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Abstract

Introduction: Epigenetics studies gene expression changes influenced by environmental and lifestyle factors, linked to health
conditions like reproductive aging. Male reproductive aging causes sperm decline, conceiving difficulties, and increased
genetic abnormalities. Recent research focuses on epigenetics' role in male reproductive aging. Objectives: This review
explores epigenetics and male reproductive aging, focusing on sperm quality, environmental and lifestyle factors' impact,
and potential health implications for offspring.

Methods: An extensive search of the literature was performed applying multiple databases, such as PubMed and Google
Scholar. The search phrases employed were: epigenetics, male reproductive ageing, sperm quality, sperm quantity, environ-
mental influences, lifestyle factors, and offspring health. This review only included articles that were published in English
and had undergone a peer-review process. The literature evaluation uncovered that epigenetic alterations have a substantial
influence on the process of male reproductive ageing.

Result: Research has demonstrated that variations in the quality and quantity of sperm that occur with ageing are linked
to adjustments in DNA methylation and histone. Moreover, there is evidence linking epigenetic alterations in sperm to
environmental and lifestyle factors, including smoking, alcohol intake, and exposure to contaminants. These alterations can
have enduring impacts on the well-being of descendants, since they can shape the activation of genes and potentially elevate
the likelihood of genetic disorders. In conclusion, epigenetics significantly influences male reproductive aging, with sperm
quality and quantity influenced by environmental and lifestyle factors.

Conclusion: This underscores the need for comprehensive approaches to managing male reproductive health, and underscores
the importance of considering epigenetics in diagnosis and treatment.
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Introduction

As global life expectancies increase, understanding the com-
plexities of aging is critical for addressing a variety of health
concerns, including reproductive health. While female
reproductive aging and its effects on fertility and pregnancy
have been extensively studied, there is growing recognition
of the significance of male reproductive aging as a major
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fertilization (IVF) and intracytoplasmic sperm injection
(ICSI) [4]. However, the consequences of male reproduc-
tive aging extend beyond fertility. Advanced paternal age
has been linked to an increased risk of adverse health out-
comes in children, including neurodevelopmental disor-
ders, mental health issues, and specific genetic conditions
[5, 6]. Understanding the complex interplay between aging
and male reproductive function, particularly the epigenetic
mechanisms involved, is crucial for developing innovative
solutions to fertility challenges and safeguarding the well-
being of future generations.

Epigenetics explores how heritable changes in gene
expression occur without altering the DNA sequence itself
[7]. These changes, mediated by mechanisms such as DNA
methylation, histone modifications, and non-coding RNAs,
have a profound impact on gene regulation and cellular
functions [8]. In the context of male reproductive ageing,
epigenetics plays a crucial role in regulating spermatogen-
esis, sperm function, and sperm quality [9]. Dysregulation
of epigenetic processes can lead to abnormal gene expres-
sion patterns in sperm, affecting both fertility and the health
of future generations. Understanding the role of epigenetic
alterations in male reproductive ageing is therefore essential
for unraveling the underlying mechanisms and developing
strategies to mitigate their detrimental consequences.

This review delves into the intricate role of epigenetics in
the aging male reproductive system, exploring how physi-
ological changes impact fertility. It examines key epigenetic
mechanisms — DNA methylation, histone modifications, and
non-coding RNAs — and their influence on gene expression
within the male germline. The review investigates how dis-
ruptions in these epigenetic processes affect sperm quality,
fertility potential, and the well-being of offspring. By explor-
ing the link between age-related epigenetic alterations and
declining reproductive function, the study seeks to identify
potential therapeutic interventions and preventative strate-
gies targeting specific epigenetic pathways. Ultimately, the
goal is to pave the way for innovative research and clinical
therapies that improve reproductive health in aging men.

Search strategy

The search technique involved identifying keywords related
to epigenetics, male reproductive ageing, and correlated
terms like spermatogenesis and DNA methylation. Boolean
operators were used to merge these keywords, and databases
like PubMed, Google Scholar, Web of Science, Scopus, and
Embase were used to gather relevant literature. The search
was enhanced by adding more precise phrases like “histone
modifications” and “sperm quality”. Filters and constraints
were implemented to refine the search results. Snowballing
was used to find further sources. The search strategy was
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iterative, with adjustments made based on initial findings.
Proper documentation was maintained for transparency and
reproducibility.

Epigenetics mechanism in male
reproductive ageing

The main epigenetic processes that control gene expression
include DNA methylation, modifications to histones, and the
presence of short, non-coding RNAs.

DNA methylation

In mammals, DNA methylation primarily occurs at the 5’
position of cytosine residues, most commonly within CpG
dinucleotides. Nasrullah et al. [10] found that approximately
60-80% of CpG dinucleotides in gene promoters are methyl-
ated. This methylation in promoter regions suppresses tran-
scription by altering chromatin condensation. DNA methyl-
transferases (DNMTs) are the enzymes responsible for this
process. During early embryonic development, ‘de novo’
DNMTs establish methylation patterns at specific chromo-
somal locations. Subsequently, maintenance methyltrans-
ferases (DNMT1) ensure the accurate replication of these
methylation patterns during each DNA replication cycle
[11]. Gametogenesis is intricately linked to DNA methyla-
tion. Primordial germ cells (PGCs) migrate into the develop-
ing gonad with a notable reduction in DNA methylation. The
drop is reversed throughout male embryonic development
and female postnatal folliculogenesis. Cytosine methylation,
although typically associated with CpG sites, also occurs
at non-CpG sites, including CpA, CpT, and CpC. The sig-
nificance of these non-CpG methylations remains unclear.
Research by Ross et al. [12] suggests that non-CpG meth-
ylation is prevalent in brain, embryonic stem cells (ESCs),
induced pluripotent stem cells, and oocytes. Ichiyanagi et al.
[13] reported its presence in male germ cells, where it is
particularly pronounced in pro spermatogonia and decreases
during mitosis [14].

5-hydroxymethylcytosine (ShmC) is a crucial DNA modi-
fication that plays a key role in regulating gene expression
and the removal of methyl groups from DNA. This process,
known as demethylation, is essential for various cellular
functions, including the development of mammals and the
suppression of tumor formation. Research by Zheng et al.
[15] revealed the critical role of ShmC in the formation of
spermatogenic cells in mice. A subsequent study by Wang
et al. compared ShmC patterns in normal sperm, aberrant
sperm, and globozoospermia spermatozoa. This analysis
identified a significant number of genes (6664, 9029, and
6318, respectively) containing ShmC in each group. The
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presence of ShmC in genes linked to sperm production,
motility, and morphology suggests a potential influence of
this molecule on sperm characteristics [16, 17].

Next-generation sequencing (NGS) is a powerful tool
for studying DNA methylation in humans. The NGS DNA
methylation workflow involves digesting genomic DNA
with methylation-sensitive restriction enzymes, enriching
for methylated fragments using affinity-based methods, and
chemically modifying the fragments [18]. Whole-genome
bisulfite sequencing (WGBS) allows for the examination of
methylation patterns across the entire genome, down to indi-
vidual DNA bases. Recent WGBS studies have elucidated
the methylome profiles of human embryonic stem cells and
induced pluripotent stem cells [19]. The epigenetic changes
associated with spermatogenesis are summarized in the dia-
gram provided in Fig. 1.

During spermatogenesis, many epigenetic modifications,
together with DNA methylation and histone moderation,
occur at different stages. (1) Primordial germ cells (PGCs)
undergo a demethylation process characterised by the
elimination of DNA methylation, which leads to the dele-
tion of genomic imprinting. Furthermore, this mechanism
specifically impacts certain histones, particularly the K4
and K9 residues of H3. Furthermore, there is a procedure
known as H4 deacetylation. Presently, the genes DNMT3A,
DNMT3B, and DNMT3L are undergoing expression. (2)
Spermatogonia experience a progressive DNA methylation
process, leading to the formation of paternal methylation. (3)

< DNA, H3K4 & H3K9

demethylation

Round Spermatid

The presence of methylation on H3K9 and H3K4 is observed
in spermatocytes. (4) Throughout the maturation of round
spermatids, the protein H4 experiences hyperacetylation, the
presence of DNMTT1 is detected, and there is a shift from
histones to transition proteins (TPs). (5) Lengthened sperma-
tids demonstrate the retention of DNA methylation, together
with the elimination of H3K9 methylation. At this stage,
the conversion from transition proteins (TPs) to protamines
takes place. (6) Sperm maintain genomic imprinting.

Histone modifications

Histone tail changes are another epigenetic chromatin marker
that regulates gene expression. Histone tail post-translational
changes include methylation, acetylation, phosphorylation,
ubiquitination, ribosylation, and sumoylation. Histone marks
are active because many enzymes can make and remove
them. Acetylation of amino-terminal tail lysine residues is
the principal histone modification. The quantities of this
alteration are regulated by HAT and HDAC. Acetylation
reduces histone-DNA binding strength, activating genes.
Conversely, histone deacetylation compacts chromatin, inac-
tivating genes transcriptionally. However, histone methyla-
tion controls transcription activation and inactivation. Lysine
4 on histone H3 (H3-K4) is linked to gene expression, but
di- and tri-methylation of H3K9 and H3K27 is linked to
gene silent [20]. Only animal testes contain histone H3T.
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Fig. 1 Schematics showing the epigenetic alterations occurring throughout the process of spermatogenesis
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Tachiwana et al. showed that Nap2 chaperone helps H3T
nucleosomes assemble. Also, these nucleosomes are much
less stable than H3.1-containing ones. These authors also
suggested that H3T’s unstable nucleosome structure may
affect spermatogenesis’ chromatin reconfiguration [20]. The
first study of histone alterations used Western blot analysis
with antibodies that target altered histones. Today, mass-
spectrometry-based proteomic tools are used to analyze
these alterations. Recently developed NGS systems can
analyse histone alterations across the genome. The methods
use chromatin immunoprecipitation and sequencing to map
the genome-wide binding pattern of chromatin-associated
proteins, including modified histones (ChIP—seq) [21].

Small non-coding RNAs

Small RNAs and long intergenic non-coding RNAs (lin-
cRNAs) represent a third key mechanism for regulating
gene activity through epigenetic modification. Sperm cells
employ short non-coding RNAs to control epigenetic pro-
cesses, ensuring the preservation of histone-bound DNA
during the transition to protamine, a critical step in sper-
matogenesis and early embryonic development. LincRNAs,
on the other hand, engage with chromatin to recruit histone-
modifying enzymes. This interaction is exemplified by the
lincRNA HOTAIR, which facilitates the modulation of H3
histone lysine 27 and 4 methylation by the PRC2 and LSD1
enzymes. The presence and activity of small non-coding
RNAs can be detected using techniques such as RT-PCR,
in situ hybridization, and small RNA sequencing. Moreo-
ver, microarray technologies have enabled the investigation
of spermatozoa microRNAs (miRNAs), revealing distinct
expression patterns in individuals with varying fertility
levels.

Epigenetics changes in male’s reproductive
ageing

Male reproductive health is significantly affected by the
ageing process, resulting in decreased fertility and a higher
likelihood of negative reproductive outcomes. Recent
research indicates that epigenetic modifications are highly
influential in facilitating the age-related alterations in male
reproductive function [24, 25]. Male reproductive ageing is
marked by a progressive decrease in reproductive capacity
and fertility as one gets older. Physiological changes includ-
ing variations in hormone levels, diminished semen quality,
and modifications in testicular structure. The physiological
changes associated with ageing lead to reductions in the
production of sperm, the ability of sperm to move, and the
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integrity of sperm DNA. These changes eventually have a
negative impact on fertility outcomes [26]

DNA methylation and histone modification
and non coding RNA expression

Epigenetic processes are essential for controlling gene
expression patterns without modifying the DNA sequence
itself [27]. During male reproductive ageing, there are
changes in epigenetic modifications that play a role in the
decline of sperm quality, fertility, and the health of offspring
associated with ageing. This study examines the effects of
ageing on DNA methylation, histone modification, and non-
coding RNA expression in the male germline, providing
insights into their involvement in reproductive ageing [27].

DNA methylation is the process of adding a methyl group
to cytosine residues, mainly found inside CpG dinucleotides.
This epigenetic modification has been extensively researched
and has a significant impact on gene expression patterns.
Studies have shown that as men age, there are changes in
DNA methylation patterns both globally and at specific loca-
tions [24, 28].

Research has indicated that as individuals age, the lev-
els of DNA methylation in sperm decrease, indicating a
decrease in the stability of epigenetic factors. The phenom-
enon of global hypomethylation in sperm from older guys
may lead to genomic instability and abnormal gene expres-
sion patterns [29-31]. Epigenetic mechanisms play a crucial
role in regulating gene expression patterns without altering
the DNA sequence itself [32]. Epigenetic mutations dur-
ing male reproductive ageing contribute to the deterioration
of sperm quality, fertility, and the health of offspring. This
work investigates the impact of ageing on DNA methylation,
histone modification, and non-coding RNA expression in
the male germline. It offers valuable insights into how these
factors contribute to reproductive ageing [25, 29].

DNA methylation is the enzymatic addition of a methyl
group to cytosine residues, primarily located inside CpG
dinucleotides. The investigation of this epigenetic alteration
has been thoroughly studied and has a substantial influence
on the patterns of gene expression. Research has demon-
strated that as males get older, there are alterations in the
patterns of DNA methylation, both on a global scale and at
particular sites [24, 33, 34].

Aside from worldwide modifications, there are also age-
related modifications in DNA methylation that take place
at particular locations in the genome, specifically in genes
that play a role in spermatogenesis, hormone signalling, and
fertility. For instance, it has been discovered that the pro-
moter regions of genes that are crucial for sperm motility
and fertilization experience hypermethylation, which may
hinder their production and function in the ageing structure
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of sperm chromatin and gene expression. Changes in his-
tone modifications during male reproductive ageing affect
the organization of chromatin and the control of genes in
sperm [35-37].

Research has shown that there are changes in the patterns
of histone acetylation and methylation in sperm as male age
[29]. These changes are specifically related to the compac-
tion of chromatin and the silencing of genes, and they result
in altered amounts of certain histone marks in older males.
These alterations have the potential to influence the struc-
tural integrity of sperm chromatin and the patterns of gene
expression, ultimately leading to consequences on fertility
and the development of embryos [29].

Non-coding RNAs, such as microRNAs (miRNAs) and
long non-coding RNAs (IncRNAs), have important func-
tions in regulating gene expression after transcription and
modifying the structure of chromatin. Dysregulation of non-
coding RNA expression in male reproductive ageing leads
to changes in sperm function and fertility outcomes [38].

Changes in the expression profiles of microRNAs (miR-
NAs) have been reported in sperm as a result of ageing.
These changes involve changed levels of certain miRNAs
that play a role in regulating genes associated with spermato-
genesis, sperm motility, and fertilization. Abnormal miRNA
expression can interfere with regular sperm function and
have a role in the reduction of fertility in older male [39].

Recent research suggests that long non-coding RNAs
(IncRNAs) may have a substantial impact on male repro-
ductive ageing. The expression patterns of these IncRNAs
in the sperm of older boys are unique and distinguishable.
Long non-coding RNAs (IncRNAs) has the capacity to regu-
late gene expression through many mechanisms, including
chromatin modification and transcription regulation [40].
Consequently, they have the potential to influence the quality
of sperm and the results of fertility. This has been evidenced
in research undertaken by Zhou et al. [41].

The involvement of long non-coding RNAs (IncRNAs) in
the process of male reproductive ageing underscores their
many methods of impacting gene expression. The impact of
long non-coding RNAs (IncRNAs) on the quality of sperm
and reproductive outcomes in older males can be ascribed
to many processes, including chromatin remodelling and
transcriptional regulation [42].

Particular long non-coding RNAs (IncRNAs) have been
found to interact with chromatin-modifying complexes,
such as polycomb repressive complexes (PRCs) and lysine-
specific demethylases (KDMs), to regulate chromatin struc-
ture and gene expression [43]. LncRNAs have the ability to
affect the quality of sperm and the consequences of fertility
by attracting complexes to certain locations in the genome.
This, in turn, modifies the accessibility of chromatin and
controls the activity of transcription [44].

IncRNAs can function as transcriptional regulators by
directly attaching to DNA or RNA molecules. This enables
them to exert influence over the function of transcription fac-
tors and RNA polymerase complexes. Through these interac-
tions, long non-coding RNAs (IncRNAs) can precisely regu-
late the expression of genes involved in spermatogenesis,
sperm maturation, and fertilisation. Consequently, they exert
a direct impact on the reproductive outcomes of older males.

The dysregulation of long non-coding RNA (IncRNA)
expression in elderly males can have profound implications
for sperm quality and reproductive outcomes [45]. The
altered configurations of certain long non-coding RNAs
(IncRNAs) can disrupt the meticulously synchronised pro-
cesses of spermatogenesis, sperm motility, and fertilization
[46]. The disturbance mentioned can lead to impaired sperm
function and reduced fertility in older males.

Impact of epigenetics changes on male
reproductive function

Epigenetics and spermatogenesis

Sperm possess tightly packed and organized DNA, a result
of a crucial transformation during their development known
as spermiogenesis. This process involves the replacement
of nearly all histone proteins with protamines, creating a
highly condensed chromatin structure [48]. This conver-
sion, marked by the formation of disulfide bonds, stabilizes
the sperm nucleus and confers several advantages. Sperm
motility is enhanced, providing the necessary propulsion for
fertilization. The condensed nucleus also offers protection
against harmful oxidative stress and toxic chemicals within
the female reproductive system. Moreover, protamine-medi-
ated DNA compaction inhibits transcription, ensuring the
preservation of the paternal genetic blueprint. The transition
from histones to protamines is a meticulously orchestrated
multi-step process. Early stages involve the replacement
of histones with transition proteins (TP) through histone
hyperacetylation. Subsequently, the spermatids elongate, and
TP1 and TP2 are replaced by protamines. These protamines,
particularly P1 and the P2 family (comprising P2, P3, and
P4), contribute to the compact nucleus, safeguarding genetic
information and epigenetic imprints. The balance between
P1 and P2 protamines appears to be critical for male fertility
[48]. A P1/P2 ratio of 0.8—1.2 is associated with healthy fer-
tility. Ratios below 0.8, however, indicate insufficient DNA
condensation, leading to reduced sperm motility, count, and
morphology. Furthermore, research suggests that low P1/P2
ratios increase DNA fragmentation. Reduced total levels of
P1 and P2 protamines may also compromise DNA protec-
tion. Disruptions in the production of mature protamine P2
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have been linked to subfertility, highlighting the importance
of this protein in male reproductive health [48].

DNA methylation and histone modifications
during spermatogenesis

Male gametes need epigenetic alterations to mature prop-
erly. Epigenetic events begin with DNA demethylation
and remethylation before meiosis. DNMT3A, DNMT3B,
and DNMT3L regulate meiotic de novo DNA methylation.
Pachytene spermatocytes finish this process after delivery
[49, 50]. The methylation profile is maintained by DNMTI.
Histone methylation and acetylation also modify DNA
accessibility to transcription factors (Fig. 1). Histone meth-
yltransferases (HMT) and demethylases (HDM) regulate the
methylation of H3-K9 and H3-K4. Meiosis has high his-
tone H3-K9 methylation, but it is removed to activate genes.
However, meiosis decreases histone H3—K4 methylation and
is associated to DNA silencing. During spermatogenesis,
numerous enzymes, including HAT and HDAC, govern H3
and H4 lysine residue acetylation and deacetylation. During
spermiogenesis, H4 hyperacetylation is necessary for his-
tone to protamine transfer and nucleosome disintegration in
elongating spermatids [50].

Environmental agents inducing epigenetic
modifications

Various environmental and lifestyle factors, like s stress,
physical activity, alcohol use, smoking, and shift work, have
been found to impact both male and female fertility [51].
Additionally, these factors have been demonstrated to have
an effect on the occurrence of epigenetic alterations, which
can have implications for human diseases.

Numerous studies have highlighted the profound impact
of environmental and lifestyle factors on male and female
fertility through epigenetic modifications. For example, a
study by Sciorio et al. [52] demonstrated that exposure to
air pollution in urban areas can disrupt DNA methylation
patterns in sperm, leading to decreased sperm quality and
fertility [52]. Similarly, a study by Huang et al. [25] found
that smoking in women alters the epigenetic profile of ova,
potentially compromising embryo development and implan-
tation success [25]. These findings emphasize the critical
role of environmental factors in shaping reproductive health.

Studies conducted on several animal models have pro-
vided evidence for the existence of environmental epigenetic
inheritance through gametes [53]. Several studies have indi-
cated that both food and physical activity can have an impact
on histone modifications and miRNA expression. Hudlikar
et al. showed that consuming cruciferous vegetables once
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can reduce HDAC activity in mononuclear cells of periph-
eral blood, leading to increased acetylation of H3 and H4
[54]. Conversely, other studies have indicated that exposure
to cigarette smoke can decrease the expression of mir-34b,
mir-421, mir450-b, mir-466, and mir-469 [55]. Multiple
studies have demonstrated that both diet and exercise can
influence histone modifications and miRNA expression.
Dashwood et al. [56] demonstrated that the consumption
of cruciferous vegetables has the ability to decrease HDAC
activity in mononuclear cells found in peripheral blood. This
reduction in HDAC activity results in an increase in the acet-
ylation of H3 and H4 proteins [54]. In contrast, alternative
research has suggested that being exposed to cigarette smoke
can reduce the manifestation of mir-34b, mir-421, mir450-b,
mir-466, and mir-469 [55]. However, the most substantial
amount of information is derived from research that exam-
ines the impact of the environment on DNA methylation.
Evidence has shown those hazardous substances, excessive
alcohol consumption, the mother’s nutrition, and smoking
during foetal life can cause changes in certain regions of the
genome. Additional insights in this domain have been fur-
nished by research examining the impact of paternal expo-
sure to different contaminants and lifestyle-related factors
on the health of the child and subsequent generations [57].

Lifestyle and environmental factors like as nutrition,
smoking, radiation, and alcohol usage can cause epigenetic
changes that significantly impact sperm function. Initially,
these mutations can cause changes in sperm that result
in a decline in male fertility. When fertilisation happens,
either spontaneously or by assisted reproductive technology
(ART), there can be detected transgenerational epigenetic
effects (as shown in Fig. 2). These effects can result in spe-
cific changes, including (1) alterations in the development
of the embryo, (2) the occurrence of congenital disorders
at birth, and (3) the beginning of diseases later in adult life,
such as obesity, hypertension, diabetes, and so on.

Paternal exposure to toxins or ionizing
radiation

Many studies have examined the effects of paternal lifestyle
choices, environmental pollutants, and low ionising radia-
tion. Previous study has repeatedly linked parental occupa-
tional toxicity to child health issues. Bond et al. [57] found
considerable exhaust fume exposure in paternal grandmoth-
ers of acute lymphoblastic leukaemia patients. However,
abnormalities in sperm DNA may cause several of these
illnesses, suggesting a genetic rather than epigenetic process.
Is there empirical evidence that epigenetic mechanisms drive
transgenerational effects from paternal chemical exposure?
Animal models show that male exposure to pesticides or
other hazardous chemicals can cause gamete abnormalities
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and aberrant offspring development. This is mostly attribut-
able to germ line DNA methylation alterations [58]. Anway
et al. [59] found that exposing embryos to vinclozolin during
gonadal sex determination in rats caused prostate, kidney,
immune system, and testis diseases and cancers in subse-
quent generations. This suggests transgenerational effects.
Soubry et al. [60] reported that brief vinclozolin exposure of
pregnant female FO mice during gonadal sex caused adult-
onset illnesses in F3 male and female mice. Recent data
suggests that ionising radiations may enhance DNA meth-
ylation alterations, which might cause genetic disorders.
Radiations cause genotoxic biological processes like DNA
breakage. The mechanism behind transgenerational effects is
still unknown. Leung et al. [61] postulated that DNA meth-
ylation influences DNA repair pathways and transmits the
radiation-exposure signal through sperm. The continuing
instability in the reproductive cells of unexposed descend-
ants of irradiation mice may generate mosaicism in germ
cells, a well-known phenomenon in human genetic illnesses
[58]. Recently, the Piwi-interacting RNAs (piRNA) pathway

New-born

1 :

Embryo

may play a major role in transgenerational radiation impacts,
including genomic and epigenomic instability. DNA meth-
ylation of transposable elements helps maintain genomic
integrity. It also affects cellular regulation by additional
epigenetic alterations. More animal model data supports
transgenerational epigenetic changes caused by parental
exposure to genotoxic stressors such radiation, nutrition, and
anti-androgens. Research has showed that female mice given
vinclozolin have epigenetic alterations in their offspring’s
sperm compared to a control group [62].

Paternal diet

The paternal diet’s effect on gametogenesis is an attractive
germ line epigenetic topic. This link was first identified in
animal models. Carone et al. [63] showed that male mice
fed a protein-deficient diet generated progeny with higher
lipid and cholesterol gene expression than those fed a normal
diet. Cytosine methylation patterns were similar in all three
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diets, showing that these diets mainly do not affect the sperm
epigenome. They also observed that modest changes in a few
sites could affect organism development [64]. However, Rad-
ford et al. [65] found that poor pregnancy nutrition impairs
adult sperm methylation. This shows that reproductive cell
methylation may alter chromatin structure, transcriptional
network differentiation, or tissue organisation. Changes may
lead to environmental disease transmission across genera-
tions. In female progeny of male mice fed a high-fat diet,
Ng et al. [66] found that insulin secretion and glucose toler-
ance decreased over time. The observed impact was aided
by adult female offspring expressing 642 pancreatic islet
genes differently. The 13 functional clusters of these genes
include cation and ATP binding, cytoskeleton, and intracel-
lular transport [67]. Bodden et al. [68] found that high-fat-
fed male mice have altered testis transcription and global
methylation in mature sperm. Changes affect future genera-
tions’ metabolism. Human evidence on diet’s effects on epi-
genetic alterations and transgenerational effects is available
with animal model data. In 1944—-45, the Germans banned
all food and fuel transports to the Netherlands as retaliation
for the Dutch government-in-exile’s efforts to hamper Ger-
man reinforcements and troops. The official daily rations for
adults dropped from 1800 cal in December 1943 to 800 cal
in April 1945, causing a severe famine. After the liberation
of the Netherlands in May 1945, the situation improved, and
by June 1945, daily rations exceeded 2000 cal. The star-
vation killed many Amsterdamers, yet many babies were
born. Several decades’ later, other research analysed the
health of Amsterdam residents born during the famine to
determine how starvation affected their descendants. For the
first time, the studies linked chronic diseases in adulthood
(such as coronary heart disease, atherogenic lipid profile,
obesity, elevated plasma fibrinogen, and decreased factor
VII) to famine during certain gestational stages. This con-
nection was substantial in children [67]. Molecular analy-
sis of epidemiological data showed that the Dutch famine
families study provided the first direct proof of epigenetic
programming caused by pregnant starvation. Research has
showed that starvation during conception decreases meth-
ylation in a mother-inherited region of the IGF2 gene due
to a lack of methyl donors. This implies early starvation
can cause long-term epigenetic changes. IGF2 methyla-
tion did not change in late-pregnant famine victims. Hun-
ger during embryonic development often causes long-term
DNA methylation changes, according to additional studies.
When exposed, gender and pregnancy stage can affect these
changes [69]. Recent investigations revealed that prena-
tal malnutrition-related differentially methylated regions
(P-DMRs) are typically found in the regulatory domains of
genes with variable expression throughout early develop-
ment [69]. All of the above studies show that under nutri-
tion affects the foetus early on. Should we not think that the
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hunger may target other gametes besides embryos? Animal
studies and other evidence clearly suggest that the father’s
diet affects his children’s health. Bygren et al. [70] studied
how grandparents’ nutrition affects grandchildren’s growth
in humans. They observed that greater food availability dur-
ing the paternal grandfather’s childhood decreased offspring
survival. Later, the same research found that childhood car-
diovascular disease risk was reduced when the father had
limited food access before puberty. However, if the paternal
grandfather ate too much during the same era, the child was
at risk of diabetes death. This suggests epigenetic inherit-
ance may explain these events. Children with fat parents had
altered methylation at imprint regulatory locations, accord-
ing to Soubry et al. [60] The lifestyle and nutrition of parents
before conception may alter gametogenesis imprint marks.
The substantial link between father obesity and kid meth-
ylation patterns suggests that developing sperm is suscep-
tible to environmental variables. Recent research suggests
that paternal grandmothers’ early dietary supply may affect
female grandchildren’s cardiovascular mortality. This sug-
gests an X-linked epigenetic inheritance through spermato-
zoa [60]. However, a complete study of diet-related transgen-
erational inheritance should focus on the third generation.
The real first “unexposed” generation is directly exposed to
the maternal food during gestation, while its second genera-
tion is formed from in utero gametes. Although there are
limitations, transgenerational effects connected with paternal
nutrition’s epigenetic impact are intriguing [71].

Therapeutic Interventions Targeting
Epigenetic Changes in male’s reproductive

aging

There is increasing interest in creating therapeutic therapies
that specifically target these changes because of the signifi-
cance that epigenetic modifications play in male reproduc-
tive aging. The aging-related characteristics of reproductive
abnormalities have been addressed using pharmaceutical,
nutritional, and environmental therapies [72]. Upholding a
healthy lifestyle is highly correlated with a decreased likeli-
hood of experiencing age-related epigenetic modifications in
male reproductive outcomes, such as infertility. However, to
prevent or treat epigenetic alterations in male reproductive
aging, pharmaceutical treatments might be required. Human
testing has been done on or is now being done on some of
the therapies that had positive results in preclinical trials.
These potential therapeutic strategies include:
Epigenetic Modulators: Preclinical studies have dem-
onstrated the promise of small molecules or natural com-
pounds that can modulate epigenetic modifications [73],
including antioxidant supplement and miRNA mimics or
inhibitors, spermidine, NAD + precursors, sirtuin-activating
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compounds, metformin, mTOR inhibitor, and SGLT2-inhib-
itors. MicroRNA mimics and inhibitors of caloric restric-
tion have also been studied. These substances may be able
to counteract or lessen the negative effects of aging on the
health of male reproduction.

DNMTi: DNMT inhibitors are medications that prevent
DNMT enzyme activity, causing DNA to become hypometh-
ylated [74]. DNMT inhibitors have the ability to restore gene
expression profiles and undo age-related epigenetic altera-
tions by modifying DNA methylation patterns [75, 76].
DNMTi medications, which include decitabine and 5-azacy-
tidine, function by preventing DNA methyltransferases—the
enzymes that add methyl groups to DNA—from doing their
job [77]. This lowers DNA methylation, which modifies the
expression of some genes. DNMT inhibitors have shown
promise as therapeutic interventions for male reproduc-
tive aging, improving sperm quality, fertility, and testicular
function [78]. Clinical trials have evaluated their safety and
efficacy, with mixed results [79]. While generally well-tol-
erated, side effects like fatigue, nausea, and vomiting have
been reported. However, the long-term safety of DNMT
inhibitors in males remains to be fully established [80].

HDACi: HDAC:is have emerged as promising therapeutic
interventions for targeting epigenetic changes in male repro-
ductive aging. By inhibiting the activity of HDACs, HDACis
can promote chromatin relaxation and the activation of genes
that are essential for spermatogenesis and testicular function
[81, 82]. HDACis have antioxidant and anti-inflammatory
properties, which can protect against testicular damage and
improve testicular function [83, 84]. HDAC:s, such as vori-
nostat and romidepsin, induce epigenetic reprogramming,
restoring youthful epigenetic landscape and rejuvenating
testicular function [85, 86]. These drugs inhibit histone dea-
cetylases, increasing histone acetylation and gene expres-
sion. Epigenetic drugs can improve male fertility by target-
ing specific epigenetic changes contributing to infertility.
Studies show that treatment with decitabine improves sperm
motility and gene expression [87, 88], while a combination
of decitabine and hormone therapy improves sperm qual-
ity and pregnancy rates [89]. Clinical trials in humans have
shown the efficacy of HDAC:s in treating male reproduc-
tive aging, with studies showing improved sperm quality
and pregnancy rates in older men with idiopathic infertility
and restored spermatogenesis in men with azoospermia [81,
82]. However, the use of epigenetic drugs in male fertility
is still in its early stages, and further research is needed to
determine their effectiveness and safety.

MiRNAs: MiRNAs are essential in spermatogenesis,
sperm function, and fertility, regulating aspects of male
reproduction like germ cell differentiation, meiosis, and
sperm maturation [90]. Dysregulation of miRNA expres-
sion can lead to impaired spermatogenesis, reduced sperm
quality, and infertility [91]. MiRNAs also regulate epigenetic

modifications, such as DNA methylation and histone modi-
fications, crucial for genomic stability and gene expression
[92]. MiRs, like miR-29b, target DNMT3A and DNMT3B,
promoting spermatogonia differentiation and miR-101,
increasing histone acetylation. MiRNAs play a crucial role in
regulating sperm function, including motility, capacitation,
and acrosome reaction [93]. They target genes like ADAM3
and SPEF, which are involved in sperm-egg fusion. MiR-
NAs also regulate epigenetic modifications in early embryos,
impacting embryonic development and offspring health [94].
Given their role in male reproductive aging, miRNA-based
therapeutic interventions hold great promise for treating age-
related male infertility. MiRNA expression can be modu-
lated using strategies like miRNA mimics, antagomiRs,
and miRNA sponges, targeting epigenetic changes in male
reproductive aging.

NAD + precursors: NAD +is a coenzyme involved in cel-
lular processes like energy metabolism, DNA repair, and
gene expression. Its decline with age is linked to age-related
diseases [95]. NAD + precursors, which can be converted
into NAD +, have therapeutic benefits like improved energy
metabolism, reduced inflammation, and neurodegeneration
protection [96]. NAD + also plays a role in epigenetic modi-
fications, as it is a substrate for sirtuins, enzymes that dea-
cetylate histones, which can indirectly affect gene expression
[97]. NAD + also affects DNA methyltransferases and his-
tone methyltransferases, which add methyl groups to DNA
and histones [98]. NAD + can indirectly affect gene expres-
sion by regulating epigenetic modifiers. Therapeutic poten-
tial of NAD + precursors has been demonstrated in animal
models of age-related diseases, improving energy metabo-
lism, reducing inflammation, and protecting against neurode-
generation [99]. In aged mice, NAD + precursors improved
sperm quality and fertility by increasing NAD + levels and
decreasing epigenetic modifications associated with gene
repression [100]. These findings suggest NAD + precursors
may be a potential therapeutic intervention for male repro-
ductive aging.

Sirtuin-activating compounds: Sirtuins play a crucial role
in epigenetic modifications, such as DNA methylation, his-
tone modifications, and non-coding RNA regulation [101].
They are involved in male reproductive aging, regulating
germ cell development, spermatogenesis, and testicular
function [102]. SIRT1 regulates gene expression in spermat-
ogenesis by deacetylating histones and promoting histone
H3K9me3 formation [103]. SIRT6 regulates telomere main-
tenance and DNA repair, protecting against age-related tes-
ticular dysfunction [104]. Aging leads to a decline in sirtuin
activity, contributing to epigenetic modifications dysregula-
tion and age-related diseases. Age-related decline in sirtuin
activity is influenced by factors like reduced NAD + levels,
increased oxidative stress, and mitochondrial dysfunction
[104]. NAD + levels decrease due to increased consumption
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by NAD + -dependent enzymes and sirtuins [104]. Oxida-
tive stress, a hallmark of aging, negatively impacts sirtuin
activity by modifying sirtuins and causing DNA damage
[105]. STACs, which target epigenetic changes in male
reproductive aging, have emerged as promising therapeutic
interventions. Resveratrol, a natural polyphenol found in red
wine, is a well-studied STAC that enhances sirtuin activ-
ity by increasing their affinity for NAD + [106]. It has been
shown to improve sperm quality, promote spermatogenesis,
and protect against testicular dysfunction in animal models
[107]. Synthetic STACs like SRT1720 and SRT2104, also
enhance sirtuin activity, extending the lifespan of model
organisms and improving age-related health outcomes [108].

Metformin: Studies have demonstrated that Metformin,
a medication used to treat diabetes, can effectively slow
down the ageing process and prevent age-related illnesses.
Additionally, it has the potential to exert therapeutic ben-
efits on the process of male reproductive ageing by spe-
cifically addressing alterations in epigenetic patterns [109].
Metformin alters DNA methylation patterns by suppress-
ing DNA methyltransferases, resulting in overall reduc-
tion of DNA methylation [110]. As a consequence, there
is an augmentation in gene expression and a postponement
in the ageing process. Metformin’s therapeutic benefits on
male reproductive ageing may be attributed to its regula-
tion of enzymes, which in turn impacts histone modifica-
tions, resulting in alterations in chromatin structure and gene
expression [110]. Metformin, a hormone, has been discov-
ered to affect the expression of non-coding RNAs, specifi-
cally microRNAs and IncRNAs, which in turn control gene
expression and cellular functions [111]. These alterations
may contribute to its impact on the ageing process of male
reproductive organs. Metformin has demonstrated efficacy in
enhancing sperm quality, encompassing parameters such as
count, motility, and morphology, in both animal models and
human investigations [112]. In addition, it provides protec-
tion against testicular damage caused by variables such as
oxidative stress, inflammation, and environmental pollutants
[109]. Metformin has demonstrated efficacy in enhancing
fertility, particularly in those afflicted with metabolic ill-
nesses like as obesity and type 2 diabetes [113].

mTOR inhibitors: mTOR is a pivotal controller of cellular
metabolism and has a vital involvement in male reproduc-
tive processes, such as spermatogenesis, testosterone syn-
thesis, and preservation of sperm quality [114—117]. Sertoli
cells and Leydig cells play a crucial role in this process.
The process of ageing results in a reduction in mTOR sig-
nalling, which has an impact on the generation of sperm,
testosterone, and the quality of sperm. This deterioration
can also lead to epigenetic alterations, which are worsened
by the process of ageing. Rapamycin, a mTOR inhibitor,
has the potential to treat age-related disorders by modifying
epigenetic alterations, as demonstrated by Chrienova et al.

@ Springer

[118]. Rapamycin, a pharmaceutical compound that influ-
ences DNA methylation, histone changes, and the expression
of non-coding RNA, has been discovered to enhance the
process of spermatogenesis, increase testosterone produc-
tion, and improve the quality of sperm in males experiencing
reproductive ageing [114, 115]. This is due to the modula-
tion of epigenetic modifications. mTOR inhibitors, which
target epigenetic changes, may have potential applications
in treating male reproductive aging, such as improving sper-
matogenesis, testosterone production, and sperm quality in
aged mice [119]. Additionally, mTOR inhibitors may offer
a new therapeutic approach for age-related male infertil-
ity, as infertility affects a significant proportion of the male
population and its prevalence is expected to increase with
age [120].

Antioxidant supplements: It has been suggested that
antioxidant supplements could be used as therapeutic inter-
ventions to target epigenetic changes associated with male
reproductive aging [26]. These supplements include taurine,
coenzyme Q-10, L-arginine, vitamins, quercetin, N-acetyl-
l-cysteine, and omega-3 fatty acids. These substances may
influence epigenetic modifications and have antioxidant
qualities, which could enhance male reproductive health.

N-acetyl-1-cysteine (NAC): It has been demonstrated that
NAC possesses antioxidant and anti-inflammatory qualities
[121]. It is a precursor to the antioxidant glutathione. It has
been documented that NAC modifies histone modifications
and DNA methylation, which may have an impact on gene
expression [122]. NAC supplementation has been demon-
strated to increase sperm quality and fertility in elderly mice
in animal models, pointing to a possible function in regulat-
ing epigenetic changes in male reproductive aging [123].

Dasatinib and Quercetin: The two compounds, Dasatinib
and Quercetin, have been shown to have potential therapeu-
tic effects on aging and age-related diseases. Dasatinib, a
tyrosine kinase inhibitor, has been used to treat chronic mye-
loid leukemia [124]. Quercetin, a flavonoid found in fruits
and vegetables, has antioxidant and anti-inflammatory prop-
erties [117]. Both compounds have been shown to target epi-
genetic changes in various cell types and tissues. Dasatinib
inhibits the activity of lysine-specific demethylase 1, leading
to increased histone methylation and altered gene expres-
sion patterns [125]. Quercetin modulates DNA methylation
by inhibiting DNA methyltransferases and promoting ten-
eleven translocation enzymes [126]. A study by Zhang et al.
[127] found that the combination of Dasatinib and Quercetin
improved sperm quality and fertility in aged mice.

Vitamins: It has been demonstrated that vitamins, includ-
ing C, E, and D, have antioxidant qualities and may influ-
ence epigenetic modifications. While vitamin E has been
demonstrated to modulate DNA methylation and non-coding
RNA expression, vitamin C has been found to modulate his-
tone modifications and DNA methylation [128]. It has been
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documented that vitamin D influences histone modifica-
tions and DNA methylation, which may have an impact on
gene expression [129]. Vitamin supplementation has been
demonstrated in animal models to enhance sperm quality
and fertility in elderly mice, indicating a possible function
in regulating epigenetic modifications in male reproductive
aging.

Taurine: An amino acid known for its antioxidant quali-
ties [130, 131], taurine has also been demonstrated to con-
trol histone modifications and DNA methylation, which may
have an impact on gene expression. Taurine supplementa-
tion has been demonstrated in animal models to enhance
sperm quality and fertility in elderly mice, indicating a pos-
sible function in regulating epigenetic modifications in male
reproductive aging [135].

Coenzyme Q-10 (CoQ10): An antioxidant called CoQ10
is essential to mitochondrial health [133]. CoQ10 may have
an impact on gene expression because it has been shown
to regulate histone modifications and DNA methylation.
CoQ10 supplementation has been demonstrated in animal
models to enhance sperm quality and fertility in elderly
mice, pointing to a possible involvement in regulating epi-
genetic modifications in the aging male reproductive system
[134].

L-arginine: An amino acid known as L-arginine is a pre-
cursor to the antioxidant molecule nitric oxide. It has been
documented that L-arginine regulates histone modifications
and DNA methylation, which may have an impact on gene
expression. L-arginine supplementation has been demon-
strated in animal models to enhance sperm quality and fer-
tility in elderly mice, indicating a possible involvement in
regulating epigenetic modifications in male reproductive
aging [135].

Omega-3 fatty acids: It has been demonstrated that
omega-3 fatty acids, such as docosahexaenoic acid (DHA)
and eicosapentaenoic acid (EPA), have antioxidant quali-
ties and may influence epigenetic modifications. It has been
documented that omega-3 fatty acids influence histone mod-
ifications and DNA methylation, which may have an impact
on gene expression. Omega-3 fatty acid supplementation
has been demonstrated in animal models to enhance sperm
quality and fertility in elderly mice, indicating a possible
involvement in regulating epigenetic modifications in male
reproductive aging [136]. Research has shown that omega-3
fatty acids, specifically docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA), has antioxidant properties
and can potentially affect epigenetic changes. Research has
shown that omega-3 fatty acids have an effect on histone
modifications and DNA methylation, potentially influenc-
ing gene expression. The study conducted by Li et al. [136]
showed that supplementing omega-3 fatty acids in aged
mice improved the quality of sperm and increased fertil-
ity. This suggests that omega-3 fatty acids may play a role

in controlling epigenetic alterations associated with male
reproductive ageing.

Lifestyle interventions: Diet, exercise, and stress reduc-
tion are examples of lifestyle choices that can affect epige-
netic changes and have been demonstrated to increase male
fertility and sperm quality. Research has demonstrated that
dietary changes can impact epigenetic alterations, which in
turn can impact longevity and overall health [137]. Exam-
ples include SGLT2-inhibitors, spermidine, and other mim-
ics of caloric restriction. In numerous animal models, calo-
rie restriction—a dietary strategy that lowers caloric intake
without leading to malnutrition—has been demonstrated to
increase longevity and enhance overall health. Changes in
epigenetic markers are thought to mediate this effect [138].

Spermidine, a polyamine, has various biological func-
tions, including epigenetic regulation. It inhibits DNA meth-
yltransferase activity, leading to DNA hypomethylation. It
interacts with histones, promoting histone acetylation and
reducing methylation. Spermidine treatment has shown
potential in improving reproductive function in aged male
rat [139]. In animal models, it reverses age-related DNA
methylation and histone modification patterns, improves
sperm quality, and enhances reproductive capacity [140].
Clinical trials have also shown that spermidine treatment
improves sperm parameters; increases pregnancy rates [141]
and reduces age-related epigenetic changes in sperm [139,
140].

Sodium-glucose cotransporter 2 (SGLT2) inhibitors are
drugs used to treat type 2 diabetes by inhibiting glucose
reabsorption in the kidneys, leading to increased glucose
excretion and reduced blood glucose levels. They may also
have benefits beyond glycemic control, such as cardiovas-
cular health, kidney function, and weight loss. Studies have
shown that SGLT2 inhibitors can modulate various epi-
genetic mechanisms, including DNA methylation, histone
modifications, and non-coding RNA expression [142].

The consequences of aging on male reproductive health
may be lessened by adopting healthy lifestyle measures, such
as eating a well-balanced diet high in antioxidants, vitamins,
and minerals [143]. The potential benefits of some diets and
antioxidants in fostering positive sperm epigenetics have
been studied [144]. In the context of male reproductive
aging, the precise mechanisms by which dietary components
and therapies regulate epigenetic alterations remain incom-
pletely understood. Nonetheless, a number of plausible
mechanisms have been suggested, such as changes in gene
expression, adjustments to the enzymes involved in epige-
netic modifications, and antioxidant and anti-inflammatory
effects.

Exercise is a promising therapeutic intervention for
male reproductive aging, as it induces beneficial epigenetic
modifications that improve sperm quality and fertility [140].
Studies on young men and older men show that resistance
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training increases global DNA methylation and alters gene
expression in sperm motility [145]. Sodium-glucose cotrans-
porter 2 (SGLT?2) inhibitors are medications used for the
treatment of type 2 diabetes. They work by blocking the
reabsorption of glucose in the kidneys, which results in
higher amounts of glucose being excreted and lower levels of
glucose in the bloodstream. In addition to glycemic control,
they may also provide advantages in terms of cardiovascular
health, kidney function, and weight loss. Research has dem-
onstrated that SGLT?2 inhibitors have the ability to regulate
many epigenetic processes, such as DNA methylation, his-
tone modifications, and non-coding RNA expression [142].

Adopting healthy lifestyle measures, such as consum-
ing a well-balanced diet rich in antioxidants, vitamins,
and minerals, may mitigate the negative effects of ageing
on male reproductive health [143]. A study conducted by
Pascoal et al. [142] has examined the possible advantages
of certain diets and antioxidants in promoting favourable
sperm epigenetics. The mechanisms through which dietary
components and medications affect epigenetic modifications
in male reproductive ageing are not fully known. However,
several possible explanations have been proposed, including
alterations in gene expression, modifications to the enzymes
responsible for epigenetic changes, and the presence of anti-
oxidant and anti-inflammatory properties.

Physical activity is a possible treatment for male repro-
ductive ageing, since it triggers advantageous changes in
the epigenome that enhance the quality of sperm and fer-
tility [140]. Research conducted on both young and older
men has demonstrated that engaging in resistance exercise
leads to an increase in overall DNA methylation and brings
about changes in gene expression that affect sperm motility
[145]. Aerobic exercise improves sperm count and motility,
thereby targeting epigenetic changes and restoring optimal
gene expression patterns, leading to improved sperm quality
and fertility [146].

Stress, a common factor in modern life, can impact
epigenetic changes and contribute to reproductive aging.
Chronic stress activates the hypothalamic—pituitary—adrenal
axis, releasing stress hormones like cortisol, which affect
gene expression and function [147]. Chronic stress triggers
the activation of the hypothalamic—pituitary—adrenal axis,
leading to the release of stress hormones such as cortisol.
These chemicals have an impact on gene expression and
overall functioning of the body [147]. Stress-induced epi-
genetic changes in males can lead to reduced sperm qual-
ity, impaired spermatogenesis, and altered testicular func-
tion [9]. Stress management approaches, including lifestyle
modifications like exercise, a balanced diet, and adequate
sleep, can be considered therapeutic interventions. Studies
have shown that stress management approaches can improve
sperm quality and function, such as in infertile men and
healthy men [148].
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Gene therapy: Gene therapy involves transferring
genetic material into cells to correct gene expression, poten-
tially correcting epigenetic modifications associated with
male reproductive aging [149]. One approach is targeting
specific genes involved in male fertility, as shown in studies
on male mice with sperm production disorders and men with
non-obstructive azoospermia [150, 151]. Another potential
approach is targeting epigenetic regulators like DNA meth-
yltransferases and histone deacetylases using gene-editing
tools like CRISPR-Cas9 [152]. However, challenges remain,
such as efficient and safe delivery of genetic material to
target cells and the long-term effects on male fertility and
overall health.

Stem cell-based therapy

Stem cell therapy is a method that involves the use of stem
cell to correct or exchanges distorted body cells [153]. It
has potential in male fertility to restore testes function and
improve sperm production. One approach is using pluripo-
tent stem cells, which can differentiate into any cell type, to
generate sperm cells in the lab [154]. However, challenges
remain, such as ensuring safety and effectiveness. Another
approach is using adult stem cells, such as spermatogonial
stem cells, found in testes, to extract and correct epigenetic
changes in infertile men, and is currently being explored in
clinical trials [154].

Conclusion

This review has delved into the intricate interplay between
epigenetics and male reproductive aging, revealing a com-
plex tapestry of molecular mechanisms that govern repro-
ductive decline. By exploring the dynamic interplay of
genetic and environmental factors, we have shed light on
the critical role of epigenetic modifications in shaping male
reproductive health across the lifespan. The findings high-
light the importance of understanding these epigenetic modi-
fications, particularly in the context of age-related decline
in sperm quality, testicular function, and fertility. We have
discussed the specific epigenetic alterations that contribute
to these changes, including DNA methylation, histone mod-
ifications, and non-coding RNA regulation. These altera-
tions, driven by factors such as oxidative stress, hormonal
fluctuations, and lifestyle choices, can profoundly impact
gene expression and ultimately lead to impaired reproductive
capacity. Furthermore, the review has explored the poten-
tial therapeutic implications of targeting these epigenetic
mechanisms. By restoring epigenetic balance and revers-
ing age-related alterations, we may be able to mitigate the
impact of male reproductive aging and potentially enhance
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fertility. We have discussed promising strategies, including
dietary interventions, lifestyle modifications, and pharma-
cological approaches that aim to modulate epigenetic marks
and restore reproductive function. Ultimately, this review
underscores the growing recognition of epigenetics as a
critical player in male reproductive aging. By unraveling
the mysteries of this complex field, we are paving the way
for novel therapeutic interventions that could hold the key
to addressing the challenges of age-related decline in male
reproductive health.
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