

1-3pt Myogenic protein synthesis I & Protein degradation t metabolism (synthesis {
& degradation )

Muscle atrophy miRNA-486! FOXO1 miRNA-486 t = PI3K/AKT activationt = FOXO1! = Atrogin-1/ Slowed protein [93]
mice and MuRF1 1= Protein degradation! (Note:t* miRNA-486 is degradation
C2C12 cells protective)

Mouse-derived miR-129- PARP1 miR-129-3p t =PARP1 1 =NAD+ 1t =SIRT1 activation t = PGC-  Mitigation of muscle [94]
cC12 3pi 1a deacetylation t = Mitochondrial function t = Muscle atrophy (Note: * miR-
myotube strength t 129-3p is protective)
model

Sarcopenia miRNA- JAK-STAT pathway, miRNA-1245a t = JAK-STAT pathway modulation = Satellite ~ Onset and progression of  [95]
patients 1245at actin cell activity ! = Muscle regeneration sarcopenia

cytoskeleton

Muscle atrophy ~ Gm207431  ROS, oxidative Gm20743 t = ROS generation | & Oxidative phosphorylation/ Maintenance of muscle cell [99]
mice and phosphorylation glutathione metabolism t = Mitochondrial homeostasis function
C2C12 cells

Sarcopenia PVT1 1t ¢-Myc PVT1 1= c-Mycl = Bcl-2t = Mitochondrial dysfunction = Mitochondrial dysfunction, [100]
patients Energy metabolism | impaired energy

metabolism

Human skeletal SYISLt miR-103-3p, miR- SYISL t =Sponges miR-103-3p/miR-205-5p/miR-23a-3p = Activation of protein [101]
muscle cells 205-5p, miR-23a- MuRF1/Fox0O3a/Atrogin-11 & Binds PRC2 = p21/myogenin { degradation,
and aged 3p; PRC2 complex = Protein degradationt & Muscle regeneration { suppression of muscle
mice regeneration

Skeletal muscle  PRKG1-AS1t  MyoD, myogenin, PRKG1-AS1 t =MyoD/myogenin/MEF2C/ Accelerated muscle atrophy [102]
aging MEF2C, Myf5 Myf5 | =Muscleproliferation/differentiation { = Muscle

atrophy 1

Sarcopenia GPRC5D-  SLC7AT11 GPRC5D-AS1 L =SLC7A11 transcription/ Increased ferroptosis, [103]
patients AS1! translation | =Glutathione synthesis | & Lipid peroxidation/ exacerbation of muscle
(skeletal ferroptosis t = Antioxidant capacity ¢ atrophy
muscle)

Aged mice and MALAT1!  miR-34a-5p, TGF-B1 MALAT1 ! = miR-34a-5p activation t = SIRT1! & Cellular Muscle fiber atrophy, [104]
C2C12 cells senescence 1; Also = TGF-B1 activation t = Muscle fibrosis regenerative disorders

Type 2 diabetes  TMEM9B- ~ MYC (via IGF2BP1) ~ TMEMO9B-AS1 | =|GF2BP1 recruitment{ = MYC mRNA Loss of muscle mass and [106]
skeletal AS1! stability | = MYC degradation t = Ribosome production{ = function
muscle Muscle protein synthesis {

Muscle atrophy  circTmeff1t TDP-43 circTmeff1 t = Binds TDP-43 = Mitochondrial aggregation of  Accelerated muscle atrophy [110]
mice and TDP-43 1 = mtDNA release t = cGAS/STING pathway
C2C12 cells activation t = Protein degradation/apoptosis 1; Also encodes

TMEFF1-339aa = Muscle atrophy *

Muscle atrophy  circDdb1t  eEF2 circDdb1 t = Encodes circDdb1-867aa = Binds eEF2 & Myofibrillar atrophy [111]
mice and enhances Thr56 phosphorylation = Protein synthesis | ; Also
C2C12 cells activates ubiquitin-proteasome/autophagy-lysosome

pathways = Protein degradation t

Chicken skeletal ~ circAGO3t  miR-34b-5p, TRAF3  circAGO3 t = Sponges miR-34b-5p = TRAF3 1 = NF-kB Inflammatory atrophy, [112]
muscle signaling activation t = Inflammation 1 & Protein oxidative stress,

degradation pathways activation t apoptosis

Spinal muscular circRNA C2A- Ribosome circRNA C2A-2B-3-41 = Downregulation of ribosome Muscle atrophy [113]
atrophy 2B-3-41 biogenesis, RNA biogenesis/RNA metabolism genes (e.g., NAMPT, CELSR3) &

(SMA) metabolism Upregulation of negative regulators (e.g., GFRA1, SHTN1,
genes CNTNT) = Protein synthesis imbalance
SMA patients circ4-2b-34  SMN mRNA circ4-2b-3{ = Reduced interference with miRNAs/RBPs = SMN Muscle atrophy [114]

Chicken skeletal
muscle
development

circCCDCO1 4

miR-15 family (miR-
15a, miR-15b-5p,

miR-15¢-5p)

mRNA splicing/stability { = SMN protein deficiency t = a-
motor neuron degeneration *

circCCDCI1 { = Reduced sponging of miR-15 family = /RS1
inhibition t = IGF1-PI3K/AKT signaling | = Myoblast
proliferation/differentiation | & Atrogin-1/MuRF1 1

Exacerbated sarcopenia
(Note: t circCCDCI1 is
protective)

[115]
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Figure 2. Regulatory networks of noncoding RNAs in sarcopenia Figure 2 is a conceptual diagram (created using BioRender.com) summarizing the reported
regulatory roles of noncoding RNAs (miRNAs, IncRNAs, and circRNAs) in sarcopenia. Dysregulation of these ncRNAs is associated with impaired satellite cell
differentiation, disrupted protein homeostasis, and mitochondrial dysfunction, which collectively contribute to muscle atrophy. The integrated network also
illustrates the potential of specific ncRNAs as diagnostic biomarkers (e.g., circulating miR-451a) and therapeutic targets (e.g., miR-129-3p mimics or circCCDC91

restoration) for sarcopenia management.
Created in BioRender. Ding, F. (2025) https://BioRender.com/c18z1dk.

metabolism, and inflammatory signaling. This perspective
extends etiological understanding beyond inherited genetic
variation. DNA methylation regulates genes such as FGF2,
FoxO1, and MyoD. Through these targets, DNA methylation
influences satellite cell function, protein metabolic homeosta-
sis, and mitochondrial biogenesis. Chromatin-remodeling
pathways, mediated by BAF60c, HDACs, CARM1, and sirtuins,
control myogenic gene accessibility, fiber-type transitions, and
metabolic equilibrium. In parallel, ncRNAs form a multilayer
regulatory network. This network modulates myocyte prolif-
eration, differentiation, autophagy, and apoptosis via post-
transcriptional and pathway-level mechanisms.

Clinical translation remains early. Blood-based methylation
sites and circulating ncRNAs have been proposed as noninva-
sive biomarkers. However, the relationship between circulat-
ing epigenetic signatures and skeletal muscle - specific
alterations is still poorly defined. Substantial interindividual
variability further complicates interpretation and risk stratifica-
tion. Key sources of variability include age, sex, physical activ-
ity, nutrition, systemic inflammation, and multimorbidity.
Finally, limited longitudinal cohorts and a shortage of well-
designed interventional trials constrain causal inference and
delay validation of clinical utility.

Therapeutically, the reversibility of epigenetic modifications
provides a conceptual rationale for targeted interventions;
however, most candidate strategies remain in preclinical or
early translational phases. Small-molecule epigenetic agents,
including HDAC inhibitors and bromodomain and extra-
terminal domain (BET) inhibitors, have demonstrated protec-
tive effects against muscle atrophy and mitochondrial dys-
function in experimental models, thereby providing
a preliminary foundation for drug development [116].
Similarly, nucleic acid - based therapeutics delivered via exo-
somes - such as miRNAs and IncRNAs - have shown potential
to modulate atrophy- and regeneration-related pathways in
animal studies [117,118]. Emerging methylation-editing
approaches, including targeted MyoD demethylation and clus-
tered reqgularly interspaced short palindromic repeats/CRISPR-
associated protein 9 (CRISPR/Cas9)-based systems, have
further illustrated the feasibility of precise epigenetic modula-
tion in skeletal muscle regeneration [13]. Nevertheless, issues
related to delivery efficiency, tissue specificity, long-term
safety, and off-target effects remain unresolved, and robust
clinical evidence is currently lacking.

Taken together, epigenetic research holds promise for bio-
marker development and mechanism-based therapies in
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sarcopenia, but clinical adoption requires cautious interpreta-
tion and rigorous validation. Future work should prioritize
multi-omics integration, standardized biomarker pipelines,
longitudinal cohorts, and randomized trials to translate experi-
mental findings into practice. Epigenetic approaches are most
likely to complement rather than replace exercise and nutri-
tional interventions, supporting a stratified, mechanism-
informed model of sarcopenia care.

7. Future perspective

Over the next 5-10years, research is expected to focus on
several key areas.

Firstly, the discovery and clinical validation of epigenetic
biomarkers are expected to remain central research priorities.
Although several promising blood-based biomarkers have
been identified, their clinical utility remains supported by
evidence from large-scale, multicenter cohorts with well-
defined phenotypes and long-term longitudinal follow-up.
Future work should prioritize standardizing analytical plat-
forms and fostering stronger interdisciplinary collaboration.
Integrating epigenetic markers with conventional muscle func-
tion assessments — such as muscle mass, handgrip strength,
and gait speed will be essential to enhance their value for
early detection, risk stratification, and therapeutic monitoring.

The rapid evolution of single-cell and spatial epigenomics,
combined with multi-omics integration strategies, is poised to
significantly refine the mechanistic understanding of sarcope-
nia. Compared with bulk-tissue approaches, technologies such
as single-cell ATAC-seq, single-cell methylome profiling, and
spatial epigenetic transcriptomics enable the identification of
cell - type - specific epigenetic alterations, clarify dynamic
cellular state transitions, and delineate interactions within the
local microenvironment. When coupled with proteomic and
metabolomic analyses, these tools will facilitate the precise
mapping of critical regulatory nodes and the development of
a comprehensive catalog of actionable therapeutic targets.

In parallel, epigenetic-based therapeutics, including small-
molecule agents such as sirtuin activators and nucleic acid
therapeutics such as miRNA/IncRNA modulators, are expected
to advance into more rigorous preclinical evaluation and early-
phase clinical testing. Concurrent advances in delivery tech-
nologies and the exceptional engineering of exosomes are
anticipated to improve tissue specificity, enhance delivery
efficiency, and strengthen the overall safety profile of these
interventions, thereby supporting their translational viability.

Integrating lifestyle interventions, such as exercise and
nutrition, with epigenetic-based approaches is a promising
direction. Exercise and diet can reshape the epigenetic land-
scape of skeletal muscle and may synergize with pharmacolo-
gical strategies to support mitochondrial function and protein
homeostasis. Future trials could use epigenetic biomarkers as
intermediate endpoints to guide personalized interventions
and evaluate repurposed epigenetic drugs, improving feasibil-
ity and accelerating translation.

As evidence accumulates, continued epigenetic research in
sarcopenia is expected to strengthen early detection and

enable more targeted treatment and prevention, ultimately
improving quality of life.
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