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- Review -

Aging is a complex biological process characterized by a gradual decline in cellular and physiological
functions. This natural process is associated with age-related diseases, including Alzheimer’s disease,
atherosclerosis, and hypogonadism, which are significant health concerns among older individuals and
can significantly impact their quality of life. Researchers have found that epigenetic markers play
a crucial role in regulating aging and age-related diseases. Epigenetic markers are heritable gene ex-
pression alterations that do not change in the DNA sequence. This review focuses on the involvement
of various epigenetic marks, such as RNA methylation, DNA methylation, and microRNAs (miRNAs),
in regulating gene expression patterns associated with age-related diseases, such as Alzheimer’s disease,
atherosclerosis, and hypogonadism. These epigenetic alterations can lead to the dysregulation of specific
genes and signaling pathways, contributing to the development and progression of Alzheimer’s disease,
atherosclerosis, and hypogonadism. Understanding the molecular mechanisms behind these epigenetic
modifications is essential for both the aging population and individuals seeking ways to promote
overall well-being. By gaining deeper insights into how epigenetic marker alteration occurs during
aging and age-related diseases, researchers can potentially develop targeted therapeutic strategies to
alleviate the impact of these conditions and improve the quality of life for older individuals.
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Introduction

Epigenetics refer to modulating heritable phenotypes with-
out any alterations in DNA sequences. These alterations are
mediated by epigenetic marks, such as RNA methylation,
DNA methylation, and non-coding RNA, and play a pivotal
role in gene regulation and cellular function [1, 12]. It in-
volves resetting epigenetic patterns to a more undifferentiated
or pluripotent state, allowing cells to undergo developmental
processes or acquire new cell fates.

RNA methylation refers to adding a methyl group to the
nucleotide bases of RNA molecules. It is a post-transcrip-
tional modification that plays crucial roles in gene expression
regulation, RNA processing, and various cellular processes.
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The most abundant RNA methylation in eukaryotes is N6-
methyladenosine (m6A). The dynamic interplay between moA
methyltransferases (writers), demethylases (erasers), and rec-
ognize genes (readers) allows for precise regulation of RNA
methylation levels, affecting RNA stability, localization,
translation, and other aspects of RNA metabolism (Fig. 1A)
[7, 13, 40, 77]. This process contributes to various biological
processes, including embryonic development, cellular differ-
entiation, response to stress, and disease development. The
"writers" are a group of enzymes responsible for adding
methyl groups to RNA molecules. The key enzyme for m6A
methylation is called the methyltransferase-like 3 (METTL3)
and METTL14, which binds to RNA and catalyzes the trans-
fer of a methyl group from S-adenosyl methionine (SAM)
to the N6 position of adenosine [45, 52, 77]. The "erasers,"
the fat-mass and obesity-associated protein (FTO), and the
AlkB homolog 5 (ALKBHS) are enzymes responsible for re-
moving the methyl groups from RNA molecules [39, 77].
The "readers" are a diverse group of proteins that recognize
and bind to methylated RNA, leading to downstream effects
on RNA metabolism and function. These reader proteins con-
tain specific RNA-binding domains, such as YTH domain-
containing proteins (YTHDC1, YTHDC2) and the YTH fam-



ily proteins (YTHDF1, YTHDF2, YTHDEF3) [62, 63, 79]. The
binding of readers to methylated RNA can influence mes-
senger RNA (mRNA) stability, translation efficiency, and
splicing.

DNA methylation is an epigenetic modification that in-
volves adding a methyl group to the cytosine in DNA, typi-
cally occurring at the carbon 5 position of the pyrimidine
ring [54]. DNA methylation is critical in gene expression reg-
ulation, genomic imprinting, chromatin structure, and genome
stability [17]. The mechanism of DNA methylation involves
three main components: DNA methyltransferases (DNMTs)
and DNA demethylases (Fig. 1B) [67, 71]. The interplay be-
tween DNMTs and DNA demethylases determines the DNA
methylation patterns in different genome regions, allowing
for establishing and maintaining cell type-specific and devel-
opmentally regulated DNA methylation landscapes. DNA
methylation patterns can be heritable and change in response
to environmental factors or during development, contributing
to cellular diversity and phenotypic plasticity.

MicroRNAs (miRNAs) are small non-coding RNA mole-
cules, typically around 21-23 nucleotides in length, that play
important roles in post-transcriptional gene regulation [4, 6,
23]. They are involved in various biological processes, in-

cluding development, cellular differentiation, immune re-
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sponse, and disease development. After miRNA genes are
transcribed, the processing of primary miRNA (pri-miRNA)
into precursor miRNA (pre-miRNA) hairpin structures by
Drosha and the subsequent export of pre-miRNAs from the
nucleus to the cytoplasm by Exportin 5 (Fig. 1C) [72]. Once
in the cytoplasm, pre-miRNAs are further processed by the
Dicer, resulting in the generation of small double-stranded
RNA duplexes [25]. Finally, the RISC-loaded mature miRNA
recognizes and interacts with target mRNAs, leading to
post-transcriptional gene regulation. The specific binding of
miRNAs to target mRNAs is mediated by base pairing be-
tween the miRNA and the mRNA, primarily through the rec-
ognition of complementary sequences known as miRNA re-
sponse elements. The degree of complementarity between the
miRNA and its target mRNA can vary, resulting in different
levels of translational repression or mRNA degradation.
In conclusion, this review emphasizes the significant role
of epigenetic reprogramming in age-related diseases, mainly
focusing on Alzheimer's disease, atherosclerosis, and hypogo-
nadism. By exploring the molecular mechanisms through
which epigenetic alterations occur, we can gain valuable in-
sights into disease pathogenesis and potentially discover nov-

el therapeutic approaches for these conditions.
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Fig. 1. Epigenetic mechanisms. (A) RNA methylation,

(B) DNA methylation, and (C) non-coding RNA.
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Alzheimer’s disease

Alzheimer's disease (AD) is a neurodegenerative disorder
characterized by progressive memory loss and declining
cognition. The exact cause of AD is not fully understood,
but it is believed to result from a combination of genetic,
environmental, and lifestyle factors. Aging is considered the
most significant risk factor for developing the disease [16,
24, 34, 60, 65]. Although the exact causes of AD are still
not fully understood, emerging evidence suggests that epi-
genetic reprogramming, including DNA methylation, RNA
methylation, and miRNAs, may contribute to its development

and progression.

RNA methylation and Alzheimer’s disease

Several studies have demonstrated dysregulation of m6A
modification in AD, affecting the levels and functions of spe-
cific mRNAs associated with the disease [21, 75]. For exam-
ple, one study found that m6A modification levels were sig-
nificantly decreased in the brains of individuals with AD
compared to healthy groups [76]. This attenuation was asso-
ciated with alterations in the downregulation of METTL3 ex-
pression, resulting in neuronal function, synaptic plasticity,
and inflammation. Furthermore, specific mRNAs related to
AD pathology, including amyloid precursor protein (APP),
tau protein, and apolipoprotein E (ApoE), have been identi-
fied as targets of m6A dysregulation [11, 37, 51]. Alterations
in m6A levels on these mRNAs can influence their stability,
translation, and subsequent protein expression, potentially
contributing to the disease process. While the precise mecha-
nisms linking RNA methylation to AD remain to be fully
elucidated, these emerging findings suggest that dysregulation
of m6A modification could contribute to the development and
progression of AD. Further research is needed to ensure the
functional consequences of RNA methylation alterations in
AD and explore its potential as a therapeutic target or diag-

nostic biomarker.

DNA methylation and Alzheimer’s disease

Several studies have investigated DNA methylation pat-
terns in individuals with Alzheimer's and identified specific
alterations associated with the disease. Studies have shown
alterations in DNMT expression in the brains of individuals
with AD versus healthy individuals. Attenuation of DNMT]1
was observed in AD patients, which is the loss of DNA meth-
ylation and contributes to AD pathology [8, 38]. Gene ex-
pression changes by alteration of DNA methylation can occur

in genes involved in various biological processes, including
oxidative stress, neuronal function [27], synaptic plasticity
[5], inflammation [5], and amyloid-beta (Af) processing [38].
One of the most well-studied genes in relation to DNA meth-
ylation and AD is the amyloid precursor protein (APP) gene
[5, 27, 38]. Abnormal DNA methylation in the promoter re-
gion of the APP gene has been observed in individuals with
AD, potentially affecting APP expression and AP production,
which are implicated in the formation of plaques in the brain.
Other genes involved in AD pathologies, such as p-secretase
(BACE), presenilin 1 (PSEN1), and presenilin 2 (PSEN2),
have also been found to exhibit altered DNA methylation [19,
44]. These genes play a role in the production of AR and
tau protein, both of which are central to AD development.
Notably, DNA methylation alterations are not static and can
be influenced by various environmental factors, including
lifestyle, diet, and exposure to toxins. Thus, understanding
the role of DNA methylation in AD may have implications
for developing novel therapeutic strategies or early detection

biomarkers.

miRNAs and Alzheimer’s disease

miRNAs are small non-coding RNA molecules that play
essential roles in post-transcriptional modification. miRNAs
bind to mRNA molecules and regulate their stability and
translation into proteins. Recently, dysregulation of specific
miRNAs has been observed and implicated in the patho-
genesis of AD. Emerging evidence has shown miRNA ex-
pression profiles in AD, both in brain tissue and various bio-
logical fluids such as cerebrospinal fluid and blood [37].
These studies have identified specific miRNAs that are differ-
entially expressed in individuals with AD compared to healthy
controls. For example, miR-125b is downregulated in AD and
has been implicated in regulating neuroinflammation [58]. It
targets genes involved in the immune response, such as tumor
necrosis factor-alpha (TNF-o) and nuclear factor kappa B
(NF-kB), and its downregulation may contribute to the in-
flammatory processes observed in AD. miR-132 and miR-212
are involved in synaptic plasticity and neuronal function [49].
They are downregulated in AD and have been shown to regu-
late genes associated with synaptic activity and neurotrophin
signaling pathways, such as brain-derived neurotrophic factor
(BDNF). miR-146a is upregulated in AD and regulates the
immune response and inflammation [3]. It targets genes in-
volved in the innate immune pathway, including interleukin-1
receptor-associated kinase 1 (IRAK1) and tumor necrosis fac-
tor receptor-associated factor 6 (TRAF6), and its dysregula-



tion may contribute to neuroinflammation in AD. These dys-
regulated miRNAs have been associated with various proc-
esses involved in AD, including neuroinflammation, synaptic
dysfunction, AP processing, tau pathology, and neuronal cell
death.

Atherosclerosis

Atherosclerosis, a slow and progressive inflammatory dis-
ease, is characterized by the development of lipid-rich pla-
ques within the layers of the artery walls [26]. Aging is asso-
ciated with alterations in lipid metabolism, including in-
creased low-density lipoprotein (LDL) levels and decreased
high-density lipoprotein (HDL) levels [29]. These age-related
lipid abnormalities contribute to the formation of athero-
sclerotic plaques derived from genetic and environmental
factors. The studies of epigenetic modifications, such as DNA
methylation, RNA methylation, and non-coding RNA, pro-
vide new molecular insights into the development and pro-
gression of atherosclerosis by regulating gene expression

without changing the DNA sequence.

RNA methylation and atherosclerosis

Several studies have shown dysregulated m6A RNA mod-
ification in genes associated with critical processes in athero-
sclerosis, such as inflammation, lipid metabolism, cholesterol
efflux, and endothelial dysfunction [18, 78]. Dysregulation
of METTL3 can lead to enhanced inflammatory responses
and impaired endothelial function, which are critical events
in atherosclerosis development. For example, METTL3-in-
duced pro-inflammatory transcription factor, signal transducer,
and activator of transcription 1 (STAT1) have been implicated
in regulating macrophage polarization and foam cell for-
mation, which are central to the progression of atherosclerotic
plaques [14]. Indeed, the downregulation of METTL14 in en-
dothelial cells has been shown to regulate the expression of
genes involved in endothelial inflammation and dysfunction,
including adhesion molecules and cytokines production [28].
In terms of lipid metabolism and cholesterol efflux, the m6A
modification of fatty acid synthase (FASN) mRNA affects
its stability and translation efficiency, thereby influencing the
de novo synthesis of fatty acids [64]. Similarly, m6A mod-
ification has been shown to regulate the expression of sterol
regulatory element-binding proteins (SREBPs), which are key
transcription factors involved in cholesterol biosynthesis [20].
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DNA methylation and atherosclerosis

DNA methylation is an important epigenetic modification
that can influence gene expression patterns. Alterations of
DNA methylation have been observed in various cell types
involved in atherosclerosis, including endothelial cells,
smooth muscle cells, and immune cells. These DNA methyl-
ation changes can affect the expression of genes involved
in inflammation, lipid metabolism, oxidative stress, vascular
remodeling, and thrombosis, all of which are important proc-
esses in the development of atherosclerosis [33, 55, 61].
Several studies have investigated DNA methylation alteration
associated with the progression and development of athero-
sclerosis using both targeted and genome-wide approaches
[43, 69, 74]. For example, DNA methylation can stimulate
the expression of inflammation-related genes [61]. For exam-
ple, hypermethylation of the promoter regions of anti-in-
flammatory genes, such as interleukin-10 (IL-10), can con-
tribute to decreased expression, while hypomethylation of
pro-inflammatory genes, such as TNF-a, interleukin-1§ (IL-1
B), and interleukin-6 (IL-6) can lead to stimulating inflamma-
tory responses and plaque formation [36, 46]. DNA methyl-
ation can also impact lipid metabolism. Alteration of DNA
methylation can influence the expression of genes involved
in cholesterol metabolisms, such as ATP-binding cassette
transporter A1 (ABCA1) and low-density lipoprotein receptor
(LDLR), affecting lipid uptake, efflux, and transport.

miRNA and atherosclerosis

miRNAs have been extensively studied in atherosclerosis
due to their regulatory roles in gene expression and their in-
volvement in various disease processes. miR-155 is one of
the most extensively studied miRNAs in atherosclerosis [70].
It is involved in regulating inflammatory responses and im-
mune cell activation within atherosclerotic plaques. miR-146a
is another miRNA that has been implicated in promoting in-
flammation and atherosclerotic plaque formation. It acts as
a negative regulator of pro-inflammatory signaling pathways
by targeting genes such as IRAK1 and TRAF6 [41, 57].
miR-33 is a miRNA that plays a critical role in lipid metabo-
lism. It targets genes involved in cholesterol efflux genes,
such as ABCAI, and fatty acid oxidation genes, such as
CPT1A, thereby influencing cellular lipid homeostasis. miR-
33 has been shown to modulate cholesterol transport and me-
tabolism in atherosclerosis, and its inhibition has been pro-
posed as a potential therapeutic strategy [48]. miR-21 is upre-
gulated in atherosclerosis and is involved in the regulation

of smooth muscle cell proliferation and migration. It targets
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genes involved in apoptosis and extracellular matrix remodel-
ing. Conversely, miR-126 is predominantly expressed in en-
dothelial cells and may prevent the initial trigger for atheroma
formation [15, 22]. It promotes endothelial cell survival, pro-
liferation, and vascular integrity. Reduced levels of miR-126
have been observed in atherosclerotic plaques, and its recov-
ery has been shown to enhance endothelial repair and reduce

plaque formation in animal models.

Hypogonadism

Hypogonadism is known to be associated with aging [56].
As individuals age, especially in males, there is a natural
decline in the production of sex hormones, testosterone. The
symptoms and potential health complications of hypogonad-
ism are decreased libido, sarcopenia, depressed mood, and
reduced vitality [31, 53, 56]. Although hypogonadism is at-
tributable to several mechanisms, like dysfunction of Leydig
cells and lower testicular response to luteinizing hormone
(LH), understanding of epigenetic reprogramming in hypo-
gonadism during aging remains unknown, and more research
is needed to elucidate the mechanisms involved fully. Never-
theless, studying epigenetic modifications in relation to aging
hypogonadism may provide insights into the underlying mo-
lecular processes and potentially identify targets for ther-

apeutic interventions.

RNA methylation and hypogonadism

RNA methylation is involved in gonadal development, hor-
mone synthesis, and reproductive processes. And also, RNA
methylation can influence the expression and function of sex
hormone receptors, such as the androgen receptor (AR).
Dysregulation of m6A modification of the receptor genes may
affect their stability, localization, or translation efficiency, po-
tentially impacting hormone signaling and leading to hypo-
gonadism [9]. METTL3 and METTL14 can regulate the ex-
pression of CYP11Al, a critical enzyme in testosterone
biosynthesis. The m6A modification on CYP11A1 mRNA
promotes its stability and increases CYP11A1 protein levels,
thereby enhancing testosterone production. Chen et al. [10]
showed that alteration of METTL14 and ALKBHS decreased
testosterone synthesis by modulation of autophagy in in vivo

and in vitro studies.

DNA methylation and hypogonadism

Several studies have investigated the association between

DNA methylation patterns and hypogonadism. DNA methyl-
ation modification in the promoter region of the AR gene
has been related to hypogonadism [73]. Hypermethylation of
the AR gene can result in decreased AR expression or func-
tion, leading to androgen insensitivity and the development
of hypogonadism [73]. Indeed, DNA methylation alterations
in the promoter region of the GnRH have been observed in
certain forms of hypogonadism. Changes in GnRH gene
methylation may impact the production and release of gona-
dotropin-releasing hormone, which is essential for the regu-
lation of reproductive hormone secretion [32]. Several studies
have shown that DNA methylation changes in genes involved
in sex steroid synthesis and metabolism have also been im-
plicated in hypogonadism [2, 59]. For example, altered DNA
methylation patterns in genes encoding enzymes involved in
steroidogenesis, such as aromatase and 17pB-hydroxysteroid
dehydrogenase, can affect the production and metabolism of

sex hormones [42, 47].

miRNAs and hypogonadism

miRNAs are small non-coding RNA molecules that play
a crucial role in post-transcriptional gene regulation. While
research on the specific involvement of miRNAs in hypo-
gonadism is limited, some studies have explored the potential
links between miRNAs and this condition. miR-122 is highly
expressed in the liver and regulates genes involved in choles-
terol and lipid metabolism. Dysregulated expression of
miR-122 has been associated with several liver disorders, in-
cluding non-alcoholic fatty liver disease (NAFLD), which can
impact gonadal function and contribute to hypogonadism
[35]. The let-7 miRNA family is involved in the regulation
of cellular proliferation and differentiation [30]. Some studies
have suggested that miR-let-7a may contribute to regulating
Leydig cell differentiation and steroidogenesis, which are es-
sential for proper gonadal function [50]. miR-34a, a member
of the has been implicated in the regulation of cell cycle pro-
gression, apoptosis, and senescence [68]. Reduced levels of
miR-34a have been observed in testicular tissues of patients
with testicular germ cell tumors, which can lead to abnormal
testicular function and potential hypogonadism. The miR-17-
92 cluster, which includes several miRNAs, has been shown
to regulate cell proliferation and differentiation [66]. Studies
have suggested that dysregulated expression of miR-17-92
cluster members may be associated with impaired spermato-
genesis and male infertility, which can be accompanied by

hypogonadism [66].
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Fig. 2. Age-related diseases such as Alzheimer’s disease, atherosclerosis, and hypogonadism.

Conclusion

Aging is a pivotal risk factor for age-related diseases such
as AD, atherosclerosis, and hypogonadism, influenced by a
combination of genetic and environmental factors (Fig. 2).
Although epigenetic alterations represent an exciting and rap-
idly evolving field for understanding the underlying mecha-
nisms of age-related diseases, numerous questions remain
unanswered. In conclusion, a greater understanding of the epi-
genetic basis of age-associated disorders is needed to inform
the development of new therapeutic intervention agents and

prevention strategies targeting these diseases.
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