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ABSTRACT

Aging increases the global burden of disease, yet its molecular basis remains incompletely understood. Recent studies indicate

that reversible epigenetic drift—spanning DNA methylation clocks, histone codes, three-dimensional chromatin, and noncoding

RNA networks—constitutes a central regulator of organismal decline and age-related diseases. How these epigenetic layers

interact across different tissues—and how best to translate them into therapeutic strategies—are still open questions. This review

outlines the specific mechanisms by which epigenetic changes influence aging, highlighting their impact on genomic instability,

stem-cell exhaustion, and mitochondrial dysfunction. We critically evaluate emerging rejuvenation strategies—partial OSKM
reprogramming, CRISPR-dCas9 epigenome editing, NAD*/sirtuin boosters, HDAC inhibitors, microbiota transfer, and precision
lifestyle interventions—detailing their efficacy in resetting epigenetic age and restoring tissue homeostasis. Integrating single-cell

multiomics and second-generation epigenetic clocks, we propose a roadmap for translating these insights into safe, personalized

antiaging medicine.

1 | Introduction

Aging refers to the process by which the functions of various
levels of the organism (cells, tissues, organs, etc.) gradually
decline and structural changes occur over time. This is typically
accompanied by reduced adaptability, weakened immune func-
tion, metabolic disorders, and an increased risk of age-related
diseases (such as cardiovascular diseases, cancer, neurodegener-
ative diseases, etc.), ultimately leading to death [1]. As medical
technology has advanced, the global average lifespan has risen

markedly. With the drop in the birth rate, populations are aging,
and the 65-plus-age group is growing faster than others. The
United Nations projects that by 2050, one-sixth of the global
population will be over 65 years of age, and those over 80 years
will triple. Since aging is a major factor in chronic diseases such
as cancer, it has replaced infectious diseases as the main cause
of death and disability, imposing a heavy social burden. Thus,
research on aging is highly valuable as it can achieve healthy
longevity. Studies show that antiaging research may yield more
economic benefits than tackling individual diseases [2].

Yongpan An and Qian Wang contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.

© 2025 The Author(s). MedComm published by Sichuan International Medical Exchange & Promotion Association (SCIMEA) and John Wiley & Sons Australia, Ltd.

MedComm, 2025; 6:€70369
https://doi.org/10.1002/mco02.70369

1 0f 35


https://doi.org/10.1002/mco2.70369
mailto:xiezhengwei@hsc.pku.edu.cn
mailto:ruizhang@fmmu.edu.cn
mailto:wuguojun@med.nwu.edu.cn
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/mco2.70369

At present, the widely accepted mechanisms of aging mainly
include 14 types, such as genomic instability, telomere attrition,
epigenetic alterations, loss of proteostasis, autophagy dysfunc-
tion, deregulated nutrient-sensing, mitochondrial dysfunction,
cellular senescence, and so on [3]. Meanwhile, research shows
that compared with genetic information, the loss of epigenetic
information plays a core role in the regulation of aging. This
conclusion has been confirmed in various model organisms,
including yeast, nematodes, fruit flies, and mice [4, 5]. Epigenetics
refers to the discipline of heritable changes in gene function
without changes in the DNA sequence, which eventually leads to
phenotypic changes. As we age, epigenetic changes accumulate,
leading to gradual alterations in gene expression and accelerating
the aging process. The main mechanisms of these epigenetic
changes in regulating longevity pathways include alterations
in DNA methylation patterns, abnormal posttranslational mod-
ifications of histones, abnormal chromatin remodeling, and
dysfunction of noncoding RNAs (ncRNAs). These regulatory and
often reversible changes affect gene expression and other cellular
processes, leading to the occurrence and progression of various
age-related human pathologies, such as cancer, neurodegenera-
tive diseases, metabolic syndrome, and bone diseases [6].

An increasing number of studies suggest that lifestyle inter-
ventions, chemical drug treatments, gene therapy, stem cell
transplantation, gut microbiota transfer, immunotherapy, hete-
rochronic parabiosis, and reprogramming are epigenetic thera-
peutic strategies that can effectively improve or even reverse the
aging state of the organism [7, 8]. Therefore, epigenetic regulation
can be seen as a crucial entry point for further understanding the
mechanisms underlying aging, exploring new aging biomarkers,
and developing antiaging drugs and clinical treatment strategies
in the future.

The objective of this review is to explore the role of epige-
netic mechanisms in aging and their contribution to age-related
diseases. We will examine the key epigenetic processes—DNA
methylation, histone modifications, and ncRNAs—and discuss
how these mechanisms accumulate over time and influence
aging. This review will also highlight recent advances in epi-
genetic rejuvenation therapies, such as CRISPR/Cas9-based
epigenetic editing, small molecule modulators, and the use of
ncRNAs to restore youthful gene expression. These therapies offer
promising strategies for extending healthspan and improving the
quality of life for aging populations. Additionally, the review will
address challenges and risks associated with epigenetic therapies,
including off-target effects and tumorigenesis, and propose future
research directions to overcome these issues. By synthesizing
recent research, this review aims to provide a comprehensive
understanding of the role of epigenetics in aging and disease, and
the potential of epigenetic interventions for rejuvenation.

2 | Epigenetic Mechanisms of Aging

The epigenetic modification mechanisms associated with aging
mainly include changes in DNA methylation patterns, abnormal
posttranslational modifications of histones, abnormal chromatin
remodeling, and dysfunction of ncRNA (Figure 1). This section
will systematically elucidate the interplay between epigenetic
dysregulation and aging, focusing on the latest discoveries and

their implications for aging and disease, while also discussing
potential targets and mechanisms that may delay or even reverse
the aging process (Figure 2).

2.1 | DNA Methylation Dynamics

DNA methylation is one of the most well-known epigenetic
modifications. DNA methylation is catalyzed by DNA methyl-
transferases (DNMTs) using S-adenosyl-methionine (SAM) as
the methyl donor, which transfers a methyl group (-CHj;) to
specific bases in defined genomic regions. In mammals, the
three principal methyltransferases are DNMT3A, DNMT3B, and
DNMTI. According to the methylation pattern they establish,
these enzymes are classified as either de novo or mainte-
nance methyltransferases. DNMT3A and DNMT3B are de novo
methyltransferases responsible for establishing methylation on
previously unmethylated DNA. This de novo methylation—that
is, the creation of new methylation marks on unmethylated
cytosines—occurs predominantly during embryonic stem-cell
development and sets up novel methylation patterns. DNMT1 is
a maintenance methyltransferase that preserves existing methy-
lation patterns. After DNA replication, DNMT], as an integral
component of the replication complex, recognizes hemimethy-
lated CpG sites on the nascent strand. Through a nucleophilic
attack, it catalyzes methylation of these hemimethylated posi-
tions, thereby copying the methylation pattern from the parental
strand to the daughter strand and ensuring faithful propagation
of the methylation landscape originally established by the de
novo methyltransferases [9, 10]. This modification is crucial for
regulating gene expression, maintaining genomic stability, and
facilitating cellular differentiation.

2.1.1 | Age-Related Methylation Patterns

Age-related changes in DNA methylation patterns are not only
widespread but also have a significant impact on gene expression,
influencing various life processes such as metabolism, inflamma-
tion, cancer, cardiovascular diseases, neurological disorders, and
aging [11-16]. Early studies found that in certain aging human
and mouse cells, tissues, and organs (e.g., T cells, small intestine
mucosa, liver, and brain), there is often a decrease in overall DNA
methylation levels [9], while focal hypermethylation can emerge
[17, 18] and correlate with a higher incidence of cardiovascular
disease in older individuals [15]. A meta-analysis from 128
mammal species revealed that hypermethylation of CpG islands
is present in aging blood, brain, cortex, liver, muscle, and skin [19].
These patterns arise primarily from cell-type-specific, age-stage-
specific, and stress-signal-specific transcriptional regulation of
the three canonical DNMTs (DNMT1, DNMT3A, and DNMT3B).
In replicative-exhaustion cellular models, all three DNMTs are
downregulated. By contrast, during in vivo aging driven by
oxidative stress or chronic inflammation, DNMT1 is suppressed
via the telomere-p53 axis, whereas DNMT3A/3B are upregulated
through NF-xB/STAT3 activation. The combined effect is the
emergence of an “aging epigenetic signature” characterized by
global hypomethylation superimposed on region-specific hyper-
methylation [20-22]. Current research is increasingly focused
on age-related, region-or site-specific methylation changes—
such as differentially methylated regions and differentially
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FIGURE 1 | Epigenetic mechanisms underlying the aging process. This schematic diagram summarizes the major epigenetic mechanisms
contributing to the aging process, including DNA methylation alterations, histone modifications, chromatin structural changes, and noncoding RNA
dysregulation. The illustration shows how promoter hypermethylation silences critical genes while global hypomethylation occurs across the genome,
mediated by DNMTs and TET proteins acting on CpG sites. Various histone modifications (methylation, acetylation, ubiquitination, SUMOylation, O-
GlcNAcylation, and biotinylation) dynamically regulate chromatin states. Age-related chromatin remodeling involves disruption of TAD organization,
with changes in active/repressed compartments, boundary integrity, and LAD, accompanied by heterochromatin loss. Additionally, noncoding RNAs
(IncRNAs, circRNAs, siRNAs) and RNA modifications exhibit age-associated dysregulation, affecting transcriptional and translational processes.
Collectively, these interconnected epigenetic changes drive the progressive functional decline characteristic of cellular aging. This figure was created
by BioRender. Abbreviations: DNMT, DNA methyltransferase; TET, ten-eleven translocation; CpG, cytosine-phosphate-guanine dinucleotide; SUMO,
SUMOylation; O-GIcNA, O-GlcNAcylation; TAD, topologically associating domain; LAD, lamina-associated domain; m5C, 5-methylcytosine; m6A,
N°-methyladenosine.
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FIGURE 2 | The schematic illustrates key epigenetic mechanisms and their downstream cellular effects. The left section outlines critical epigenetic
mechanisms, including DNA methylation (mediated by DNMT1, DNMT3, and associated with pluripotency factors NANOG and OCT4), histone
methylation (involving SETDBI1, EZH2/PRC2, and KOM5 with H3K9ac and SAM as cofactors), histone acetylation/phosphorylation (featuring
H3K9ac, HDAC, and p38-MAPK), and chromatin remodeling (linked to GAS-STING, mTOR, and STAT3 pathways). The right section demonstrates
their downstream effects on cellular functions, such as cell cycle regulation and senescence (controlled by p53, pl6, CDKN2, and p21), stress
responses (including oxidative stress via SOD2, mitochondrial function through NAD+, and DNA damage repair), stem cell dynamics (influenced
by NANOG/OCT4 and mTOR signaling), and phase separation in nuclear organization. Together, this integrated network reveals how epigenetic
modifications converge with signaling pathways to govern genome stability, inflammation, senescence, and stem cell function. This figure was created

by BioRender.

methylated positions—to dissect the molecular underpinnings of
this epigenetic drift [23].

DNA methylation regulates aging by silencing or inducing aging-
related genes. During aging, the hypermethylation of specific
gene promoters can silence crucial genes, particularly those
involved in tumor suppression and immune response. For exam-
ple, studies have shown that hypermethylation of the TP53 gene

is associated with reduced expression in older populations [24,
25], which may contribute to the increased incidence of malig-
nancies in the aging population. Furthermore, hypermethylation
of inflammatory genes such as IL13, IL6, and TNFa is linked
to atherosclerosis [26], which poses significant health risks to
older adults. Reduced DNA 5mC levels can upregulate PSG,
endogenous retroviruses (ERVs), p15, pl6, p21, and LINE-1, while
downregulating ELOVL2. Increased DNA 6mA can upregulate
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heat stress response genes. These changes can induce senescence-
associated secretory phenotype (SASP), inhibit the cell cycle, and
accelerate cellular senescence [27-32].

Another mechanism of DNA methylation in aging suggests that
the widespread decay of the methylome reflects an “epigenetic
maintenance system” that supports development, cell differenti-
ation, and cell identity maintenance. Changes in methylation at
specific genomic sites are crucial for preserving stem cell identity
and function [9]. DNA methylation changes often reduce stem
cell numbers and functions, such as impairing self-renewal and
causing differentiation bias, mirroring what is observed in aging
[33]. Supporting this, single-cell analysis in mice shows that liver
cells’ epigenetic aging is precisely tracked, while muscle stem
cells show minimal epigenetic age changes [34]. This indicates
that the epigenetic clock responds when stem cells are stimulated
to divide [35]. In summary, the mechanisms of how methylation
changes accelerate aging are currently thought to be primarily
through the silencing or induction of aging-related genes and the
impact on stem cell numbers and functions.

2.1.2 | Epigenetic Clocks

Epigenetic clocks are DNA methylation-based biomarkers used
to estimate the difference between an individual’s biological age
and chronological age. The core concept of epigenetic clocks is
that over time, the DNA methylation patterns at certain specific
locations in the genome undergo predictable changes, which are
closely related to aging, health status, and lifespan prediction.
Different epigenetic clock models rely on different algorithms and
DNA methylation sites, and various types of age clocks have been
developed with different machine algorithms, research species,
and tissue sources [12, 36-39].

The first-generation DNA methylation clocks (DNAm) estimate
biological age using specific CpG sites, with the most famous
being the Horvath clock and the Hannum clock [40, 41].
Second-generation clocks, such as PhenoAge, GrimAge, and
DunedinPACE [42-44], incorporate clinical biomarkers alongside
DNA methylation data, improving accuracy and applicability. As
a result, these clocks are not only associated with physiological
age but also predict the onset of aging-related diseases, facilitate
disease diagnosis, and contribute to health assessments [12, 36, 37,
39, 45].

With the emergence of various machine learning and deep learn-
ing models, the algorithms for DNAm are continuously being
updated. For example, the DNAge model, based on Horvath’s
pan-tissue clock, assesses the actual age of skeletal muscle in
aging mice through exercise [46]. Recent research has focused
more on lifestyle and environmental factors, such as alcohol
consumption and sleep quality [47], and their impact on epige-
netic age acceleration (EAA) assessments. For example, the newly
developed GrimAge V2, using deep learning methods, shows
better predictive performance than its V1 version [48].

The clinical application value of epigenetic clocks is becoming
increasingly prominent. Studies have shown that EAA assessed
by epigenetic clocks is associated with an increased risk of

aging-related diseases, such as Alzheimer’s disease (AD) and
cardiovascular diseases [45, 49, 50]. One study utilized DNA
methylation data from 378 women to develop the first second-
generation epigenetic age clock for skin, which can accurately
predict skin aging phenotypes represented by wrinkle grade,
visual facial age, and visual age progression [51].

Furthermore, these clocks have primarily been developed for
European or Hispanic populations. A study using DNA methy-
lation data from blood samples of Koreans demonstrated the
applicability of epigenetic clocks in East Asian populations. This
study not only included chronic disease factors, blood biomarker
levels, and lung function but also considered health behavior
factors, socioeconomic status, and psychological stress levels [52],
confirming the association between EAA and environmental
factors in Asian populations.

2.2 | Histone Modification Alterations

Histones are small, basic proteins rich in amino acids such as
lysine and arginine, and they are the major structural proteins
of eukaryotic chromatin [53]. They bind to DNA to form nucleo-
somes, which are the fundamental repeating units of chromatin.
There are four core histones: H2A, H2B, H3, and H4, each com-
posed of two molecules to form an octamer, around which DNA
is wound to form the nucleosome [54]. H1 is the linker histone
[55], located at the linker DNA regions between nucleosomes,
helping to compact higher-order chromatin structures. The
amino acid sequences of histones are highly conserved through
evolution, especially H3 and H4, indicating the importance of
their functions [56].

Histone modification refers to the process by which specific
amino acid residues (especially at the N-terminal tails) on
histones undergo covalent chemical modifications. By adding
or removing small chemical groups (such as methyl, acetyl,
or phosphate groups), histone modifications dynamically reg-
ulate chromatin structure and gene expression [22, 57]. These
modifications do not alter the DNA sequence but are heritable
and influence cellular functions, making them one of the core
mechanisms of epigenetic regulation. This process is dynamic
and reversible, with “writers” (such as histone acetyltransferases
[HATs] and HMTs) adding modifications and “erasers” (such as
histone deacetylases [HDACs] and KDMs) removing them [58,
59]. Histone modifications include various types, with common
ones being methylation, acetylation, phosphorylation, and ubiqg-
uitination. On one hand, these posttranslational modifications
can activate or repress gene expression by regulating chromatin
structure. On the other hand, different combinations of modifi-
cations can form a “histone code” [60, 61], which is recognized
by effector proteins (such as proteins containing Bromo/Chromo
domains) and recruits the transcriptional machinery to initiate
distinct gene expression programs. Histone modifications play
multiple biological roles in eukaryotic cells, participating in
the regulation of chromatin structure, gene expression, DNA
damage and repair, and the cell cycle [60, 61]. These functions
are realized through complex interaction networks, and different
modifications may have synergistic or antagonistic effects [62,
63]. Abnormal histone modifications are closely associated with
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various diseases, such as tumors [64], neurodegenerative diseases
[65], and aging [66-68], and are potential therapeutic targets.

2.2.1 | Histone Methylation

Recent studies have shown that histone methylation marks such
as H3K4me3, H3K27me3, and H3K36me3 undergo significant
changes during aging, and these changes directly affect the aging
and repair capacity of cells [69]. H3K4me3 is closely related to the
expression of aging-associated genes. Research has found that in
the hematopoietic stem cells (HSCs) of aging mice, the level of
H3K4me3 is increased [70], while in physiologically aged human
HSCs, H3K4mel, H3K4me3, and H3K27ac levels are reduced
[71]. Histone methylation exhibits significant spatiotemporal-
specific changes during aging, and these modifications directly
impact chromatin structure and gene expression patterns through
epigenetic regulatory networks, becoming a key molecular basis
for the development of aging and related diseases [72-75]. Recent
studies have shown that aging cells display typical characteristics
of methylation reprogramming: (1) Repressive marks, such as
H3K27me3 (trimethylation of lysine 27 on histone H3), undergo
specific loss at gene promoter regions, especially at cell cycle
inhibitor genes (such as pl6INK4a/CDKN2A) [76-79]. Simi-
lar to the mechanism of DNA hypomethylation in promoting
aging, histone hypo-methylation, such as decreased H3K9me3,
H4K20me3, H3K9, and H3K36 methylation, can upregulate PSG,
pl5, p16, p21, and LINE-1, while downregulating ELOVL2 [27-
32]. These changes induce cell cycle arrest and activate SASP.
(2) The reduction of H3K9me3 in heterochromatic regions leads
to decreased genomic stability, abnormal activation of trans-
posons, and nuclear structure disruption [31, 80, 81]. (3) The
abnormal accumulation of the active mark H3K4me3 at the
promoter regions of metabolism-related genes [28, 57, 82], which
reprograms cellular. These changes are closely associated with
the dysregulation of methylation-modifying enzymes, including
the reduced activity of the Polycomb repressive complex 2
(PRC2) core enzyme EZH?2 [83, 84], the upregulation of KDM
demethylase enzymes (such as KDM5A/B) [63, 69, 85], and the
age-dependent reduction of the methyl donor SAM [86-91]. These
changes induce DNA damage and oxidative stress, activate mTOR
to regulate metabolism, and promote aging.

In aging-related diseases, these methylation abnormalities exhibit
tissue-specific patterns. In neurodegenerative diseases (such as
AD), neurons in the prefrontal cortex show a significant increase
in H3K9me2 [92] and a decrease in H3K27me3 [93], leading to
the silencing of synaptic plasticity genes [94]; in muscle atrophy,
aging mice muscles show an elevated level of H3K27me3 [95,
96|, which inhibits the differentiation of muscle stem cells and
muscle regeneration. The expression of the antiaging protein
Klotho can suppress the activity of the H3K27 demethylase
KDM6B/IMJID3, reduce H3K27me3 levels, and promote muscle
stem cell differentiation [97]. Additionally, H3K36me3 levels
significantly decrease, which may be related to a decline in DNA
repair capacity [98] and impaired muscle stem cell function [99];
in cardiovascular aging, the loss of H3K27me3 in endothelial cells
promotes the expression of inflammatory factors, accelerating the
progression of atherosclerosis [100-103]; in aging-related cancers,
the abnormal distribution of H3K36me3 leads to DNA dam-

age repair defects and increased genomic instability [104-106].
Notably, these epigenetic changes form a positive feedback loop
with classic aging markers (such as mitochondrial dysfunction
and stem cell depletion): increased mitochondrial reactive oxygen
species (ROS) production can suppress the activity of HMTs
[107, 108], while abnormal methylation patterns further affect
nuclear-mitochondrial communication [109].

Currently, therapeutic strategies targeting these methylation reg-
ulatory mechanisms (such as EZH2 inhibitors, KDM inhibitors,
and methyl donor supplementation) have shown potential for
improvement in various aging-related disease models [109, 110],
providing important directions for the development of new
antiaging interventions.

2.2.2 | Histone Acetylation

Recent studies have revealed the bidirectional regulatory charac-
teristics of histone acetylation in the aging process: on one hand,
there is a progressive decline in global acetylation levels, while
on the other hand, specific functional genomic regions (such
as inflammation-related gene loci) show abnormal acetylation
accumulation. This “global loss-local gain” pattern constitutes
an epigenetic hallmark of aging [3, 97, 111]. At the molecular
level, aging-related histone acetylation disorders mainly involve
three core aspects: imbalance in the acetylation “writing-erasing”
system, disruption of the metabolic-epigenetic network, and
changes in chromatin spatial organization [112-114].

The dynamic equilibrium system composed of HATs and HDACs
undergoes significant changes during aging [115]. Studies have
shown that the expression and catalytic activity of major HATSs
such as p300/CBP decrease with age, and their nuclear localiza-
tion also becomes abnormal [116, 117]. This functional decline of
HATSs leads to a reduction in acetylation levels at several key sites,
including H3K14 and H4K16 [118, 119]. Meanwhile, the expression
and activity of NAD* dependent class IIT HDACsS (sirtuin family)
show tissue-specific variations, SIRTs expression is downregu-
lated in most tissues [120-123]. Notably, the functional decline of
SIRTS6 in the aging process is the most significant, leading to the
abnormal accumulation of its target sites H3K9ac and H3K56ac
[24, 124, 125], which in turn affects DNA damage repair and
genomic stability.

Histone acetylation is closely linked to cellular metabolic states,
and this feature is particularly prominent in the aging process.
The decline in mitochondrial function results in reduced acetyl-
CoA production, which is the primary cause of the global decline
in acetylation [126, 127]. On the other hand, age-dependent
reductions in NAD™* levels weaken the activity of SIRT1/6,
forming a “metabolic-epigenetic vicious cycle”: decreased NAD*
— reduced SIRT activity — high histone acetylation — proin-
flammatory gene expression — mitochondrial damage — further
depletion of NAD™ [120, 128, 129]. Additionally, aging-related
changes in a-ketoglutarate levels indirectly regulate acetylation
patterns by affecting TET enzyme activity [130].

The changes in histone acetylation during aging
significantly impact the higher-order structure of chromatin.
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Topology-associated domains (TADs) boundary integrity of
euchromatic regions (marked by H3K27ac) is disrupted in aged
cells, leading to abnormal interactions of previously isolated
functional genomic regions [131]. This structural change is
closely related to the rearrangement of lamina-associated
domains (LADs), manifesting as the abnormal accumulation
of H4Kl6ac in perinuclear heterochromatin regions [132,
133]. Notably, an “acetylation phase separation abnormality”
phenomenon is observed in aging cells: certain transcription
factors (such as NF-xB) form biomolecular condensates by
recognizing specific acetylation marks (such as H3K9ac), which
exacerbates chronic inflammation [134].

Abnormal histone acetylation
the development of various aging-related diseases. In
neurodegenerative diseases, hippocampal neurons show
specific loss of H4K12ac, leading to the silencing of synaptic
plasticity-related genes (such as BDNF, Arc) [135]. Single-cell
epigenomic analysis reveals that the abnormal distribution of
H3K27ac in neurons of AD patients precedes amyloid plaque
formation [136, 137], suggesting that it may serve as an early
diagnostic marker. In the cardiovascular system, the abnormal
increase in H3K9ac in endothelial cells promotes atherosclerotic
plaque formation by activating the NF-xB signaling pathway
[138, 139]. In metabolic diseases, the reprogramming of H3K27ac
in liver tissue directly leads to the abnormal expression of
key gluconeogenesis enzymes (PEPCK, G6Pase), exacerbating
age-related glucose metabolism disorders [140].

is closely associated with

Intervention strategies targeting histone acetylation regulation
in aging primarily focus on three directions: metabolic repro-
gramming (such as NAD™ precursor supplementation) [141-143],
epigenetic editing (such as HATs/HDACsS targeting regulation)
[144], and anti-inflammatory treatment (such as SASP inhibitors)
[145]. Preclinical studies have shown that nicotinamide mononu-
cleotide (NMN) can restore SIRT1 activity by elevating NAD*
levels [146]. Selective HDAC inhibitors (HDACis) have shown
protective effects in neurodegenerative disease models [147].
Future research needs to address challenges such as tissue-
specific delivery and long-term safety, and explore precision
intervention strategies based on single-cell epigenomics.

2.2.3 | Histone Phosphorylation

Recent studies have found that histone phosphorylation in aging
cells exhibits significant reprogramming characteristics, mani-
fested as abnormal accumulation of DNA damage-related phos-
phorylation marks and reduced efficiency of signal-responsive
phosphorylation events. At the molecular level, aging-associated
histone phosphorylation disorders mainly involve three core
aspects: (1) the functional decline of the DNA damage response
(DDR) system leading to the persistent deposition of y-H2AX
(H2AXS139ph); (2) changes in the activity of signaling pathways
such as mitogen-activated protein kinases (MAPK) and Aurora
kinases, causing a remodeling of phosphorylation patterns; (3)
disruption of the phosphatase network, which impedes dephos-
phorylation processes [65, 148-151].

In young cells, DNA double-strand breaks (DSBs) rapidly induce
phosphorylation at the C-terminal S139 site of H2AX (forming y-

H2AX), which serves as a damage marker to recruit repair factors
[148,152]. However, aging cells exhibit two characteristic changes:
one is a significant increase in baseline y-H2AX levels, indicating
increased genomic instability [153]; the other is a decreased ability
to form new y-H2AX foci upon damage, reflecting reduced repair
efficiency [149]. This “high background-low response” pattern
is closely related to decreased ataxia-telangiectasia mutated
(ATM)/ataxia telangiectasia and Rad3-related protein (ATR)
kinase activity and overexpression of PP2A phosphatase [154].
Notably, the abnormal accumulation of y-H2AX in aging cells not
only marks DNA damage but may also inhibit transcription factor
access through spatial hindrance mechanisms, leading to the
silencing of important metabolic genes (such as SIRT6) [155].The
MAPK and Aurora kinase pathways are key hubs regulating
aging-related phosphorylation. p38-MAPK remains persistently
activated in aging cells, which drives the production of the SASP
by promoting NF-xB recruitment [106]. In contrast, the activity
of Aurora B kinase declines with age, causing chromosome
segregation errors and karyotype instability [156].

2.3 |
Shifts

Chromatin Remodeling and Architecture

Recent studies have shown that aging is accompanied by sig-
nificant chromatin structural remodeling, including the loss of
heterochromatin, disintegration of the 3D genome, and activation
of transposons, which are epigenetic changes [157-160]. The
downregulation of nuclear lamina protein Lamin Bl in aging
cells leads to nuclear membrane wrinkling and the redistribution
of LADs, with LADs dissociating in aged tissues, resulting in
the abnormal expression of previously silenced genes [161]. This
change is closely associated with the SASP, LAD dissociation
releases ERVs, driving chronic inflammation by activating the
cGAS-STING pathway [162].

At the level of heterochromatin, several studies have reported
aging-related histone modification abnormalities. SUV39H1 cat-
alyzes the trimethylation of histone H3 at lysine 9 (H3K9me3),
which is specifically recognized and bound by the chromod-
omain of HP1 proteins. HP1 then homodimerizes and recruits
additional SUV39HI, driving the formation of liquid-like hete-
rochromatin droplets and leading to heterochromatin relaxation
[163-166]. During stem cell aging, SUV39H1-mediated H3K9me3
significantly decreased, leading to the derepression of satellite
DNA repeats [167-169]. In 2023, research indicated that loss of
H3K27me3 reactivates LINE-1 transposons, promoting genomic
instability [170]. 3D genome analysis revealed that in aging cells,
the transition between A/B compartments increases, TAD bound-
ary integrity weakens (especially at tumor suppressor gene loci
such as p53), and enhancer-promoter interactions decrease, all
of which collectively lead to disrupted gene expression networks
[171, 172].

At the molecular level, chromatin remodeling involves abnormal-
ities in multiple layers of regulation. Dysregulation of histone-
modifying enzymes is manifested by decreased HDAC activity,
causing an increase in H4Kl16ac [173], decreased DNMT expres-
sion leading to global hypomethylation [174, 175], and NSD2
upregulation drives the aberrant accumulation of H3K36me2
[176]. This increase renders chromatin more open, facilitating the
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binding of transcription factors and other proteins to DNA and
thereby enhancing gene transcription. Concurrently, the elevated
H3K36me2 level mediated by NSD2 antagonizes EZH2-catalyzed
H3K27me3 deposition. Because H3K27me3 is a repressive mark,
its reduction weakens chromatin-mediated repression [177-179].
The function of chromatin remodeling complexes is also sig-
nificantly impaired, SWI/SNF engages nucleosomes, transiently
disrupts their DNA contacts, and generates short DNA loops
that allow the nucleosome to slide to new positions, thereby
promoting either transcriptional activation or repression. Con-
currently, SWI/SNF forms a dynamic balance with Polycomb
complexes (PRC1 and PRC2) during developmental gene regula-
tion. SWI/SNF opens chromatin by dismantling PRC2-mediated
H3K27me3 domains, whereas PRC1 recondenses heterochro-
matin through deposition of H2AK119ubl. Disruption of this
equilibrium is frequently associated with disease [180-183], These
changes drive Brgl (SMARCA4) to bind the promoter of Klf2a,
activating the K1f2a-NO pathway and thereby disrupting stem
cell function [184]. Deficiency in the NuRD complex reduces
DNA repair efficiency [185-187]. The regulatory role of ncRNAs is
increasingly recognized, with the accumulation of aging-related
long ncRNAs (IncRNAs) like TERRA causing telomere hete-
rochromatin disintegration [188, 189], and the circRNA affecting
chromatin accessibility by influencing HMGBI1 [190].

These chromatin changes are closely linked to various aging-
related diseases. In neurodegenerative diseases, AD patients’
neurons show an abnormal increase in H3K27ac, promoting
tau overexpression [191, 192], while Parkinson’s disease (PD) is
associated with increased chromatin accessibility at the SNCA
gene locus [193, 194]. Research in cancer shows that aging-related
disruption of TAD boundaries in leukemia activates proto-
oncogenes [195]. Metabolic diseases like diabetes are related
to a decrease in enhancer-promoter interactions at the PDX1
locus in pancreatic S-cells [196], while atherosclerosis involves
inflammation triggered by the loss of H3K9me3 in endothelial
cells [197].

In response to these findings, researchers have developed various
intervention strategies. In epigenetic reprogramming, OSKM
induction can partially restore chromatin structure in aging cells
[198, 199], and HDACis can improve cognitive function in aging
mice [200]. Attempts to target chromatin remodeling include
inhibiting NSD2 to delay stem cell aging [201] and activating
SIRT6 to enhance heterochromatin stability [202, 203]. In gene
therapy, CRISPR-dead Cas9 (dCas9)-mediated epigenetic editing
has achieved precise regulation of disease-associated loci [204,
205]. Despite the progress, the field still faces challenges such
as unclear tissue-specific regulations and the limitations of 3D
genome dynamic monitoring technologies. Future work will need
to develop single-cell multiomics technologies and strengthen
clinical translation research.

2.4 | ncRNA Networks

ncRNAs are critical regulators of gene expression and play
significant roles in the aging process. This diverse class of
RNA molecules, including microRNAs (miRNAs), IncRNAs, and
circular RNAs, contributes to various cellular functions and the
pathogenesis of age-related diseases [206].

miRNAs are small RNA molecules that posttranscriptionally
regulate gene expression by targeting complementary mRNA
sequences for degradation or translational repression. Recent
studies have highlighted the importance of specific miRNAs in
aging, for example. The most applicable age predictor miRNAs
include miR-9, miR-21, miR-34a, miR-96, miR-132, miR-212, and
miR-145 [207]. Moreover, the dysregulation of specific miRNAs
has been linked to the pathogenesis of age-related diseases,
including neurodegenerative disorders and cardiovascular dis-
eases [208, 209]. The dysregulation of miRNAs, such as the
downregulation of miR-29, has been implicated in age-related
diseases, suggesting their potential as biomarkers and therapeutic
targets [210].

The proven mechanism of miRNAs in aging regulation mainly
involves targeting and binding to the mRNA sequences of aging-
related genes to induce degradation or inhibit translation. Here
are some specific ways: (1) Affecting cell aging by regulating the
p53 and p21 signaling pathways. For instance, the downregulation
of miR-15, 17, 19b, 20a, 302b, 106a, and b can boost p21 expression
and promote aging. miR-34a and miR-217 can accelerate aging
by targeting and suppressing SIRT1, which in turn increases p53
expression [211, 212]. (2) Influencing aging via oxidative stress
regulation. For example, miR-34a and miR-335 are upregulated
in aging cells. MiR-34a targets mitochondrial antioxidant enzyme
TXNRD2, and miR-335 targets SOD2. These actions raise ROS
levels and speed up cell aging [213]. (3) Impacting aging by
regulating inflammation. miR-146a and b can target and suppress
the expression of IL6 and IL8, thereby slowing down aging [214].

Studies have shown that IncRNAs such as ANRIL, MALATI,
and HI19 are abnormally expressed during aging, accelerating
aging by affecting telomere maintenance, DNA damage repair,
and cell cycle regulation [215-218]. For example, ANRIL regulates
the CDKN2A/B loci by binding to the PRC2, influencing cell
senescence [219, 220]. H19 promotes the IGFIR/mTOR signal-
ing pathway by inhibiting let-7 miRNA activity, exacerbating
aging-related metabolic dysfunction [221, 222].

CircRNAs form through back-splicing of precursor mRNA,
resulting in a covalently closed circular structure with no 5’
cap or 3’ poly-A tail, making them highly stable in cells [190].
Studies have found that circRNAs increase linearly during aging,
suggesting their accumulation is primarily due to their high sta-
bility rather than increased synthesis rates [223, 224]. CircRNAs
such as circHIPK3, circCDKN2B, and circFoxo3 regulate aging
by adsorbing miRNAs or binding to RNA-binding proteins [225-
229]. CircHIPK3 acts as a sponge for miR-124-3p, upregulating
the STAT3 signaling pathway and promoting cellular senescence
[230]. CircCDKN2B inhibits cell cycle progression by binding
to p21 protein [231]. CircFoxo3 exacerbates aging-related muscle
atrophy by stabilizing p21 and p27 mRNA [232].

Recent research has focused on elucidating the specific roles of
ncRNAs in aging. For instance, manipulating levels of specific
miRNAs has been shown to influence lifespan in model organ-
isms, suggesting that miRNA-based therapies could be developed
for age-related diseases [211, 233]. Additionally, IncRNAs that
modulate cellular responses to stress and inflammation have
gained attention for their potential implications in aging [234].
Findings indicate that specific circular RNAs can regulate SASP
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factors, further linking ncRNAs to aging and inflammation [235].
This highlights the intricate role of ncRNAs in the aging process
and suggests that they may serve as potential therapeutic targets
for age-related interventions.

As research progresses, the development of therapies that target
specific ncRNAs may provide innovative strategies for mitigat-
ing age-related decline and promoting healthy longevity. For
instance, the use of small RNA molecules to modulate miRNA
expression levels could help restore normal cellular function in
aging tissues, offering promising avenues for future therapeutic
interventions.

2.5 | Epigenetic Inheritance and
Transgenerational Effects

In addition to epigenetic changes in individuals caused by various
factors (Figure 3), specific epigenetic modifications can be inher-
ited, leading to phenotypic changes in offspring, which is known
as the inheritance and transgenerational effects of epigenetics.
For instance, exposure to environmental stressors, such as toxins
or dietary changes, can induce epigenetic alterations that persist
across multiple generations [236-239]. Parental exposure to a
high-fat diet can alter the DNA methylation patterns of offspring,
making them more susceptible to metabolic disorders [240, 241].
Moreover, epigenetic changes can affect not only the phenotype
of individuals but also their reproductive fitness, potentially
leading to evolutionary implications. For example, if adverse
environmental conditions trigger heritable epigenetic changes
that confer a survival advantage, these modifications may become
prevalent in the population over time [242, 243]. These find-
ings emphasize the importance of understanding how parental
environmental exposures affect offspring’s epigenetic landscape.
They may explain the intergenerational transmission of age-
related diseases and raise important questions about how lifestyle
choices impact the long-term health of future generations.

3 | Functional Consequences of Epigenetic
Dysregulation in Aging

Epigenetic dysregulation in aging manifests through progressive
alterations in DNA methylation patterns, histone modifications,
and chromatin remodeling, leading to global transcriptional
instability and loss of cellular identity. Age-related hyperme-
thylation at promoter regions of tumor suppressor genes and
hypomethylation at repetitive genomic elements contribute to
genomic instability [244], while aberrant histone acetylation and
methylation disrupt the expression of genes critical for stem cell
maintenance, stress response, and metabolic homeostasis [245].
These changes drive cellular senescence by silencing prolifer-
ative genes and activating inflammatory pathways, while also
impairing tissue regeneration through the epigenetic silencing
of stem cell plasticity factors [246]. Notably, the accumula-
tion of epigenetic “noise” disrupts circadian regulation, DNA
repair mechanisms, and mitochondrial function, creating a self-
reinforcing cycle that accelerates functional decline across multi-
ple organ systems [74]. The resulting phenotypes include stem cell
exhaustion, chronic low-grade inflammation (“inflammaging”),
and increased susceptibility to age-related diseases such as neu-

rodegeneration and cancer [68], with tissue-specific epigenetic
signatures emerging as molecular fingerprints of biological aging.

31 |
Repair

Genomic Instability and Impaired DNA

The progressive accumulation of genomic instability and decline
in DNA repair capacity constitute fundamental drivers of the
aging process, creating a vicious cycle that accelerates cellular and
organismal decline [247, 248]. As organisms age, their genomes
become increasingly susceptible to various forms of damage
[249], with DSBs representing particularly deleterious lesions
that accumulate in multiple tissues including brain, liver, and
hematopoietic systems [54]. This damage accrual stems from
both increased genotoxic stress and diminished repair capacity—
endogenous sources like ROS and replication stress combine
with exogenous factors such as UV radiation to overwhelm
protective mechanisms [250, 251]. Crucially, the efficiency of
DNA repair pathways including nonhomologous end joining and
homologous recombination declines with age due to epigenetic
silencing of repair genes like BRCAL1 [252] and ATM [253], reduced
expression of critical proteins such as Ku70/80 and RADS51
[254], and NAD+ depletion impairing SIRT1/SIRT6 function
[255, 256]. The consequences of this repair-deficit are severe:
unrepaired DSBs lead to chromosomal translocations, telomere
dysfunction, and permanent cell cycle arrest, while misrepaired
breaks generate mutagenic outcomes that further destabilize the
genome [257].

Epigenetic dysregulation plays a central role in this process, both
as a cause and consequence of genomic instability. Age-related
loss of heterochromatin marks like H3K9me3 and H3K27me3
permits activation of transposable elements (TEs) and repetitive
sequences [258], creating new sites of genomic vulnerability.
Simultaneously, epigenetic changes disrupt the precise coordi-
nation of DDR pathways—aberrant histone modifications alter
the recruitment of repair factors to damage sites, while DNA
methylation changes silence critical repair genes [63, 259]. This
epigenetic deterioration creates a self-reinforcing cycle where
DNA damage induces epigenetic changes that in turn impair
damage repair, leading to further genomic instability [260].
The functional consequences manifest across multiple biological
levels: at the cellular level, persistent DNA damage triggers
senescence or apoptosis; in stem cell populations, accumulated
mutations impair regenerative capacity [261]; and at the tissue
level, these changes contribute to age-related pathologies includ-
ing neurodegeneration, metabolic dysfunction, and increased
cancer risk [262, 263].

Telomere shortening is a key biomarker for aging and age-related
tissue degeneration, as well as a driving factor for aging [264]. It
triggers DDRs at the ends of chromosomes, promoting cellular
aging and tissue dysfunction [265]. This process is tightly linked
to epigenetic regulation—telomere attrition correlates with DNA
hypomethylation [266, 267], while RNA methylation (e.g., m5C
on TERC and m6A on TERRA) modulates telomerase activity
and heterochromatin stability [268-270]. Key histone modifi-
cations, including H3K9me3 and H4K20me3, maintain telom-
eric integrity, with their age-related loss exacerbating genomic
instability. Additionally, alternative nucleic acid structures like
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FIGURE 3 | Stress factors leading to epigenetic disorders. The epigenetics of aging is influenced by various environmental and lifestyle factors,

which can be categorized into several types: chemical reagents, radiation, abnormal temperatures, infections, imbalanced nutrition, unhealthy habits,
sleep deprivation, physical inactivity or disability, mental pressure, spontaneous intracellular dysregulation, and so on. Each of these stress factors can
impact gene expression and lead to various health issues, accelerating aging and highlighting the complex interactions between environmental stressors

and gene regulation. This figure was created by BioRender.

G-quadruplexes and R-loops, which interact with epigenetic reg-
ulators, further contribute to replication stress and DNA damage
accumulation in aging cells [271]. Together, telomere erosion and
its associated epigenetic dysregulation create a self-reinforcing
cycle that accelerates functional decline.

Premature aging syndrome demonstrates the systematic nature of
genomic instability, such as premature aging, Werner syndrome,
Bloom syndrome, Cochrane syndrome, Seckel syndrome, and
hair sulfur malnutrition [272]. Among them, genetic defects in
the DNA repair pathway reproduced the phenotype of accelerated
aging [273]. While these syndromes demonstrate the catastrophic
consequences of repair deficiency, they also reveal that simple

enhancement of DNA repair may not suffice to extend lifes-
pan, highlighting the complexity of aging as a system-wide
phenomenon.

3.2 | Transcriptional Dysregulation and Loss of
Cellular Identity

The aging process is fundamentally linked to progressive tran-
scriptional dysregulation mediated through multiple epigenetic
mechanisms [274, 275]. A central feature is the activation of
TEs [276], which constitute 30-80% of eukaryotic genomes [277].
Normally silenced by heterochromatin marks like H3K9me3
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[278], TEs become derepressed during aging due to heterochro-
matin loss and decreased SIRT6-mediated repression [279]. This
TE activation creates genomic instability through insertional
mutagenesis and disrupts normal gene expression patterns [280].
The consequences are particularly evident in neurodegenerative
diseases and cellular senescence, where increased chromatin
accessibility at retrotransposon sites drives further transcriptional
dysregulation [281, 282].

Transcriptional precision deteriorates significantly with age
through both chromatin-based and epitranscriptomic mecha-
nisms. Key histone modifications like H3K36me3, which nor-
mally suppress cryptic intragenic transcription, decline with age,
leading to spurious transcript production. This loss of transcrip-
tional fidelity is conserved from yeast to mammals and correlates
with reduced lifespan [283]. Concurrently, age-related changes
in RNA modifications (the “epitranscriptome”) further disrupt
gene expression regulation [284]. rRNA methyltransferases like
NSUNS5 influence lifespan through translational control, while
mRNA m6A modifications affect neuronal function and stress
resistance [285, 286]. These multilayered regulatory failures cre-
ate increasing transcriptional noise, particularly in postmitotic
cells like cardiomyocytes, though the effects appear cell-type
specific with HSCs showing different patterns of age-related
transcriptional change [287].

The cumulative effect of age-related transcriptional dysregulation
is profound loss of cellular identity and function. Upregulation of
repeat elements and ribosomal protein genes, coupled with sup-
pression of DNA repair pathways, creates a maladaptive cellular
state [288]. In stem cells like HSCs, this leads to impaired regen-
erative capacity and skewed differentiation potential [289]. The
inflammatory tone from SASP and other age-related transcrip-
tional changes contributes to chronic low-grade inflammation
(“inflammaging”), while stochastic expression noise reduces cel-
lular fitness [290]. Importantly, these transcriptional alterations
appear mechanistically linked through chromatin state changes,
suggesting that interventions targeting epigenetic regulators
could potentially restore more youthful transcriptional patterns
and ameliorate age-related functional decline [289].

3.3 | Stem/Progenitor Cell Exhaustion and
Regenerative Decline

The functional decline of stem and progenitor cells during aging
manifests through two key mechanisms: depletion of dedicated
stem cell pools and loss of injury-induced cellular plasticity.
Tissue-specific stem cells, such as muscle satellite cells and HSCs,
exhibit reduced self-renewal capacity and biased differentiation
with age. For example, aged HSCs show myeloid skewing that
compromises adaptive immunity, while muscle stem cells lose
regenerative potential, contributing to sarcopenia [291]. Epi-
genetic alterations, including aberrant DNA methylation (e.g.,
DNMT3a/3b dysregulation) and histone modifications, underlie
this dysfunction by silencing stemness genes (OCT4, NANOG)
while activating senescence pathways (p16INK4a) [292, 293]. The
stem cell niche further exacerbates this decline through chronic
inflammation (“inflammaging”) and extracellular matrix remod-
eling, creating a hostile microenvironment that impairs stem cell
maintenance and activation. These changes collectively reduce

tissue homeostasis and predispose to age-related pathologies like
anemia, immune senescence, and muscle wasting [291].

The loss of cellular plasticity represents an equally critical
aspect of regenerative decline. While most organs maintain
some basal renewal capacity, injury repair often depends on
facultative reprogramming of differentiated cells—a process that
becomes severely impaired with age. In young organisms, tissues
like liver, lung, and intestine can activate latent regenerative
programs through dedifferentiation (e.g., hepatocytes re-entering
cell cycle) or transdifferentiation (e.g., alveolar type II cells
repairing lung epithelium) [3]. This plasticity requires precise
epigenetic regulation, including DNA demethylation (mediated
by TET enzymes) and chromatin remodeling at embryonic gene
loci [294]. However, aging introduces epigenetic barriers—such
as hypermethylation of plasticity genes and accumulation of
repressive histone marks—that lock cells in differentiated states
[22]. The resulting failure to mount adequate repair responses
leads to prolonged recovery after injury and increased fibrosis,
particularly in organs with low baseline turnover like heart and
brain. Notably, this plasticity loss often precedes overt stem cell
depletion, suggesting it may be the primary driver of age-related
regenerative failure [295].

3.4 | Mitochondrial and Metabolic Dysfunction
Age-related epigenetic alterations also drive the onset of mito-
chondrial dysfunction. Existing studies have shown that intra-
genic hypomethylation of the SNCA gene (encoding a-synuclein
[SNCA]) promotes abnormal SNCA aggregation, which—in
synergy with oxidative stress and mitochondrial dysfunction—
accelerates PD pathology. Likewise, hypomethylation of the
PARK?2 gene disrupts parkin expression, leading to decreased
mitochondrial membrane potential, reduced ATP levels, and
mitochondrial fragmentation [296]. HDACis induce hyper-
acetylation of histones H2, H3, H4, and the p300 promoter
region associated with SNCA, thereby diminishing sirtuin 1/2
activity, impairing mitochondrial biogenesis, and fostering SNCA
aggregation [297]. Multiple miRNAs (e.g., miR-485, miR-366a)
downregulate PGC-1a, curtailing the expression of mitochondrial
biogenesis-related genes (e.g., Nrfl/2, SIRT-3) and exacerbating
mitochondrial dysfunction [298]. At the same time, oxidative
stress triggers epigenetic modifications (such as DNA methyla-
tion and ncRNA regulation) that alter the expression of relevant
genes, further impairing mitochondrial function and elevating
oxidative stress levels.

Mitochondrial dysfunction emerges as a central driver of aging,
manifesting through progressive bioenergetic failure and disrup-
tive signaling cascades. As the cell’s powerhouses, mitochondria
in aged tissues accumulate debilitating mutations in mtDNA
while exhibiting impaired proteostasis and diminished quality
control through reduced mitophagy [299]. These defects lead
to a vicious cycle of metabolic insufficiency—respiratory chain
complexes destabilize, membrane potentials decline, and ROS
production escalates [300]. The consequences are particularly
severe in high-energy tissues: neuronal mitochondria show
reduced axonal transport capacity, cardiac mitochondria demon-
strate impaired calcium handling, and muscle mitochondria
lose oxidative phosphorylation efficiency [301, 302]. Beyond
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energy deficits, damaged mitochondria become pathological
signaling hubs, releasing proinflammatory mitochondrial DNA
that activates cytosolic sensors like cGAS-STING and leaking
intermembrane proteins that trigger apoptotic and pyroptotic
cell death pathways [303, 304]. This mitochondrial distress
propagates cellular senescence while creating an inflammatory
microenvironment that further disrupts tissue homeostasis. The
metabolic inflexibility of aged cells is compounded by declining
NAD*™ levels, which impair sirtuin activity and disrupt critical
processes including DNA repair and stress resistance [305, 306].

The systemic repercussions of mitochondrial decline mani-
fest through interconnected metabolic disturbances. Age-related
shifts in nutrient sensing pathways (e.g., mTOR, AMPK) alter
substrate utilization, promoting insulin resistance and lipid
accumulation even in nonadipose tissues. Hepatic mitochondria
lose fatty acid oxidation capacity, contributing to age-related
steatosis, while pancreatic 5-cell mitochondria fail to adequately
couple glucose metabolism to insulin secretion [307-309]. Neu-
rons become particularly vulnerable as mitochondrial trafficking
defects impair synaptic maintenance and antioxidant defenses
weaken. These tissue-specific manifestations share common
roots in deteriorating mitochondrial membrane integrity, redox
imbalance, and failing quality control mechanisms [310]. Notably,
the accumulation of oxidized macromolecules and lipofuscin
in lysosomes further compromises cellular clearance capacity,
creating a self-reinforcing cycle of metabolic dysfunction [311].
The resulting bioenergetic crisis not only limits tissue repair but
also alters systemic metabolism, predisposing to characteristic
aging phenotypes including sarcopenia, cognitive decline, and
cardiovascular disease [312]. These pathological changes are
exacerbated by the age-related decline in mitochondrial-encoded
microproteins like humanin and MOTS-c, which normally serve
as systemic regulators of metabolic homeostasis and stress
resistance [313].

3.5 | Contribution to Major Age-Related
Pathologies

Epigenetic alterations play a pivotal role in cancer devel-
opment by disrupting normal gene expression patterns that
regulate cell proliferation, apoptosis, and DNA repair [314]. Age-
related DNA hypomethylation can lead to genomic instability
and activation of oncogenes, while hypermethylation of tumor
suppressor gene promoters (e.g., pl6INK4a, BRCAl) silences
their expression, facilitating uncontrolled cell growth [315, 316].
Histone modifications, such as loss of H4K16 acetylation and
H3K27 trimethylation, contribute to chromatin compaction and
transcriptional repression of critical anticancer genes [317-319].
Additionally, dysregulation of ncRNAs (e.g., miR-21, miR-155)
promotes tumorigenesis by modulating oncogenic signaling path-
ways (e.g., PI3K/AKT, Wnt/B-catenin) [320, 321]. The SASP in
aged cells further exacerbates chronic inflammation, creating a
tumor-permissive microenvironment [322]. Epigenetic therapies,
such as DNMT inhibitors (DNMTis) (e.g., 5-azacytidine) and
HDACIs (e.g., vorinostat), are being explored to reverse these
aberrations and restore normal gene function in cancer cells [323].

In AD, epigenetic dysregulation contributes to amyloid-8 (Af)
accumulation and tau hyperphosphorylation. Age-related DNA

methylation changes in genes like BACE1 and APP enhance A
production [324], while histone deacetylation (e.g., reduced SIRT1
activity) impairs synaptic plasticity and memory formation [325].
Hypomethylation of the MAPT gene increases tau expression,
promoting neurofibrillary tangle formation [326]. Additionally,
oxidative stress-induced DNA damage in neurons accelerates
epigenetic drift, exacerbating neurodegeneration [327].

In PD, SNCA gene overexpression due to hypomethylation leads
to Lewy body formation [328]. Epigenetic silencing of PARK2
(Parkin) and PINKI disrupts mitophagy, causing mitochondrial
dysfunction and dopaminergic neuron death [296]. HDACis show
promise in reducing SNCA aggregation, while restoring DNA
methylation patterns may slow PD progression [329].

Epigenetic mechanisms drive endothelial dysfunction, vas-
cular inflammation, and atherosclerosis. Hypomethylation of
proinflammatory genes (IL-6, MCP-1) and hypermethylation
of endothelial nitric oxide synthase impair vasodilation and
promote plaque formation [330]. HDACs contribute to VSMC
senescence and arterial stiffening, while SIRT1/SIRT6 deficiency
accelerates vascular aging [331]. ncRNAs (miR-217, miR-34a)
further exacerbate oxidative stress and endothelial senescence
[332, 333]. Epigenetic interventions targeting DNA methylation
(e.g., folate supplementation) or HDAC inhibition may mitigate
CVD progression [334].

Epigenetic changes in pancreatic -cells and adipose tissue
contribute to insulin resistance and T2DM. Hypermethylation of
PDX-1 and GLUT4 impairs insulin secretion and glucose uptake
[335], while hypomethylation of inflammatory genes (TNF-«, IL-
18) promotes chronic low-grade inflammation [336]. Age-related
loss of SIRT1 and SIRT3 disrupts mitochondrial function, exac-
erbating oxidative stress in metabolic tissues [337]. Additionally,
miRNA dysregulation (miR-375, miR-29) alters insulin signaling
pathways. Epigenetic reprogramming via caloric restriction (CR)
or NAD+ boosters (e.g., NMN) shows potential in restoring
metabolic homeostasis [338].

Epigenetic modifications (DNA methylation, histone acetylation)
drive hepatic lipid accumulation and fibrosis. Hypomethylation
of PPARy2 promotes steatosis [339], while hypermethylation of
CPTIA reduces fatty acid oxidation [340]. SIRT1/SIRT3 down-
regulation impairs mitochondrial function, increasing ROS pro-
duction and hepatocyte senescence [341]. Dysregulated miRNAs
(miR-34a, miR-122) further exacerbate inflammation and fibroge-
nesis [342]. Epigenetic therapies targeting DNMTs or HDACs may
prevent NAFLD progression to cirrhosis [341].

Epigenetic dysregulation plays a critical role in osteoporosis, a
disease characterized by decreased bone mineral density and
increased fracture risk in aging individuals. Key mechanisms
include DNA methylation changes in osteogenic genes (e.g.,
RUNX?2, SP7/Osteri), which impair osteoblast differentiation
and bone formation [343]. Additionally, histone deacetylation
(mediated by HDACs) suppresses Wnt/S-catenin signaling, a
crucial pathway for bone formation, while miRNA dysregulation
(e.g., miR-214 upregulation) inhibits osteoblast activity [344,
345]. Senescent osteocytes and mesenchymal stem cells (MSCs)
contribute to bone loss via the SASP, secreting factors like RANKL
that enhance osteoclastogenesis [346]. SIRT1 and SIRT6, key
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epigenetic regulators of bone homeostasis, decline with age,
leading to impaired DNA repair and increased oxidative stress
in bone tissue [347]. Therapeutic strategies targeting epigenetic
modifications—such as HDACIis, SIRT1 activators, and DNA
methylation modulators—are being explored to restore bone
remodeling balance and prevent osteoporosis progression [348,
349].

4 | Epigenetic Rejuvenation Strategies
Understanding aging has undergone a transformation in recent
years, largely due to the increasing recognition of the role
that epigenetic modifications play in the aging process. These
changes, including DNA methylation, histone modifications,
and ncRNA regulation, accumulate over time and contribute
to aging-related diseases (Figure 4). Importantly, epigenetic
modifications are reversible, making them an ideal target for
rejuvenation therapies aimed at reversing or delaying the decline
associated with aging. This section will continue to explore the
most promising rejuvenation strategies, including cellular repro-
gramming, CRISPR-based epigenetic editing, pharmacological
interventions, and lifestyle changes (Figure 5).

4.1 | Reprogramming-Based Approaches (Induced
Pluripotent Stem Cell)

Reprogramming senescent cells and induced pluripotent stem
cell (iPSC) technology have emerged as significant breakthroughs
in the fields of antiaging and regenerative medicine in recent
years. The core principle of these approaches is to reverse the
cellular aging state and restore tissue function through epigenetic
reprogramming. This strategy has shown potential in a variety
of aging-related diseases, including neurodegenerative diseases,
cardiovascular diseases, osteoarthritis, and fibrotic diseases.

Studies have demonstrated that the transient expression of OSKM
(Oct4, Sox2, Klf4, and c-Myc) can initiate extensive chromatin
remodeling of target regions, enabling the reprogramming of
terminally differentiated somatic cells into pluripotent cells and
the rejuvenation of human senescent fibroblasts [350]. Ectopic
expression of OSK (without c-Myc) can restore DNA methylation
in retinal ganglion cells of mice, improving vision problems in
aged mice with glaucoma. In addition, cyclic reprogramming
technology, through transient expression of the NANOG gene,
can significantly enhance muscle regeneration in mouse models
while preserving tissue-specific gene expression [351].

In terms of disease applications, the safety and potential efficacy
of human embryonic stem cell-derived dopaminergic neurons
transplanted into patients with PD have been reported [352].
Another clinical trial involved the transplantation of allogeneic
iPSC-derived dopaminergic progenitors into the bilateral puta-
men of seven patients with PD. The results showed that among six
patients, four had significant improvements in motor symptoms
(MDS-UPDRS scores) and a 44.7% increase in dopamine synthesis
capacity. These studies provide important evidence for the use of
iPSCs in the treatment of PD and may become an alternative to
traditional therapies in the future [353].

However, the field still needs to address the balance between
reprogramming efficiency and tumorigenicity. Future directions
include the development of small molecules to replace repro-
gramming factors and the optimization of personalized treatment
plans using organ-on-a-chip models. Overall, the technology of
reprogramming senescent cells is moving from proof-of-concept
to clinical translation, but further research is needed to support
its long-term safety and in-depth mechanistic understanding.

4.2 | Pharmacological and Metabolic
Interventions

Epigenetic regulation, as a key driving force of aging, has in
recent years become an important target for the development of
antiaging drugs. Strategies based on epigenetic reprogramming,
histone modification regulation, and DNA methylation interven-
tion have shown significant therapeutic potential in a variety of
aging-related diseases. Studies have shown that suberoylanilide
hydroxamic acid, a HDAC], can prevent premature skin aging
associated with Cockayne syndrome [354]. The HDACi ITF2357
can inhibit diastolic dysfunction induced by aging in mice [355].
Sodium butyrate, an HDACI, can treat muscle atrophy caused by
aging in mice [356]. The latest research has found that vorinostat,
an HDACI and a novel hormone-like substance, can extend the
lifespan of nematodes and enhance stress resistance by activating
the SKN-1 pathway [357]. Similarly, dihydromyricetin (DHM)
is an inhibitor of DNMT1. Studies have shown that DHM can
act as an epigenetic inhibitor with antiaging effects and has
regenerative effects on aging human skin [358].

Sirtuins are a class of proteins that regulate cellular processes
such as metabolism, DNA repair, and stress response, and are
key participants in the aging process. Sirtuin activators such
as resveratrol and NAD* precursors (e.g., nicotinamide riboside
and NMN) have attracted attention for their potential to reverse
aging cells. Resveratrol has been shown to activate SIRT1, an
important sirtuin in regulating DNA repair and inflammation.
Studies have shown that resveratrol not only extends lifespan
but also restores cell function by modulating epigenetic marks,
including histone acetylation and DNA methylation [1]. With
increasing age, NAD™" levels decline, impairing mitochondrial
function and DNA repair. NAD* precursors, such as NMN and
NR, have been shown to restore NAD™ levels, activate sirtuins,
and improve cell function [142]. In mammals, supplementation
with NR can enhance mitochondrial function and extend the
lifespan of mice. Moreover, filling NAD* with NMN or NR can
improve meibomian gland dysfunction associated with aging in
elderly mice and improve cognitive function in an AD mouse
model. Clinical trials have also validated the efficacy of NAD*
supplements, showing that 8 weeks of NMN safely and effectively
promoted NAD* biosynthesis in healthy middle-aged men and
alleviated postprandial hyperinsulinemia [359]. Another clinical
study showed that overweight, obese, and middle-aged or older
adults taking MIB-626 (precursor 5-NMN) can safely increase
circulating NAD™ levels and significantly reduce total LDL and
non-HDL cholesterol, weight, and diastolic blood pressure [360].

Metformin and rapamycin, drugs known for treating other
diseases, have become potential antiaging drugs. Metformin,
widely used for treating type 2 diabetes, has been shown to

13 of 35



Genomic Instability

Deregulated .
Nutrient Sensing Inflammation
Disabled Loss of
Autophagy L ! Proteostasis
Dvsbiosi /! Mytocondrial
ysbiosis Dysfunction
Cellular Aging Related Diseases Stem Cell
Scenescence === Caused by --- Exhaustion

Epigenetic Disorders

Altered Cellular
Communicatiopn

Cancer

Telomere Attrition

Cardiovascular
Diseases

Immunedisorders
& Inflammation

Type 2 Diabetes 3

Skin Aging

Mellitus Nt

{ Alzheimer's Disease

Muscle Atrophy

[ Osteoarthritis

FIGURE 4 | Agingrelated diseases caused by epigenetic disorders. This diagram highlights various biological processes and mechanisms linked
to aging-related diseases that are influenced by epigenetic disorders. Key processes include altered cellular communication, cellular senescence,

dysbiosis, disabled autophagy, deregulated nutrient sensing, genomic instability, inflammation, loss of proteostasis, mitochondrial dysfunction, stem
cell exhaustion, and telomere attrition. These disruptions contribute to the development of aging-related diseases such as cancer, Alzheimer’s disease,
cardiovascular diseases, immune disorders, inflammation, muscle atrophy, type 2 diabetes mellitus, osteoarthritis, skin aging, and other health

conditions. This figure was created by BioRender.

activate AMPK, thereby improving cell function and extending
lifespan, and reducing the epigenetic age of model organisms
[361]. Rapamycin, an mTOR inhibitor, has been shown to extend
the lifespan of various organisms and improve cellular aging
through epigenetic regulation [362, 363].

Despite the promising prospects of epigenetic drugs, their clinical
application still faces challenges. Tissue-specific delivery and

dose control are key to avoiding off-target effects, while epige-
netic drugs exhibit cellular heterogeneity in response. Future
development directions include: (1) developing small-molecule
modulators targeting specific epigenetic marks; (2) optimizing
spatiotemporal specificity control strategies, such as optogenetic
epigenetic editing systems; (3) exploring the synergistic effects
of epigenetic drugs with other antiaging therapies. With the
development of precise assessment tools such as the epigenetic

14 of 35

MedComm, 2025



Rejuvenation Strategies of Epigenetic to Combat Aging

Aging — Cell Transplantation Lo &/ = Young
Gene Therapy =
Heterochronic Parabiosis 2
ok
Immunotherapy S,
@]
&
— N\ _>
./
Lifestyle Therapy SA
0
- - - I 2
Microbiota Transplantation <1
il A,
- s)
Pharmacological Therapy ¢
Reprogramming -
MNMNDIN
FIGURE 5 | Rejuvenation strategies of epigenetic to combat aging. This diagram presents various therapeutic strategies aimed at combating aging

and age-related diseases. These approaches include cell transplantation, gene therapy, heterochronic parabiosis, immunotherapy, lifestyle therapy,

microbiota transplantation, pharmacological therapy, and reprogramming. Each strategy targets different aspects of aging and seeks to rejuvenate or

repair damaged systems, ultimately improving health outcomes and promoting longevity. The diagram contrasts the effects of aging in individuals with
these potential interventions that aim to reverse or mitigate age-related decline. This figure was created by BioRender.

clock, personalized antiaging treatments are gradually becoming
a reality.

4.3 | Lifestyle and Systemic Modulation

4.3.1 | Lifestyle Therapy

Recent studies have shown that lifestyle interventions are
powerful nonpharmacological means that target fundamental
biological processes to combat aging and promote tissue regener-
ation. These interventions include dietary adjustments, exercise
programs, sleep optimization, and stress reduction. They work
through epigenetic remodeling, mitochondrial enhancement,
and the clearance of senescent cells, providing protection against
age-related diseases such as cardiovascular diseases, neurodegen-
erative diseases, and metabolic syndromes.

CR and fasting-mimicking diets (FMDs) have become the most
potent dietary interventions, showing consistent life-extending
effects across various species. Under CR conditions, the epi-
genetic age of animals is significantly reduced. Studies have
shown that interventions with CR and FMDs can change various
epigenetic features in mice, such as DNA methylation and histone
modifications [364, 365]. Moreover, the reason why CR and FMDs

work in various aging-related diseases is also partly due to the
epigenetic changes they cause [366]. In addition, the CALERIE-
2 trial showed that reducing caloric intake by 25% in humans
over 2 years can reduce epigenetic age and improve inflammatory
markers [367].

Nutritional interventions play a key role in the aging process.
Studies have shown that diets rich in antioxidants and anti-
inflammatory nutrients (such as the Mediterranean diet) can
slow down epigenetic aging [368, 369]. In addition, short-
term vegetarian diets are associated with a reduction in DNA
methylation age [370]. Specific nutrients, such as omega-3,
vitamin D, and antioxidants, also show potential to delay aging
by changing epigenetics [371]. Therefore, personalized nutri-
tional interventions are considered an important strategy for
antiaging.

Time-restricted eating (TRE) has gained attention for its
metabolic benefits. Studies have shown that early TRE
(an 8-h eating window before 3 p.m.) improves beta-cell
function in prediabetic patients through epigenetic regulation
(BMAL1/CLOCK) compared with the control group [372, 373].
In addition, fasting can extend the lifespan of various model
organisms and improve brain and immune system functions by
changing epigenetics [66, 374].
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Exercise interventions show specific tissue rejuvenation effects.
Studies have shown that regular exercise can slow down epi-
genetic aging by delaying immune aging and reducing cardio-
vascular risks. It can also enhance memory in mice through
epigenetic changes [375, 376]. In addition, sleep optimization has
been proven to delay aging through epigenetic changes [47, 377].

These lifestyle interventions target multiple hallmarks of aging.
Their clinical applications range from metabolic diseases and
neurodegenerative diseases to cardiovascular diseases. Their
combined effects may provide synergistic benefits. Combined
interventions (CR + exercise + stress reduction) reduced biologi-
cal age by 3.2 years [378]. Although there are still key challenges
in implementation fidelity and personalized optimization, the
existing evidence strongly supports the use of lifestyle interven-
tions as the preferred strategy for healthy aging. Future research
should focus on precision lifestyle medicine methods targeting
individual genetic and epigenetic characteristics.

4.3.2 | Microbiota Transplantation

In recent years, fecal microbiota transplantation (FMT) based
on epigenetic regulation has shown potential as an antiaging
intervention strategy in the treatment of various aging-related
diseases. Research has found that specific types of gut bacteria
are potentially causally associated with EAA. For example,
Holdemania_unclassified is positively correlated with GrimAge
acceleration [379]. Fecal or microbial transplantation has been
shown in multiple studies to delay aging, including skin aging,
ovarian aging, and brain aging, and has also demonstrated its
role in treating aging-related diseases. The gut microbiota mainly
exerts its effects through its metabolites [380-382]. Moreover,
metabolites of the gut microbiota can improve neurological
diseases by altering DNA methylation, histone modifications, and
ncRNA [382]. These studies have also shown the great potential
of FMT in regulating epigenetics. However, there is currently a
lack of direct evidence linking the gut microbiota to epigenetic
modifications. To fully understand the interplay between the
gut microbiota, epigenetics, and aging, more in-depth basic and
clinical research is needed. Future research should also focus
on the standardization of FMT procedures, the prevention of
immune rejection reactions, and the assessment of long-term
safety.

4.4 | Novel and Emerging Techniques

4.41 | Gene Therapy

In recent years, gene-editing technologies (such as CRISPR-Cas9,
base editing, and epigenetic editing) have become core tools
for aging intervention and regenerative medicine. By precisely
modifying aging-related genes, epigenetic markers, or mitochon-
drial DNA, these techniques can reverse or delay cellular aging
and promote tissue repair. This strategy has shown potential
in various aging-related diseases. Currently, CRISPR technology
has also been applied to epigenetics-related genes. For example,
HAT KAT?7, the inactivation of KAT7 reduces the acetylation of
histone H3 lysine 14 and alleviates the aging of hMPCs. Moreovetr,
intravenous injection of lentiviral vectors encoding Cas9/sg-Kat7

can extend the lifespan and improve the healthspan of mice
[30]. In addition, studies have shown that gene therapy using
lentiviruses carrying SOX5 or HMGB2 can improve cellular aging
through epigenetic regulation, rejuvenate cartilage in aged mice,
and alleviate osteoarthritis [383]. However, the long-term safety
and off-target effects of gene editing still need to be optimized.
Single-cell sequencing has revealed that the genomic instability
of senescent cells may affect editing efficiency. Future directions
include developing CRISPR systems driven by aging cell-specific
promoters and transient editing strategies to avoid the risks asso-
ciated with persistent genetic modification. Overall, gene-editing
technologies are moving from basic research toward clinical
translation, but their precision, delivery efficiency, and long-term
safety in aging intervention still need further exploration.

4.4.2 | Heterochronic Parabiosis

Heterochronic parabiosis is a technique that forms a physiolog-
ical connection between young and old individuals (or animal
models) through the sharing of blood circulation. In recent
years, studies have shown that its antiaging effects are closely
related to epigenetic reprogramming. This strategy systemically
regulates DNA methylation, histone modifications, and ncRNA
networks to reverse the expression of aging-related genes and
promote tissue regeneration. Research has shown that young
plasma can activate the epigenetic rejuvenation program in aged
tissues, significantly reducing the epigenetic age of the liver and
extending the lifespan of mice [384, 385]. Similarly, exosomes
derived from young mouse adipose-derived MSCs (ADSCs) help
to improve aging signs in old mice and reduce the epigenetic
age of aged mice [386]. However, the clinical application of
heterochronic parabiosis still faces challenges, such as the risk of
immune rejection and long-term safety issues. Future directions
include the development of drugs that target epigenetic factors to
mimic its anti-aging effects.

5 | Assessing Rejuvenation: Epigenetic
Biomarkers and Models

Epigenetic biomarkers offer a powerful tool to measure bio-
logical aging, predict health outcomes, and assess the efficacy
of rejuvenation therapies (Figure 6). Advances in epigenetic
clocks and single-cell epigenomics have opened new avenues for
understanding aging at both the organismal and cellular levels.
These tools are transforming aging research and hold promise for
precision medicine and therapeutic development.

5.1 | Epigenetic Clocks and Multiomics Age
Prediction

Epigenetic clocks are predictive algorithms based on DNA
methylation patterns that estimate biological age, often reflecting
physiological health better than chronological age. Early models,
such as the Horvath and Hannum clocks, laid the groundwork
for this field, but recent innovations have significantly enhanced
their precision and utility [40, 41].

16 of 35

MedComm, 2025



MNOQDIN
DNA Methylation
5-hmC SHOX2
MYNN RASSF1A
ABCG1 PTGER4
PHOSPHO1 ZNF267
KLF14 ELOVL2
Non-coding RNAs Histone Modifications
Mir-9  Mir-71 Let7 7SL Epigenetic H3KAme2 H3K27ac  HAK16ac
Mir-17 Mir-93 ~ Lind  LETHE Biomarkers of H3K4me3 H3K27me3 H4K20me3
Mir-21  Mir-96  PINT  TUGH Aging H3K9me1 H3K36me3 H4K29me
Mir-25  Mir-101  MIAT ~ pRNA H3K9me2  H3K56ac Sirt
Mir-34 Mir-145 TERRA NEAT1 L
hous" 2
Chromatin Remodeling
XIST HP1a
ANRIL HP1B
HOTAIR HP1y
Kcng1ot1 NuRD
LincRNA-p21 PIN1
FIGURE 6 | Epigenetic biomarkers of aging. This scheme enumerates the key epigenetic biomarkers of aging described in the current study,

categorized into four major groups. This figure was created by BioRender. Abbreviations: 5-hmC, 5-hydroxymethylcytosine; MYNN, myoneurin; mCH,
non-CG methylation; ABCG1, ATP-binding cassette sub-family G member 1; PHOSPHOL, phosphoethanolamine/phosphocholine phosphatase 1; KLF14,
Kruppel-like factor 14; SHOX2, short stature homeobox 2; RASSFIA, ras association domain family member 1 isoform A; PTGER4, prostaglandin E
receptor 4; ZNF267, zinc finger protein 267; ELOVL2, elongation of very long chain fatty acids protein 2; H, histone; K, lysine; ac, histone acetylation;
me, methylation; TERT, telomerase reverse transcriptase; Sirtl, sirtuin; XIST, x inactive specific transcript; ANRIL, antisense noncoding rNA in the ink4
locus; HOTAIR, hox transcript antisense intergenic RNA; Kenglotl, KCNQI opposite strand antisense transcript 1; LincRNA, long intergenic noncoding
RNA; HPI, heterochromatin protein 1; NuRD, nucleosome remodeling and histone deacetylase; PIN1, peptidylprolyl Isomerase 1; Let7, lethal-7; Lin4,
lethal in 4; PINT, PIN2 interacting noncoding transcript; MIAT, myocardial infarction associated transcript; MEG3, maternally expressed gene 3; TERRA,
telomeric repeat-containing RNA; 7SL, seven sl RNA; LETHE, lethal(2) giant larvae homolog 1, endoplasmic reticulum; TUGL, taurine upregulated gene

1; pRNA, paclitaxel-resistant RNA; Bc200, brain cytoplasmic RNA 200; NEAT1, nuclear enriched abundant transcript 1.

Second-generation clocks like PhenoAge and GrimAge incorpo-
rate additional data, such as inflammatory markers and clinical
measures, to predict biological aging more accurately [42, 43].
These clocks are highly correlated with healthspan, chronic
disease incidence, and mortality risk. For example, GrimAge has
been validated across diverse populations and has demonstrated
its ability to predict outcomes such as time-to-death and cancer
incidence with remarkable accuracy [43].

Technological advancements, such as the integration of deep
learning algorithms, have further improved the resolution
of epigenetic clocks. Tools like DeepAge analyze multiomics
data, enabling predictions of biological age that account for
complex interactions between epigenetic, transcriptomic, and
proteomic changes [387]. Tissue-specific clocks, such as those
developed for brain and liver cells, provide insights into organ-

specific aging processes, which are critical for targeted therapies
[388-390].

Epigenetic clocks are increasingly used to evaluate the suc-
cess of rejuvenation interventions by measuring reductions in
biological age. For example, partial cellular reprogramming
with Yamanaka factors has been shown to reduce epigenetic
age markers in fibroblasts, highlighting its potential to reverse
cellular aging [391-393]. Similarly, CR and intermittent fasting
have demonstrated measurable reductions in biological age as
indicated by PhenoAge and GrimAge [378, 394]. Clinical trials
are now incorporating epigenetic clocks to monitor the impact
of therapies like senolytics, NAD™* precursors, and CRISPR-based
gene editing. For instance, a study on NMN supplementation
showed significant improvements in biological age, as reflected
by reduced DNA methylation age in muscle and liver tissues
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[395]. The use of these clocks not only validates the efficacy of
interventions but also provides feedback for refining personalized
rejuvenation protocols.

5.2 | Single-Cell and Spatial Epigenomic Profiling
Aging is a heterogeneous process, affecting different tissues
and cell types in unique ways. Single-cell epigenomics has
emerged as a transformative technology for studying these cell-
specific changes. Techniques like single-cell DNA methylation
sequencing and single-cell ATAC-seq have enabled researchers
to map the epigenetic landscape at an unprecedented resolution
[396, 397]. For example, studies on HSCs have revealed distinct
methylation signatures associated with age-related declines in
regenerative capacity [398, 399]. Similarly, single-cell analyses
of brain tissues have identified neuronal and glial populations
with divergent aging trajectories, highlighting the vulnerability of
certain cell types to age-related diseases [400, 401]. These insights
are critical for understanding the interplay between cellular het-
erogeneity and aging. By identifying epigenetic markers specific
to vulnerable cell populations, researchers can develop targeted
interventions to mitigate age-associated decline.

The precise positioning and spatial relationships of cells also
greatly impact aging. Spatial transcriptomics is a new method
that can capture gene expression and epigenetic data linked
to spatial information, offering the exact location of these ele-
ments within tissues. For example, in muscle aging research,
this technology has revealed key mechanisms like fiber-specific
degeneration and satellite cell dysfunction. In senescent cells,
heterochromatin decreases while euchromatin increases. The
loss of heterochromatin near the nuclear membrane causes
genomic instability and triggers aging-related diseases. Spa-
tial epigenomics allows for a more precise analysis of chro-
matin state changes in different nuclear regions. It shows
how these changes affect gene expression and cell function,
thus uncovering the fundamental molecular mechanisms of

aging.

Antiaging therapies often have cell type-specific effects, which
can be clarified through single-cell and spatial epigenomics.
For example, partial reprogramming has been shown to reju-
venate fibroblasts more effectively than neurons, highlighting
differences in epigenetic plasticity across cell types [402, 403].
Similarly, senolytics selectively clear senescent cells, preserving
healthy populations and improving overall tissue function [404,
405].

Recent studies using single-cell technologies have demonstrated
that CR alters chromatin accessibility in energy-regulating path-
ways in muscle cells while restoring DNA methylation patterns
in neurons associated with memory and learning [406, 407].
These findings underscore the potential of tailoring rejuvenation
strategies to the specific needs of different tissues. The integration
of single-cell and spatial epigenomics in clinical research is
paving the way for precision medicine. By capturing the nuanced
effects of therapies at the cellular level, this approach ensures that
interventions are both effective and safe, minimizing off-target
effects while maximizing therapeutic benefits.

5.3 | Model Systems for Efficacy Evaluation

In the field of antiaging research, the development of effective and
safe intervention measures is one of the core goals. To achieve
this goal, it is essential to establish scientifically reliable efficacy
evaluation models to accurately assess the short-term and long-
term effects of antiaging interventions. A good efficacy evaluation
model should not only consider changes in biomarkers but
also integrate multiple aspects, including physiological function,
healthspan, and lifespan.

53.1 | DNA Methylation Clock Model System

Among the existing efficacy evaluation systems, the first DNA
methylation clock was the Elastic Model established in 2011,
which used approximately 100 saliva samples to demonstrate
highly accurate prediction of chronological age [408]. In 2013,
researchers constructed the Hannum clock (71-CpG clock) using
656 whole blood samples [41]. Subsequently, the pan-tissue Hor-
vath clock (353-CpG clock) was developed using 8000 samples
from 51 different tissues and cell types. Additionally, multiple epi-
genetic clocks have been established, including the 3-CpG clock,
99-CpG clock, and 8-CpG clock [361]. These DNA methylation
clocks can predict the age of different tissue types, demonstrating
their ability to measure aging signals shared among various cell

types.

However, the first-generation methylation clocks did not link
many important characteristics of biological aging. Researchers
then developed the DNAm PhenoAge clock, which uses a stan-
dard method to predict a composite biological age score based
on chronological age and a linear combination of nine clinical
parameters associated with mortality risk [409]. The DNAm
GrimAge clock was constructed through a two-stage process to
predict biological age: first, models were developed to predict
smoking pack-years and the concentrations of seven plasma
proteins known to be associated with mortality risk, and then
these model outputs were combined into a clock to predict time
to death [43]. By design, all these clocks have strong correlations
with mortality risk, and some are also associated with cardio-
vascular disease risk, physical function (balance, grip strength,
walking speed), and several healthy blood chemistry indicators
[410]. Recently, the DunedinPoAm DNAm clock was developed
using a birth cohort from the same year (n = 810), tracking
changes in clinical chemistry and physiological biomarkers of 18
organ functions collected at ages 26, 32, and 38 to quantify the
comprehensive ratio of biological age. Compared with the DNAm
PhenoAge clock, the DunedinPoAm DNAm clock has stronger
and more significant associations with age-related phenotypes,
including physical function, cognition, self-rated health, and
mortality [411]. The use of epigenetic blood aging as a proxy
for physiological aging in other organ systems highlights their
potential as clinical biomarkers. However, current studies indi-
cate that epigenetic clocks trained in specific tissues have stronger
associations with the functional state of those tissues and weaker
correlations with other tissues and overall weak indicators [412].
Therefore, the second-generation clocks have limited ability to
measure and explain the mechanisms of aging in specific tissues
relative to other tissues.
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5.3.2 | Proteomics Clock Model System

Research using various proteomics techniques has shown that
proteins in plasma and cerebrospinal fluid change with age,
which has spurred the development of proteomic aging clocks.
In 2018, the first aging clock based on plasma proteins was
developed, which studied the association between the proteomic
age gap and biological aging and detected associations with many
physiological and clinical aging phenotypes. This model also
showed correlations with mortality, multimorbidity, healthspan,
and lifespan [413]. Similarly, it is still unclear how much the
changes in the proteome are correlated with overall aging. Addi-
tionally, the low level of development and updating of proteomics
technology means that the application of proteomic clocks is
less than that of methylation clocks. In addition, there are also
metabolomics and glycomics clock models, but the application of
other omics clocks is even less, and their validation is limited.

Aging clocks constructed from DNA methylation data, pro-
teomics, and metabolomics have all demonstrated the ability to
identify the state of biological aging. The second-generation DNA
methylation clocks are currently the most widely used and practi-
cal. However, the correlation between different molecular feature
clocks is particularly low. In the future, integrating multiple
omics layers into a composite model, such as a multiomics aging
clock, will help to understand which molecular aging features
are shared across omics layers or carry different phenotypic
information [414]. With the development of various technologies
(such as spatial epigenomics), more aging omics clocks will
emerge, achieving more precise and comprehensive predictive
effects. We believe that the development of aging clocks should
move toward customization and combination. Aging clocks will
also play an important role in advancing the science of aging and
personalized medicine.

6 | Challenges, Ethical Considerations, and
Future Horizons

The role of epigenetics in aging and age-related diseases has
opened a new frontier in biomedical research. Epigenetic ther-
apies, which target modifications such as DNA methylation,
histone modifications, and ncRNAs, hold immense promise for
extending healthspan and treating age-related diseases. However,
several challenges remain in the application of these therapies.
In this section, we explore the limitations of current epigenetic
therapies and propose future research directions to address these
issues, with an emphasis on precision, safety, and efficacy.

6.1 | Scientific and Technical Limitations

6.1.1 | Target Specificity and Off-Target Effects

Achieving precise targeting of specific epigenetic marks is one of
the most significant challenges in the field of epigenetic therapies.
Epigenetic modifications, such as DNA methylation and histone
modifications, occur at numerous sites across the genome, and
modulating these marks in a precise manner without affecting
other regions is difficult [415, 416]. For example, DNMTis and
HDAC:s can lead to the silencing of specific genes, but they also

have widespread effects on the genome. This can result in off-
target effects, such as the unintended activation or silencing of
nontarget genes, which may have deleterious consequences for
cellular function and overall health [417].

Recent advances in gene-editing technologies, particularly
CRISPR/Cas9-based epigenetic editing tools, have provided a
promising approach for achieving greater specificity. By fusing
catalytically dCas9 with epigenetic modifiers like DNMTs or
HATS, researchers have been able to target specific loci and
modify epigenetic marks with improved precision [418, 419].
However, even with these improvements, challenges remain
in delivering these tools to specific tissues, ensuring minimal
off-target effects, and achieving stable and long-lasting changes
in the epigenome without causing collateral damage [420, 421].

Moreover, ensuring tissue-specificity for epigenetic therapies is a
critical hurdle. In complex organisms like humans, tissues and
cell types exhibit diverse epigenetic landscapes, and therapeutic
interventions must be tailored to the specific requirements of each
tissue. Efforts are underway to refine delivery systems, such as
nanoparticles, viral vectors, and lipid-based carriers, to improve
the tissue-specific delivery of epigenetic editing tools [422-424].

6.1.2 | Difficulty in Fully Reversing Age-Related
Epigenetic Changes

Age-related epigenetic changes are complex and cumulative,
involving DNA methylation drift, histone modification alter-
ations, and chromatin remodeling. These modifications accumu-
late over time due to a combination of genetic, environmental,
and lifestyle factors, leading to gene expression changes that
contribute to the aging process and the onset of age-related
diseases [6, 9, 425]. While epigenetic therapies have demonstrated
the potential to reverse some of these alterations, fully reversing
the complex and multilayered epigenetic changes associated with
aging remains a significant challenge [426, 427].

Certain epigenetic marks may become “locked in” over time,
particularly those associated with cellular senescence and DDRs.
For example, the DNA hypermethylation of tumor suppressor
genes and the loss of histone acetylation in key genes responsible
for stress responses are hallmarks of aging. These changes
often lead to cellular dysfunction and the loss of regenerative
capacity in tissues [428, 429]. While epigenetic therapies can
target these alterations, they may not be sufficient to fully reverse
the functional decline of aging cells.

Furthermore, epigenetic interventions aimed at reversing these
changes may not fully restore cellular function, as aging is a
multifactorial process that involves genetic, environmental, and
cellular factors beyond the epigenome. For instance, cellular
senescence, mitochondrial dysfunction, and telomere attrition
are key drivers of aging, and epigenetic therapies alone may not
be enough to address these factors comprehensively. Therefore,
a more holistic approach that combines epigenetic therapies
with other interventions, such as senolytics or mitochondrial
rejuvenation, may be necessary to achieve effective rejuvenation
[371, 430, 431].
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Epigenetic Clinical Regenerative Therapy for Aging and Age-Related Diseases
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Epigenetic clinical regenerative therapy for aging and age-related diseases. This timeline illustrates the development and application of

various epigenetic-based clinical regenerative therapies for aging and age-related diseases over the years. The bolded black text represents the therapeutic

methods, with the corresponding diseases listed below, and the numbers indicate the clinical application dates. They are arranged in chronological order

of application. This figure was created by BioRender.

6.1.3 | Tumorigenesis and Unintended Consequences
While epigenetic therapies are often seen as safer alternatives
to genetic therapies, they are not without risks. One of the
major concerns is the potential for tumorigenesis, as epigenetic
reprogramming can lead to the activation of oncogenes or the
silencing of tumor suppressor genes. For example, the reactiva-
tion of silenced tumor suppressor genes by DNA demethylation or
histone acetylation could inadvertently increase the risk of cancer
by disrupting the normal regulation of cell growth and division
[432].

Furthermore, epigenetic reprogramming has the potential to alter
the balance between cellular growth, apoptosis, and immune
surveillance. Even minor disruptions in these pathways could
lead to uncontrolled cell proliferation and the emergence of
malignancies. Long-term exposure to epigenetic therapies could
also lead to genomic instability, which may further increase the
risk of tumorigenesis.

Thus, while epigenetic therapies hold great promise for rejuve-
nation, it is critical to carefully monitor for potential adverse
effects, including the risk of cancer. To minimize these risks,
it will be essential to design therapies that selectively target
aging-related genes without affecting the overall stability of the
genome. Additionally, combination therapies that incorporate
tumor-suppressive agents or immunotherapies may help mitigate
the risk of tumorigenesis [19, 20].

6.2 | Translational and Clinical Hurdles
6.2.1 | Case Studies of Successful Rejuvenation in Model
Organisms

Preclinical studies have demonstrated the potential of epigenetic
reprogramming in various model organisms, offering promising
results for rejuvenation therapies. In one of the pioneering
studies, Yamanaka factors (Oct4, Sox2, KIf4, and c-Myc) were
introduced into aged mice, effectively reversing certain age-
related changes in tissue regeneration and stem cell function [433,
434]. Furthermore, non-human primates have also exhibited
signs of rejuvenation when exposed to similar reprogramming

treatments, with improvements in cellular function and tissue
repair capacity [435, 436].

Despite these advancements, epigenetic reprogramming in
humans faces challenges related to safety and efficiency. Repro-
gramming technologies must be refined to minimize the risks
associated with tumorigenesis and uncontrolled cell proliferation
[28, 29, 437]. Ongoing efforts are focused on optimizing the
delivery mechanisms, ensuring the specificity of reprogramming
factors, and reducing the risk of adverse outcomes.

6.2.2 | Clinical Trials Investigating Epigenetic
Therapies for Age-Related Diseases

Over the past decade, a steady stream of antiaging drugs has
emerged, many of which have already entered clinical trials
(Figure 7 and Table 1). The clinical potential of epigenetic
interventions has likewise been probed in multiple trials. For
instance, HDACis are being investigated for their ability to reverse
age-related inflammation and the decline in tissue-regenerative
capacity; they do so by modulating histone modifications to boost
the expression of genes involved in tissue repair while attenuating
chronic inflammation [1]. These findings will expand the pool
of candidate therapies for older adults and lay the groundwork
for future antiaging strategies. Meanwhile, combining antiaging
therapies with established interventions for age-related diseases
may yield superior outcomes compared with either approach
alone. The opportunities and challenges ahead will center on
identifying the optimal combination of synergistic treatments for
each individual patient.

6.3 | Ethical and Societal Implications

With the advancement of epigenetic aging research, ethical con-
siderations and social impacts related to epigenetic reprogram-
ming and genome modification have become increasingly promi-
nent. First, epigenetic research involves a large amount of highly
sensitive personal health and lifestyle information. If leaked, this
information could cause serious harm to individuals. Moreover,
gene editing, compound treatments, individual lifestyle factors,
and environmental factors can all cause epigenetic changes. For
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TABLE 1 | Clinical research on aging and age-related diseases.

Mechanism of Target/ Clinical Clinicaltrials.
action gene Treatment implication govID
Thyroid hormone Diazepam Resmetirom NCT05500222 Nonalcoholic liver
receptor-f3 agonist binding disease
reducing DBI mRNA inhibitor (DBI)
Senolytic therapy Senescent cells Dasatinib + quercetin NCT05422885, Alzheimer’s disease
NCT04685590
Reverse transcriptase LINE-1 Emtricitabine NCT04500847 Alzheimer’s disease
inhibitor Lamivudine NCT04552795,
NCT06519357
NAD+ precursors NAD Nicotinic acid NCT05590468 Mitochondrial
myopathy
Nicotinamide riboside NCT04528004 Systolic heart failure
Nicotinamide riboside NCT04430517 Alzheimer’s disease
Nicotinamide riboside NCT04907110 Overweight, obesity,
aging, and type 2
diabetes mellitus
Nicotinamide riboside NCT05593939 Aging
Probiotics / Bifidobacterium triple NCT04017403 Postoperative
cognitive dysfunction
in >65 years old after
orthopedic surgery
Anti-inflammatories COX-1/2 Aspirin NCT03480776, Cancer
NCT02804815,
NCT02965703
IL-18 Canakinumab NCT04795466 Mild Alzheimer’s
disease
IL-18 Canakinumab NCTO01327846 Osteoarthritis
IL-1a/B Lutikizumab NCT02087904 Osteoarthritis
/ Mesenchymal stem cell NCT02645305, Chronic obstructive
therapy NCT01559051 pulmonary disease
Lifestyle intervention DNA Fasting mimicking diet NCT04962464 Aging
methylation and calorie mimetic
supplement
Diet, sleep, exercise, NCT03472820 Epigenetic age
relaxation guidance, etc.
/ Nutritional guidance, NCT01041989 Cognitive
exercise, cognitive impairment,
training, etc. dementia, and
Alzheimer’s disease
Exercise NCT05232968 Aging
Distinct lifestyle NCTO01530724 Nonalcoholic fatty
Interventions liver disease
DNA methyltransferases DNA methyl- Metformin NCT04375657 Immunosenescence
transferase Hydralazine NCT00000620 Type 2 diabetes
inhibitors mellitus
Azacytidine NCT03873311 Myeloid malignancy

in older patients

(Continues)
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TABLE 1 | (Continued)

Mechanism of Target/ Clinical Clinicaltrials.
action gene Treatment implication govID
Potential RNA METTL3 STC-15 NCTO05584111 Cancer
methylation inhibitor
Histone modifications histone Sodium phenylbutyrate NCT00533559 Diabetes
deacetylase Ricolinostat NCT03176472 Painful diabetic
inhibitors peripheral
neuropathy
HAT inhibitors Curcumin NCT01968564 Vascular aging
Sirtuin- Resveratrol NCT05981053 Aging
activating Resveratrol NCTO01677611 Type 2 diabetes
compounds mellitus
Berberine NCT02861261 Type 2 diabetes
mellitus
Berberine NCT00633282 Nonalcoholic fatty
liver disease
Metabolic intervention AMPK Metformin NCT04098666 Mild cognitive
impairment and
Alzheimer’s disease
Metformin NCT02432287 Aging
Metformin NCTO01965756 Alzheimer’s disease
PPARa/y Saroglitazar NCT03061721 Nonalcoholic fatty
liver disease
Elafibranor NCT01694849 Nonalcoholic fatty
liver disease
SGLT2 Dapagliflozin NCT03030235 Heart failure with
inhibitor preserved ejection
fraction
GLP-1 Liraglutide (GLP-1 NCT01237119 Nonalcoholic fatty
analogues) liver disease
Stem cell and gene / hESC-derived RPE NCT01345006, Age-related macular
therapy transplantation NCT01344993 degeneration
AAV-hTERT NCTO04133649 Aging
AAVrh.10h-APOE €2 NCT03634007 Alzheimer’s disease
(LX1001)
Adipose tissue-derived NCTO03117738 Alzheimer’s disease
MSCs (AstroStem)
Adipose tissue-derived NCT04208646 Osteoarthritis

MSCs (AlloJoin)

Data sources: ClinicalTrials.gov

example, the same stress response pathway (such as oxidative
stress) can be activated by different substances like pesticides
and nicotine, and there is a lack of specific biomarkers. This
complexity makes it difficult to clearly define disease liability
and also makes it challenging for research participants to fully
understand the implications and potential impacts. Second, the
ability to modify the epigenome raises questions about the long-
term effects of these modifications on individuals and their
offspring. For instance, if epigenetic changes can be transmitted
to future generations, they may have transgenerational effects
on aging and disease susceptibility. This could also lead to the

creation of “designer babies,” raising a host of complex ethical
and moral issues [438]. Finally, research and interventions in
epigenetics will prompt policymakers to pay more attention to
the relationship between the environment and health and to
strengthen measures such as environmental pollution control
and public health improvement to reduce disease risks. It will
also promote public awareness of the impact of lifestyle and
environmental factors on health and foster interdisciplinary
collaboration to address complex health problems. However, at
the same time, it may also lead to a further widening of health
disparities and exacerbate social inequality. Therefore, the rapid
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development of epigenetics and its therapies brings new hope for
human health but also brings complex ethical and social issues.
Issues such as privacy protection, misuse of gene editing, and
social inequality need to be given sufficient attention alongside
technological development. It is essential to develop reasonable
policies and regulations to promote the positive role of epige-
netics in human health while minimizing its potential negative
impacts.

6.4 | Emerging Frontiers and Future Research
Trajectories

One of the most important advances in epigenetic aging research
has been the development of high-resolution mapping techniques
[439]. These methods have allowed researchers to identify sub-
tle age-related changes in the epigenome with unprecedented
accuracy. The integration of single-cell multiomics has provided
further insights into how aging affects gene expression at the cel-
lular level, allowing for a better understanding of the molecular
underpinnings of aging and related diseases [440].

6.4.1 | High-Resolution Epigenome Mapping
Techniques

Whole-genome bisulfite sequencing (WGBS) is one of the most
commonly used techniques for analyzing DNA methylation
patterns across the entire genome. WGBS has revealed crucial
insights into how DNA methylation changes with age, par-
ticularly in genes related to tumor suppression and immune
function [9, 11, 441]. ATAC-seq (Assay for Transposase-Accessible
Chromatin using sequencing) is another powerful method for
studying chromatin accessibility. This technique has provided
new information on how chromatin remodeling during aging
may contribute to age-related diseases like neurodegeneration
and cancer [442, 443].

Moreover, the rise of single-cell RNA sequencing and single-
cell ATAC-seq has allowed for the exploration of epigenetic
heterogeneity in different cell populations. These techniques are
particularly useful for understanding how aging impacts specific
cell types, such as stem cells or immune cells, in different tissues
[444, 445].

6.4.2 | Multiomics Approaches to Aging

Integrating data from various omics fields—epigenomics, tran-
scriptomics, and proteomics—have provided a more holistic view
of the aging process. For example, epigenetic clocks, which
estimate biological age based on DNA methylation patterns, have
been shown to correlate with age-related diseases and mortality
risk. Recent innovations have combined these clocks with other
omics data to refine their predictive power, enabling more
accurate assessments of an individual’s biological age [446-449].
These approaches are also paving the way for the identification of
biomarkers that could be used for early diagnosis of aging-related
diseases and tailored therapies to delay aging or mitigate disease
progression [448, 450].

6.43 |
Tools

Development of More Precise Epigenetic Editing

To overcome the challenges of target specificity and off-target
effects, future research must focus on improving the precision
of epigenetic editing tools. The CRISPR/Cas9-based epigenetic
editing systems have shown significant promise, but there is
still a need to refine these technologies for increased specificity
and reduced off-target effects. Researchers are exploring vari-
ous strategies to improve the precision of these tools, such as
using more specific guide RNAs, optimizing dCas9 fusion pro-
teins, and incorporating additional layers of regulation, such as
inducible systems that allow for temporal control over epigenetic
modifications [451, 452].

In addition to CRISPR-based tools, small molecule inhibitors and
RNA-based therapies are being investigated to enhance the speci-
ficity and efficiency of epigenetic modifications. Nanotechnology
and targeted drug delivery systems will also play a crucial role
in achieving tissue-specific delivery and minimizing off-target
effects [453]. Efforts to improve the resolution of epigenetic edit-
ing at the single-cell level will also be essential for understanding
the dynamic nature of the epigenome and tailoring therapies to
specific cell types and tissues [454].

6.4.4 | Exploring Combinatorial Therapies that Target
Multiple Aging Pathways

Aging is a multifactorial process that involves the interplay
of genetic, epigenetic, environmental, and lifestyle factors. To
effectively combat aging and age-related diseases, future thera-
pies will likely need to target multiple pathways simultaneously.
Researchers are increasingly exploring combinatorial approaches
that combine epigenetic modifications with other therapeutic
modalities, such as senolytics, antioxidants, and immune mod-
ulators [455]. These combinatorial therapies could enhance the
overall effectiveness of treatment by addressing the multiple
drivers of aging, including cellular senescence, oxidative stress,
and chronic inflammation.

For example, combining epigenetic reprogramming with
senolytic agents that selectively eliminate senescent cells
could help rejuvenate tissues by both restoring youthful gene
expression and eliminating dysfunctional cells. Similarly,
epigenetic therapies that target inflammation-associated
pathways could work synergistically with anti-inflammatory
agents to reduce the chronic low-grade inflammation that is a
hallmark of aging and contributes to many age-related diseases
[456].

6.4.5 | Personalized Epigenetic Interventions Based on
Aging Profiles

As aging is influenced by a combination of genetic, environmen-
tal, and lifestyle factors, personalized epigenetic interventions
represent a promising future direction. By using epigenetic
clocks—biomarkers of biological age based on DNA methyla-
tion patterns—researchers can design individualized therapies
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tailored to an individual’s specific aging profile. Personalized
therapies could include lifestyle modifications (e.g., diet, exer-
cise) combined with epigenetic drugs that target the molecular
underpinnings of the individual’s aging process [457].

Moreover, personalized interventions could focus on specific
tissues or organs that are experiencing accelerated aging. For
example, epigenetic therapies could be tailored to target age-
related changes in neural tissue, such as those associated with
AD, or in cardiovascular tissues, which undergo epigenetic
changes that contribute to atherosclerosis and heart disease [458,
459].

7 | Conclusion

In this review, we underscore the central role of epigenetics in
aging. We systematically synthesize evidence accrued over the
past decade to establish that epigenetic dysregulation is not only
a core driver of aging but also a reversible lever for intervention.
Age-associated alterations spanning DNA methylation, histone
modifications, three-dimensional chromatin architecture, and
ncRNA networks have emerged as a unifying mechanism linking
genomic instability, transcriptional noise, stem-cell exhaustion,
mitochondrial decline, and major chronic diseases of old age.
Because the aging phenotype is shaped by genetics, epigenetics,
and environment, we further examine the interplay between epi-
genetic marks and nongenetic factors in hereditary or metabolic
disorders. Unlike genetic mutations, most epigenetic changes are
reversible; consequently, epigenetics holds exceptional clinical
potential. Several epigenetic biomarkers have been identified, and
a growing arsenal of epigenetic drugs has entered development—
whose clinical trials we summarize.

Recent studies reveal that aging is not linear but acceler-
ates exponentially with accumulating epigenetic “noise.” DNA-
methylation clocks, histone-modification clocks, and multiomic
integrative clocks predict biological age with a mean absolute
error <3.5 years and correlate strongly with all-cause mortality,
cardiovascular events, and cognitive decline. CRISPR-dCas9-
mediated writing of H3K9me3 or DNA methylation can reverse
cellular senescence markers, while in animal models par-
tial OSKM reprogramming, NAD* precursor supplementation,
HDAC:s, or young-plasma exosomes markedly reduce epigenetic
age and restore function in liver, muscle, and brain. Collectively,
these findings position epigenetic reprogramming as a promising
route to reverse aging.

Compared with traditional single-disease treatments, epigenome-
targeted strategies can simultaneously modulate multiple aging
pathways, offering the potential for a holistic rejuvenation.
Multiomic clocks coupled with single-cell atlases will enable
clinicians to monitor organ-specific aging trajectories in real time,
facilitating precision decisions on when, where, and for how
long to intervene. Rational combinations of epigenetic drugs with
mitochondrial enhancers, senolytics, and immune modulators
could, in theory, reset functional networks at the cellular, tissue,
and systemic levels in concert.

Yet significant challenges cloud translation. Off-target epigenetic
editing or systemic HDAC inhibition may reactivate oncogenes or

silence tumor suppressors; tissue-specific delivery and temporal
control remain nascent. Partial reprogramming extends lifespan
but carries risks of teratoma formation, immune rejection, or
malignant transformation. Moreover, issues of social equity, data
privacy, and transgenerational epigenetic manipulation demand
proactive governance.
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