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Introduction: Atherosclerosis is a chronic inflammatory arterial disease that
underlies several cardiovascular conditions, including coronary artery disease, heart
failure, and stroke. A hallmark of atherosclerosis is the accumulation of fatty plaques,
involving various cell types and molecular pathways. The development of this disease
involves complex interactions between genetic and environmental factors .
Materials and Methods: A review was conducted using bibliographic databases such
as PubMed and Scopus to examine articles on epigenetic alterations and their impact
on atherosclerosis and cardiovascular disease. Furthermore, in silico data analyses
related to epigenetics and atherosclerosis were also performed.

Results: Epigenetic processes, including DNA methylation, histone modifications, and
non-coding RNA, are dynamic modifications that play a crucial role in various stages
of atherosclerotic plaque progression. Transgenerational transmission of epigenetic
modifications increases cardiovascular disease risk, even in offspring. Inflammation
within blood vessel walls is linked to lipid metabolism and is crucial for atherosclerosis
development. Macrophages and monocytes, when exposed to inflammatory stimuli,
undergo alterations in their genetic and epigenetic profiles, thereby contributing to
atherosclerosis progression. Our in silico analysis identified HDAC1, HDAC9, HDAC3,
SIRT1, and HDAC6 as key hub genes within a protein-protein interaction network of
atherosclerosis-related genes.

Conclusion: Understanding epigenetic regulation can provide insights into gene
activation related to functions such as inflammation, lipid metabolism, and vascular
remodeling, thus influencing atherosclerosis progression. Considering both genetic
and epigenetic mechanisms can provide insight into the molecular processes driving
atherosclerosis and inform the development of new therapeutic strategies.
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Introduction

accumulation, chronic inflammation, plaque
rupture, and thrombosis. Atherosclerosis can
resultin blood vessel obstruction, myocardial

Atherosclerosis is a chronic inflammatory
condition characterized by the accumulation
of cholesterol in arterial walls, leading to
plaque development, rupture, heart attacks,
and strokes. The disease begins with damage
to the endothelial layer, followed by lipid

tissue death, peripheral vascular disease,
organ failure, and stroke. The process
involves persistent inflammation,
characterized by the presence of
macrophages, T cells, and clonal expansion of
smooth muscle cells. Endothelial cells (ECs),
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which make up the innermost layer of an
artery, are the first to experience metabolic
imbalances such as hyperglycemia, blood
lipids, and blood flow stress (1).

Risk factors such as hypertension, smoking,
diabetes, obesity, and a sedentary lifestyle
also contribute to atherosclerosis
development. Lifestyle modifications such as
a heart-healthy diet, regular exercise,
smoking cessation, and weight management
are important for reducing atherosclerosis
risk (2).

The pathogenesis and progression of
atherosclerosis are mechanistically linked to
various pathophysiological factors, including
angiogenesis, inflammatory  reactions,
cholesterol metabolism, high blood pressure,
cellular proliferation, and apoptosis (Figure
1). Cardiovascular diseases (CVDs) are
multifactorial and result from a complex
interaction between genetic predisposition
and external influences (3).

In recent years, our understanding of the
involvement of genes and their expression in
various biological processes and diseases has
improved significantly. Given the intricate
nature of atherosclerosis and its multifaceted
origins, it is essential to investigate the
influence of epigenetic factors on its onset.
This narrative review synthesizes prior
research to provide a comprehensive
overview of the epigenetic effects on
atherosclerosis, identifying, categorizing, and
analyzing the evidence. Furthermore, this
review includes bioinformatic analyses of
related genes.

Process of Atherosclerosis Formation

Healthy endothelium maintains vascular

homeostasis through various mechanisms.
Pathological factors induce endothelial cell
death, disrupting ECs and triggering
apoptosis. Over time, hemodynamic stresses,
including hyperglycemia, elevated blood
lipids, and hypertension, compromise EC
function. The adventitia, the outer layer of the
vessel's wall, consists of fibroblasts, collagen,
elastic fibers, adrenal nerves, and lymphatic
vessels. In response to vascular injury,
fibroblasts multiply and migrate to the vessel
interior, secreting factors that regulate the
growth of ECs and vascular smooth muscle
cells (VSMCs), and attract inflammatory cells.
VSMCs can transform into macrophage-like
cells, thereby influencing atherosclerosis
progression (Figure 2). Atherosclerotic
lesions, known as atheromas, often develop
in low-shear stress regions of arteries, such
as bends and branches, due to the
accumulation of lipids and inflammatory cells
within the arterial walls. If the plaque
ruptures or becomes severely thickened, it
can block blood flow and cause a heart attack
(4).

T cells and macrophages are particularly
involved in this process. Monocytes migrate
to vessel walls and differentiate into dendritic
cells or macrophages. Activated macrophages
locate and engulf oxidized lipoproteins,
becoming foam cells. These macrophages
generate collagen fibers and form a fibrous
cap that stabilizes the plaque by clearing
apoptotic cells. Insufficient macrophage
proliferation and increased apoptosis can
weaken the fibrous cap, potentially leading to
plaque rupture and thrombosis. Activated
ECs and macrophages can trigger VSMC
dedifferentiation through paracrine growth
factors (5).
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Figure 1. Atherosclerosis progression in the human body.
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triggers the expression of cytokines and chemokines, increases endothelial cell layer permeability, and
elevates the expression of adhesion molecules. These chemokines activate immune and inflammatory cells,
including monocytes and T lymphocytes, leading to transendothelial migration. Subsequently, these cells
infiltrate the subendothelial space of the vessel wall, playing a crucial role in the development of fatty
streaks, which constitute the earliest discernible lesions.

CD4 positive T cells play a crucial role in the
formation of atherosclerosis, with the T
helper cell type 1 (TH1) subset being
particularly predominant in plaques, while T
helper cell type 2 (TH2) cells may contribute
to aneurysm formation. Regulatory T cells
(Tregs) protect against atherosclerosis by
maintaining the balance between TH1 and
TH2 responses (6).

Lipid mediators play a role in regulating
inflammation  within  vascular  walls.
Dyslipidemia and cholesterol imbalances
contribute to the accumulation of low-density
lipoprotein (LDL), plaque formation, and the
release of pro-inflammatory molecules.
Elevated LDL levels can promote the
formation of atherosclerotic plaques,
potentially leading to arterial blockage and
serious cardiovascular events. This process
involves cholesterol accumulation in vessel
walls, triggering inflammation and plaque
development that may rupture, resulting in
blood clots. The initiation of atherosclerosis
involves endothelial dysfunction resulting
from oxidized low-density lipoprotein (Ox-
LDL). Ox-LDL metabolism via Lectin-like
oxidized LDL receptor-1 (LOX-1) impairs

J Cardiothorac Med. 2025; 13(1): 1449-1461

endothelial function and attracts monocytes
to injury sites (7).

High homocysteine levels are associated
with an increased risk of CVDs and
atherosclerosis, potentially through
mechanisms involving DNA demethylation
and altered DNA replication. Elevated
homocysteine levels may contribute to
vascular diseases by influencing DNA
methylation processes (8).

Epigenetics

Epigenetic mechanisms regulate smooth
muscle cell (SMC) function and play a
significant role in atherosclerosis
development and progression through
differentiation and activation. While all cells
in the body share the same genetic material,
each cell type functions uniquely. This unique
function is governed by gene regulation
mechanisms, including epigenetic
mechanisms. Epigenetics regulates gene
expression patterns without altering the
underlying genetic code. Altered gene
expression patterns can be inherited by
daughter cells after mitotic cell division.
Epigenetic mechanisms modulate chromatin
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accessibility  primarily = through  DNA
methylation and histone post-translational
modifications (PTMs). Accessible chromatin
allows gene regulatory proteins, including
transcription factors, to interact with their
binding sites within gene regulatory regions,
such as promoters, enhancers, and silencers
(9).

Epigenetic modification systems consist of
three key components: writers (enzymes that
add modifications), readers (proteins that
recognize and bind epigenetic modifications),
and erasers (enzymes that remove
modifications). For example, DNA
methyltransferases (DNMTs) are writer
enzymes responsible for DNA methylation,
while ten-eleven translocation
methylcytosine dioxygenases (TET) are
eraser enzymes that remove these marks
(Figure 3) (10,11).

Post-translational  modifications  of
histones in atherosclerosis

Histone PTMs are intricate chemical
alterations occurring at the N-termini of
histones H3 and H4, and are essential for
gene regulation. These PTMs vary across
different tissues and include acetylation,
methylation, phosphorylation,

Writers:
D 1
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ubiquitination, and SUMOylation.
Ubiquitination, another type of PTM, has also
been shown to play a role in transcription
activation and  elongation. Histone
methyltransferase enzymes (HMEs) act as
writers to modify specific histone residues
involved in interactions with transcription
factors. Transcription factors typically bind
to specific DNA motifs within gene promoters
or enhancers to regulate transcription.
Efficient binding to DNA requires accessible
chromatin. Only a limited number of
transcription factors can bind to closed
chromatin  motifs  within  compacted
chromatin (12).

Chromatin remodeling complexes facilitate
changes in local chromatin structure.
Euchromatin exhibits a more accessible
structure, thereby allowing other factors to
bind to DNA. Chromatin can undergo
remodeling, transitioning from a compacted
heterochromatin state to an open
euchromatin state. The euchromatin state is
characterized by promoter DNA
hypomethylation and specific histone PTMs,
including H3K4me3, H3K27ac, and
H3K36me3. In contrast, heterochromatin is
characterized by promoter DNA
hypermethylation, along with the presence of
H3K27me3 and H3K9me3.

VSMC

l

Atherosclerosis

Figure 3. Epigenetic targeting in atherosclerosis involves writers and readers, such as DNMTs, HATs, and
EZH2, that regulate the epigenetic process of atherosclerosis formation.
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H3K27me3 levels are elevated in ECs
isolated from early and advanced human
atherosclerotic plaques, highlighting a crucial
role for H3K27me3 in the development of
atherosclerotic lesions. The relationship
between changes in H3K27me3 levels and
atherosclerotic plaque formation in human

atherosclerotic blood vessels, associated with
VSMC development and proliferation. Human
monocytes exposed to Ox-LDL exhibited
elevated H3K4me3 levels in inflammatory
mediators such as IL-18, MMP, MCP-1, TNF-a,
and IL-13, which play a significant
proatherogenic role under in vitro conditions

vascular tissue has been studied using (13).

immunohistochemistry. H3K9me2 and H3K9me3 are associated
Immunohistochemical analysis revealed with chromatin compaction and
decreased H3K27me3 levels in transcriptional repression (Figure 4, Table 1).
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Figure 4. A) Active enhancers are marked by the presence of H3K4me1l, H3K27ac, and signals of open
chromatin on an assay for transposase-accessible chromatin using sequencing (ATAC-seq). In macrophages,
regulatory elements bind lineage-determining transcription factors (LDTFs) such as PU.1, CCAAT/enhancer-
binding protein 3 (C/EBPf), and activator protein 1 (AP-1). These elements may be activated by signal-
dependent transcription factors (SDTFs) like nuclear factor-kB or peroxisome proliferator-activated
receptor y (PPARY), which are induced by lipids. Transcription factors that activate gene expression can
recruit histone-modifying enzymes, such as HATs, to create a chromatin landscape permissive for
transcription. B) DNA is wrapped around histone octamers to form nucleosome structures. Lysine
acetyltransferases (KATSs) are responsible for histone acetylation, whereas lysine methyltransferases (KMTs)
catalyze methylation. It is postulated that KDACs may remove histone methylation marks, although this
process has not been conclusively proven. KDACs are known to eradicate acetylation marks, which are
typically associated with activation.

Wl © Methylation
B  Acetylation

J Cardiothorac Med. 2025; 13(1): 1449-1461 1453



Epigenetic Effects on Atherosclerosis

JCTM

Yahyapour, A., et al

Table 1. Examples of histone marks and histone-modifying enzymes are linked to transcription
activation and gene silencing. These include Lysine Methyltransferase (KMT), Lysine Demethylase

(KDM), methylation (me), and acetylation (ac).

Hi Lifalise Erasers (demethylases)
:j:;ﬂe Function Location (methyltransferases)
Family ‘ Members Family | Members
Transcription activation
KMT?2A,
KMT?2B,
KMT?2 KMT2C, KDM1 KDM1A,
H3K4mel Facultatlv? Enhancer KMT2D, KDM1B
euchromatin SETD1A
KMT3 SMYD?2
KDM5 KDM5B, RIOX1
KMT7 SETD7, SETD9
KMT?2A,
KMT2D, KDM5A,
H3K4me3 Facultative romoters KT SETD1A, KDM5 KDMSB,
euchromatin P SETD1B KDM5C,
KMTS PRDMOY KDM5D, RIOX1
Active Promoters and KAT3 CREBBP,
SRl transcription enhancers (HAT) EP300 HDACs HDAC3
Active KDM4A-
H3K36me3 transcription Gene body KMT3 SETD2 KDM4 KDMAE
Active
H3K79me2 . Gene body KMT4 DOT1L Unknown Unknown
transcription
Gene silencing
H3K9me2 Facultative Gene desert KMT1 EHMTI, oM onsa
heterochromatin ehe deserts EHMT?2 KDM4 KDM4D-
KDM4E
Constituti Igterg?mc SETDBI, KDM3 KDM3B
H3K9me3 onsttutive. omains, KMT1 SUV39H1,
heterochromatin promoters, and SUV39H2 KDM4 KDM4A-
enhancers KDM4E
Intergenic
. domains
H3K27me3 Facultative (bivalent), KMT6 | EZH1,EZH2 kome | <KDMOB,UTX,
heterochromatin UTY
promoters and
enhancers
Chromatin modification profiling, utilizing deacetylases (HDACs) like HDAC3 and

chromatin immunoprecipitation followed by
sequencing, can help identify regulatory
factors and transcriptional activity. Several
epigenetic enzymes participate in regulating
classical macrophage phenotypes including
histone methyltransferases and
demethylases like enhancer of zeste homolog
2 (EZH2) and Jumanji domain-containing
protein-3 (JM]JD3), as well as histone
acetyltransferases (HATs) and deacetylases
such as P300, Sirtuin 6 (SIRT6), and histone
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HDAC9. EZH2 promotes foam cell formation
and atherosclerosis development by
regulating ABCA1 expression, hindering
levels impede cholesterol efflux from
macrophages (14,15).

Histone-modifying enzymes also regulate
macrophage polarization toward M2
phenotypes. M1 and M2 macrophages are
differentially linked to inflammatory
responses and plaque stability. M1
macrophages are primarily involved in pro-

J Cardiothorac Med. 2025; 13(1): 1449-1461
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inflammatory  responses and plaque
destabilization, whereas M2 macrophages
are primarily involved in anti-inflammatory
responses and promoting tissue repair and
plaque stability. Several enzymes counteract
the M2 macrophage phenotype, including
HDAC4, SIRT2, JMJD3, protein arginine
methyltransferases (PRMT1), SET and MYN-
domain containing protein 3 (SMYD3),
HDAC3, and HDAC9. Conversely, M1
macrophage phenotypes are positively
regulated by several chromatin modifiers,
including HDAC1, SET7/UTX, JM]JD2, and
HDAC3. Inhibitors of histone modifications
affecting M2 polarization include SMYDZ,
JMJD1A, SIRT1, and SIRT2 (16).

While lysine methylation and acetylation
have been extensively studied, arginine
residues are also subject to methylation and
acetylation. The functional consequence of
arginine methylation, whether it leads to
gene repression or activation, depends on the
specific arginine residue that is methylated
(17,18).

DNA Methylation in Atherosclerosis

Beyond X-chromosome inactivation,
approximately 4% of DNA is methylated in
normal blood cells. DNA methylation, an
epigenetic process, involves the covalent
addition of a methyl group to cytosine
residues, especially at CpG dinucleotide sites.
DNA methylation leads to transcriptional
repression and gene silencing. This occurs
through two main mechanisms: directly
inhibiting the binding of methylation-
dependent transcriptional activators, or
indirectly by altering the binding affinity of
chromatin remodeling proteins like methyl-
CpG-binding protein 2 (MeCP2). MeCP2 is a
reader protein that recognizes methylated
CpG sites and recruits chromatin modifying
enzymes (19).

DNMT1, DNMT3a, and DNMT3b catalyze
DNA methylation, while TET1, TET2, and
TET3 reverse this process. Specifically,
DNMT1 adds  methyl groups  to
hemimethylated DNA strands during
replication, while DNMT3a and DNMT3b
establish de novo methylation patterns by
adding methyl groups to unmethylated DNA.
DNA demethylation, mediated by TET3, is
crucial for DNA damage repair and gene
expression. Similarly, DNA demethylase

J Cardiothorac Med. 2025; 13(1): 1449-1461

TET2 regulates the expression of contractile
genes, including SRF, MYOCD, and MYH11, in
human VSMCs (20, 21).

DNMT expression levels are correlated with
atherosclerosis  severity in  patients.
Specifically, DNMT1 expression levels are
independently associated with monocyte
expression levels and DNA hypomethylation,
which are linked to an increased risk of
coronary artery disease Furthermore,
DNMT3a restricts interleukin-13 (IL-13)
expression in T helper cells, thereby
generally suppressing the inflammatory
response. It has been suggested that DNMT3b
regulates macrophage polarization via DNA
methylation at promoter regions. The
expression of DNA demethylase TET1
increases in atherosclerotic plaques, leading
to DNA hypomethylation. Specific DNA
hypermethylation patterns are associated
with disease progression in the vascular
tissue of atherosclerotic aortas. This
hypermethylation is associated with EC
damage and is mediated by the nuclear factor
kappa B/toll-like receptor 4 (NF-«xB/TLR4)
pathway. Under such conditions, the
expression of endothelial-specific genes can
be altered, and DNMT expression levels are
elevated in cultured ECs exposed to
oscillatory shear stress. Oscillatory shear
stress in the carotid arteries can induce DNA
hypermethylation, thereby contributing to EC
damage, a process mediated by DNMTs.
Various DNMTs are implicated in distinct
aspects of atherosclerosis development (22).
Disturbed blood flow has been observed to
increase DNA methylation within the
Kriippel-like factor 4 (KLF4) promoter,
resulting in the suppression of KLF4
expression. This effect can be mitigated by
DNMT inhibitors (23).

ATP-binding cassette transporter Al
(ABCA1) protein facilitates the transport of
cholesterol and phospholipids across the
interior of the cell membrane to its exterior.
Promoter methylation levels of ABCA1 are
associated with serum inflammatory
mediators, such as C-reactive protein (CRP)
and interleukin-1 beta (IL-1f), and with
circulating extracellular DNA and neutrophil
extracellular traps. These associations are
observed in studies of premature coronary
artery disease, and indicate that higher DNA
methylation levels correlate with reduced
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high-density lipoprotein (HDL) levels in older
men (24).

An association between the single
nucleotide polymorphism rs4142986 within
the collagen type XV alpha 1 chain (COL15A1)
gene and atherosclerosis has been
demonstrated. Methylation at this locus
decreases COL15A1 expression and increases
disease susceptibility. Treating SMCs with
decitabine reversed the methylation effect
and increased COL15A1 expression levels
(25).

In atherosclerosis, DNA methylation can
affect the binding of specific transcription
factors, including hypoxia-inducible factor 1-
alpha (HIF-1a), MYC, and CCCTC-binding
factor (CTCF). CTCF is a protein that regulates
gene expression and acts as a barrier against
heterochromatin spreading. The CTCF
binding site on DNA is methylated on
paternal chromosomes, whereas CTCF
regulates gene expression on maternal
chromosomes (26).

Atherosclerosis pathogenesis involves the
dual effects of epigenetic regulation on
specific genes. Inducible nitric oxide synthase
(iNOS), which plays a role in neointimal
atherosclerotic plaque formation (an arterial
response to injury), undergoes methylation
in most tissues. Although
hyperhomocysteinemia might decrease
global DNA methylation in atherosclerosis
patients, specific promoters, such as those of
iNOS and fibroblast growth factor 2 (FGF2),
can exhibit hypermethylation (27,28).

Different subsets of B and T lymphocytes
exhibit varying pro-inflammatory and anti-
inflammatory responses in atherosclerosis.
Tregs exert atheroprotective functions by
limiting the pro-inflammatory responses of T
helper (TH) cells. FOXP3 gene
hypermethylation has been proposed to
suppress FOXP3 expression, thereby
reducing Treg levels and increasing the risk
of acute coronary syndrome. For instance,
clinically, patients with end-stage kidney
disease and chronic inflammation show
increased DNA methylation in peripheral
blood lymphocytes, which contributes to
rising cardiovascular mortality in dialysis
patients (29,30).

Acetylation

Acetylation is a critical histone PTM and is

1456

associated with CVD progression. HATs and
HDACs mediate histone acetylation and
deacetylation, respectively. Acetylation can
occur on lysine (K) residues of histones H3
(K9, K14,K18,K23,K27) and H4 (K5, K8, K12,
K16, K20). This acetylation neutralizes the
positive charge on histone tails, reducing
their interaction with negatively charged
DNA phosphate groups. As a result,
chromatin structure becomes more relaxed,
leading to enhanced transcriptional activity.
HDAC activity, involving the removal of acetyl
groups, leads to chromatin compaction and
transcriptional suppression. Additionally,
HDAC activity impacts non-histone proteins,
such as the transcription factor p53, nuclear
receptors, and cell cycle regulatory proteins,
also known as lysine deacetylases (KDACs)
(31).

HDAC3 is suggested to play a significant
role in macrophage phenotypes within
atherosclerotic lesions. Collagen deposition
was observed in HDAC3-deficient mice, and
this stabilized atherosclerotic plaques. In
these mice, increased IL-4 gene expression
was noted, and anti-inflammatory cytokine
secretion by macrophages was prominent.
Moreover, under hypertensive conditions,
the expression of HDAC2, HDAC3, and HDAC5
is increased within the aortic arch of rats,
promoting a pro-atherogenic EC phenotype
(32).

Certain atherosclerosis-related factors,
such as OxLDL, can modulate the activity of
KDACs. In cultured ECs, OxLDL reduces the
expression of KDAC1 and KDAC2, while
statins restore global KDAC activity. LDL and
Ox-LDL can initiate long-term epigenetic
reprogramming of innate immune cells. This
phenomenon, known as trained immunity,
demonstrates that innate immune cells,
including natural killer cells, can acquire non-
specific immunological memory through
epigenetic modulation, altering their
reactions to subsequent stimuli (33).

Dietary Effects

Established risk factors do not fully
elucidate the epigenetic basis of CVDs.
Environmental factors in early life can induce
diverse epigenetic alterations that may
influence metabolic processes. Epigenetics
provides insight into how diet, environment,
and lifestyle can influence disease

J Cardiothorac Med. 2025; 13(1): 1449-1461
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progression by modulating gene expression
patterns throughout an individual’s lifespan.
For instance, environmental exposures have
been associated with an increased incidence
of Beckwith-Wiedemann and Angelman
syndromes in infants. Furthermore, an
alkaline diet rich in omega-3 polyunsaturated
fatty acids (PUFAs) serves as an example of
environmental factors influencing the
epigenetic basis of CVDs, given that omega-3
PUFAs are known to modulate lipid
metabolism and reduce inflammation,
thereby promoting overall health (34).

Maternal diet during pregnancy can exert a
lasting impact on offspring health by
influencing epigenetic modifications. For
example, a high-fat diet during pregnancy has
been associated with alterations in DNA
methylation patterns in offspring, potentially
increasing their risk of developing CVD later
in life. Furthermore, paternal diet and
lifestyle choices can influence the sperm
epigenetic profile, potentially contributing to
the transgenerational inheritance of CVDs.
This highlights the crucial role of both
parental health and dietary habits in shaping
the health outcomes of future generations
(35).

Dietary interventions and the consumption
of specific nutrients or bioactive compounds
can modulate epigenetic marks and may be
associated with atherosclerosis. For example,
studies have shown that dietary factors such
as folate, vitamin B12, and omega-3 fatty
acids can influence DNA methylation patterns
and histone modifications, potentially
reducing the risk of atherosclerosis.
Understanding the role of diet in epigenetic
modifications and transgenerational
inheritance of CVDs is crucial for developing
effective strategies for prevention and
therapeutic intervention. By promoting
healthy dietary and lifestyle choices,

individuals can potentially lessen the risk of
transmitting epigenetic alterations
predisposing their offspring to CVDs (36).

Pharmacological Interventions

Clinically, statins are commonly used to
manage CVDs. Statins function as lipid-
lowering agents and possess anti-
inflammatory properties. However, a subset
of patients exhibits suboptimal responses to
statin  therapy. Certain plant-derived
compounds, recognized for their anti-
atherosclerotic ~ properties, such as
resveratrol, curcumin, and epigallocatechin
gallate, have shown promise in modulating
epigenetic enzymes within vascular cells and
atherosclerotic lesions (37,38).

Epigenetic drugs, comprising small
molecules that target chromatin structure,
offer a novel therapeutic strategy to combat
atherosclerosis (Table 2). For example, 5-
Aza-2'-deoxycytidine has demonstrated
potential clinical efficacy in mitigating
atherosclerosis. Furthermore, Vitamin C, an
antioxidant agent, can enhance DNA
demethylation processes mediated by TET
enzymes, thus exhibiting beneficial anti-
atherosclerotic effects (39,40).

Genetic Predisposition

The genetic diversity associated with
atherosclerotic CVD provides crucial insights
into the pathophysiology of atherosclerosis.
Numerous genes that contribute to
susceptibility to atherosclerosis are present
within the general population, each with a
subtle effect, typical of complex diseases.
Table 3 lists the top 10 genes most strongly
associated with atherosclerosis (41).

Table 2. Some epigenetic drugs delay the progression of atherosclerosis.

Drug Epigenetic category
Ascorbic acid TET2 activator
Epigallocatechin gallate DNMT inhibitor
Statins EZH2 inhibitor
Quercetin DNMT inhibitor
Curcumin Broad-spectrum epigenetic modulator
Resveratrol SIRT1 activator

5-Aaza?2’-deoxycytidine

DNMT inhibitor

J Cardiothorac Med. 2025; 13(1): 1449-1461
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Materials and Methods

Protein-Protein Interaction Network

Construction

To construct a protein-protein interaction
(PPI) network, we imported a set of 20
atherosclerosis-related genes identified
through a review into the STRING database
(https://string-db.org/). The PPI network
was then visualized using Cytoscape v3.10.1.
Five hub genes were identified using the
CytoHubba application with the Maximal
Clique Centrality (MCC) topological analysis
method.

Gene Set Enrichment Analysis

To investigate the biological pathways and
gene ontology (GO) associations of these
genes, we performed gene set enrichment
analysis. Using the Metascape database
(https://metascape.org/gp/index.html#/ma

in/step1), we were able to gain insights into
the GO terms linked to the genes of interest.
This analysis played a key role in identifying
potential functional annotations that are
essential to our study and in elucidating the
underlying biological mechanisms (Figure 5).

Results
PPI Network Analysis

As described in the methods, the PPI network
was constructed using the STRING database.
An interesting observation from the PPI
network analysis is the notable absence of
SMN1 gene interactions. Furthermore, using
the CytoHubba application, five significant
hub genes were identified: HDAC1, HDAC9,
HDAC3, SIRT1, and HDAC6 (Figure 6).
HDAC1, HDAC9, and HDAC3 function to
suppress gene expression by removing acetyl
groups from histones, enabling histones to
bind DNA more tightly.

Table 3. Genes associated in atherosclerosis development and progression.

Gene symbol Gene name Location
WNT5A Wnt family member 5A 3pl14.3
TLR2 Toll-like receptor 2 4q31.3
TLR4 Toll-like receptor 4 9¢q33.1
TLR9 Toll-like receptor 9 3p21.2
MYD88 MYD88 innate immune signal transduction adaptor 3p22.2
SYK spleen associated tyrosine kinase 9q22.2
IRF7 interferon regulatory factor 7 11p15.5
CXCL8 C-X-C motif chemokine ligand 8 4q13.3
IL7 Interleukin-7 8q21.13
IL15 Interleukin-15 4q31.21
G0:0006338: chromatin remodeling
G0:0040029: epigenetic regulation of gene expression
GO:0006476: protein deacetylation
R-HSA-3247509: Chromatin modifying enzymes
R-HSA-350054: Notch-HLH transcription pathway
GO0:0051147: regulation of muscle cell differentiation
M279: PID RB 1PATHWAY
|| G0:0140861: DNA repair-dependent chromatin remodeling
G0:0031509: subtelomeric heterochromatin formation
| G0:1901873: regulation of post-translational protein modification
| WP4312: Rett syndrome causing genes
| GO0:0007346: regulation of mitotic cell cycle
| GO0:0070301: cellular response to hydrogen peroxide
G0:0006259: DNA metabolic process
GO0:0006351: DNA-templated transcription
| G0:0014013: regulation of gliogenesis
| G0:1903047: mitotic cell cycle process
| G0:0031056: regulation of histone modification
G0:0070201: regulation of establishment of protein localization
G0:0062014: negative regulation of small molecule metabolic process
0 5 10 15 20 25
-log10(P)

Figure 5. Functional enrichment analysis involves the use of bar graphs obtained through Metascape to
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display the top enriched terms of final genes.
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These hub genes are implicated in
inflammation, cell proliferation, and
atherosclerotic plaque formation (42).
SIRT1, a deacetylase, contributes to cellular
longevity, stress resistance, and metabolic
processes. SIRT1 exerts diverse roles in
atherosclerosis: it can prevent plaque
formation by promoting cell survival and
suppressing inflammation. However, SIRT1
may also promote the formation of senescent
cells, which can exacerbate atherosclerosis.
HDAC6, a tubulin deacetylase, influences
cellular motility and structure. By preventing
SMCs from migrating away from
atherosclerotic plaques, HDAC6 contributes
to plaque stabilization. However, HDAC6 may
also contribute to inflammation and cell
death, potentially exacerbating thrombosis,
and plaque rupture.

Conclusion

Epigenetic modifications play a critical role
in the pathogenesis of atherosclerosis. By
dysregulating key processes such as
inflammation, lipid metabolism, and vascular

function, epigenetic alterations, including
DNA methylation and histone modifications,
significantly contribute to disease
progression. Importantly, the reversible
nature of epigenetic changes positions them
as highly attractive therapeutic targets.
Targeting key epigenetic enzymes like
HDAC1, HDAC3, HDAC6, HDACY, and SIRT1,
which were identified as central hubs in our
network analysis, along with broader
epigenetic targets like DNMTs, using novel
drugs combined with dietary and lifestyle
interventions such as exercise and smoking
cessation to modify epigenetic marks, holds
great promise for the future prevention and
treatment of atherosclerosis.
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categorized according to a color gradient ranging from yellow to red, wherein red denotes the highest
importance.

J Cardiothorac Med. 2025; 13(1): 1449-1461

1459



Epigenetic Effects on Atherosclerosis

JCTM

Yahyapour, A., et al

References

1. SuC, LuY, Wang Z, Guo |, Hou Y, Wang X, et al.
Atherosclerosis: The involvement of immunity,
cytokines and cells in pathogenesis, and potential
novel therapeutics. Aging and Disease. 2023 Aug
1;14(4):1214.

2. Fularski P, Czarnik W, Dabek B, Lisifiska W,
Radzioch E, Witkowska A, et al. Broader
Perspective on Atherosclerosis—Selected Risk
Factors, Biomarkers, and Therapeutic Approach.
International Journal of Molecular Sciences. 2024
May 10;25(10):5212.

3. Jebari-Benslaiman S, Galicia-Garcia U, Larrea-
Sebal A, Olaetxea JR, Alloza I, Vandenbroeck K, et
al. Pathophysiology of  atherosclerosis.
International journal of molecular sciences. 2022
Mar 20;23(6):3346.

4. Wentzel J]. The role of shear stress in
atherosclerotic plaque progression,
destabilization and rupture. Molecular & Cellular
Biomechanics. 2019;16:7.

5. Huang ], Liang ], Huang L, Li T. Mechanisms of
Atherosclerotic Plaque Instability. International
Journal of Biology and Life Sciences. 2024 Feb
5(1):9-12.

6. Hinkley H, Counts DA, VonCanon E, Lacy M. T
cells in atherosclerosis: key players in the
pathogenesis of vascular disease. Cells. 2023 Aug
26;12(17):2152.

7. Jiang H, Zhou Y, Nabavi SM, Sahebkar A, Little
PJ, Xu S, et al. Mechanisms of oxidized LDL-
mediated endothelial dysfunction and its
consequences for the development of
atherosclerosis. Frontiers in cardiovascular
medicine. 2022 Jun
1;9:925923.medicine/articles/10.3389/fcvm.20
22.925923.

6. Cacciapuoti F. Hyperhomocysteinemia acts via
DNA-hypomethylation to induce atherosclerosis.
Journal of Cardiology & Current Research.2023
16(2): 38-41.

9. ChenY, Liang L, Wu C, Cao Z, Xia L, Meng ], et al.
Epigenetic control of vascular smooth muscle cell
function in atherosclerosis: a role for DNA
methylation. DNA and Cell Biology. 2022 Sep
1;41(9):824-37.

10. Zima L, West R, Smolen P, Kobori N,
Hergenroeder G, Choi HA, et al. Epigenetic
modifications and their potential contribution to
traumatic brain injury pathobiology and outcome.
Journal of Neurotrauma. 2022 Oct 1;39(19-
20):1279-88.

11. Ma C, Seong H, Liu Y, Yu X, Xu S, Li Y. Ten-
eleven translocation proteins (TETs): tumor
suppressors or tumor enhancers?. Frontiers in
Bioscience-Landmark. 2021 Oct 30;26(10):895-
915.

12. Bhat KP, Umit Kaniskan H, Jin ], Gozani O.
Epigenetics and beyond: targeting writers of

1460

protein lysine methylation to treat disease. Nature
Reviews Drug Discovery. 2021 Apr;20(4):265-86.
13. Gorabi AM, Penson PE, Banach M,
Motallebnezhad M, Jamialahmadi T, Sahebkar A.
Epigenetic control of atherosclerosis via DNA
methylation: A new therapeutic target?. Life
Sciences. 2020 Jul 15;253:117682.

14. Bonfiglio CA, Lacy M, Janjic A, Avcilar
Kucukgoze I, Nitz K, Wu Y, et al. The role of EZH2
and H3K27me3 epigenetic signature in
modulating T-cell polarization in atherosclerosis.
European Heart Journal. 2023
Nov;44(Supplement_2):ehad655-3232.

15. Wei X, Zhang Y, Xie L, Wang K, Wang X.
Pharmacological inhibition of EZH2 by GSK126
decreases atherosclerosis by modulating foam cell
formation and monocyte adhesion in
apolipoprotein E-deficient mice. Experimental
and Therapeutic Medicine. 2021 Aug;22(2):841.
16. Eshghjoo S, Kim DM, Jayaraman A, Sun Y,
Alaniz  RC. Macrophage polarization in
atherosclerosis. Genes. 2022 Apr 25;13(5):756.
17. Hwang JW, Cho Y, Bae GU, Kim SN, Kim YK.
Protein arginine methyltransferases: promising
targets for cancer therapy. Experimental &
molecular medicine. 2021 May;53(5):788-808.
18. Wang TS, Cheng JK, Lei QY, Wang YP. A switch
for transcriptional activation and repression:
histone arginine methylation. The DNA, RNA, and
Histone Methylomes. 2019:521-41.

19. Kalani L, Kim BH, Vincent ]B, Ausi6 ]. MeCP2
ubiquitination and sumoylation, in search of a
function. Human Molecular Genetics. 2024 Jan
1;33(1):1-1.

20. Pires SF, de Barros JS, da Costa SS, de Oliveira
Scliar M, Van Helvoort Lengert A, Boldrini E, et al.
DNA  methylation patterns suggest the
involvement of DNMT3B and TET1 in
osteosarcoma development. Molecular Genetics
and Genomics. 2023 May;298(3):721-33.

21. Xie YL, Qin YC, Li AH, Yan ZQ, Qiao ZD,
Shanghai Jiaotong University. TET2 modulates
proliferation and migration of vascular smooth
muscle cells via LEMD2/NOX1/NOX4 signaling
pathway. European Heart Journal. 2021 Oct
1;42(Supplement_1):ehab724-3358.

22. Vasishta S, Ameen B, Adiga P, Umakanth S,
Satyamoorthy K, Joshi M. Interplay between DNA
methylation and metabolism: Implications in
pathogenesis of vascular diseases.
Atherosclerosis. 2023 Aug 1;379:S7.

23. Santoyo-Suarez MG, Mares-Montemayor ]D,
Padilla-Rivas GR, Delgado-Gallegos JL, Quiroz-
Reyes AG, Roacho-Perez JA, et al. The involvement
of Kriippel-like factors in cardiovascular diseases.
Life. 2023 Feb 2;13(2):420.

24. Choi HY, Choi S, Iatan I, Ruel I, Genest ].
Biomedical advances in ABCA1 transporter: from
bench to bedside. Biomedicines. 2023 Feb
15;11(2):561.

J Cardiothorac Med. 2025; 13(1): 1449-1461



Epigenetic Effects on Atherosclerosis

JCTM

Yahyapour, A., et al

25. Connelly J], Cherepanova OA, Doss JF, Karaoli
T, Lillard TS, Markunas CA, et al. Epigenetic
regulation of COL15A1 in smooth muscle cell
replicative aging and atherosclerosis. Human
molecular genetics. 2013 Dec 20;22(25):5107-20.
26. Dehingia B, Milewska M, Janowski M,
Pekowska A. CTCF shapes chromatin structure
and gene expression in health and disease. EMBO
reports. 2022 Sep 5;23(9):e55146.

27. Sigala F, Savvari P, Liontos M, Sigalas P,
Pateras IS, Papalampros A, et al. Increased
expression of bFGF is associated with carotid
atherosclerotic plaques instability engaging the
NF-xB pathway. Journal of cellular and molecular
medicine. 2010 Sep;14(9):2273-80.

28. DaiY, Chen D, Xu T. DNA methylation aberrant
in atherosclerosis. Frontiers in Pharmacology.
2022 Mar 3;13:815977.

29. Lee S, Bartlett B, Dwivedi G. Adaptive immune
responses in human atherosclerosis.
International journal of molecular sciences. 2020
Dec 7;21(23):9322.

30. Marques R, Carias E, Domingos A, Guedes A,
Bernardo I, Neves P. Prognostic value of
lymphocyte cell ratios in peritoneal dialysis. Port ]
Nephrol Hypert. 2021 Mar;35(1):18-21.

31. Chen X, Deng C, Wang H, Tang X. Acylations in
cardiovascular diseases: advances and
perspectives. Chinese Medical Journal. 2022 Jul
5;135(13):1525-7.

32. Jiang LP, Yu XH, Chen ]JZ, Hu M, Zhang YK, Lin
HL, et al. Histone deacetylase 3: a potential
therapeutic target for atherosclerosis. Aging and
disease. 2022 Jun 1;13(3):773.

33. Fol M, Rusek P, Druszczynska M, Wala M.
Infectious Agents as Stimuli of Trained Innate
Immunity.

34. Qi L. Nutrition, Genetics, and Cardiovascular
Disease. Current Nutrition Reports. 2012
Jun;1:93-9.

35. Harmancioglu B, Kabaran S. Maternal high fat
diets: Impacts on offspring obesity and epigenetic

J Cardiothorac Med. 2025; 13(1): 1449-1461

hypothalamic programming. Frontiers in genetics.
2023 May 11;14:1158089.

36. Khajebishak Y, Alivand M, Faghfouri AH,
Moludi ], Payahoo L. The effects of vitamins and
dietary pattern on epigenetic modification of non-
communicable diseases. International Journal for
Vitamin and Nutrition Research. 2021 Oct 13.

37. Wilkinson M], Lepor NE, Michos ED. Evolving
Management of Low-Density Lipoprotein
Cholesterol: A Personalized Approach to
Preventing  Atherosclerotic =~ Cardiovascular
Disease Across the Risk Continuum. Journal of the
American  Heart Association. 2023 Jun
6;12(11):e028892.

38. Bontempo P, Capasso L, De Masi L, Nebbioso
A, Rigano D. Therapeutic potential of natural
compounds acting through epigenetic
mechanisms in cardiovascular diseases: Current
findings and future directions. Nutrients. 2024 Jul
24;16(15):2399.

39. Cao Q, Wang X, Jia L, Mondal AK, Diallo A,
Hawkins GA, et al. Inhibiting DNA methylation by
5-Aza-2'-deoxycytidine ameliorates
atherosclerosis through suppressing macrophage
inflammation. = Endocrinology. 2014  Dec
1;155(12):4925-38.

40. Brabson JP, Leesang T, Mohammad S,
Cimmino L. Epigenetic regulation of genomic
stability by vitamin C. Frontiers in genetics. 2021
May 4;12:675780.

41. Poznyak AV, Wu WK, Melnichenko AA,
Wetzker R, Sukhorukov V, Markin AM, et al
Signaling pathways and key genes involved in
regulation of foam cell formation in
atherosclerosis. Cells. 2020 Mar 1;9(3):584.

42. Xue ], Schmidt SV, Sander ], Draffehn A, Krebs
W, Quester |, et al. Transcriptome-based network
analysis reveals a spectrum model of human
macrophage activation. Immunity. 2014 Feb
20;40(2):274-88.

1461



