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Abstract
Behavioral and environmental risk factors are critical in the development and 
progression of cardiovascular disease (CVD). Understanding the molecular 
mechanisms underlying these risk factors will offer valuable insights for tar-
geted preventive and therapeutic strategies. Epigenetic modifications, includ-
ing DNA methylation, histone modifications, chromatin remodeling, noncoding 
RNA (ncRNA) expression, and epitranscriptomic modifications, have emerged 
as key mediators connecting behavioral and environmental risk factors to CVD 
risk and progression. These epigenetic alterations can profoundly impact on car-
diovascular health and susceptibility to CVD by influencing cellular processes, 
development, and disease risk over an individual's lifetime and potentially across 
generations. This review examines how behavioral and environmental risk fac-
tors affect CVD risk and health outcomes through epigenetic regulation. We 
review the epigenetic effects of major behavioral risk factors (such as smoking, 
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1   |   INTRODUCTION

According to the World Health Organization (WHO), car-
diovascular disease (CVD) is the leading cause of death 
globally, accounting for an estimated 17.9 million deaths 
annually, or approximately 31% of all global deaths.1 
Notably, a substantial proportion (80%) of CVD cases are 
preventable or treatable through interventions targeting 
environmental factors, such as air and noise pollution, 
and behavioral risk factors, including tobacco use, alco-
hol consumption, physical inactivity, unhealthy diet, and 
obesity.2 It is important to note that reducing behavioral 
and environmental risk factors through lifestyle adjust-
ment such as adopting a healthy diet, regular exercise, 
smoking cessation, and maintaining a healthy weight can 
significantly reduce the risk of developing CVD and im-
prove overall cardiovascular health.3 On the other hand, 
understanding the mechanisms underlying behavioral 
and environmental factors-induced CVD holds great 
promise for the development of innovative therapies for 
CVD, offering new avenues for disease prevention, man-
agement, and personalized treatment strategies.4

Epigenetics is a regulatory mechanism that can alter 
gene expression, function, and activity without modify-
ing the original DNA sequence.5 It is considered as the 
major regulation mechanism for the cell response to be-
havioral and environmental risk factors-related CVD.6,7 
First, large-scale twin studies have demonstrated that 
despite sharing identical genetics, monozygotic twins 
often exhibit discordance in CVD risk factors and out-
comes.8–10 The degree of epigenetic differences between 
twins was found to correlate with the amount of time 
spent apart and differences in their CVD histories.8–10 
This indicates that substantial behavioral and environ-
mental influences, such as diet and lifestyle, along with 

epigenetic mechanisms, can account for these discrepan-
cies. Second, epigenetics serves as a key mechanism con-
trolling cell and tissue differentiation by partitioning the 
genome into transcriptionally active and quiescent do-
mains during cardiovascular system development.11–13 A 
great variety of external environmental factors can alter 
epigenetic programs in multiple cells and tissues and 
thereby heighten or lessen the risk of CVD.14,15 Third, 
epigenetic alterations are one of the key features for age-
related CVD.16–19 Epigenetic dysregulation comprising 
local and global changes in DNA and histone modifica-
tions, transcription factor binding, disorganization of the 
nuclear lamina, RNA modifications, and misfolding of 
the genome are hallmarks of aging-related CVD, leading 
to senescent cell burden, proinflammatory sequelae, car-
diomyocyte hypertrophic growth, vascular remodeling, 
calcification, and fibrosis.16,20–22 Collectively, these find-
ings support the concept that epigenetic modifications 
are subject to behavioral and environmental exposure 
throughout our lives, which affects CVD susceptibility 
and ultimately health outcomes.

It is important to understand that epigenetic mod-
ifications are different from genetic changes. Unlike 
changes to the DNA sequence, which are generally per-
manent, epigenetic modifications can be reversible.23 
This dynamic nature allows cells to adjust their gene 
expression patterns in response to behavioral and envi-
ronmental factors, enabling flexibility in cellular func-
tion. Epigenetic modifications can be influenced by 
different types of risk factors such as diet, stress, toxins, 
and lifestyle choices.24 This behavioral and environmen-
tal plasticity allows for adaptive responses to changes 
in the external environment and can contribute to CVD 
variability within populations. However, some epigen-
etic modifications are highly stable and can be passed 

alcohol consumption, physical inactivity, unhealthy diet, and obesity) and envi-
ronmental risk factors (including air and noise pollution) in the context of CVD 
pathogenesis. Additionally, we explore epigenetic biomarkers, considering their 
role as causal or surrogate indicators, and discuss epigenetic therapeutics target-
ing the mechanisms through which these risk factors contribute to CVD. We 
also address future research directions and challenges in leveraging epigenetic 
insights to reduce the burden of CVD related to behavioral and environmental 
factors and improve public health outcomes. This review aims to provide a com-
prehensive understanding of behavioral and environmental epigenetics in CVD 
and offer valuable strategies for therapeutic intervention.
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from parent cells to daughter cells during cell division, 
allowing for the maintenance of cell identity and func-
tion across generations of cells.25 In some cases, epigen-
etic changes can also be inherited across generations of 
organisms, influencing traits and phenotypes without 
altering the DNA sequence.26 For example, recent stud-
ies have demonstrated that epigenetic changes, such 
as those induced by environmental factors or toxicants 
during critical periods of development, can be inherited 
across generations of organisms, leading to transgener-
ational diseases27,28 These features of epigenetic modi-
fications are crucial for biomarker discovery and drug 
development for CVD patients.

In this review, we will consolidate recent research on 
how behavioral and environmental factors modulate epi-
genetic patterns and induce CVD, encompassing DNA 
methylation, histone modifications, chromatin remod-
eling, and noncoding RNAs (ncRNAs).23 Our primary 
focus will be on modifiable risk factors such as smoking, 
alcohol consumption, diet, physical inactivity, obesity, 
and air pollution.29 Additionally, we will explore the po-
tential applications of epigenetics in developing innova-
tive biomarkers and therapeutics for patients with CVD.

2   |   EPIGENETIC REGULATORY 
MECHANISMS

Chromatin is a complex of DNA and histone proteins that 
make up the chromosomes within the nucleus of eukary-
otic cells. The basic repeating unit of chromatin is the nu-
cleosome, which consists of DNA wrapped around a core 
of histone proteins.30 Chromatin can exist in different 
states of compaction, ranging from condensed and tran-
scriptionally inactive (heterochromatin) to more open 
and transcriptionally active (euchromatin). Changes 
in chromatin structure can influence the accessibility 
of DNA to transcriptional machinery and thus regulate 
gene expression.31 Epigenetic modifications can affect 
chromatin structure by altering the interactions between 
DNA and histones or changing RNA function by chemi-
cal modifications on RNA, thereby influencing gene tran-
scription activities. Epigenetic regulation is mediated by 
modifications to DNA (such as DNA methylation), RNA 
(such as epitranscriptomic modification), and histones 
(such as histone acetylation, methylation, and phospho-
rylation), chromatin remodeling (such as nucleosome 
positioning and interactions between nucleosomes and 
other regulatory proteins regulation), as well as by the ac-
tions of ncRNAs. Aberrant epigenetic modifications can 
lead to altered gene expression patterns and contribute to 
various human diseases, including cancer, neurological 
disorders, autoimmune diseases, and CVD.32

2.1  |  DNA methylation

DNA methylation is a covalent modification involving the 
addition of a methyl group to the cytosine (C) 5 position of 
cytosine residues. While predominantly occurring within 
cytosine-phosphate-guanine (CpG) dinucleotide contexts, 
non-CpG methylation, including cytosine-phosphate-
adenine (CpA), cytosine-phosphate-thymine (CpT), and 
cytosine-phosphate-cytosine (CpC) motifs, has been iden-
tified, particularly in embryonic stem cells and specific 
neuronal cell types.33,34 It stands as one of the most exten-
sively studied epigenetic mechanisms, exerting significant 
influence over genome stability, transcriptional regula-
tion, and developmental processes.35 DNA methylation 
suppresses gene transcription directly, by impeding the 
binding of transcription factors to DNA or, indirectly, by 
recognition of methylated sites by chromatin-modifying 
enzymes.36 The dynamic equilibrium of genomic meth-
ylation is meticulously maintained by DNA methyltrans-
ferases (DNMTs) and demethylases (Figure 1A). Enzymes 
involved in DNA methylation can be divided into three 
categories according to their roles in DNA methylation: 
writing enzymes, erasing enzymes, and reading enzymes. 
Writing enzymes, including DNMT1, DNMT3a, and 
DNBT3b,37 catalyze the addition of methyl groups to cy-
tosine residues. DNMT1 can not only accurately replicate 
the original methylation pattern before DNA replication, 
but also repair DNA methylation during DNA replica-
tion. DNMT3a and DNMT3b, also referred to as de novo 
DNMTs, possess the ability to introduce new methylation 
into naked DNA, thus establishing novel methylation 
patterns for previously unmodified DNA. DNMT3a and 
DNMT3b target specific DNA sequences and perform de 
novo DNA methylation through binding to transcription 
factors or repressor complexes.38 Eraser enzymes play 
a crucial role in modifying and removing DNA methyl 
groups. For example, activation-induced cytidine deami-
nase/apolipoprotein B mRNA-editing enzyme complex 
(AID/APOBEC),39 the human ten-eleven translocation 
(TET) family members,40 TET1, TET2, and TET3, thymine 
DNA glycosylase (TDG), and single-strand selective mono-
functional uracil-DNA glycosylase 1 (SMUG1)41 are key 
catalytic enzymes facilitating the demethylation process 
of 5mC DNA. Reading enzymes can recognize and bind 
methyl groups to affect gene expression. Proteins belong 
to the reading enzymes (adaptors) are mainly involved in 
regulating gene expression. Three protein families recog-
nize DNA methylation: the methyl-CpG-binding domain 
(MBD) proteins, the ubiquitin-like containing PHD and 
RING finger domain (UHRF) proteins, and specific zinc 
finger proteins (Figure 1A).42 The zinc finger proteins in-
clude krüppel-like factor 4 (KLF4), zinc finger and BTB 
domain containing 33 (ZBTB33), zinc finger protein 57 
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homolog (ZFP57), Wilms' tumor protein 1 (WT1), early 
growth response 1 (EGR1), and CCCTC-binding factor 
(CTCF).43 Aberrations in genomic methylation homeo-
stasis contribute to various diseases, including CVD.44 
Environmental factors can affect DNA methylation ei-
ther by directly or indirectly suppressing DNA methyla-
tion via changing the availability of substrates required 
for the enzymatic reactions.45,46 For instance, Reichard 
et al. observed that arsenite reduces the expression of the 
DNA methyltransferase genes DNMT1 and DNMT3A in 
human HaCaT keratinocytes.47 The proposed mechanism 
suggests that arsenic regulates DNMT expression by in-
terfering with the retinoblastoma protein (RB)/E2F tran-
scription factor (E2F) transcriptional axis.48

2.2  |  Histone modification

The modification of histone is an important posttrans-
lational process that includes acetylation, methylation, 
phosphorylation, and ubiquitination. These processes play 
key roles in gene regulation by influencing the affinity be-
tween transcription factors and gene promoters.49 Histone 
acetylation and methylation are the two most well-studied 
histone modifications. Histone acetylation mainly occurs 
at the more conserved lysine sites at the N-terminus of 
H3 and H4. It is coordinated by histone acetyltransferases 
(HAT) and histone deacetylases (HDACs) (Figure 1B).50 
Histone methylation is a posttranslational modification 
that involves the addition of methyl groups to histone 
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proteins, particularly on lysine or arginine residues. 
While histone acetylation usually increases gene tran-
scriptional activity through adding a single acetyl group to 
each amino acid residue; histone methylation (Me), found 
as mono-methyl (Me1), di-methyl (Me2), and tri-methyl 
(Me3) group states can inhibit or increase gene expres-
sion depending on the amino acid position being modi-
fied.51 DNA methylation and histone lysine methylation 
are intricately interconnected.52 For example, genome-
wide analyses have revealed a strong correlation between 
DNA methylation and histone modifications, particularly 
H3K4me2 and H3K4me3, suggesting a synergistic role 
in regulating chromatin structure and gene expression.53 
Histone phosphorylation and ubiquitination are involved 
in a range of cellular processes, such as DNA damage 
responses, transcriptional regulation, and chromatin re-
modeling.54–56 For instance, phosphorylation of serine 10 
on histone H3 (H3S10ph) is a histone modification, play-
ing dual roles in seemingly opposite processes: facilitat-
ing transcriptional activation and chromatin relaxation, 
or chromosome compaction during cell division,57 while 
H2AX phosphorylation at Serine 139 (γH2AX) plays a cru-
cial role in the DNA damage response.58 Moreover, histone 
ubiquitination, such as H2A at Lysine 119 (H2AK119ub) 
and H2B at Lysine 120 (H2BK120ub), is vital for gene si-
lencing and transcriptional activation,59 respectively, un-
derscoring the intricate regulatory mechanisms of these 
modifications.

In parallel to DNA methylation, environmental fac-
tors exert profound effects on histone modifications, by 
directly inhibiting enzymes involved in these processes 
or by altering the availability of substrates essential for 

enzymatic reactions.60 Acetylation and methylation of ly-
sine residues in the amino termini of histone 3 and 4 (H3 
and H4, respectively) are among the most well-studied his-
tone modifications that could be potentially regulated by 
behavioral and environmental factors. Abnormal histone 
modification can result in an imbalance in the expression 
of genes associated with CVD, resulting in changes in cel-
lular phenotypes and cardiac function.61 Taken together, 
histone modifications represent a complex and dynamic 
system regulating gene expression under the influence of 
behavioral and environmental factors.

2.3  |  Chromatin remodeling

Chromatin remodeling refers to the dynamic changes in 
the structure and organization of the chromatin, the com-
plex of DNA and proteins that make up chromosomes 
within the nucleus of eukaryotic cells. These changes 
occur in response to various cellular signals and play es-
sential roles in regulating DNA replication, repair, gene 
expression, and other nuclear processes.62 The basic struc-
tural unit of chromatin is the nucleosome, which consists 
of approximately 146 base pairs of DNA surrounding a 
histone octamer core that contains two molecules of the 
core histones H2A, H2B, H3, and H4. Chromatin remod-
eling involves the alteration of nucleosome positioning, 
histone modifications, as well as interactions between nu-
cleosomes and other regulatory proteins. These changes 
can result in the relaxation or condensation of chromatin, 
thereby influencing the accessibility of DNA to transcrip-
tion factors and other regulatory proteins. There are four 

F I G U R E  1   Types of epigenetic modifications. (A) DNA methylation: DNA methylation predominantly occurs at cytosine-phosphate-
guanine (CpG) sites but can also be found at non-CpG sites. Unlike promoting gene transcription, CpG methylation within gene 
promoter regions is typically associated with transcriptional repression and decreased gene expression. The process of DNA methylation 
involves “writing” enzymes (DNA methyltransferases, DNMTs), “erasing” enzymes (DNA demethylases, including TET: ten-eleven 
translocation proteins), and “reading” enzymes (methyl-CpG-binding domain proteins, MBD; ubiquitin-like containing PHD and RING 
finger domain proteins, UHRF; and zinc finger proteins, ZFPs). TDG (thymine DNA glycosylase), 5hmC (5-hydroxymethylcytosine), 5fC 
(5-formylcytosine), 5meC (5-methylcytosine), 5caC (5-carboxylcytosine). (B) Histone modifications: histone methylation and acetylation are 
two of the most extensively studied histone modifications. Histone methylation is mediated by histone methyltransferases and opposed by 
histone demethylases. Histone acetylation is facilitated by histone acetyltransferases (HATs) and reversed by histone deacetylases (HDACs). 
Key histone marks include H3K9 (histone H3 lysine 9), H3K4 (histone H3 lysine 4), H3K14 (histone H3 lysine 14), and H3K27 (histone 
H3 lysine 27). Me (methylation), Me1 (mono-methylation), Me2 (di-methylation), Me3 (tri-methylation), Ac (acetylation), H2A/H2B/
H3/H4 (histone H2A/H2B/H3/H4). (C) Chromatin remodeling: chromatin remodelers facilitate chromatin assembly and reorganization 
by repositioning or evicting histone octamers, thus allowing nucleosome sliding, eviction, or localized unwrapping. This remodeling also 
includes altering nucleosome composition through the exchange of histone dimers. Major chromatin remodeler complexes include SWI/
SNF (switching defective/sucrose nonfermenting), ISWI (imitation switch), CHD (chromodomain helicase DNA-binding), INO80 (inositol 
requiring 80), and DBP (DNA-binding protein). (D) Noncoding RNAs: Overview of different categories of noncoding RNAs, classified by 
their size and function, and their roles in epigenetic regulation. (E) Epitranscriptomic modifications: Various RNA modifications that 
contribute to the regulation of gene expression at the posttranscriptional level. These include m6A (N6-adenosine methylation), m5C 
(5-methylcytosine), Ψ (pseudouridine), m7G (N7-methylguanosine), m1A (N1-adenosine methylation), and A-to-I editing (adenosine-to-
inosine).
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major families of SWI-like ATP-dependent chromatin 
remodeling complexes: SWI/SNF (switching defective/
sucrose nonfermenting), ISWI (imitation switch), CHD 
(chromodomain helicase DNA-binding), and INO80 (ino-
sitol requiring 80) complexes (Figure 1C).63 All members 
of the families share an evolutionarily conserved SWI-like 
ATPase catalytic domain, but each one has its own distinct 
flanking domains. These families represent some of the 
major classes of SWI-like ATP-dependent chromatin re-
modeling complexes, each with distinct functions and reg-
ulatory roles in chromatin dynamics and gene expression. 
Alterations of the subunits of SWI-like ATP-dependent 
chromatin remodeling complexes by environmental fac-
tors (e.g., inactivating mutations, homozygous deletions, 
silencing, and overexpression) have been demonstrated to 
associate with CVD occurrence and development.64

2.4  |  Noncoding RNAs

About 98% of the human genome does not encode pro-
teins but can engage in transcription producing numer-
ous ncRNAs that are transcribed from DNA without 
translating into proteins. They are functional RNA mol-
ecules that play important regulatory roles in various cel-
lular processes.65 ncRNAs can be classified into several 
categories based on their size and function (Figure 1D). 
(1) <50 nt—small noncoding RNAs: these include mi-
croRNAs (miRNAs), short interfering RNAs (siRNAs), 
and PIWI-interacting RNAs (piRNAs). They are typically 
around 20–30 nucleotides in length and are involved in 
posttranscriptional gene regulation by binding to comple-
mentary sequences in target mRNAs, leading to their deg-
radation or translational repression. Small ncRNAs play 
key roles in gene expression, development, and disease.66 
(2) 50–500 nt—small nucleolar RNA (snoRNA): snoRNA 
biological function was initially found to modify rRNA. 
Small nuclear RNA (snRNA): snRNA interacts with pro-
tein factors to form small nuclear ribonucleoprotein par-
ticle and performs the function of splicing mRNA.67 (3) 
>500 nt—long noncoding RNAs (lncRNAs): lncRNAs are 
involved in diverse regulatory processes, including chro-
matin remodeling, transcriptional regulation, and post-
transcriptional gene regulation including mRNA splicing. 
They can act as scaffolds for protein complexes, guides 
for chromatin-modifying enzymes, or decoys for RNA-
binding proteins, thereby influencing gene expression and 
cellular function.68 (4) Circular RNAs (cirRNAs): circRNA 
molecules are covalently closed circular RNA molecules 
formed by back-splicing of linear pre-mRNA transcripts. 
circRNAs are abundantly expressed in eukaryotic cells 
and can act as miRNA sponges, regulate alternative 
splicing, or interact with RNA-binding proteins, thereby 

modulating gene expression and cellular processes.69 ncR-
NAs expression is cell- and organ-specific. So far, many 
ncRNAs have been found to be associated with the physi-
ological and pathophysiological processes of CVD in re-
sponse to environmental risk factor exposure, including 
coronary heart disease, myocardial infarction, and vascu-
lar calcification.70 ncRNAs related to CVD exist in human 
blood, urine, and other body fluids, suggesting ncRNAs 
hold promise as non-invasive biomarkers for disease di-
agnosis, prognosis, and therapeutic response prediction.71

2.5  |  Epitranscriptomic modification

Epitranscriptomic modification refers to chemical modi-
fications on RNA molecules. These modifications primar-
ily include N6-methyladenosine (m6A), 5-methylcytosine 
(m5C), pseudouridine (Ψ), N7-methylguanosine (m7G), 
N1-methyladenosine (m1A), and adenosine-to-inosine 
(A-to-I) editing.72 These modifications can influence a 
wide range of RNA functions, including transcription, 
translation, splicing, and degradation.73 To date, more 
than 100 chemical modifications of RNA have been iden-
tified.74 Among various modifications, m6A modification 
is recognized as the most abundant and is widely distrib-
uted in both mRNA and ncRNAs.75,76 Similar to DNA 
methylation and histone modification, epitranscriptomic 
modifications are also regulated by enzymes known as 
writers, readers and erasers.77,78 Alterations or dysregu-
lation of epitranscriptomic modification enzymes have 
been strongly associated with CVD.79 For example, the 
m6A RNA methylase, methyltransferase 3, N6-adenosine-
methyltransferase complex catalytic subunit (METTL3), 
can promote cardiomyocyte hypertrophy, and cardiac-
specific knockout METTL3 in mice leads to morphologi-
cal and functional signs of heart failure with aging and 
stress.80 The m6A modification reader protein, YTH N6-
methyladenosine RNA binding protein 2 (YTHDF2), has 
also been shown to control cardiac function, as deletion 
of YTHDF2 in cardiomyocytes results in cardiac hyper-
trophy and increased fibrosis during cardiac injury and 
aging.81 Studies suggested m6A methylation on lncRNA 
mainly affects their stability.82–84 One study showed m6A 
methylation of lncRNA growth arrest-specific 5 (GAS5) 
by METTL3 promotes its degradation, leading to changes 
in cardiac fibroblast proliferation and migration in a 
YTHDF2-dependent manner.83 Another lncRNA, TINCR 
ubiquitin domain containing (TINCR), is regulated by 
METTL14-dependent m6A methylation and subsequently 
subjected to YTHDF2-dependent degradation. TINCER 
further regulates pyroptosis and diabetic cardiomyopathy 
through interacting with pyroptosis-related protein NLR 
family pyrin domain containing 3 (NLRP3).84 In addition 



      |  483BI et al.

to the lncRNA, emerging studies have demonstrated that 
modifications also occur in small ncRNAs, including 
miRNAs and piRNAs.85 For example, miR-133a has been 
shown to be repressed upon m6A modification during 
cardiac development and hypertrophy.86 Furthermore, 
METTL3 has been identified as a positive regulator of 
the maturation process of pri-miR-221/222 in an m6A-
dependent manner, playing a critical role in angiotensin 
II-induced cardiac hypertrophy.87

3   |   EPIGENETIC TECHNOLOGIES

Precisely and quantitatively mapping different known 
types of epigenetic modifications in histone, DNA, and 
RNA is essential for unraveling their roles in gene regu-
lation in diverse biological processes. Initial methods of 
identifying these epigenetic modifications relied on meas-
urements such as immunofluorescence and immunopre-
cipitation. These methods, however, could not provide 
sequence-specific information about these modifications.88 
Later, semiquantitative methods for epigenetic modifica-
tions were developed utilizing affinity enrichment (i.e., 

immunoprecipitation and biotin pull-down) and polymer-
ase chain reaction (PCR) amplification to determine the 
epigenetic status of the gene of interest.89–91 For example, 
DNA methylation status can be determined by direct PCR 
sequencing or cloning sequencing after treatment with so-
dium bisulfite which converts unmethylated cytosine resi-
dues to uracil whereas 5-methylcytosine (5mC) remains 
unaffected.91

With the advancement of next-generation sequencing 
(NGS) technologies, high-throughput methods capable of 
genome-wide and single-base resolution detection of epi-
genetic modifications have been developed (Figure  2A). 
Techniques such as whole-genome bisulfite sequencing 
(WGBS-seq),92 reduced representation bisulfite sequenc-
ing (RRBS),93 and methylated DNA immunoprecipitation 
sequencing (MeDIP-seq)94 have revolutionized the pro-
filing of DNA methylation. Chromatin immunoprecip-
itation sequencing (ChIP-Seq) deciphers genome-wide 
modification and distribution of histone proteins while 
RNA sequencing has enabled us to identify novel tran-
scripts and better understand the diverse roles of ncRNAs 
including miRNA, siRNA, piRNA and lncRNA in gene reg-
ulation.95,96 Additionally, assay for transposase-accessible 

F I G U R E  2   Overview of epigenomic techniques. (A) Epigenomic features and associated techniques: This panel summarizes key 
epigenomic features and the techniques used to study them. These include single-cell (sc) techniques, high-throughput chromosome 
conformation capture (Hi-C), chromatin immunoprecipitation followed by sequencing (ChIP-Seq), chromatin immunocleavage followed 
by sequencing (ChIC-Seq), chromatin integration labeling sequencing (ChIL-Seq), cleavage under targets and release using nuclease 
(CUT and RUN), cleavage under targets and tagmentation (CUT and TAG), assay for transposase-accessible chromatin sequencing 
(ATAC-Seq), DNase I hypersensitive site sequencing (DNase-Seq), micrococcal nuclease sequencing (MNase-Seq), reduced representation 
bisulfite sequencing (RRBS), and whole genome bisulfite sequencing (WGBS-Seq). (B) Representative new techniques in CVD research: 
This panel highlights innovative techniques such as WGBS and scHi-C that are particularly useful in studying the epigenomic impacts of 
behavioral and environmental factors on CVD. WGBS integrates bisulfite conversion with next-generation sequencing (NGS) to provide a 
comprehensive methylation profile, while scHi-C combines single-cell resolution with Hi-C technology to map chromatin interactions at the 
single-cell level.



484  |      BI et al.

chromatin sequencing (ATAC-seq)97 and DNase I hyper-
sensitive site sequencing (DNase-seq)98 assays measure 
chromatin accessibility based on enzymatic sensitivity, of-
fering insights into chromatin remodeling under different 
physiological status. These methods have been extensively 
used to study methylation and histone modification pat-
terns in genes associated with CVD.99–102

Recent technological advancements in three-
dimensional (3D) genome organization enable research-
ers to delve into the intricate folding and organization 
of DNA within the nucleus, yielding valuable insights 
into chromatin structure, genome architecture, and the 
spatial interactions among distant genomic regions.103 
Techniques for analyzing 3D genome organization encom-
pass sequencing-based methods like Hi-C and its deriva-
tives,104 microscopy-based approaches such as multiplex 
fluorescent in situ hybridization (FISH),105 and computa-
tional modeling methodologies.106 For instance, research-
ers identified noncoding genetic variants by performing 
epigenetic profiling of enhancer H3K27ac using ChIP-seq 
in 70 human control and end-stage failing hearts. Disease 
and phenotype associations have been found for 62 unique 
loci. These loci may exert their effects through alterations 
in enhancer H3K27-acetylation enrichment and the re-
sulting differences in gene expression.107

Conventional bulk RNA sequencing (RNA-Seq) anal-
ysis which averages the epigenetic information of cell 
populations, is unable to resolve the heterogeneity within 
individual cells. Single-cell epigenomic analysis has the 
potential to overcome these limitations and to elucidate 
gene regulatory mechanisms within heterogeneous cell 
populations inside the heart (Figure 2B).108 For example, 
single-cell reduced representation bisulfite sequencing 
(scRRBS) technique modified the original RRBS method 
by integrating all the experimental steps before PCR am-
plification into a single-tube reaction at a single cell reso-
lution.109 Additionally, single-cell whole-genome bisulfite 
sequencing (scWGBS) offers a genome-wide approach, 
providing comprehensive methylation profiles at single-
cell resolution, making it a powerful tool for studying 
global epigenetic landscapes.110 Single-cell sequencing 
assay for transposase-accessible chromatin (scATAC-Seq) 
is the state-of-the-art technology for analyzing genome-
wide open chromatin profiles in single cells.111 Single-cell 
Hi-C (scHiC) enables us to understand 3D chromatin or-
ganization in each nuclear within a heterogeneous cell 
population (Figure  2B).112 Single-cell multi-omics inte-
grate multiple omics techniques such as genomics, tran-
scriptomics, epigenomics, proteomics at the single-cell 
level, allowing simultaneous analysis of various molecu-
lar characteristics within individual cells.113 In addition, 
these descriptive techniques can be complemented by 
the versatile toolbox of genome engineering technologies 

such as clustered regularly interspaced short palindromic 
repeats and CRISPR-associated proteins (CRISPR-Cas). It 
is possible to mutate the genome precisely, reversibly and 
at multiple sites simultaneously. Furthermore, one can 
tether proteins of interest to selected genomic positions to 
silence or activate genes, to induce reversible changes in 
3D chromatin architecture and to visualize loci of interest 
in live imaging experiments.114

Rapid advances in long-read sequencing technolo-
gies, particularly with platforms like Oxford Nanopore 
Technologies (ONT), have resulted in significant im-
provements in accuracy, read length, and throughput for 
sequencing long DNA and RNA molecules.115–117 Unlike 
short-read technologies, ONT's unique mechanism en-
ables direct detection of base modifications through 
alterations in ionic current.118 Coupled with refined bio-
informatics tools, nanopore sequencing has become a 
cornerstone for investigating genomes, transcriptomes, 
epigenomes, and epitranscriptomes.119–123 The extended 
read length of Nanopore sequencing has proven invalu-
able for characterizing lncRNAs, including their abun-
dance and modification patterns. For instance, Ward et al. 
identified novel lncRNAs associated with cardiac ischemia 
using nanopore sequencing.124 Furthermore, comparative 
studies between methylated RNA immunoprecipitation 
sequencing (MeRIP-seq) and nanopore differential RNA-
Seq (dRNA-Seq) have demonstrated the latter's superior-
ity in precise m6A quantification and localization.125 The 
versatility of nanopore sequencing is exemplified by its 
application in elucidating rRNA biogenesis and modifica-
tion dynamics in archaea.126 Additionally, Nano-tRNAseq 
offers a comprehensive approach for quantifying tRNA 
abundance and modifications.127 To further advance 
our understanding of epitranscriptomics, integrating 
nanopore sequencing with single-cell technologies will 
be crucial for capturing high-resolution, cell type-specific 
epitranscriptomic profiles.128

However, epigenomic profiling at the single-cell level 
remains a significant technical challenge. Single-cell DNA 
methylation methods are particularly limited by low ge-
nomic coverage, capturing only a subset of the methy-
lome.102 For example, single-cell reduced representation 
bisulfite sequencing (scRRBS) interrogates approximately 
10% of the genome. Moreover, the inherent inability of 
DNA polymerases to replicate epigenetic modifications 
presents a substantial barrier.129 While recent advance-
ments, such as single-cell Hi-C and scRRBS, have enabled 
the exploration of chromatin interactions and DNA meth-
ylation at the single-cell level, these methods are con-
strained by limited coverage, resolution, and substantial 
technical noise.109,130 Despite the generation of large-scale 
single-cell sequencing datasets, computational chal-
lenges persist. The unique characteristics of single-cell 
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data, including low coverage, sparsity, high error rates, 
amplification bias, and allelic dropout, necessitate spe-
cialized computational tools distinct from those used in 
bulk sequencing analysis.131 Overall, overcoming these 
technical and computational challenges is crucial for the 
advancement of single-cell epigenomic profiling and its 
application in understanding cellular heterogeneity and 
epigenetic regulation.

In summary, these advancements in approaches and 
technologies are revolutionizing the ways in which epi-
genetic processes can be studied, understood, and har-
nessed to understand physiological and pathological 
processes and to develop novel biomarker and therapeutic 
strategies.

4   |   EPIGENETIC MECHANISMS 
MEDIATE BEHAVIORAL AND 
ENVIRONMENTAL RISK 
FACTORS -RELATED CVD

Risk factors for CVD include a diverse range of internal 
and external influences that contribute to the onset or 
exacerbation of cardiovascular conditions. These factors 
can be categorized into five groups: behavioral, physi-
ological, demographic, environmental, and genetic.132 
Physiological, demographic, and genetic risk factors are 
nonmodifiable risk factors. The most important behavio-
ral risk factors of CVD are unhealthy diet, physical inac-
tivity, tobacco use, and harmful consumption of alcohol. 
Among environmental risk factors, air and noise pollution 
are important factors. In this review, we focused on one 
group of modifiable risk factors: behavioral risk factors 
(smoking, alcohol, physical activity, diet, and obesity). In 
addition, we discussed environmental risk factors (air and 
noise pollution). These seven risk factors account for an 
estimated 80% of CVD (Figure 3).2

4.1  |  Smoking

While global smoking prevalence decreased from 22.7% 
in 2007 to 17% in 2023, smoking remains a major cause 
of CVD, estimated to account for more than 8 million 
deaths worldwide.133 Smoking is known to damage vas-
cular endothelium, which initiates atherosclerosis by first 
manifesting as endothelial dysfunction and later progress-
ing into CVD. It is associated with abnormal nitric oxide 
(NO) production, inflammation, apoptosis, oxidative 
stress, aortic stiffness, increased blood pressure, decreased 
flow-mediated dilation, and cardiac autonomic imbal-
ance toward sympathetic predominance—all contribut-
ing to increased CVD risk.134 However, the molecular 

mechanism remains unclear, which barriers us from iden-
tifying an effective approach to proactively predict and 
prevent smoking-related CVD.

Cigarette smoke is an extremely complex aerosol 
that contains over 7000 compounds and at least 250 are 
known to be harmful to our health. Among these toxins, 
nicotine, carbon monoxide, benzene, arsenic and form-
aldehyde are the most toxic compounds inside cigarette 
smoke.135 These chemicals can affect epigenetic modi-
fication by directly or indirectly suppressing epigenetic 
modifying enzymes via changing the availability of sub-
strates required for those enzymatic reactions. Notably, 
epigenetic modifications, including DNA methylation 
and histone modifications, play crucial roles in mediat-
ing the effects of smoking on cardiovascular health.136,137 
For instance, high dose of arsenic exposure leads to 
the depletion of S-adenosylmethionine (SAM), the pri-
mary methyl donor in cells, consequently suppresses 
the expression of DNA methyltransferase genes such 
as DNMT1 and DNMT3A.138 Cigarette smoke exposure 
is also associated with a decreased expression level of 
DNMT3B.139,140 Previous studies have implicated hy-
pomethylation of various genes, such as aryl hydrocar-
bon receptor repressor (AHRR), coagulation factor II 
receptor-like 3 gene (F2RL3) and protease-activated re-
ceptor-4 (PAR4) in increased smoking-related CVD risk. 
For AHRR, researchers found that hypomethylation at 
the cg05575921 site predicts the risk of myocardial in-
farction (MI), particularly in former smokers.141 The 
AHRR and its receptor aryl hydrocarbon receptor (AHR) 
pathway is pivotal for detoxifying tobacco toxins.142 
Similarly, DNA hypomethylation at F2RL3 is associated 
with 34% of smoking-induced pathological thrombosis 
via protease-activated receptor 4 (PAR4), which medi-
ates the increased of platelet reactivity in myocardial 
infarction.143 Another study reveals that cigarette smoke 
exposure decreases HDAC activity and reduces HDAC1, 
HDAC2, and HDAC3 expressions in macrophages, 
thereby leading to an inflammatory response.144

Chromatin remodeling is yet another epigenetic re-
sponse to environmental stimuli. For example, nico-
tine exposure decreased expression of BAHCC1 and 
SMARCA2.145 BAHCC1 is associated with chromatin 
transcription silencing.146 SMARCA2, on the other hand, 
is a core ATPase subunit of the ATP-dependent chroma-
tin remodeling complex SWI/SNF that mobilizes nucleo-
somes and plays key roles in gene transcription regulation, 
genome replication and repair during development.147 
These data suggested that BAHCC1 and SMARCA2 could 
be used as biomarkers for dysregulated chromatin remod-
eling in CVD in response to nicotine exposure.

ncRNAs, including microRNAs like miR-132 and miR-
155, are emerging key players in the molecular response 
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to smoking, influencing processes such as cardiomyocyte 
apoptosis, inflammation, and immune responses. Research 
suggests that miR-132 is upregulated in the serum of smok-
ers compared with its expression in the nonsmoker con-
trols, and miR-132 inhibits cardiomyocyte apoptosis so as to 
ameliorate myocardial remodeling in rats with MI through 
downregulation of inflammatory cytokines Interleukin-1β 
(IL-1β) and tumor necrosis factor-α (TNFα).137 IL-1β and 

TNFα are crucial factors for inflammation following MI 
via modulation of immune cell recruitment and cytokine 
production, and increased IL-1β and TNFα levels are ad-
versely related to myocardial remodeling in MI. Another 
well-studied miRNA related to smoking is miR-155. It is 
upregulated in response to cigarette smoke exposure and 
has been implicated in the pathogenesis of smoking-related 
vascular disease such as atherosclerosis.148,149

F I G U R E  3   Overview of epigenomic mechanisms related to CVD induced by environmental and behavioral factors. Seven most 
modifiable environmental and behavioral factors including smoking, alcohol, diet, physical inactivity, obesity, air pollution and noise 
pollution-related epigenetic changes (DNA methylation, histone modifications, noncoding RNA (ncRNA) expression chromatin remodeling, 
and epitranscriptomic modification) in CVD. Representative epigenetic changes for each behavioral and environmental factor are listed in 
the box.
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4.2  |  Alcohol consumption

Alcohol consumption is a well-recognized factor in CVD 
risk. Heavy drinkers, defined as individuals who con-
sume four or five drinks or more per day, are associated 
with various CVDs including alcoholic cardiomyopathy, 
high blood pressure, increased risk of myocardial infarc-
tion, arrhythmias, fatal cardiac arrest and stroke.150 In 
addition, recent studies have shown that alcohol con-
sumption, even at moderate levels, is associated with ad-
verse outcomes of cardiovascular health.151 Alcohol can 
impact cellular activity and enzyme function directly, 
or it can indirectly damage the cardiovascular system 
through an early breakdown byproduct called acetalde-
hyde. Acetaldehyde typically remains in the body briefly 
before converting into acetate. Acetaldehyde, even as a 
short-lived intermediate product, can directly interact 
with DNA to form adducts and crosslinks, which can in-
terfere with DNA replication and repair processes. This 
DNA damage can contribute to mutations and carcino-
genesis. In addition, acetaldehyde can modify proteins 
through the formation of adducts, leading to altered 
protein structure and function. This can disrupt cellu-
lar processes and contribute to cellular dysfunction.152 
Evidence indicates that alcohol can influence epige-
netic modifications. Kutay et al. found that alcohol af-
fects DNA methylation patterns by reducing the protein 
levels and activities of key DNA methylation enzymes, 
DNMT1 and DNMT3B. Similar to tobacco smoke, alco-
hol also affects the activities of HATs and HDACs that 
mediate histone acetylation and deacetylation.153

Maternal alcohol consumption during gestation has 
also been shown to be closely related to the occurrence 
of congenital heart disease. A recent study indicated that 
alcohol caused histone H3K9me3 hypomethylation by 
altering histone methyltransferase G9α expression in car-
diomyocytes.154 The expression of key cardiomyogenesis 
genes, Mef2c, Cx43, Nppa, and β-MHC were downregu-
lated in alcohol-exposed fetal mouse hearts, suggesting 
that aberrant level of H3K9me3 mediated by G9α may 
account for the alcohol-induced abnormal expression of 
cardiomyogenesis-related genes during pregnancy. The 
authors further found that alcohol increased H3K9 acetyl-
ation (H3K9ac) and the expression of the transcription 
factors including GATA4 and MEF2C in cardiac progeni-
tor cells. In addition, large number of miRNAs have been 
identified to be altered post ethanol consumption. For 
example, one study showed that a substantial elevation 
of miR-378a-5p in acute ethanol exposure of rat cardio-
myocytes, highlighting the potential impact of alcohol 
consumption on cardiac transcriptome and epigenetics 
regulation.155

4.3  |  Physical inactivity

Physical inactivity has been shown to be a significant risk 
factor for CVD. It ranks similarly to cigarette smoking. 
Numerous studies have documented an inverse relation-
ship between physical activity (self-reported or objectively 
measured) and CVD as well as all-cause mortality.156 It 
has been shown that exercise can directly modify cardiac 
epigenetics to promote cardiac health and to protect the 
heart against various pathological processes. Further, 
exercise can modify epigenetics in other tissues, which 
reduces the risk of cardiac disease and offers cardioprotec-
tion through organ cross-talk.157 For example, Hou et al. 
found that exercise-induced exosomal miR-342-5p secre-
tion activates cardiac survival signaling, which decreases 
cardiac vulnerability in myocardial ischemia/reperfusion 
injury.158

Notably, physical inactivity has been linked with hy-
pomethylation of the PGC1-α, a key transcriptional co-
activator gene for mitochondrial biogenesis and fatty acid 
oxidation in cardiac muscle, suggesting hypermethylation 
of PGC-1α as a key biomarker for physical inactivity-related 
CVD such as heart failure.159 Exercise increases the meth-
ylation of the adaptor protein, apoptosis-associated speck-
like protein containing a caspase recruitment domain 
(ASC), which is necessary for inflammasome activation 
of IL-1β. ASC with higher methylation and lower expres-
sion is positively related to the outcome of heart failure.160 
In addition, it has been reported that exercise-modulated 
DNA methylation in other tissues prevents inflammation 
and remodels metabolism, consequently reduces the inci-
dence of cardiac diseases.161 Some studies have also sug-
gested that histone modifications induced by exercise can 
alleviate cardiac disease risk through metabolic remodel-
ing. For instance, researchers in a study using a rat swim-
ming model observed an increase in H3K9/14 acetylation, 
which regulates GLUT4 at transcriptional level through 
action on its promoter,162 further suggesting a protective 
role of exercise in heart.

The alterations in ncRNA induced by exercise also 
constitute a large part of epigenetic modification after 
exercise. Numerous miRNAs in the heart are altered by 
exercise and have been shown to be involved in many bi-
ological processes, including angiogenesis, cardiac physi-
ological hypertrophy, and cardiomyocyte survival.163 For 
instance, aerobic exercise induced cardiac hypertrophy 
in rats through regulation of cardiac miRNAs, including 
miR-27a, miR-27b, and miR-143, which modify renin-
angiotensin system genes posttranscriptionally.163 In 
hearts of healthy subjects, exercise modulates the expres-
sion of miR-222, which mainly regulates cardiomyocyte 
growth and left ventricular hypertrophy.164
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The epitranscriptome remodeling has been tightly 
associated with physical activity. Studies showed that 
excerise could change the expression level of key RNA 
modification enzymes, including writing enzymes, read-
ing enzymes, and erasing enzymes.165–167 Endurance exer-
cise training has been previously demonstrated to reduce 
cardiac mRNA m6A levels. This decrease of RNA modifi-
cation level appears to be an outcome for the downregu-
lation of RNA methylation writer METTL14 post exercise, 
and subsequently, expression of METTL14 can block 
exercise-induced physiological cardiac hypertrophy.166 
Another study has implied that exercise could mitigate 
endothelial pyroptosis and atheroscleosis through down-
regulating lncRNA NEAT1 through a m6A-dependent 
mechanism.168

4.4  |  Unhealthy diet

It is estimated that dietary risk factors are associated 
with 53% of CVD deaths, in part as a result of its effects 
on other major CVD risk factors.169 Among different di-
etary patterns, dietary patterns rich in fruits and vegeta-
bles as well as the Mediterranean diet (MedDiet) rich in 
olive oil, legumes, fruits, and vegetables, have been asso-
ciated with lower CVD incidence and mortality, includ-
ing heart failure and myocardial infarction.170 MedDiet 
is associated with increased DNA methylation and thus 
suppression of the expression of genes related to in-
flammation and immunocompetence.171 Dietary com-
ponents including macronutrients, folic acid and other 
bioactive compounds, are used to produce metabolites 
that can impact gene expression directly or through epi-
genetic mechanisms.

Macronutrients—carbohydrates, fat, and protein are 
called macronutrients. Excess carbohydrate and lipid el-
evate acetyl-CoA, and can change chromatin structure, 
increase acetylation of DNA-binding proteins, suppress 
autophagy, and accelerate age-associated pathologies.172 
Circulating fatty acids such as α-linolenic acid, EPA and 
DHA affect changes in DNA methylation sites for genes 
such as APOE, IL6 and ABCA1 which are correlated 
with CVD traits.173 Obesogenic high-fat diets were asso-
ciated with increased DNA methylation in the Leptin and 
PPARG2 gene promoters.174 Several cohort studies showed 
that a high-fat dietary challenge increased DNA methyla-
tion at sites of genes such as APOA5, SREBF1 and ABCG1 
that regulate lipogenesis and lipoprotein metabolism, 
while it lowered methylation of CPT1A which promotes 
hepatic fatty acid β-oxidation.175–177

Folic acid, B-vitamins, other methyl donors—among the 
compounds identified for their ability to influence DNA 
methylation, particular attention is given to nutrients 

involved in folate-mediated one-carbon metabolism. Key 
nutrients in this pathway include folate, methionine, and 
various B vitamins (such as B2, B6, and B12), which serve 
as essential cofactors for one-carbon transfer reactions. 
This pathway is vital for generating SAM, the universal 
methyl donor in cellular reactions. Other methyl donors, 
such as choline and betaine, can also affect the SAM status, 
primarily through choline-mediated one-carbon metabo-
lism, and ultimately impact DNA methylation.178 Pauwels 
et al. reported that maternal dietary and supplemental in-
take of methyl-group donors, in the periconception period 
only, increased infant buccal DNA methylation in genes 
related to growth (IGF2), metabolism (RXRA), and appe-
tite control (LEP), all could affect cardiovascular health.179 
Biotin, an essential water-soluble B vitamin, affects his-
tone tails H2A, H3, and H4 by covalently attaching biotin 
to certain lysine residues that are catalyzed by the enzy-
matic reactions involving biotinidase and holocarboxylase 
synthetase. Biotinylation reactions specifically at lysine 8 
and lysine 12 in histone H4 have been implicated in heter-
ochromatin structure, gene inactivation, mitotic chroma-
tin condensation, and DNA repair.180

Bioactive compounds—polyphenols (flavonoids, cur-
cuminoids, and stilbenes) contained in fruits, vegetables, 
and other dietary components (green tea, red wine, cocoa, 
etc.) compose the largest group of bioactive compounds 
with well-documented anti-inflammatory and cardiopro-
tective actions.181 These compounds act as weak ligands 
for HDAC and exhibit HDAC inhibitory activity.182 For ex-
ample, in a human study, broccoli sprouts (68 g) inhibited 
HDAC activity and activated histone H3 and H4 acetyla-
tion in circulating peripheral blood mononuclear cells.183 
Curcumin, a bright yellow chemical compound produced 
by plants of the Curcuma longa species inhibits p300 
histone acetyltransferase activity and prevents heart fail-
ure.184 Resveratrol, butyrate, sulforaphane, and diallyl sul-
fide inhibit HDAC activity.185 Altered enzyme activity by 
these compounds may affect physiologic and pathologic 
processes during our lifetime by altering gene expression.

4.5  |  Obesity

Obesity prevalence continues to escalate rapidly in many 
regions worldwide, with projections indicating that by 
2025, it will exceed 18% in men and surpass 21% in women 
globally.186 It is a significant risk factor for a broad spec-
trum of CVD including coronary heart disease, heart fail-
ure, hypertension, stroke, atrial fibrillation, and sudden 
cardiac death. Obesity can directly induce structural and 
functional adaptations of the cardiovascular system to ac-
commodate excess body weight, as well as by adipokine 
effects on inflammation and vascular homeostasis.187 
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Obesity is also associated with altered epigenetic patterns 
including histone modifications, DNA methylation and 
hydroxymethylation, and miRNA expression.188

A systematic review of the role of DNA methylation 
in modifying blood pressure showed that lower methyl-
ation levels of sulfate endosulfatase (SULF1), euchro-
matic histone lysine methyltransferase 2 (EHMT2, also 
known as G9a), and SKI family transcriptional corepres-
sor 2 (SKOR2) were associated with hypertension related 
to obesity. On the other hand, lower methylation levels 
of phosphoglycerate dehydrogenase (PHGDH), Solute 
Carrier Family 7 Member 11 (SLC7A11), and tetraspanin 
2 (TSPAN2) were correlated with higher systolic and di-
astolic blood pressure.189 Imbalances in the activity of 
enzymes responsible for methylation and demethylation, 
such as DNMTs and TETs are observed in obesity and may 
offer new avenues for diagnostic approaches and thera-
peutic interventions.190

Changes in histone acetylation caused by high-fat diets 
have been linked to obesity. Sirtuin 1 (SIRT1) is a member 
of a Class III HDACs dependent on nicotinamide adenine 
dinucleotide (NAD+). Studies have shown that SIRT1 is 
a novel central modulator of the earliest microvascular 
damage induced by obesity. Through a complex epigenetic 
control mainly involving p66Shc and arginase II, SIRT1 in-
fluences mitochondrial reactive oxygen species (mtROS) 
levels, NO availability, and the expression of proteins of 
the mitochondrial respiratory chain.191 Early targeting 
of SIRT1 might represent a crucial strategy to prevent 
obesity-related microvascular dysfunction.

miRNAs and lncRNAs have also been implicated in the 
pathogenesis of obesity-induced CVD. For example, an in-
duced expression of miR-21 was found in the white adi-
pose tissues of obese people compared to lean controls and 
correlated with impaired vascular function.192 lncRNAs, 
such as lnc-dPrm16 and MIST, have both been shown to 
influence brown adipogenesis, inflammation, and lipid 
metabolism.193 Obesity and diabetes could also regulate 
the epitranscriptome remodeling, especially through reg-
ulating the m6 A methylation eraser enzyme fat mass and 
obesity-associated protein (FTO). FTO is the first reported 
m6A demethylase and it was initially being identified by 
Genome-Wide Association Studies (GWAS) that a single-
nucleotide polymorphisms (SNP) of the FTO gene is as-
sociated with obesity.194 Mice studies have shown that 
increased expression of FTO causes obesity post high-fat 
diet challenge.195 Another study investigating the m6A 
writing enzyme-METTL3's role in obesity has further im-
plied that METTL3 plays an important role in macrophage 
metabolic reprogramming in obesity potentially through 
changing m6A modification level of DNA damage induc-
ible transcript 4 (DDIT4) mRNA, highlighting the involve-
ment of RNA modification in obesity.196

4.6  |  Air pollution

Air pollution is a well-recognized major risk factor for 
CVD and has been estimated to contribute more to global 
morbidity and mortality than all other known environ-
mental risk factors combined. Although air pollution 
contains a heterogeneous mixture of gases, the most 
detrimental to health include fine particulate matter 
(particles ≤2.5 μm in diameter, PM2.5) and ozone gas.197 
A short-term inhalation of PM2.5 has been shown to el-
evate the levels of cytokines in promoting inflammation, 
coagulation, and vasoconstriction, subsequently lead to 
airway hyper-reactivity, reduced lung function, inflam-
mation, thrombosis, high blood pressure, atherosclerosis, 
and ischemia.198,199 It was found that exposure to PM2.5, 
CO, and O3 altered the methylation pattern in many CpG 
sites for the immunoregulatory genes Foxp3, IL-4, IL-
10, and IFN-g, thereby altering the immune response.200 
Epidemiological studies reveal that PM2.5 and PM10 expo-
sures induce the hypomethylation of Alu and/or LINE1 
(long interspersed nuclear element-1) elements in leu-
kocytes and buccal cells.201 Demethylation of LINE-1 re-
petitive elements was correlated with greater vascular cell 
adhesion molecule 1 (VCAM-1) expression in serum, espe-
cially in CVD-free participants, indicating that the activa-
tion of LINE-1 hypomethylation–VCAM-1 axis occurred 
in the initial phase of CVD.174 In addition to nuclear DNA, 
ambient pollutants can also impact mitochondrial DNA 
(mtDNA). In a study comprising 48 healthy male workers 
without known CVD, blood mtDNA methylation in the 
D-loop promoter was inversely correlated with PM2.5 con-
centrations. Notably, subjects displaying superior mtDNA 
methylation levels were also prone to the effect of PM2.5 
exposure induced heart rate variability.202

In addition to changing the DNA methylation status, 
air pollution could also impact on histone modification. 
One study shows that inhaled nickel, arsenic, and iron are 
associated with increased H3K4Me2 and H3K9Ac on his-
tones in human blood leukocytes.203 PAH exposure also 
induces histone modifications in mice—for instance, ex-
posure to benzo[a]pyrene (BaP), a type of PAH, decreases 
the acetylation of H3K14 in the steroidogenic acute regu-
latory protein (StAR) gene promoter, which is important 
for testosterone production. BaP exposure to HeLa cells 
induces H3K4Me3 and H3K9Ac modifications along 
with a reduced association of DNMT1 with the LINE-1 
promoter.204

Recent studies have found that PM2.5 can affect the ex-
pression of miRNAs with potential biological effects.205 
For example, PM2.5 exposure induces expression of miR-
146a-5p, miR-423-3p, and miR-let-7f-5p in regulatory T 
cells of acute MI patients, indicating miRNAs could be 
biomarkers for PM2.5 exposure-related acute MI.206 In 
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addition, air pollution could also affect the RNA modifi-
cation. According to a study characterizing the changes 
in m6A modification from peripheral blood collected from 
Beijing Truck Driver who are being exposed to air pollu-
tion, Kupsco et al. have shown m6A is negatively associ-
ated with long-term smoking, yet positively associated 
with short-term personal black carbon (BC) exposure, 
pointing to m6A being used as a potential biomarker for 
environmental health research.207

4.7  |  Noise pollution

Noise pollution, like air pollution, has significant ad-
verse effects on human health, including various non-
auditory impacts such as reduced well-being, impaired 
communication, decreased mental concentration, and 
emotional stress, contributing to noise-induced annoy-
ance.208–210 Recent studies have increasingly linked noise 
pollution to CVDs.211 For example, prolonged exposure 
to continuous noise (80–100 decibels) in animal models 
has been shown to elevate heart rate and systemic arte-
rial blood pressure, accompanied by increased plasma 
levels of corticosterone, adrenaline, and endothelin-1.212 
A meta-analysis of 14 studies found a pooled relative risk 
of 1.08 for coronary artery disease (CAD) associated with 
road traffic noise, with an 8% increase in CHD risk for 
every 10 decibels A (dBA) rise in noise levels between 
52 and 77 dBA day-night average sound level (Ldn).213 
Additionally, noise exposure in this range is linked to 
higher hypertension rates, particularly among men, 
older adults, and diabetics, and similar associations with 
stroke have been observed.214 Greater exposure, such as 
that near major noise sources like airports, shows more 
pronounced effects. Individuals living near airports have 
an elevated risk of arterial hypertension, CHD, stroke, 
and CVD hospitalization.214

Recent research has also explored the epigenetic mech-
anisms underlying noise pollution's impact. A study found 
that short-term noise exposure was associated with altered 
DNA methylation of the catechol-O-methyltransferase 
(COMT) gene in the rat medulla oblongata. Long-term 
nighttime noise exposure led to abnormal methylation of 
COMT, melanocortin 2 receptor (MC2R), and LINE-1 re-
gions in the rat brain, correlating with changes in blood 
pressure and body weight.215 Changes in DNA methyla-
tion in response to noise exposure suggest an epigenetic 
regulation of metabolic processes, particularly those in-
volving stress hormones.215 Additionally, noise-induced 
stress affects ncRNA expression, including microRNAs 
such as miR-134 and miR-183, which are upregulated 
in response to stress and are associated with CAD and 
depression.216

5   |   EPIGENETIC BIOMARKES 
FOR BEHAVIORAL AND 
ENVIRONMENTAL 
FACTORS -RELATED CVD

Epigenetic modifications are highly dynamic and respon-
sive to environmental and lifestyle factors in a tissue-
specific manner. This dynamicity allows for the detection 
of real-time changes in gene expression patterns, making 
epigenetic biomarkers valuable for monitoring disease 
progression tailored to specific diseases or organ systems 
over time.6 In addition, epigenetic changes often occur 
early in disease development, even before clinical symp-
toms manifest.217 These unique characteristics of epige-
netics, including its dynamic nature and tissue specificity, 
make it a powerful tool for biomarker discovery and per-
sonalized medicine applications. Here, we explored the 
role of epigenetics serving as biomarkers for CVD linked 
to environmental factors. We have compiled a selection of 
significant biomarkers showing promising links to CVD 
risk, detailed in Table 1. These insights serve as valuable 
references for researchers and clinicians.

Recent research on AHRR hypomethylation at the 
cg05575921 site is associated with increased risk of 
smoking-related coronary heart disease status. Specific 
analysis of F2RL3 identified a single locus, cg03636183, 
which had significantly lower genome-wide methyla-
tion  in smokers. These data suggest hypomethylation 
at these two specific sites could serve as a biomarker 
for researchers to further examine in smoking-related 
CVD.141,143,218,219 H3K9me3 hypomethylation could be a 
biomarker for maternal alcohol consumption-associated 
congenital heart disease.154 Moreover, investigations into 
the DNA methylation patterns of the SERPINE1 gene re-
vealed associations with increased risk of metabolic syn-
drome associated with obesity.220 Other research studying 
the epigenetics of obesity found that hypermethylation of 
the LEP gene was negatively associated with obese sub-
jects weight.221 Hypermethylation of PGC-1α is a key bio-
marker for physical inactivity-related CVD such as heart 
failure.159 Maternal dietary and supplemental intake of 
methyl-group donors in the periconception period, in-
creased infant buccal DNA methylation in genes related 
to IGF2, RXRA, and LEP.179 Circulating fatty acids such as 
α-linolenic acid, EPA, and DHA affect DNA methylation 
status for genes such as APOE, IL6, and ABCA1 which are 
correlated with CVD traits.173 Obesogenic high-fat diets 
were associated with increased DNA methylation in the 
leptin and PPARG2 gene promoters.174 Research on air 
pollution led to the finding that prolonged exposure to 
black carbon (BC), and sulfates (SO4) was associated with 
hypomethylation of two types of repetitive elements, Alu 
and LINE-1.201,222 One study suggested that blood mtDNA 
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methylation in the D-loop promoter was inversely cor-
related with PM2.5 concentrations.202 In summary, these 
DNA methylation and histone modification biomarkers, 
spanning various lifestyle and environmental factors, offer 
promising avenues for risk assessment, prognosis, and tar-
geted interventions in the management of CVD.

In addition, miRNAs have been implicated in envi-
ronmental factors-related CVD, and are speculated to 
initiate quicker, more dynamic gene expression changes 
in response to environmental changes. For instance, 
miR-155 is significantly associated with smoking-related 
vascular disease such as atherosclerosis.148,149 miR-27a, 
miR-27b, miR-143, and miR-222 are associated with aer-
obic exercise-induced cardiac hypertrophy.163,164 miR-21 
is associated with obesity-related vascular dysfunction.192 
Recent studies further showed that PM2.5 exposure in-
duces miR-146a-5p, miR-423-3p, and miR-let-7f-5p 
expression in regulatory T cells of acute MI patients, in-
dicating that miRNAs could be biomarkers for PM2.5 
exposure-related acute MI.206 Collectively, these findings 
present a comprehensive framework for our current un-
derstanding of epigenetics in relation to CVD biomarkers 
and offer promising directions for future research and 
clinical interventions.

6   |   EPIGENETIC THERAPEUTICS 
FOR ENVIRONMENTAL 
FACTOR-RELATED CVD

Understanding the epigenetic landscape associated with 
CVD risk factors opens avenues for targeted interventions 
aimed at mitigating disease progression and improving pa-
tient outcomes. Approaches targeting DNA methylation, 
histone modification, ncRNA and chromatin modifiers 
can lead to individualized precision medicine therapies 
in the future. In addition, epigenetic modifications are 
reversible. This offers an optimistic prospect for the treat-
ment of CVD using epigenetic modifiers or related drugs 
to regulate target genes methylation status and expression 
level. For example, one animal study showed that DNMT 
inhibitor 5-aza-2′-deoxycytidine (5aza2DC) attenuates 
glucocorticoid-mediated fetal programming of blood pres-
sure.223 5-Azacytidine is a nucleoside analog that inhib-
its DNA methyltransferases (DNMTs), leading to global 
DNA hypomethylation.224 While effective for certain 
cancers, its lack of specificity poses challenges for cardio-
vascular diseases, potentially causing off-target effects by 
activating unrelated genes. Currently, histone deacetylase 
inhibitors (HDACi) such as vorinostat and romidepsin are 
used in cancer treatment, but their application in CVD is 
limited due to nonspecific gene activation or suppression.4 
Thus, there is a need for histone modification-related 

drugs with high specificity and low side effects for cardio-
vascular diseases.

According to recent research findings, histone meth-
yltransferase inhibitors or HAT/HDAC inhibitors are 
still rarely used in clinical treatment of CVD. However, 
the development of drugs targeting histone methylation 
and histone acetylation has achieved some effect in basic 
experimental research on the treatment of CVD. The his-
tone H3K9 methyltransferase inhibitor chaetocin pro-
longs survival and restored mitochondrial dysfunction in 
a chronic heart failure model of Dahl salt-sensitive rats.225 
Resveratrol inhibits H3K27 methylation of vessels and 
blood biomarker and prevents deoxycorticosterone acetate 
(DOCA)-induced salt-sensitive hypertension. Resveratrol 
also improves cigarette smoke-induced endothelial dys-
function by activating a histone acetylase sirtuin 1.226,227 
Early targeting of SIRT1 by SIRT1 agonist (SRT1720) 
prevents age- and obesity-related microvascular dysfunc-
tion, suggest SRT1720 might represent a crucial strategy 
for vascular disease.191 Another group demonstrated the 
protective effect of a substance in turmeric, curcumin on 
alcohol-induced cardiac damage during pregnancy.228 
HDAC inhibitors, trichostatin A and Statins can improve 
cigarette smoke-induced atherosclerosis and alcohol-
induced alcoholic cardiomyopathy respectively.229,230

In recent years, increasing evidence has accumulated 
for noncoding RNAs function in gene regulation and CVD 
pathogenesis. Noncoding RNAs are attractive targets for 
potential clinical interventions. Currently, the field of nu-
cleotide gene therapy, including antisense oligonucleotide 
(ASO) and siRNA, is developing rapidly. Analogs or inhib-
itors of noncoding RNA are easy to synthesize and have 
low cytotoxicity when transfected in vivo. AAV1 delivery 
of ncRNAs could also be applied for prevention and thera-
peutics. For example, AAV1 gene transfer of KLF4-shRNA 
could prevent and ameliorate the progression of cigarette 
smoke-induced pulmonary hypertension.231 circRNA 
MFACR promotes cardiomyocyte death in MI and reduces 
miR-125b expression via methylation of the miR-125b 
gene. Overexpression of miR-125b reversed the effects of 
MFACR-mediated cardiomyocyte apoptosis,232 suggesting 
both miR-125b and MFACR could be targets for hypoxia-
induced MI. miRNA-181c could be a target for cigarette 
smoke-induced chronic obstructive pulmonary disease 
(COPD) by regulating CCN1, a key regulator in angiogen-
esis.233 Extracellular vesicles (EVs) containing miRNAs 
could alleviate obesity-related metabolic dysfunction.234 
An animal study suggests that systemically administer-
ing miR-378 serves as a promising agent for preventing 
and treating obesity-related CVD in humans.235 Similarly, 
miRNA-22-3p inhibition by miR-22-3p antagomir drug 
candidate APT-110 could be a potent treatment of fat 
accumulation, insulin resistance, and related complex 
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metabolic disorders including obesity.236 Given the above 
evidence from translational studies, drugs targeting epi-
genetics mechanisms are expected to be increasingly ap-
plied in clinical trials in the near future, in order to better 
meet the needs of ameliorating CVD patients' symptoms 
and improving prognosis (Table 2).

The potential of epigenetic drugs in treating CVD is 
immense, promising revolutionary therapeutic strategies.4 
However, significant challenges need to be addressed to 
realize this potential fully. One of the foremost challenges 
is ensuring the specificity of these drugs. It is crucial to 
design epigenetic drugs that precisely target the intended 
genes without causing unintended side effects.4 Effective 
delivery of these drugs to the target cells and tissues also 
remains complex.237 Additionally, optimal therapeutic 
outcomes may require combining epigenetic drugs with 
other treatments.4

7   |   CONCLUSION AND OPEN 
QUESTIONS

In this review, we summarize recent data on epigenetic 
mechanisms and their regulatory roles in various behavio-
ral and environmental factors-induced CVD. Studies have 
demonstrated that epigenetic markers associated with 
certain behavioral and environmental factors-induced 
CVD could be utilized for CVD diagnosis, and targeting 
epigenetic mechanisms holds promise for treating these 
diseases. With advancements in high-throughput se-
quencing technologies paving the way for personalized 
medicine approaches in CVD management, integrating 
epigenetic biomarker profiles with traditional clinical risk 
factors may lead to advancements in precision medicine 
and facilitate the delivery of tailored therapeutic interven-
tions. This integration represents a paradigm shift in car-
diovascular medicine, offering novel insights into disease 
pathogenesis and therapeutic avenues for intervention. 
Nonetheless, several challenges remain in the application 
of epigenetics in CVD.

First, establishing a causal link between different forms 
of epigenetic regulation and CVD pathogenesis remains 
challenging. While many studies have described associ-
ations between epigenetic differences induced by envi-
ronmental factors using correlation studies, it is unclear 
whether these epigenetic changes directly cause CVD. New 
techniques combining epigenetics engineering and molec-
ular tools are needed to manipulate epigenetic regulation. 
For instance, a combination of CRISPRi/a with induced 
pluripotent stem cells (iPSCs) could serve as an ideal plat-
form for systematically identifying the causality of epigen-
etic regulation and environmental factors-induced CVD, 
facilitating biomarker discovery and drug development.238 

In addition, large multicenter studies are needed to pro-
vide convincing evidence for clinical applicability.

Second, many environmental exposures involve 
mixtures of chemicals as well as mixed lifestyles (i.e., 
physical inactivity plus alcohol consumption). With ad-
vances in mass spectrometry and other detection tech-
nologies, hundreds of chemicals and metabolites can 
now be measured simultaneously with high accuracy.239 
The effects of some toxic components and dynamics in 
metabolites on epigenetic modifications may be masked 
by other factors. Therefore, systematically profiling and 
defining causal chemicals/metabolites inside the envi-
ronmental factors-induced epigenetic dysregulation in 
CVD is essential.

Third, most CVD are polygenic diseases resulting from 
the cumulative inheritance of multiple genetic variants 
alongside interactions with environmental factors. Given 
that most polygenic variants are influenced by environ-
mental factors, it is essential to consider how environmen-
tal factors modulate genetic susceptibility in CVD. Future 
research directions could involve applying a village ap-
proach to culture human iPSCs and expose them to envi-
ronmental risk factors, combined with single-cell omics to 
decipher genetic and environmental interactions induced 
CVD via epigenetic modifications.240

Overall, understanding the multidimensional “in-
teractome” encompassing genetics, epigenetics, tran-
scriptomics, proteomics, metabolomics, bioinformatics, 
demographic informatics, exposomics, and the entire life 
course is crucial for determining the health and disease 
outcomes of an individual. Continued research into en-
vironmental epigenetics and its implications on human 
health and disease variability is crucial for the develop-
ment of personalized medicine and targeted therapies for 
CVD. This involves identifying novel epigenetic targets for 
therapeutic intervention, developing epigenetic-based di-
agnostic tests and prognostic markers, and integrating epi-
genetic profiling into personalized medicine approaches. 
Despite the challenges, integrating epigenetics into preci-
sion medicine for CVD holds great promise for revolution-
izing modern medicine and improving patient outcomes.

AUTHOR CONTRIBUTIONS
Feifei Bi and Hongchao Guo: Writing—original draft 
preparation; review; and editing. Chen Gao: Review and 
editing. All authors have read and agreed to the published 
version of the manuscript. [Correction added 5 October 
2024, after online publication: Ningjing Song deleted.]

ACKNOWLEDGMENTS
We thank Dr. Ningjing Song for his insightful discussions 
and thorough review, which significantly enhanced the 
quality of the manuscript.



      |  495BI et al.

FUNDING INFORMATION
This work was supported by National Institutes of Health 
(NIH) grant R00 HL150319 (H.C.G.), R00HL141626 
(C.G.), and Harold S. Geneen Charitable Trust Awards 
Program for Coronary Heart Disease Research (H.C.G.).

CONFLICT OF INTEREST STATEMENT
The authors declare that there are no conflicts of interest.

DATA AVAILABILITY STATEMENT
Stored in repository.

ORCID
Feifei Bi   https://orcid.org/0009-0000-8334-3954 
Chen Gao   https://orcid.org/0000-0001-7883-3270 
Hongchao Guo   https://orcid.org/0000-0002-8884-7358 

REFERENCES
	 1.	 Mendis S, Graham I, Narula J. Addressing the global burden 

of cardiovascular diseases; need for scalable and sustainable 
frameworks. Glob Heart. 2022;17:48. doi:10.5334/gh.1139

	 2.	 Global Burden of Cardiovascular Diseases, C, Roth GA, Johnson 
CO, et  al. The burden of cardiovascular diseases among US 
states, 1990-2016. JAMA Cardiol. 2018;3:375-389. doi:10.1001/
jamacardio.2018.0385

	 3.	 Rippe JM. Lifestyle strategies for risk factor reduction, preven-
tion, and treatment of cardiovascular disease. Am J Lifestyle 
Med. 2019;13:204-212. doi:10.1177/1559827618812395

	 4.	 Shi Y, Zhang H, Huang S, et al. Epigenetic regulation in car-
diovascular disease: mechanisms and advances in clinical 
trials. Signal Transduct Target Ther. 2022;7:200. doi:10.1038/
s41392-022-01055-2

	 5.	 Gibney ER, Nolan CM. Epigenetics and gene expression. 
Heredity (Edinb). 2010;105:4-13. doi:10.1038/hdy.2010.54

	 6.	 Ho SM, Johnson A, Tarapore P, Janakiram V, Zhang X, Leung 
YK. Environmental epigenetics and its implication on disease 
risk and health outcomes. ILAR J. 2012;53:289-305. doi:10.1093/
ilar.53.3-4.289

	 7.	 Torano EG, Garcia MG, Fernandez-Morera JL, Nino-Garcia P, 
Fernandez AF. The impact of external factors on the epigenome: 
in utero and over lifetime. Biomed Res Int. 2016;2016:2568635. 
doi:10.1155/2016/2568635

	 8.	 Fraga MF, Ballestar E, Paz MF, et  al. Epigenetic differences 
arise during the lifetime of monozygotic twins. Proc Natl Acad 
Sci USA. 2005;102:10604-10609. doi:10.1073/pnas.0500398102

	 9.	 Foley DL, Craig JM, Morley R, et al. Prospects for epigenetic 
epidemiology. Am J Epidemiol. 2009;169:389-400. doi:10.1093/
aje/kwn380

	10.	 Bell JT, Spector TD. A twin approach to unraveling epigenetics. 
Trends Genet. 2011;27:116-125. doi:10.1016/j.tig.2010.12.005

	11.	 Wamstad JA, Alexander JM, Truty RM, et al. Dynamic and co-
ordinated epigenetic regulation of developmental transitions 
in the cardiac lineage. Cell. 2012;151:206-220. doi:10.1016/j.
cell.2012.07.035

	12.	 George RM, Firulli AB. Epigenetics and heart develop-
ment. Front Cell Dev Biol. 2021;9:637996. doi:10.3389/
fcell.2021.637996

	13.	 Ohtani K, Dimmeler S. Epigenetic regulation of cardiovascular 
differentiation. Cardiovasc Res. 2011;90:404-412. doi:10.1093/
cvr/cvr019

	14.	 Hamza SA, Asif S, Khurshid Z, Zafar MS, Bokhari SAH. 
Emerging role of epigenetics in explaining relationship of 
periodontitis and cardiovascular diseases. Diseases. 2021;9:48. 
doi:10.3390/diseases9030048

	15.	 van der Harst P, de Windt LJ, Chambers JC. Translational per-
spective on epigenetics in cardiovascular disease. J Am Coll 
Cardiol. 2017;70:590-606. doi:10.1016/j.jacc.2017.05.067

	16.	 Herman AB, Occean JR, Sen P. Epigenetic dysregulation in car-
diovascular aging and disease. J Cardiovasc Aging. 2021;1:10. 
doi:10.20517/jca.2021.16

	17.	 Zhang W, Song M, Qu J, Liu GH. Epigenetic modifications in 
cardiovascular aging and diseases. Circ Res. 2018;123:773-786. 
doi:10.1161/CIRCRESAHA.118.312497

	18.	 Liberale L, Badimon L, Montecucco F, et  al. Inflammation, 
aging, and cardiovascular disease: JACC review topic of the 
week. J Am Coll Cardiol. 2022;79:837-847. doi:10.1016/j.
jacc.2021.12.017

	19.	 North BJ, Sinclair DA. The intersection between aging and car-
diovascular disease. Circ Res. 2012;110:1097-1108. doi:10.1161/
CIRCRESAHA.111.246876

	20.	 Olive M, Harten I, Mitchell R, et al. Cardiovascular pathology 
in Hutchinson-Gilford progeria: correlation with the vascular 
pathology of aging. Arterioscler Thromb Vasc Biol. 2010;30:2301-
2309. doi:10.1161/ATVBAHA.110.209460

	21.	 Cui S, Xue L, Yang F, et al. Postinfarction hearts are protected 
by premature senescent cardiomyocytes via GATA 4-dependent 
CCN 1 secretion. J Am Heart Assoc. 2018;7:e009111. doi:10.1161/
JAHA.118.009111

	22.	 Barton M, Husmann M, Meyer MR. Accelerated vascular aging 
as a paradigm for hypertensive vascular disease: prevention 
and therapy. Can J Cardiol. 2016;32:680-686. doi:10.1016/j.
cjca.2016.02.062

	23.	 Goldberg AD, Allis CD, Bernstein E. Epigenetics: a land-
scape takes shape. Cell. 2007;128:635-638. doi:10.1016/j.
cell.2007.02.006

	24.	 Tang WY, Morey LM, Cheung YY, Birch L, Prins GS, Ho SM. 
Neonatal exposure to estradiol/bisphenol a alters promoter 
methylation and expression of Nsbp1 and Hpcal1 genes and 
transcriptional programs of Dnmt3a/b and Mbd2/4 in the rat 
prostate gland throughout life. Endocrinology. 2012;153:42-55. 
doi:10.1210/en.2011-1308

	25.	 Bertozzi TM, Ferguson-Smith AC. Metastable epialleles and 
their contribution to epigenetic inheritance in mammals. Semin 
Cell Dev Biol. 2020;97:93-105. doi:10.1016/j.semcdb.2019.08.002

	26.	 Skinner MK. Environmental epigenetic transgenerational in-
heritance and somatic epigenetic mitotic stability. Epigenetics. 
2011;6:838-842. doi:10.4161/epi.6.7.16537

	27.	 Anway MD, Cupp AS, Uzumcu M, Skinner MK. Epigenetic 
transgenerational actions of endocrine disruptors and 
male fertility. Science. 2005;308:1466-1469. doi:10.1126/
science.1108190

	28.	 Anway MD, Leathers C, Skinner MK. Endocrine disruptor vinclo-
zolin induced epigenetic transgenerational adult-onset disease. 
Endocrinology. 2006;147:5515-5523. doi:10.1210/en.2006-0640

	29.	 Global Cardiovascular Risk, C, Magnussen C, Ojeda FM, et al. 
Global effect of modifiable risk factors on cardiovascular disease 

https://orcid.org/0009-0000-8334-3954
https://orcid.org/0009-0000-8334-3954
https://orcid.org/0000-0001-7883-3270
https://orcid.org/0000-0001-7883-3270
https://orcid.org/0000-0002-8884-7358
https://orcid.org/0000-0002-8884-7358
https://doi.org//10.5334/gh.1139
https://doi.org//10.1001/jamacardio.2018.0385
https://doi.org//10.1001/jamacardio.2018.0385
https://doi.org//10.1177/1559827618812395
https://doi.org//10.1038/s41392-022-01055-2
https://doi.org//10.1038/s41392-022-01055-2
https://doi.org//10.1038/hdy.2010.54
https://doi.org//10.1093/ilar.53.3-4.289
https://doi.org//10.1093/ilar.53.3-4.289
https://doi.org//10.1155/2016/2568635
https://doi.org//10.1073/pnas.0500398102
https://doi.org//10.1093/aje/kwn380
https://doi.org//10.1093/aje/kwn380
https://doi.org//10.1016/j.tig.2010.12.005
https://doi.org//10.1016/j.cell.2012.07.035
https://doi.org//10.1016/j.cell.2012.07.035
https://doi.org//10.3389/fcell.2021.637996
https://doi.org//10.3389/fcell.2021.637996
https://doi.org//10.1093/cvr/cvr019
https://doi.org//10.1093/cvr/cvr019
https://doi.org//10.3390/diseases9030048
https://doi.org//10.1016/j.jacc.2017.05.067
https://doi.org//10.20517/jca.2021.16
https://doi.org//10.1161/CIRCRESAHA.118.312497
https://doi.org//10.1016/j.jacc.2021.12.017
https://doi.org//10.1016/j.jacc.2021.12.017
https://doi.org//10.1161/CIRCRESAHA.111.246876
https://doi.org//10.1161/CIRCRESAHA.111.246876
https://doi.org//10.1161/ATVBAHA.110.209460
https://doi.org//10.1161/JAHA.118.009111
https://doi.org//10.1161/JAHA.118.009111
https://doi.org//10.1016/j.cjca.2016.02.062
https://doi.org//10.1016/j.cjca.2016.02.062
https://doi.org//10.1016/j.cell.2007.02.006
https://doi.org//10.1016/j.cell.2007.02.006
https://doi.org//10.1210/en.2011-1308
https://doi.org//10.1016/j.semcdb.2019.08.002
https://doi.org//10.4161/epi.6.7.16537
https://doi.org//10.1126/science.1108190
https://doi.org//10.1126/science.1108190
https://doi.org//10.1210/en.2006-0640


496  |      BI et al.

and mortality. N Engl J Med. 2023;389:1273-1285. doi:10.1056/
NEJMoa2206916

	30.	 Fischer A, Sananbenesi F, Wang X, Dobbin M, Tsai LH. Recovery 
of learning and memory is associated with chromatin remodel-
ling. Nature. 2007;447:178-182. doi:10.1038/nature05772

	31.	 Venkatesh S, Workman JL. Histone exchange, chromatin 
structure and the regulation of transcription. Nat Rev Mol Cell 
Biol. 2015;16:178-189. doi:10.1038/nrm3941

	32.	 Handy DE, Castro R, Loscalzo J. Epigenetic modifica-
tions: basic mechanisms and role in cardiovascular disease.  
Circulation. 2011;123:2145-2156. doi:10.1161/CIRCULATIONA​
HA.110.956839

	33.	 Laurent L, Wong E, Li G, et al. Dynamic changes in the human 
methylome during differentiation. Genome Res. 2010;20:320-
331. doi:10.1101/gr.101907.109

	34.	 Jang HS, Shin WJ, Lee JE, Do JT. CpG and non-CpG methyl-
ation in epigenetic gene regulation and brain function. Genes 
(Basel). 2017;8:148. doi:10.3390/genes8060148

	35.	 Greenberg MVC, Bourc'his D. The diverse roles of DNA meth-
ylation in mammalian development and disease. Nat Rev Mol 
Cell Biol. 2019;20:590-607. doi:10.1038/s41580-019-0159-6

	36.	 Rose NR, Klose RJ. Understanding the relationship be-
tween DNA methylation and histone lysine methylation. 
Bba-Gene Regul Mech. 2014;1839:1362-1372. doi:10.1016/j.
bbagrm.2014.02.007

	37.	 Okano M, Bell DW, Haber DA, Li E. DNA methyltransferases 
Dnmt3a and Dnmt3b are essential for de novo methylation and 
mammalian development. Cell. 1999;99:247-257. doi:10.1016/
s0092-8674(00)81656-6

	38.	 Ramsahoye BH, Biniszkiewicz D, Lyko F, Clark V, Bird AP, 
Jaenisch R. Non-CpG methylation is prevalent in embryonic 
stem cells and may be mediated by DNA methyltransferase 
3a. Proc Natl Acad Sci USA. 2000;97:5237-5242. doi:10.1073/
pnas.97.10.5237

	39.	 Bhutani N, Brady JJ, Damian M, Sacco A, Corbel SY, Blau HM. 
Reprogramming towards pluripotency requires AID-dependent 
DNA demethylation. Nature. 2010;463:1042-1047. doi:10.1038/
nature08752

	40.	 Ito S, D'Alessio AC, Taranova OV, Hong K, Sowers LC, Zhang 
Y. Role of Tet proteins in 5mC to 5hmC conversion, ES-
cell self-renewal and inner cell mass specification. Nature. 
2010;466:1129-1133. doi:10.1038/nature09303

	41.	 Cortellino S, Xu J, Sannai M, et al. Thymine DNA glycosylase is 
essential for active DNA demethylation by linked Deamination-
Base excision repair. Cell. 2011;146:67-79. doi:10.1016/j.
cell.2011.06.020

	42.	 Filion GJP, Zhenilo S, Salozhin S, Yamada D, Prokhortchouk 
E, Defossez PA. A family of human zinc finger proteins that 
bind methylated DNA and repress transcription. Mol Cell Biol. 
2006;26:169-181. doi:10.1128/Mcb.26.1.169-181.2006

	43.	 Hudson NO, Buck-Koehntop BA. Zinc finger readers of 
methylated DNA. Molecules. 2018;23:2555. doi:10.3390/
molecules23102555

	44.	 Robertson KD. DNA methylation and human disease. Nat Rev 
Genet. 2005;6:597-610. doi:10.1038/nrg1655

	45.	 Mitchell C, Schneper LM, Notterman DA. DNA methylation, 
early life environment, and health outcomes. Pediatr Res. 
2016;79:212-219. doi:10.1038/pr.2015.193

	46.	 Choi SW, Friso S. Epigenetics: a new bridge between nutrition 
and health. Adv Nutr. 2010;1:8-16. doi:10.3945/an.110.1004

	47.	 Reichard JF, Schnekenburger M, Puga A. Long term low-
dose arsenic exposure induces loss of DNA methylation. 
Biochem Biophys Res Commun. 2007;352:188-192. doi:10.1016/j.
bbrc.2006.11.001

	48.	 Hyun Park W, Hee Cho Y, Won Jung C, et al. Arsenic triox-
ide inhibits the growth of A498 renal cell carcinoma cells via 
cell cycle arrest or apoptosis. Biochem Biophys Res Commun. 
2003;300:230-235. doi:10.1016/s0006-291x(02)02831-0

	49.	 Bannister AJ, Kouzarides T. Regulation of chromatin by histone 
modifications. Cell Res. 2011;21:381-395. doi:10.1038/cr.2011.22

	50.	 Yang XJ, Seto E. HATs and HDACs: from structure, function 
and regulation to novel strategies for therapy and prevention. 
Oncogene. 2007;26:5310-5318. doi:10.1038/sj.onc.1210599

	51.	 Allfrey VG, Faulkner R, Mirsky AE. Acetylation + methyl-
ation of histones + their possible role in regulation of Rna 
synthesis. Proc Natl Acad Sci USA. 1964;51:786. doi:10.1073/
pnas.51.5.786

	52.	 Bernstein BE, Meissner A, Lander ES. The mammalian epig-
enome. Cell. 2007;128:669-681. doi:10.1016/j.cell.2007.01.033

	53.	 Meissner A, Mikkelsen TS, Gu H, et  al. Genome-scale DNA 
methylation maps of pluripotent and differentiated cells. 
Nature. 2008;454:766-770. doi:10.1038/nature07107

	54.	 Rossetto D, Avvakumov N, Cote J. Histone phosphorylation: 
a chromatin modification involved in diverse nuclear events. 
Epigenetics. 2012;7:1098-1108. doi:10.4161/epi.21975

	55.	 Meas R, Mao P. Histone ubiquitylation and its roles in tran-
scription and DNA damage response. DNA Repair (Amst). 
2015;36:36-42. doi:10.1016/j.dnarep.2015.09.016

	56.	 Kouzarides T. Chromatin modifications and their function. 
Cell. 2007;128:693-705. doi:10.1016/j.cell.2007.02.005

	57.	 Johansen KM, Johansen J. Regulation of chromatin structure by 
histone H3S10 phosphorylation. Chromosom Res. 2006;14:393-
404. doi:10.1007/s10577-006-1063-4

	58.	 Rogakou EP, Pilch DR, Orr AH, Ivanova VS, Bonner WM. DNA 
double-stranded breaks induce histone H2AX phosphorylation 
on serine 139. J Biol Chem. 1998;273:5858-5868. doi:10.1074/
jbc.273.10.5858

	59.	 Oss-Ronen L, Sarusi T, Cohen I. Histone mono-ubiquitination 
in transcriptional regulation and its mark on life: emerging 
roles in tissue development and disease. Cells. 2022;11:2404. 
doi:10.3390/cells11152404

	60.	 Fang L, Wuptra K, Chen D, et al. Environmental-stress-induced 
chromatin regulation and its heritability. J Carcinog Mutagen. 
2014;5:22058. doi:10.4172/2157-2518.1000156

	61.	 Abi Khalil C. The emerging role of epigenetics in cardio-
vascular disease. Ther Adv Chronic Dis. 2014;5:178-187. 
doi:10.1177/2040622314529325

	62.	 Kim S, Kaang BK. Epigenetic regulation and chromatin re-
modeling in learning and memory. Exp Mol Med. 2017;49:e281. 
doi:10.1038/emm.2016.140

	63.	 Clapier CR, Iwasa J, Cairns BR, Peterson CL. Mechanisms of ac-
tion and regulation of ATP-dependent chromatin-remodelling 
complexes. Nat Rev Mol Cell Biol. 2017;18:407-422. doi:10.1038/
nrm.2017.26

	64.	 Han P, Hang CT, Yang J, Chang CP. Chromatin remodel-
ing in cardiovascular development and physiology. Circ Res. 
2011;108:378-396. doi:10.1161/CIRCRESAHA.110.224287

	65.	 Mattick JS. Non-coding RNAs: the architects of eukaryotic com-
plexity. EMBO Rep. 2001;2:986-991. doi:10.1093/embo-reports/
kve230

https://doi.org//10.1056/NEJMoa2206916
https://doi.org//10.1056/NEJMoa2206916
https://doi.org//10.1038/nature05772
https://doi.org//10.1038/nrm3941
https://doi.org//10.1161/CIRCULATIONAHA.110.956839
https://doi.org//10.1161/CIRCULATIONAHA.110.956839
https://doi.org//10.1101/gr.101907.109
https://doi.org//10.3390/genes8060148
https://doi.org//10.1038/s41580-019-0159-6
https://doi.org//10.1016/j.bbagrm.2014.02.007
https://doi.org//10.1016/j.bbagrm.2014.02.007
https://doi.org//10.1016/s0092-8674(00)81656-6
https://doi.org//10.1016/s0092-8674(00)81656-6
https://doi.org//10.1073/pnas.97.10.5237
https://doi.org//10.1073/pnas.97.10.5237
https://doi.org//10.1038/nature08752
https://doi.org//10.1038/nature08752
https://doi.org//10.1038/nature09303
https://doi.org//10.1016/j.cell.2011.06.020
https://doi.org//10.1016/j.cell.2011.06.020
https://doi.org//10.1128/Mcb.26.1.169-181.2006
https://doi.org//10.3390/molecules23102555
https://doi.org//10.3390/molecules23102555
https://doi.org//10.1038/nrg1655
https://doi.org//10.1038/pr.2015.193
https://doi.org//10.3945/an.110.1004
https://doi.org//10.1016/j.bbrc.2006.11.001
https://doi.org//10.1016/j.bbrc.2006.11.001
https://doi.org//10.1016/s0006-291x(02)02831-0
https://doi.org//10.1038/cr.2011.22
https://doi.org//10.1038/sj.onc.1210599
https://doi.org//10.1073/pnas.51.5.786
https://doi.org//10.1073/pnas.51.5.786
https://doi.org//10.1016/j.cell.2007.01.033
https://doi.org//10.1038/nature07107
https://doi.org//10.4161/epi.21975
https://doi.org//10.1016/j.dnarep.2015.09.016
https://doi.org//10.1016/j.cell.2007.02.005
https://doi.org//10.1007/s10577-006-1063-4
https://doi.org//10.1074/jbc.273.10.5858
https://doi.org//10.1074/jbc.273.10.5858
https://doi.org//10.3390/cells11152404
https://doi.org//10.4172/2157-2518.1000156
https://doi.org//10.1177/2040622314529325
https://doi.org//10.1038/emm.2016.140
https://doi.org//10.1038/nrm.2017.26
https://doi.org//10.1038/nrm.2017.26
https://doi.org//10.1161/CIRCRESAHA.110.224287
https://doi.org//10.1093/embo-reports/kve230
https://doi.org//10.1093/embo-reports/kve230


      |  497BI et al.

	66.	 Lagos-Quintana M, Rauhut R, Lendeckel W, Tuschl T. 
Identification of novel genes coding for small expressed RNAs. 
Science. 2001;294:853-858. doi:10.1126/science.1064921

	67.	 Bratkovic T, Bozic J, Rogelj B. Functional diversity of small 
nucleolar RNAs. Nucleic Acids Res. 2020;48:1627-1651. 
doi:10.1093/nar/gkz1140

	68.	 Mattick JS, Amaral PP, Carninci P, et al. Long non-coding RNAs: 
definitions, functions, challenges and recommendations. Nat Rev 
Mol Cell Biol. 2023;24:430-447. doi:10.1038/s41580-022-00566-8

	69.	 Greene J, Baird AM, Brady L, et  al. Circular RNAs: biogene-
sis, function and role in human diseases. Front Mol Biosci. 
2017;4:38. doi:10.3389/fmolb.2017.00038

	70.	 Das S, Shah R, Dimmeler S, et al. Noncoding RNAs in cardio-
vascular disease: current knowledge, tools and technologies 
for Investigation, and future directions: a scientific Statement 
from the American Heart Association. Circ Genom Precis Med. 
2020;13:e000062. doi:10.1161/HCG.0000000000000062

	71.	 Viereck J, Thum T. Circulating noncoding RNAs as biomarkers 
of cardiovascular disease and injury. Circ Res. 2017;120:381-
399. doi:10.1161/Circresaha.116.308434

	72.	 Rossello-Tortella M, Ferrer G, Esteller M. Epitranscriptomics 
in hematopoiesis and hematologic malignancies. Blood Cancer 
Discov. 2020;1:26-31. doi:10.1158/2643-3249.BCD-20-0032

	73.	 Wanowska E, McFeely A, Sztuba-Solinska J. The role of 
Epitranscriptomic modifications in the regulation of RNA–pro-
tein interactions. Biochemistry. 2022;2:241-259. doi:10.3390/
biochem2040017

	74.	 Cantara WA, Crain PF, Rozenski J, et  al. The RNA modifi-
cation database, RNAMDB: 2011 update. Nucleic Acids Res. 
2011;39:D195-D201. doi:10.1093/nar/gkq1028

	75.	 Coker H, Wei G, Brockdorff N. m6A modification of non-
coding RNA and the control of mammalian gene expression. 
Biochim Biophys Acta Gene Regul Mech. 2019;1862:310-318. 
doi:10.1016/j.bbagrm.2018.12.002

	76.	 Wang D, Han Y, Peng L, et  al. Crosstalk between N6-
methyladenosine (m6A) modification and noncoding RNA in 
tumor microenvironment. Int J Biol Sci. 2023;19:2198-2219. 
doi:10.7150/ijbs.79651

	77.	 Benak D, Kolar F, Zhang L, Devaux Y, Hlavackova M. RNA 
modification m(6)Am: the role in cardiac biology. Epigenetics. 
2023;18:2218771. doi:10.1080/15592294.2023.2218771

	78.	 Liu J, Yue Y, Han D, et al. A METTL3-METTL14 complex me-
diates mammalian nuclear RNA N6-adenosine methylation. 
Nat Chem Biol. 2014;10:93-95. doi:10.1038/nchembio.1432

	79.	 Leptidis S, Papakonstantinou E, Diakou K, et  al. 
Epitranscriptomics of cardiovascular diseases (review). Int J 
Mol Med. 2022;49:9. doi:10.3892/ijmm.2021.5064

	80.	 Dorn LE, Lasman L, Chen J, et al. The N(6)-Methyladenosine 
mRNA Methylase METTL3 controls cardiac homeostasis 
and hypertrophy. Circulation. 2019;139:533-545. doi:10.1161/
CIRCULATIONAHA.118.036146

	81.	 Kmietczyk V, Oelschläger J, Gupta P, et al. Ythdf2 regulates 
cardiac remodeling through its mRNA target transcripts. J Mol 
Cell Cardiol. 2023;181:57-66. doi:10.1016/j.yjmcc.2023.06.001

	82.	 Liu L, Wu J, Lu C, et  al. WTAP-mediated m(6)a modifi-
cation of lncRNA Snhg1 improves myocardial ischemia-
reperfusion injury via miR-361-5p/OPA1-dependent 
mitochondrial fusion. J Transl Med. 2024;22:499. doi:10.1186/
s12967-024-05330-4

	83.	 Tu B, Song K, Zhou Y, et al. METTL3 boosts mitochondrial fis-
sion and induces cardiac fibrosis by enhancing LncRNA GAS5 
methylation. Pharmacol Res. 2023;194:106840. doi:10.1016/j.
phrs.2023.106840

	84.	 Meng L, Lin H, Huang X, Weng J, Peng F, Wu S. METTL14 sup-
presses pyroptosis and diabetic cardiomyopathy by downregu-
lating TINCR lncRNA. Cell Death Dis. 2022;13:38. doi:10.1038/
s41419-021-04484-z

	85.	 Xiong Q, Zhang Y. Small RNA modifications: regulatory mol-
ecules and potential applications. J Hematol Oncol. 2023;16:64. 
doi:10.1186/s13045-023-01466-w

	86.	 Qian B, Wang P, Zhang D, Wu L. m6A modification promotes 
miR-133a repression during cardiac development and hyper-
trophy via IGF2BP2. Cell Death Dis. 2021;7:157. doi:10.1038/
s41420-021-00552-7

	87.	 Zhang R, Qu Y, Ji Z, et al. METTL3 mediates Ang-II-induced 
cardiac hypertrophy through accelerating pri-miR-221/222 
maturation in an m6A-dependent manner. Cell Mol Biol Lett. 
2022;27:55. doi:10.1186/s11658-022-00349-1

	88.	 Dai Y, Yuan BF, Feng YQ. Quantification and mapping of DNA 
modifications. RSC Chem Biol. 2021;2:1096-1114. doi:10.1039/
d1cb00022e

	89.	 Tsuji Y. Optimization of biotinylated RNA or DNA pull-down 
assays for detection of binding proteins: examples of IRP1, IRP2, 
HuR, AUF1, and Nrf2. Int J Mol Sci. 2023;24:36. doi:10.3390/
ijms24043604

	90.	 Mukhopadhyay A, Deplancke B, Walhout AJ, Tissenbaum 
HA. Chromatin immunoprecipitation (ChIP) coupled to de-
tection by quantitative real-time PCR to study transcription 
factor binding to DNA in Caenorhabditis elegans. Nat Protoc. 
2008;3:698-709. doi:10.1038/nprot.2008.38

	91.	 Zhang Y, Rohde C, Tierling S, et  al. DNA methylation anal-
ysis by bisulfite conversion, cloning, and sequencing of 
individual clones. Methods Mol Biol. 2009;507:177-187. 
doi:10.1007/978-1-59745-522-0_14

	92.	 Suzuki M, Liao W, Wos F, et  al. Whole-genome bisulfite se-
quencing with improved accuracy and cost. Genome Res. 
2018;28:1364-1371. doi:10.1101/gr.232587.117

	93.	 Nakabayashi K, Yamamura M, Haseagawa K, Hata K. Reduced 
representation bisulfite sequencing (RRBS). Methods Mol Biol. 
2023;2577:39-51. doi:10.1007/978-1-0716-2724-2_3

	94.	 Thu KL, Vucic EA, Kennett JY, et al. Methylated DNA immu-
noprecipitation. J Vis Exp. 2009;23:935. doi:10.3791/935

	95.	 Arrigoni A, Ranzani V, Rossetti G, et  al. Analysis RNA-seq 
and noncoding RNA. Methods Mol Biol. 2016;1480:125-135. 
doi:10.1007/978-1-4939-6380-5_11

	96.	 Park PJ. ChIP-seq: advantages and challenges of a maturing tech-
nology. Nat Rev Genet. 2009;10:669-680. doi:10.1038/nrg2641

	97.	 Grandi FC, Modi H, Kampman L, Corces MR. Chromatin ac-
cessibility profiling by ATAC-seq. Nat Protoc. 2022;17:1518-
1552. doi:10.1038/s41596-022-00692-9

	98.	 Song L, Crawford GE. DNase-seq: a high-resolution technique 
for mapping active gene regulatory elements across the genome 
from mammalian cells. Cold Spring Harb Protoc. 2010;2010:pdb 
prot5384. doi:10.1101/pdb.prot5384

	99.	 Koseler A, Ma F, Kilic ID, et al. Genome-wide DNA methyla-
tion profiling of blood from monozygotic twins discordant for 
myocardial infarction. In Vivo. 2020;34:361-367. doi:10.21873/
invivo.11782

https://doi.org//10.1126/science.1064921
https://doi.org//10.1093/nar/gkz1140
https://doi.org//10.1038/s41580-022-00566-8
https://doi.org//10.3389/fmolb.2017.00038
https://doi.org//10.1161/HCG.0000000000000062
https://doi.org//10.1161/Circresaha.116.308434
https://doi.org//10.1158/2643-3249.BCD-20-0032
https://doi.org//10.3390/biochem2040017
https://doi.org//10.3390/biochem2040017
https://doi.org//10.1093/nar/gkq1028
https://doi.org//10.1016/j.bbagrm.2018.12.002
https://doi.org//10.7150/ijbs.79651
https://doi.org//10.1080/15592294.2023.2218771
https://doi.org//10.1038/nchembio.1432
https://doi.org//10.3892/ijmm.2021.5064
https://doi.org//10.1161/CIRCULATIONAHA.118.036146
https://doi.org//10.1161/CIRCULATIONAHA.118.036146
https://doi.org//10.1016/j.yjmcc.2023.06.001
https://doi.org//10.1186/s12967-024-05330-4
https://doi.org//10.1186/s12967-024-05330-4
https://doi.org//10.1016/j.phrs.2023.106840
https://doi.org//10.1016/j.phrs.2023.106840
https://doi.org//10.1038/s41419-021-04484-z
https://doi.org//10.1038/s41419-021-04484-z
https://doi.org//10.1186/s13045-023-01466-w
https://doi.org//10.1038/s41420-021-00552-7
https://doi.org//10.1038/s41420-021-00552-7
https://doi.org//10.1186/s11658-022-00349-1
https://doi.org//10.1039/d1cb00022e
https://doi.org//10.1039/d1cb00022e
https://doi.org//10.3390/ijms24043604
https://doi.org//10.3390/ijms24043604
https://doi.org//10.1038/nprot.2008.38
https://doi.org//10.1007/978-1-59745-522-0_14
https://doi.org//10.1101/gr.232587.117
https://doi.org//10.1007/978-1-0716-2724-2_3
https://doi.org//10.3791/935
https://doi.org//10.1007/978-1-4939-6380-5_11
https://doi.org//10.1038/nrg2641
https://doi.org//10.1038/s41596-022-00692-9
https://doi.org//10.1101/pdb.prot5384
https://doi.org//10.21873/invivo.11782
https://doi.org//10.21873/invivo.11782


498  |      BI et al.

	100.	 Hu S, Chen L, Zeng T, et  al. DNA methylation profiling re-
veals novel pathway implicated in cardiovascular diseases 
of diabetes. Front Endocrinol (Lausanne). 2023;14:1108126. 
doi:10.3389/fendo.2023.1108126

	101.	Gilsbach R, Preissl S, Grüning BA, et  al. Dynamic DNA 
methylation orchestrates cardiomyocyte development, mat-
uration and disease. Nat Commun. 2014;5:5288. doi:10.1038/
ncomms6288

	102.	 Karemaker ID, Vermeulen M. Single-cell DNA methylation 
profiling: technologies and biological applications. Trends 
Biotechnol. 2018;36:952-965. doi:10.1016/j.tibtech.2018.04.002

	103.	 Liu H, Tsai H, Yang M, et al. Three-dimensional genome struc-
ture and function. MedComm. 2020;4(e326):2023. doi:10.1002/
mco2.326

	104.	 Belton JM, McCord RP, Gibcus JH, Naumova N, Zhan Y, 
Dekker J. Hi-C: a comprehensive technique to capture the con-
formation of genomes. Methods. 2012;58:268-276. doi:10.1016/j.
ymeth.2012.05.001

	105.	 Fields BD, Nguyen SC, Nir G, Kennedy S. A multiplexed DNA 
FISH strategy for assessing genome architecture in Caenorhabditis 
elegans. elife. 2019;8:42823. doi:10.7554/eLife.42823

	106.	 Lin D, Bonora G, Yardimci GG, Noble WS. Computational 
methods for analyzing and modeling genome structure and or-
ganization. Wiley Interdiscip Rev Syst Biol Med. 2019;11:e1435. 
doi:10.1002/wsbm.1435

	107.	 Tan WLW, Anene-Nzelu CG, Wong E, et  al. Epigenomes of 
human hearts reveal new genetic variants relevant for cardiac 
disease and phenotype. Circ Res. 2020;127:761-777. doi:10.1161/
CIRCRESAHA.120.317254

	108.	 Guo H, Tian L, Zhang JZ, et  al. Single-cell RNA sequencing 
of human embryonic stem cell differentiation delineates ad-
verse effects of nicotine on embryonic development. Stem Cell 
Reports. 2019;12:772-786. doi:10.1016/j.stemcr.2019.01.022

	109.	 Guo H, Zhu P, Wu X, Li X, Wen L, Tang F. Single-cell meth-
ylome landscapes of mouse embryonic stem cells and early 
embryos analyzed using reduced representation bisulfite 
sequencing. Genome Res. 2013;23:2126-2135. doi:10.1101/
gr.161679.113

	110.	 Smallwood SA, Lee HJ, Angermueller C, et  al. Single-cell 
genome-wide bisulfite sequencing for assessing epigenetic 
heterogeneity. Nat Methods. 2014;11:817-820. doi:10.1038/
nmeth.3035

	111.	 Buenrostro JD, Wu B, Litzenburger UM, et al. Single-cell chro-
matin accessibility reveals principles of regulatory variation. 
Nature. 2015;523:486-490. doi:10.1038/nature14590

	112.	 Ramani V, Deng X, Qiu R, et  al. Sci-hi-C: a single-cell hi-C 
method for mapping 3D genome organization in large num-
ber of single cells. Methods. 2020;170:61-68. doi:10.1016/j.
ymeth.2019.09.012

	113.	 Baysoy A, Bai Z, Satija R, Fan R. The technological landscape 
and applications of single-cell multi-omics. Nat Rev Mol Cell 
Biol. 2023;24:695-713. doi:10.1038/s41580-023-00615-w

	114.	 Nakamura M, Gao Y, Dominguez AA, Qi LS. CRISPR technolo-
gies for precise epigenome editing. Nat Cell Biol. 2021;23:11-22. 
doi:10.1038/s41556-020-00620-7

	115.	 Wang Y, Zhao Y, Bollas A, Wang Y, Au KF. Nanopore se-
quencing technology, bioinformatics and applications. Nat 
Biotechnol. 2021;39:1348-1365. doi:10.1038/s41587-021-01108-x

	116.	 Kuschel LP, Hench J, Frank S, et al. Robust methylation-based 
classification of brain tumours using nanopore sequencing. 

Neuropathol Appl Neurobiol. 2023;49:e12856. doi:10.1111/
nan.12856

	117.	 Uppuluri L, Wang Y, Young E, Wong JS, Abid HZ, Xiao M. 
Multiplex structural variant detection by whole-genome 
mapping and nanopore sequencing. Sci Rep. 2022;12:6512. 
doi:10.1038/s41598-022-10483-7

	118.	 Liu H, Begik O, Lucas MC, et  al. Accurate detection of m(6)
a RNA modifications in native RNA sequences. Nat Commun. 
2019;10:4079. doi:10.1038/s41467-019-11713-9

	119.	 Ueda H, Dasgupta B, Yu BY. RNA modification detection using 
Nanopore direct RNA sequencing and nanoDoc2. Methods Mol 
Biol. 2023;2632:299-319. doi:10.1007/978-1-0716-2996-3_21

	120.	 Wongsurawat T, Jenjaroenpun P, Nookaew I. Direct se-
quencing of RNA and RNA modification identifica-
tion using Nanopore. Methods Mol Biol. 2022;2477:71-77. 
doi:10.1007/978-1-0716-2257-5_5

	121.	Liang X, Bai Z, Wang F, et  al. Full-length transcriptome 
sequencing: an insight into the dog model of heart fail-
ure. Front Cardiovasc Med. 2021;8:712797. doi:10.3389/
fcvm.2021.712797

	122.	 Sedaghat-Hamedani F, Rebs S, Kayvanpour E, et al. Genotype 
complements the phenotype: identification of the pathogenic-
ity of an LMNA splice variant by Nanopore long-read sequenc-
ing in a large DCM family. Int J Mol Sci. 2022;23. doi:10.3390/
ijms232012230

	123.	 Cao J, Routh AL, Kuyumcu-Martinez MN. Nanopore sequenc-
ing reveals full-length tropomyosin 1 isoforms and their regula-
tion by RNA-binding proteins during rat heart development. J 
Cell Mol Med. 2021;25:8352-8362. doi:10.1111/jcmm.16795

	124.	 Ward Z, Schmeier S, Saddic L, et al. Novel and annotated long 
noncoding RNAs associated with ischemia in the human heart. 
Int J Mol Sci. 2021;22:11324. doi:10.3390/ijms222111324

	125.	 Krusnauskas R, Stakaitis R, Steponaitis G, Almstrup K, 
Vaitkiene P. Identification and comparison of m6A modifica-
tions in glioblastoma non-coding RNAs with MeRIP-seq and 
Nanopore dRNA-seq. Epigenetics. 2023;18:2163365. doi:10.108
0/15592294.2022.2163365

	126.	 Grunberger F, Juttner M, Knuppel R, Ferreira-Cerca S, 
Grohmann D. Nanopore-based RNA sequencing deciphers the 
formation, processing, and modification steps of rRNA inter-
mediates in archaea. RNA. 2023;29:1255-1273. doi:10.1261/
rna.079636.123

	127.	 Lucas MC, Pryszcz LP, Medina R, et  al. Quantitative analy-
sis of tRNA abundance and modifications by nanopore RNA 
sequencing. Nat Biotechnol. 2024;42:72-86. doi:10.1038/
s41587-023-01743-6

	128.	 Philpott M, Watson J, Thakurta A, et al. Nanopore sequencing of 
single-cell transcriptomes with scCOLOR-seq. Nat Biotechnol. 
2021;39:1517-1520. doi:10.1038/s41587-021-00965-w

	129.	 Wang Y, Navin NE. Advances and applications of single-cell se-
quencing technologies. Mol Cell. 2015;58:598-609. doi:10.1016/j.
molcel.2015.05.005

	130.	 Nagano T, Lubling Y, Stevens TJ, et  al. Single-cell hi-C re-
veals cell-to-cell variability in chromosome structure. Nature. 
2013;502:59-64. doi:10.1038/nature12593

	131.	 Lahnemann D et  al. Eleven grand challenges in single-
cell data science. Genome Biol. 2020;21:31. doi:10.1186/
s13059-020-1926-6

	132.	 Collaborators GBDRF. Global burden of 87 risk factors in 204 
countries and territories, 1990-2019: a systematic analysis for 

https://doi.org//10.3389/fendo.2023.1108126
https://doi.org//10.1038/ncomms6288
https://doi.org//10.1038/ncomms6288
https://doi.org//10.1016/j.tibtech.2018.04.002
https://doi.org//10.1002/mco2.326
https://doi.org//10.1002/mco2.326
https://doi.org//10.1016/j.ymeth.2012.05.001
https://doi.org//10.1016/j.ymeth.2012.05.001
https://doi.org//10.7554/eLife.42823
https://doi.org//10.1002/wsbm.1435
https://doi.org//10.1161/CIRCRESAHA.120.317254
https://doi.org//10.1161/CIRCRESAHA.120.317254
https://doi.org//10.1016/j.stemcr.2019.01.022
https://doi.org//10.1101/gr.161679.113
https://doi.org//10.1101/gr.161679.113
https://doi.org//10.1038/nmeth.3035
https://doi.org//10.1038/nmeth.3035
https://doi.org//10.1038/nature14590
https://doi.org//10.1016/j.ymeth.2019.09.012
https://doi.org//10.1016/j.ymeth.2019.09.012
https://doi.org//10.1038/s41580-023-00615-w
https://doi.org//10.1038/s41556-020-00620-7
https://doi.org//10.1038/s41587-021-01108-x
https://doi.org//10.1111/nan.12856
https://doi.org//10.1111/nan.12856
https://doi.org//10.1038/s41598-022-10483-7
https://doi.org//10.1038/s41467-019-11713-9
https://doi.org//10.1007/978-1-0716-2996-3_21
https://doi.org//10.1007/978-1-0716-2257-5_5
https://doi.org//10.3389/fcvm.2021.712797
https://doi.org//10.3389/fcvm.2021.712797
https://doi.org//10.3390/ijms232012230
https://doi.org//10.3390/ijms232012230
https://doi.org//10.1111/jcmm.16795
https://doi.org//10.3390/ijms222111324
https://doi.org//10.1080/15592294.2022.2163365
https://doi.org//10.1080/15592294.2022.2163365
https://doi.org//10.1261/rna.079636.123
https://doi.org//10.1261/rna.079636.123
https://doi.org//10.1038/s41587-023-01743-6
https://doi.org//10.1038/s41587-023-01743-6
https://doi.org//10.1038/s41587-021-00965-w
https://doi.org//10.1016/j.molcel.2015.05.005
https://doi.org//10.1016/j.molcel.2015.05.005
https://doi.org//10.1038/nature12593
https://doi.org//10.1186/s13059-020-1926-6
https://doi.org//10.1186/s13059-020-1926-6


      |  499BI et al.

the global burden of disease study 2019. Lancet. 2020;396:1223-
1249. doi:10.1016/S0140-6736(20)30752-2

	133.	 Nkosi L, Odani S, Agaku IT. 20-year trends in tobacco sales and 
self-reported tobacco use in the United States, 2000-2020. Prev 
Chronic Dis. 2022;19:E45. doi:10.5888/pcd19.210435

	134.	 Michael Pittilo R. Cigarette smoking, endothelial injury and 
cardiovascular disease. Int J Exp Pathol. 2000;81:219-230. 
doi:10.1046/j.1365-2613.2000.00162.x

	135.	 McAdam K, Eldridge A, Fearon IM, et al. Influence of cigarette 
circumference on smoke chemistry, biological activity, and 
smoking behaviour. Regul Toxicol Pharmacol. 2016;82:111-126. 
doi:10.1016/j.yrtph.2016.09.010

	136.	 Lorenzen JM, Martino F, Thum T. Epigenetic modifications 
in cardiovascular disease. Basic Res Cardiol. 2012;107:245. 
doi:10.1007/s00395-012-0245-9

	137.	 Zong D, Liu X, Li J, Ouyang R, Chen P. The role of cig-
arette smoke-induced epigenetic alterations in inflam-
mation. Epigenetics Chromatin. 2019;12:65. doi:10.1186/
s13072-019-0311-8

	138.	 Reichard JF, Puga A. Effects of arsenic exposure on DNA meth-
ylation and epigenetic gene regulation. Epigenomics. 2010;2:87-
104. doi:10.2217/epi.09.45

	139.	 Xiao Y, Word B, Lyn-Cook L Jr, Lyn-Cook B, Hammons G. 
Cigarette smoke condensate and individual constituents 
modulate DNA methyltransferase expression in human 
liver cells. SAGE Open Med. 2015;3:2050312115578317. 
doi:10.1177/2050312115578317

	140.	 Liu H, Zhou Y, Boggs SE, Belinsky SA, Liu J. Cigarette smoke 
induces demethylation of prometastatic oncogene synuclein-
gamma in lung cancer cells by downregulation of DNMT3B. 
Oncogene. 2007;26:5900-5910. doi:10.1038/sj.onc.1210400

	141.	 Langsted A, Bojesen SE, Stroes ESG, Nordestgaard BG. AHRR hy-
pomethylation as an epigenetic marker of smoking history predicts 
risk of myocardial infarction in former smokers. Atherosclerosis. 
2020;312:8-15. doi:10.1016/j.atherosclerosis.2020.08.034

	142.	 Larigot L, Juricek L, Dairou J, Coumoul X. AhR signaling 
pathways and regulatory functions. Biochim Open. 2018;7:1-9. 
doi:10.1016/j.biopen.2018.05.001

	143.	 Corbin LJ, White SJ, Taylor AE, et  al. Epigenetic regula-
tion of F2RL3 associates with myocardial infarction and 
platelet function. Circ Res. 2022;130:384-400. doi:10.1161/
CIRCRESAHA.121.318836

	144.	 Yang SR, Chida AS, Bauter MR, et al. Cigarette smoke induces 
proinflammatory cytokine release by activation of NF-kappaB 
and posttranslational modifications of histone deacetylase in 
macrophages. Am J Physiol Lung Cell Mol Physiol. 2006;291:L46-
L57. doi:10.1152/ajplung.00241.2005

	145.	 Gould TJ. Epigenetic and long-term effects of nicotine on bi-
ology, behavior, and health. Pharmacol Res. 2023;192:106741. 
doi:10.1016/j.phrs.2023.106741

	146.	 Fan H, Lu J, Guo Y, et al. BAHCC1 binds H3K27me3 via a con-
served BAH module to mediate gene silencing and oncogenesis. 
Nat Genet. 2020;52:1384-1396. doi:10.1038/s41588-020-00729-3

	147.	 Muchardt C, Yaniv M. A human homologue of Saccharomyces 
cerevisiae SNF2/SWI2 and drosophila brm genes potentiates 
transcriptional activation by the glucocorticoid receptor. EMBO 
J. 1993;12:4279-4290. doi:10.1002/j.1460-2075.1993.tb06112.x

	148.	 Yokoyama Y, Mise N, Suzuki Y, et al. MicroRNAs as potential 
mediators for cigarette smoking induced atherosclerosis. Int J 
Mol Sci. 2018;19:1097.

	149.	 Frati G, Forte M, di Nonno F, et al. Inhibition of miR-155 at-
tenuates detrimental vascular effects of tobacco cigarette 
smoking. J Am Heart Assoc. 2020;9:e017000. doi:10.1161/
JAHA.120.017000

	150.	 Piano MR. Alcohol's effects on the cardiovascular system. 
Alcohol Res. 2017;38:219-241.

	151.	 Biddinger KJ, Emdin CA, Haas ME, et  al. Association of 
Habitual Alcohol Intake with Risk of cardiovascular dis-
ease. JAMA Netw Open. 2022;5:e223849. doi:10.1001/
jamanetworkopen.2022.3849

	152.	 Heymann HM, Gardner AM, Gross ER. Aldehyde-induced 
DNA and protein adducts as biomarker tools for alcohol use 
disorder. Trends Mol Med. 2018;24:144-155. doi:10.1016/j.
molmed.2017.12.003

	153.	 Choudhury M, Pandey RS, Clemens DL, Davis JW, Lim RW, 
Shukla SD. Knock down of GCN5 histone acetyltransferase by 
siRNA decreases ethanol-induced histone acetylation and af-
fects differential expression of genes in human hepatoma cells. 
Alcohol. 2011;45:311-324. doi:10.1016/j.alcohol.2010.12.003

	154.	 Peng B, Han X, Peng C, Luo X, Deng L, Huang L. G9alpha-
dependent histone H3K9me3 hypomethylation promotes over-
expression of cardiomyogenesis-related genes in foetal mice. J 
Cell Mol Med. 2020;24:1036-1045. doi:10.1111/jcmm.14824

	155.	 Wang Z, Song J, Zhang L, et  al. Increased expression of 
microRNA-378a-5p in acute ethanol exposure of rat cardiomy-
ocytes. Cell Stress Chaperones. 2017;22:245-252. doi:10.1007/
s12192-016-0760-y

	156.	 Kraus WE, Powell KE, Haskell WL, et  al. Physical activity, 
all-cause and cardiovascular mortality, and cardiovascular 
disease. Med Sci Sports Exerc. 2019;51:1270-1281. doi:10.1249/
MSS.0000000000001939

	157.	 Robbins JM, Gerszten RE. Exercise, exerkines, and cardiomet-
abolic health: from individual players to a team sport. J Clin 
Invest. 2023;133:172916. doi:10.1172/JCI168121

	158.	 Hou Z, Qin X, Hu Y, et al. Longterm exercise-derived Exosomal 
miR-342-5p: a novel Exerkine for Cardioprotection. Circ Res. 
2019;124:1386-1400. doi:10.1161/CIRCRESAHA.118.314635

	159.	 Oka SI, Sabry AD, Cawley KM, Warren JS. Multiple levels of 
PGC-1alpha dysregulation in heart failure. Front Cardiovasc 
Med. 2020;7:2. doi:10.3389/fcvm.2020.00002

	160.	 Lehmann LH, Jebessa ZH, Kreusser MM, et al. A proteolytic 
fragment of histone deacetylase 4 protects the heart from fail-
ure by regulating the hexosamine biosynthetic pathway. Nat 
Med. 2018;24:62-72. doi:10.1038/nm.4452

	161.	 Swiatowy WJ, Drzewiecka H, Kliber M, et al. Physical activity 
and DNA methylation in humans. Int J Mol Sci. 2021;22:12989. 
doi:10.3390/ijms222312989

	162.	Smith JAH, Kohn TA, Chetty AK, Ojuka EO. CaMK acti-
vation during exercise is required for histone hyperacetyl-
ation and MEF2A binding at the MEF2 site on the gene. 
Am J Physiol-Endoc M. 2008;295:E698-E704. doi:10.1152/
ajpendo.00747.2007

	163.	 Fernandes T, Hashimoto NY, Magalhães FC, et al. Aerobic ex-
ercise training-induced left ventricular hypertrophy involves 
regulatory MicroRNAs, decreased angiotensin-converting 
enzyme-angiotensin ii, and synergistic regulation of angiotensin-
converting enzyme 2-angiotensin (1-7). Hypertension. 2011;58:182-
189. doi:10.1161/HYPERTENSIONAHA.110.168252

	164.	 Liu XJ, Xiao J, Zhu H, et al. miR-222 is necessary for exercise-
induced cardiac growth and protects against pathological 

https://doi.org//10.1016/S0140-6736(20)30752-2
https://doi.org//10.5888/pcd19.210435
https://doi.org//10.1046/j.1365-2613.2000.00162.x
https://doi.org//10.1016/j.yrtph.2016.09.010
https://doi.org//10.1007/s00395-012-0245-9
https://doi.org//10.1186/s13072-019-0311-8
https://doi.org//10.1186/s13072-019-0311-8
https://doi.org//10.2217/epi.09.45
https://doi.org//10.1177/2050312115578317
https://doi.org//10.1038/sj.onc.1210400
https://doi.org//10.1016/j.atherosclerosis.2020.08.034
https://doi.org//10.1016/j.biopen.2018.05.001
https://doi.org//10.1161/CIRCRESAHA.121.318836
https://doi.org//10.1161/CIRCRESAHA.121.318836
https://doi.org//10.1152/ajplung.00241.2005
https://doi.org//10.1016/j.phrs.2023.106741
https://doi.org//10.1038/s41588-020-00729-3
https://doi.org//10.1002/j.1460-2075.1993.tb06112.x
https://doi.org//10.1161/JAHA.120.017000
https://doi.org//10.1161/JAHA.120.017000
https://doi.org//10.1001/jamanetworkopen.2022.3849
https://doi.org//10.1001/jamanetworkopen.2022.3849
https://doi.org//10.1016/j.molmed.2017.12.003
https://doi.org//10.1016/j.molmed.2017.12.003
https://doi.org//10.1016/j.alcohol.2010.12.003
https://doi.org//10.1111/jcmm.14824
https://doi.org//10.1007/s12192-016-0760-y
https://doi.org//10.1007/s12192-016-0760-y
https://doi.org//10.1249/MSS.0000000000001939
https://doi.org//10.1249/MSS.0000000000001939
https://doi.org//10.1172/JCI168121
https://doi.org//10.1161/CIRCRESAHA.118.314635
https://doi.org//10.3389/fcvm.2020.00002
https://doi.org//10.1038/nm.4452
https://doi.org//10.3390/ijms222312989
https://doi.org//10.1152/ajpendo.00747.2007
https://doi.org//10.1152/ajpendo.00747.2007
https://doi.org//10.1161/HYPERTENSIONAHA.110.168252


500  |      BI et al.

cardiac remodeling. Cell Metab. 2015;21:584-595. doi:10.1016/j.
cmet.2015.02.014

	165.	 Xu GE, Yu P, Hu Y, et  al. Exercise training decreases lactyl-
ation and prevents myocardial ischemia-reperfusion injury 
by inhibiting YTHDF2. Basic Res Cardiol. 2024;119:651-671. 
doi:10.1007/s00395-024-01044-2

	166.	 Wang L, Wang J, Yu P, et al. METTL14 is required for exercise-
induced cardiac hypertrophy and protects against myocardial 
ischemia-reperfusion injury. Nat Commun. 2022;13:6762. 
doi:10.1038/s41467-022-34434-y

	167.	 Liu SJ, Cai TH, Fang CL, et  al. Long-term exercise training 
down-regulates m(6)a RNA demethylase FTO expression in 
the hippocampus and hypothalamus: an effective interven-
tion for epigenetic modification. BMC Neurosci. 2022;23:54. 
doi:10.1186/s12868-022-00742-8

	168.	 Yang Q, Chen S, Wang X, et  al. Exercise mitigates endo-
thelial Pyroptosis and atherosclerosis by downregulat-
ing NEAT1 through N6-Methyladenosine modifications. 
Arterioscler Thromb Vasc Biol. 2023;43:910-926. doi:10.1161/
atvbaha.123.319251

	169.	 Zhou M, Wang H, Zeng X, et al. Mortality, morbidity, and risk 
factors in China and its provinces, 1990-2017: a systematic 
analysis for the global burden of disease study 2017. Lancet. 
2019;394:1145-1158. doi:10.1016/S0140-6736(19)30427-1

	170.	 Richardson LA, Izuora K, Basu A. Mediterranean diet and its 
association with cardiovascular disease risk factors: a scop-
ing review. Int J Environ Res Public Health. 2022;19:12762. 
doi:10.3390/ijerph191912762

	171.	 Arpón A, Riezu-Boj JI, Milagro FI, et  al. Adherence to 
Mediterranean diet is associated with methylation changes in 
inflammation-related genes in peripheral blood cells. J Physiol 
Biochem. 2016;73:445-455. doi:10.1007/s13105-017-0552-6

	172.	 Costello KR, Schones DE. Chromatin modifications in met-
abolic disease: potential mediators of long-term disease risk. 
Wiley Interdiscip Rev Syst Biol Med. 2018;10:e1416. doi:10.1002/
wsbm.1416

	173.	 Ma Y, Ordovas JM. The integration of epigenetics and genet-
ics in nutrition research for CVD risk factors. Proc Nutr Soc. 
2017;76:333-346. doi:10.1017/S0029665116000823

	174.	 Zwamborn RA, Slieker RC, Mulder PC, et al. Prolonged high-
fat diet induces gradual and fat depot-specific DNA methyla-
tion changes in adult mice. Sci Rep. 2017;7:43261. doi:10.1038/
srep43261

	175.	 Pfeiffer L, Wahl S, Pilling LC, et al. DNA methylation of lipid-
related genes affects blood lipid levels. Circ Cardiovasc Genet. 
2015;8:334-342. doi:10.1161/CIRCGENETICS.114.000804

	176.	 Irvin MR, Zhi D, Joehanes R, et al. Epigenome-wide association 
study of fasting blood lipids in the genetics of lipid-lowering 
drugs and diet network study. Circulation. 2014;130:565-572. 
doi:10.1161/CIRCULATIONAHA.114.009158

	177.	 Lai CQ, Wojczynski MK, Parnell LD, et  al. Epigenome-wide 
association study of triglyceride postprandial responses to 
a high-fat dietary challenge. J Lipid Res. 2016;57:2200-2207. 
doi:10.1194/jlr.M069948

	178.	 Lyon P, Strippoli V, Fang B, Cimmino L. B vitamins and one-
carbon metabolism: implications in human health and disease. 
Nutrients. 2020;12:2867. doi:10.3390/nu12092867

	179.	 Pauwels S, Ghosh M, Duca RC, et  al. Maternal intake of 
methyl-group donors affects DNA methylation of metabolic 

genes in infants. Clin Epigenetics. 2017;9:16. doi:10.1186/
s13148-017-0321-y

	180.	 Kothapalli N, Camporeale G, Kueh A, et  al. Biological func-
tions of biotinylated histones. J Nutr Biochem. 2005;16:446-448. 
doi:10.1016/j.jnutbio.2005.03.025

	181.	 Bowen KJ, Sullivan VK, Kris-Etherton PM, Petersen KS. 
Nutrition and cardiovascular disease-an update. Curr 
Atheroscler Rep. 2018;20:8. doi:10.1007/s11883-018-0704-3

	182.	 Evans LW, Ferguson BS. Food bioactive HDAC inhibitors in the 
epigenetic regulation of heart failure. Nutrients. 2018;10:1120. 
doi:10.3390/nu10081120

	183.	 Ho E, Clarke JD, Dashwood RH. Dietary sulforaphane, a 
histone deacetylase inhibitor for cancer prevention. J Nutr. 
2009;139:2393-2396. doi:10.3945/jn.109.113332

	184.	 Funamoto M, Imanishi M, Tsuchiya K, Ikeda Y. Roles of his-
tone acetylation sites in cardiac hypertrophy and heart fail-
ure. Front Cardiovasc Med. 2023;10:1133611. doi:10.3389/
fcvm.2023.1133611

	185.	 Dashwood RH, Ho E. Dietary histone deacetylase inhibitors: 
from cells to mice to man. Semin Cancer Biol. 2007;17:363-369. 
doi:10.1016/j.semcancer.2007.04.001

	186.	 Mamdouh H, Hussain HY, Ibrahim GM, et  al. Prevalence 
and associated risk factors of overweight and obesity among 
adult population in Dubai: a population-based cross-sectional 
survey in Dubai, The United Arab Emirates. BMJ Open. 
2023;13:e062053. doi:10.1136/bmjopen-2022-062053

	187.	 Powell-Wiley TM, Poirier P, Burke LE, et al. Obesity and cardio-
vascular disease: a scientific Statement from the American Heart 
Association. Circulation. 2021;143:e984-e1010. doi:10.1161/
CIR.0000000000000973

	188.	 Mahmoud AM. An overview of epigenetics in obesity: the 
role of lifestyle and therapeutic interventions. Int J Mol Sci. 
2022;23:1341. doi:10.3390/ijms23031341

	189.	 Gonzalez-Jaramillo V, Portilla-Fernandez E, Glisic M, et al. The 
role of DNA methylation and histone modifications in blood 
pressure: a systematic review. J Hum Hypertens. 2019;33:703-
715. doi:10.1038/s41371-019-0218-7

	190.	 Smith ENL, Chandanathil M, Millis RM. Epigenetic mecha-
nisms in obesity: broadening our understanding of the disease. 
Cureus J Med Science. 2023;15:e47875. doi:10.7759/cureus.47875

	191.	 Mengozzi A, Costantino S, Paneni F, et  al. Targeting SIRT1 
rescues age- and obesity-induced microvascular dysfunction in 
ex vivo human vessels. Circ Res. 2022;131:476-491. doi:10.1161/
CIRCRESAHA.122.320888

	192.	 Lhamyani S, Gentile AM, Giráldez-Pérez RM, et  al. miR-
21 mimic blocks obesity in mice: a novel therapeutic op-
tion. Mol Ther Nucleic Acids. 2021;26:401-416. doi:10.1016/j.
omtn.2021.06.019

	193.	 Stapleton K, das S, Reddy MA, et  al. Novel long noncod-
ing RNA, macrophage inflammation-suppressing transcript 
(MIST), regulates macrophage activation during obesity. 
Arterioscler Thromb Vasc Biol. 2020;40:914-928. doi:10.1161/
ATVBAHA.119.313359

	194.	 Gerken T, Girard CA, Tung YCL, et al. The obesity-associated FTO 
gene encodes a 2-oxoglutarate-dependent nucleic acid demethy-
lase. Science. 2007;318:1469-1472. doi:10.1126/science.1151710

	195.	 Church C, Moir L, McMurray F, et al. Overexpression of Fto 
leads to increased food intake and results in obesity. Nat Genet. 
2010;42:1086-1092. doi:10.1038/ng.713

https://doi.org//10.1016/j.cmet.2015.02.014
https://doi.org//10.1016/j.cmet.2015.02.014
https://doi.org//10.1007/s00395-024-01044-2
https://doi.org//10.1038/s41467-022-34434-y
https://doi.org//10.1186/s12868-022-00742-8
https://doi.org//10.1161/atvbaha.123.319251
https://doi.org//10.1161/atvbaha.123.319251
https://doi.org//10.1016/S0140-6736(19)30427-1
https://doi.org//10.3390/ijerph191912762
https://doi.org//10.1007/s13105-017-0552-6
https://doi.org//10.1002/wsbm.1416
https://doi.org//10.1002/wsbm.1416
https://doi.org//10.1017/S0029665116000823
https://doi.org//10.1038/srep43261
https://doi.org//10.1038/srep43261
https://doi.org//10.1161/CIRCGENETICS.114.000804
https://doi.org//10.1161/CIRCULATIONAHA.114.009158
https://doi.org//10.1194/jlr.M069948
https://doi.org//10.3390/nu12092867
https://doi.org//10.1186/s13148-017-0321-y
https://doi.org//10.1186/s13148-017-0321-y
https://doi.org//10.1016/j.jnutbio.2005.03.025
https://doi.org//10.1007/s11883-018-0704-3
https://doi.org//10.3390/nu10081120
https://doi.org//10.3945/jn.109.113332
https://doi.org//10.3389/fcvm.2023.1133611
https://doi.org//10.3389/fcvm.2023.1133611
https://doi.org//10.1016/j.semcancer.2007.04.001
https://doi.org//10.1136/bmjopen-2022-062053
https://doi.org//10.1161/CIR.0000000000000973
https://doi.org//10.1161/CIR.0000000000000973
https://doi.org//10.3390/ijms23031341
https://doi.org//10.1038/s41371-019-0218-7
https://doi.org//10.7759/cureus.47875
https://doi.org//10.1161/CIRCRESAHA.122.320888
https://doi.org//10.1161/CIRCRESAHA.122.320888
https://doi.org//10.1016/j.omtn.2021.06.019
https://doi.org//10.1016/j.omtn.2021.06.019
https://doi.org//10.1161/ATVBAHA.119.313359
https://doi.org//10.1161/ATVBAHA.119.313359
https://doi.org//10.1126/science.1151710
https://doi.org//10.1038/ng.713


      |  501BI et al.

	196.	 Qin Y, Li B, Arumugam S, et  al. M(6)a mRNA methylation-
directed myeloid cell activation controls progression of 
NAFLD and obesity. Cell Rep. 2021;37:109968. doi:10.1016/j.
celrep.2021.109968

	197.	 Al-Kindi SG, Brook RD, Biswal S, Rajagopalan S. Environmental 
determinants of cardiovascular disease: lessons learned from 
air pollution. Nat Rev Cardiol. 2020;17:656-672. doi:10.1038/
s41569-020-0371-2

	198.	 Clark J, Gregory CC, Matthews IP, Hoogendoorn B. The biolog-
ical effects upon the cardiovascular system consequent to ex-
posure to particulates of less than 500 nm in size. Biomarkers. 
2016;21:1-47. doi:10.3109/1354750x.2015.1118540

	199.	 Bai Y, Sun Q. Fine particulate matter air pollution and ath-
erosclerosis: mechanistic insights. Biochim Biophys Acta. 
2016;1860:2863-2868. doi:10.1016/j.bbagen.2016.04.030

	200.	Prunicki M, Cauwenberghs N, Lee J, et  al. Air pollution 
exposure is linked with methylation of immunoregulatory 
genes, altered immune cell profiles, and increased blood 
pressure in children. Sci Rep-Uk. 2021;11:4067. doi:10.1038/
s41598-021-83577-3

	201.	 Terry MB, Delgado-Cruzata L, Vin-Raviv N, Wu HC, Santella 
RM. DNA methylation in white blood cells: association with 
risk factors in epidemiologic studies. Epigenetics. 2011;6:828-
837. doi:10.4161/epi.6.7.16500

	202.	 Breton CV, Song AY, Xiao J, et al. Effects of air pollution on 
mitochondrial function, mitochondrial DNA methylation, and 
mitochondrial peptide expression. Mitochondrion. 2019;46:22-
29. doi:10.1016/j.mito.2019.04.001

	203.	 Cantone L, Nordio F, Hou L, et  al. Inhalable metal-rich air 
particles and histone H3K4 dimethylation and H3K9 acetyla-
tion in a cross-sectional study of steel workers. Environ Health 
Perspect. 2011;119:964-969. doi:10.1289/ehp.1002955

	204.	 Mukherjee S, Dasgupta S, Mishra PK, Chaudhury K. Air 
pollution-induced epigenetic changes: disease develop-
ment and a possible link with hypersensitivity pneumonitis. 
Environ Sci Pollut Res Int. 2021;28:55981-56002. doi:10.1007/
s11356-021-16056-x

	205.	 Tumolo MR, Panico A, de Donno A, et al. The expression of 
microRNAs and exposure to environmental contaminants 
related to human health: a review. Int J Environ Health Res. 
2022;32:332-354. doi:10.1080/09603123.2020.1757043

	206.	 Cecconi A, Navarrete G, Garcia-Guimaraes M, et al. Influence 
of air pollutants on circulating inflammatory cells and mi-
croRNA expression in acute myocardial infarction. Sci Rep. 
2022;12:5350. doi:10.1038/s41598-022-09383-7

	207.	Kupsco A, Gonzalez G, Baker BH, et  al. Associations of 
smoking and air pollution with peripheral blood RNA 
N(6)-methyladenosine in the Beijing truck driver air pol-
lution study. Environ Int. 2020;144:106021. doi:10.1016/j.
envint.2020.106021

	208.	 Krittanawong C, Qadeer YK, Hayes RB, et al. Noise exposure 
and cardiovascular health. Curr Probl Cardiol. 2023;48:101938. 
doi:10.1016/j.cpcardiol.2023.101938

	209.	 Gong X, Fenech B, Blackmore C, et  al. Association between 
noise annoyance and mental health outcomes: a systematic 
review and meta-analysis. Int J Environ Res Public Health. 
2022;19:2696. doi:10.3390/ijerph19052696

	210.	 Basner M, Babisch W, Davis A, et  al. Auditory and non-
auditory effects of noise on health. Lancet. 2014;383:1325-1332. 
doi:10.1016/S0140-6736(13)61613-X

	211.	 Munzel T, Gori T, Babisch W, Basner M. Cardiovascular effects 
of environmental noise exposure. Eur Heart J. 2014;35:829-836. 
doi:10.1093/eurheartj/ehu030

	212.	 Said MA, El-Gohary OA. Effect of noise stress on cardiovas-
cular system in adult male albino rat: implication of stress 
hormones, endothelial dysfunction and oxidative stress. Gen 
Physiol Biophys. 2016;35:371-377. doi:10.4149/gpb_2016003

	213.	 Babisch W. Updated exposure-response relationship between 
road traffic noise and coronary heart diseases: a meta-analysis. 
Noise Health. 2014;16:1-9. doi:10.4103/1463-1741.127847

	214.	 Fu W, Liu Y, Yan S, et  al. The association of noise exposure 
with stroke incidence and mortality: a systematic review and 
dose-response meta-analysis of cohort studies. Environ Res. 
2022;215:114249. doi:10.1016/j.envres.2022.114249

	215.	 Guo L, Li PH, Li H, et al. Effects of environmental noise expo-
sure on DNA methylation in the brain and metabolic health. 
Environ Res. 2017;153:73-82. doi:10.1016/j.envres.2016.11.017

	216.	 Meerson A, Cacheaux L, Goosens KA, Sapolsky RM, Soreq H, 
Kaufer D. Changes in brain MicroRNAs contribute to choliner-
gic stress reactions. J Mol Neurosci. 2010;40:47-55. doi:10.1007/
s12031-009-9252-1

	217.	 Nemtsova MV, Zaletaev DV, Bure IV, et al. Epigenetic changes 
in the pathogenesis of rheumatoid arthritis. Front Genet. 
2019;10:570. doi:10.3389/fgene.2019.00570

	218.	 Reynolds LM, Wan M, Ding J, et al. DNA methylation of the 
aryl hydrocarbon receptor repressor associations with cigarette 
smoking and subclinical atherosclerosis. Circ Cardiovasc Genet. 
2015;8:707-716. doi:10.1161/CIRCGENETICS.115.001097

	219.	 Breitling LP, Salzmann K, Rothenbacher D, Burwinkel B, 
Brenner H. Smoking, F2RL3 methylation, and prognosis in 
stable coronary heart disease. Eur Heart J. 2012;33:2841-2848. 
doi:10.1093/eurheartj/ehs091

	220.	 Taschereau A, Desgagné V, Faleschini S, et al. DNA methyla-
tion levels quantified in blood cells at five years of age are as-
sociated with adiposity and plasma PAI-1 levels at five years of 
age. Int J Mol Sci. 2022;23:11833. doi:10.3390/ijms231911833

	221.	 Sadashiv, Modi A, Khokhar M, et al. Leptin DNA methylation 
and its association with metabolic risk factors in a northwest 
Indian obese population. J Obes Metab Syndr. 2021;30:304-311. 
doi:10.7570/jomes20131

	222.	 Madrigano J, Baccarelli A, Mittleman MA, et al. Prolonged ex-
posure to particulate pollution, genes associated with glutathione 
pathways, and DNA methylation in a cohort of older men. Environ 
Health Perspect. 2011;119:977-982. doi:10.1289/ehp.1002773

	223.	 Lamothe J, Khurana S, Tharmalingam S, et al. The role of DNMT 
and HDACs in the fetal programming of hypertension by glu-
cocorticoids. Oxidative Med Cell Longev. 2020;2020:5751768. 
doi:10.1155/2020/5751768

	224.	 Chen X, Xing M. Effects of 5-Aza-2′-deoxycytidine on hormone 
secretion and epigenetic regulation in sika deer ovarian granu-
losa cells. Reprod Domest Anim. 2021;56:360-369. doi:10.1111/
rda.13873

	225.	 Ono T, Kamimura N, Matsuhashi T, et al. The histone 3 lysine 
9 methyltransferase inhibitor chaetocin improves prognosis 
in a rat model of high salt diet-induced heart failure. Sci Rep. 
2017;7:39752. doi:10.1038/srep39752

	226.	 Arunachalam G, Yao H, Sundar IK, Caito S, Rahman I. SIRT1 
regulates oxidant- and cigarette smoke-induced eNOS acetyl-
ation in endothelial cells: role of resveratrol. Biochem Biophys 
Res Commun. 2010;393:66-72. doi:10.1016/j.bbrc.2010.01.080

https://doi.org//10.1016/j.celrep.2021.109968
https://doi.org//10.1016/j.celrep.2021.109968
https://doi.org//10.1038/s41569-020-0371-2
https://doi.org//10.1038/s41569-020-0371-2
https://doi.org//10.3109/1354750x.2015.1118540
https://doi.org//10.1016/j.bbagen.2016.04.030
https://doi.org//10.1038/s41598-021-83577-3
https://doi.org//10.1038/s41598-021-83577-3
https://doi.org//10.4161/epi.6.7.16500
https://doi.org//10.1016/j.mito.2019.04.001
https://doi.org//10.1289/ehp.1002955
https://doi.org//10.1007/s11356-021-16056-x
https://doi.org//10.1007/s11356-021-16056-x
https://doi.org//10.1080/09603123.2020.1757043
https://doi.org//10.1038/s41598-022-09383-7
https://doi.org//10.1016/j.envint.2020.106021
https://doi.org//10.1016/j.envint.2020.106021
https://doi.org//10.1016/j.cpcardiol.2023.101938
https://doi.org//10.3390/ijerph19052696
https://doi.org//10.1016/S0140-6736(13)61613-X
https://doi.org//10.1093/eurheartj/ehu030
https://doi.org//10.4149/gpb_2016003
https://doi.org//10.4103/1463-1741.127847
https://doi.org//10.1016/j.envres.2022.114249
https://doi.org//10.1016/j.envres.2016.11.017
https://doi.org//10.1007/s12031-009-9252-1
https://doi.org//10.1007/s12031-009-9252-1
https://doi.org//10.3389/fgene.2019.00570
https://doi.org//10.1161/CIRCGENETICS.115.001097
https://doi.org//10.1093/eurheartj/ehs091
https://doi.org//10.3390/ijms231911833
https://doi.org//10.7570/jomes20131
https://doi.org//10.1289/ehp.1002773
https://doi.org//10.1155/2020/5751768
https://doi.org//10.1111/rda.13873
https://doi.org//10.1111/rda.13873
https://doi.org//10.1038/srep39752
https://doi.org//10.1016/j.bbrc.2010.01.080


502  |      BI et al.

	227.	 Han S, Uludag MO, Usanmaz SE, Ayaloglu-Butun F, Akcali 
KC, Demirel-Yilmaz E. Resveratrol affects histone 3 lysine 27 
methylation of vessels and blood biomarkers in DOCA salt-
induced hypertension. Mol Biol Rep. 2015;42:35-42. doi:10.1007/
s11033-014-3737-x

	228.	 Wang L, Sun H, Pan B, et al. Inhibition of histone acetylation 
by curcumin reduces alcohol-induced expression of heart 
development-related transcription factors in cardiac progen-
itor cells. Biochem Biophys Res Commun. 2012;424:593-596. 
doi:10.1016/j.bbrc.2012.06.158

	229.	 Ursoniu S, Mikhailidis DP, Serban MC, et  al. The effect of 
statins on cardiovascular outcomes by smoking status: a system-
atic review and meta-analysis of randomized controlled trials. 
Pharmacol Res. 2017;122:105-117. doi:10.1016/j.phrs.2017.06.002

	230.	 Wu L, Zhang Y, Ren J. Epigenetic modification in alcohol use 
disorder and alcoholic cardiomyopathy: from pathophysiology 
to therapeutic opportunities. Metabolism. 2021;125:154909. 
doi:10.1016/j.metabol.2021.154909

	231.	 Sun D, Ding DD, Li Q, Xie M, Xu Y, Liu X. The preventive 
and therapeutic effects of AAV1-KLF4-shRNA in cigarette 
smoke-induced pulmonary hypertension. J Cell Mol Med. 
2021;25:1238-1251. doi:10.1111/jcmm.16194

	232.	 Bd SJ, Li L, Deng WJ, Jiang MH. CircRNA MFACR is upregulated 
in myocardial infarction and downregulates miR-125b to pro-
mote cardiomyocyte apoptosis induced by hypoxia. J Cardiovasc 
Pharmacol. 2021;78:802-808. doi:10.1097/Fjc.0000000000001123

	233.	 Du Y, Ding Y, Chen X, et al. MicroRNA-181c inhibits cigarette 
smoke-induced chronic obstructive pulmonary disease by reg-
ulating CCN1 expression. Respir Res. 2017;18:155. doi:10.1186/
s12931-017-0639-1

	234.	Castano C, Meza-Ramos A, Batlle M, et  al. Treatment with 
EV-miRNAs alleviates obesity-associated metabolic dys-
function in mice. Int J Mol Sci. 2022;23:14920. doi:10.3390/
ijms232314920

	235.	 Zhang Y, Li C, Li H, et al. miR-378 activates the pyruvate-PEP 
futile cycle and enhances lipolysis to ameliorate obesity in mice. 
EBioMedicine. 2016;5:93-104. doi:10.1016/j.ebiom.2016.01.035

	236.	 Thibonnier M, Esau C, Ghosh S, Wargent E, Stocker C. 
Metabolic and energetic benefits of microRNA-22 inhibition. 
BMJ Open Diabetes Res Care. 2020;8:e001478. doi:10.1136/
bmjdrc-2020-001478

	237.	 Napoli C, Grimaldi V, de Pascale MR, Sommese L, Infante 
T, Soricelli A. Novel epigenetic-based therapies useful in 
cardiovascular medicine. World J Cardiol. 2016;8:211-219. 
doi:10.4330/wjc.v8.i2.211

	238.	 Guo H, Liu L, Nishiga M, Cong L, Wu JC. Deciphering patho-
genicity of variants of uncertain significance with CRISPR-
edited iPSCs. Trends Genet. 2021;37:1109-1123. doi:10.1016/j.
tig.2021.08.009

	239.	 Hollender J, Schymanski EL, Singer HP, Ferguson PL. 
Nontarget screening with high resolution mass spectrom-
etry in the environment: ready to go? Environ Sci Technol. 
2017;51:11505-11512. doi:10.1021/acs.est.7b02184

	240.	 Neavin DR, Steinmann AM, Farbehi N, et  al. A village in a 
dish model system for population-scale hiPSC studies. Nat 
Commun. 2023;14:3240. doi:10.1038/s41467-023-38704-1

How to cite this article: Bi F, Gao C, Guo H. 
Epigenetic regulation of cardiovascular diseases 
induced by behavioral and environmental risk 
factors: Mechanistic, diagnostic, and therapeutic 
insights. FASEB BioAdvances. 2024;6:477-502. 
doi:10.1096/fba.2024-00080

https://doi.org//10.1007/s11033-014-3737-x
https://doi.org//10.1007/s11033-014-3737-x
https://doi.org//10.1016/j.bbrc.2012.06.158
https://doi.org//10.1016/j.phrs.2017.06.002
https://doi.org//10.1016/j.metabol.2021.154909
https://doi.org//10.1111/jcmm.16194
https://doi.org//10.1097/Fjc.0000000000001123
https://doi.org//10.1186/s12931-017-0639-1
https://doi.org//10.1186/s12931-017-0639-1
https://doi.org//10.3390/ijms232314920
https://doi.org//10.3390/ijms232314920
https://doi.org//10.1016/j.ebiom.2016.01.035
https://doi.org//10.1136/bmjdrc-2020-001478
https://doi.org//10.1136/bmjdrc-2020-001478
https://doi.org//10.4330/wjc.v8.i2.211
https://doi.org//10.1016/j.tig.2021.08.009
https://doi.org//10.1016/j.tig.2021.08.009
https://doi.org//10.1021/acs.est.7b02184
https://doi.org//10.1038/s41467-023-38704-1
https://doi.org/10.1096/fba.2024-00080

	Epigenetic regulation of cardiovascular diseases induced by behavioral and environmental risk factors: Mechanistic, diagnostic, and therapeutic insights
	Abstract
	1  |  INTRODUCTION
	2  |  EPIGENETIC REGULATORY MECHANISMS
	2.1  |  DNA methylation
	2.2  |  Histone modification
	2.3  |  Chromatin remodeling
	2.4  |  Noncoding RNAs
	2.5  |  Epitranscriptomic modification

	3  |  EPIGENETIC TECHNOLOGIES
	4  |  EPIGENETIC MECHANISMS MEDIATE BEHAVIORAL AND ENVIRONMENTAL RISK FACTORS-RELATED CVD
	4.1  |  Smoking
	4.2  |  Alcohol consumption
	4.3  |  Physical inactivity
	4.4  |  Unhealthy diet
	4.5  |  Obesity
	4.6  |  Air pollution
	4.7  |  Noise pollution

	5  |  EPIGENETIC BIOMARKES FOR BEHAVIORAL AND ENVIRONMENTAL FACTORS-RELATED CVD
	6  |  EPIGENETIC THERAPEUTICS FOR ENVIRONMENTAL FACTOR-RELATED CVD
	7  |  CONCLUSION AND OPEN QUESTIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


