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ARTICLE INFO ABSTRACT

Keywords: Epigenetics is a rapidly growing field that deals with the study of heritable changes in gene expression that occur
Cardiovascular diseases without a change in DNA sequence. DNA methylation, histone modification, and noncoding or microRNAs are the
Epigenetics

three major mechanisms of epigenetics that can best explain how genes are regulated. These processes are
mediated by various enzymes such as DNA methyltransferases, histone acetyltransferases, histone deacetylases,
and microRNA biogenesis enzymes. Dysregulation of these enzymes can lead to various pathological conditions,
including cardiovascular diseases (CVDs). In recent years, the role of epigenetics in CVDs has gained significant
attention as an important regulatory key player in the pathophysiology and therapeutics of these diseases. Epi-
genetics is an area of scientific study that has been instrumental in exploring the mechanisms that control gene
expression. It has been observed that changes in chromatin or its packaging have a large impact on DNA
accessibility, which leads to modifications in various cellular processes. DNA methylation, histone modification,
and noncoding or microRNAs are the primary tools used by epigenetics to regulate these changes. A variety of
enzymes responsible for DNA methylation, histone modification, and microRNAs have been found to play a
critical role in the onset of various CVDs (cardiovascular diseases). Epigenetics is now regarded as an important
player in the regulation of cardiovascular disease at various levels, from pathophysiology to therapeutic in-
terventions. This article comprehensively investigates the diverse epigenetic aspects which are associated with the
occurrence of cardiovascular disorders.

Heart failure
Histone modification

1. Introduction

Cardiovascular disease (CVD) is recognized as the primary cause of
death globally,’ despite significant differences in terms of socioeconomic
status and gender.? Significant advancements in cardiovascular medi-
cine®>* have been achieved in the areas of diagnosis, prevention, and
treatment, leading to a decrease in global burden and cause-specific
mortality.” Nonetheless, the current scientific understanding falls short
of completely explaining the intricate pathophysiology of CVD, and other
pathways are being actively sought out. In the last ten years, epigenetics
has paved the way for a new era in genetic medicine, providing an
alternative approach to human diseases. Epigenetics has the potential to
offer novel insights into the complex mechanisms underlying CVD,

leading to novel therapeutic strategies and improved patient outcomes.®
Epigenetics plays a crucial role in regulating the functioning and
expression levels of genes related to cardiovascular disease through
various mechanisms such as DNA methylation, histone modification, and
noncoding RNA regulation. This ultimately impacts the disease's pro-
gression. The significance of epigenetic markers lies in their ability to
serve as important molecular markers of cardiovascular disease due to
their early occurrence in the disease process and involvement in key
cardiovascular pathologically related pathways. These markers can be
utilized as valuable biomarkers for the diagnosis of cardiovascular dis-
ease, prediction of treatment response, and evaluation of therapeutic
efficacy. The etiology of cardiovascular disease (CVD) is not fully un-
derstood, owing to its multifaceted and intricate nature. While certain

* Corresponding author. Faculty of Pharmacy, Integral University, Lucknow, 226026, India.

E-mail address: tmahmood@iul.ac.in (T. Mahmood).

Production and Hosting by Elsevier on behalf of KeAi

ELSEVIER

https://doi.org/10.1016/j.ipha.2023.09.001
Received 25 August 2023; Accepted 2 September 2023
Available online 6 September 2023

2949-866X/© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


mailto:tmahmood@iul.ac.in
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ipha.2023.09.001&domain=pdf
www.sciencedirect.com/science/journal/2949866X
www.keaipublishing.com/en/journals/intelligent-pharmacy
https://doi.org/10.1016/j.ipha.2023.09.001
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ipha.2023.09.001
https://doi.org/10.1016/j.ipha.2023.09.001

R. Wasim et al.

clinical presentations of CVD have been successfully remedied, there
remain cases that pose a challenge to medical practitioners. Furthermore,
the prevalence of CVD is known to increase with age, adding an addi-
tional layer of complexity to treatment approaches.”® Interestingly, the
reversibility of epigenetic modifications has brought about a novel
perspective in the realm of CVD therapy. As such, there has been a
growing interest in the genes and proteins that regulate epigenetic
changes, as they present a promising avenue for the development of
novel CVD treatments. Thus, the current review aims to explore the role
of epigenetics in CVD, in the hopes of shedding light on this complex
disease and identifying new therapeutic targets.

2. Epigenetic regulatory mechanism
2.1. DNA methylation

DNA methylation is a process that involves the addition of a methyl
group to a cytosine residue at the fifth position in CpG sequences. These
sequences are predominantly localized in the promoter regions rather
than the promoter regions.’ The result of this methylation is the sup-
pression of gene transcription either directly or indirectly. The methyl-
ation sites can be recognized by chromatin-modifying enzymes, which
then impede the attachment of transcriptional factors to the promoter
region in DNA.'® Mediated by DNA methyltransferases such as DNMT1,
DNMT3a, and DNMT3b, DNA methylation status is maintained during
replication. DNMT1 recognizes hypermethylated DNA, while DNMT3a
and DNMT3b are involved in de novo methylation. In conclusion, DNA
methylation plays a vital role in the regulation of gene expression by
inhibiting transcriptional factors' attachment and recognition of the
promoter region in DNA.!

2.2. Histone modification

Post-translational modifications of histones, such as phosphorylation,
ubiquitination, acetylation, and methylation, play a crucial role in
regulating the structure of chromatin. These modifications occur in a
specific pattern that can either shift the chromatin structure from an open
state (euchromatin) to a compact state (heterochromatin) or vice versa.
The enzymes responsible for these modifications, such as histone ace-
tyltransferase (HAT), histone deacetylase (HDAC), histone methyl-
transferase (HMT), and histone demethylase (HDM), interact with
methylated DNA regions and thereby influence gene transcription or
repression. Therefore, the post-translational modification of histones is
an essential mechanism that controls gene expression and ultimately
determines cell fate,!>*

2.3. Noncoding or MicroRNAs

Recently, it has come to light that noncoding RNAs play a crucial role
in gene regulation and genetic programming in both healthy and CVD
states.'® A staggering 98% of the human genome, which undergoes
transcription without encoding for proteins, produces noncoding RNAs
that are central to important structural and regulatory functions. These
noncoding RNAs are classified into two types based on size: long non-
coding RNAs, which range in size from 0.2 kb to 2 kb, and small non-
coding RNAs, which consist of endogenous short interfering RNAs,
PIWI-interacting RNAs, and microRNAs. Moreover, studies have indi-
cated that noncoding RNAs can function as biomarkers of cardiovascular
diseases (CVDs) and contribute to the pathogenesis of CVD. As such, the
discovery of the involvement of noncoding RNAs in gene regulation and
genetic programming has immense implications for the study and
treatment of cardiovascular diseases. Nonetheless, further research is
required to fully understand the mechanisms and functions of noncoding
RNAs in CVDs'® Fig. 1.
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Fig. 1. A schematic illustration showing the conceptual procedures for the
epigenetic transcriptional alteration in cardiovascular diseases.

3. Epigenetic biomarkers in CVDS

Over recent years, there have been several investigations that have
established a connection between cardiovascular risk factors and epige-
netic modifications in human patients. The modification of the epigenetic
environment can affect cardiovascular homeostasis and have an impact
on cardiovascular disorders. While it is well-known that epigenetic
mechanisms play a role in gene expression regulation, the precise func-
tion of epigenetic marks in CVDs is not entirely understood. As such, it
may be possible to gain a deeper comprehension of the molecular
mechanisms and pathways associated with CVDs through the exploration
of epigenetic biomarkers. Therefore, the identification of epigenetic
biomarkers could prove to be instrumental in advancing our under-
standing of CVDs.

3.1. Epigenetics in heart diseases

Cardiac hypertrophy, a condition where the heart muscle thickens
and enlarges, has been extensively studied in experimental models of
epigenetics. Research has shown that histone acetylation is a key factor in
the development of this condition, with both histone acetyltransferases
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(HATs) and histone deacetylases (HDACs) playing a role. While HATs are
believed to have a positive impact on cardiac hypertrophy, as evidenced
by the HAT activity of transcriptional co-activators CREB binding protein
(CBP) and p300, HDAC activity has been associated with both pro-
hypertrophic and antihypertrophic pathways, leading to conflicting re-
sults. Notably, studies have found that overexpression of CBP or p300 in
cardiomyocytes can result in hypertrophy, whereas overexpression of
mutant CBP and p300 lacking HAT activity did not.!” These findings
suggest that histone acetylation plays a crucial role in the development of
cardiac hypertrophy and that further research is needed to fully under-
stand the complex mechanisms involved in this process. Class Ila HDACs
have the ability to inhibit CH, however, there are certain animals and in
vivo models that suggest HDAC inhibitors might offer a protective role
against hypertrophy.'®° In animal models, CH has been found to be
associated with histone methylation, specifically H3K9%° and H3K4
methylations.>! Another mice model experiment found that in cases of
aortic valve calcification and subsequent ventricular hypertrophy,??
hypermethylation linked with hydroxymethylation of the epidermal
growth factor receptor (EGFR) gene occurred. Histone modifications
aren't the only factor involved in CH, as miRNAs have also been found to
be involved. In neonatal cardiomyocytes, overexpression of miR-23a,
miR-23 b, miR24, miR-195 or miR-214 induced CH while over-
expression of miR-133 inhibited the phenotype. Therefore, it is clear that
both histone modifications and miRNAs play significant roles in CH, and
further research is needed to determine how they can be used to prevent
and treat CH.>

3.2. Heart failure

Heart failure is a condition that arises from a combination of genetic
and environmental factors. Researchers have examined the epigenetic
modifications in three angiogenesis-related genes in a cohort of patients
with heart failure.2* The study found that the angiomotin-like 2 gene was
hypomethylated, while the 5’ promoter region in the platelet/endothelial
cell adhesion molecule gene and the gene body of Rho GTPase-activating
protein 24 were hypermethylated. These epigenetic alterations in end-
stage heart failure may indicate shared epigenetic pathways involved in
heart remodeling and vasculature.?* Dilated cardiomyopathy, a condi-
tion that accounts for approximately one-third of heart failure cases, has
been the focus of numerous studies aimed at understanding its underly-
ing genetic and epigenetic mechanisms. Interestingly, a study by Nguyen
et al involving a mouse model showed that the cardiac-specific knockout
of DotlL, a gene that encodes for the HKMT DotlL responsible for
catalyzing H3K79 methylation in mammals, led to the development of a
phenotype similar to dilated cardiomyopathy.> Furthermore, histone
modifications have also been implicated in the development of heart
failure, as demonstrated by Kaneda et al in a genome-wide analysis of
histone methylation patterns in heart tissues. Specifically, they found
that tri-methylated histone H3H4 and H3K9 were altered in heart fail-
ure.® With regards to epigenetics, microRNAs have emerged as a key
player in the regulation of gene expression during the course of heart
failure, as evidenced by experimental models that have highlighted their
role in driving gene expression changes.”?

3.3. Arrhythmias

The role of epigenetics in heart rhythm disorders has recently
emerged as a significant area of research in common pathologies. Atrial
fibrillation is the most common type of arrhythmia in older populations.
In a study conducted by Liu et al, transgenic mice were programmed to
develop cardiac hypertrophy, and the results indicated that an injection
of a specific HDAC inhibitor was able to reverse atrial fibrosis and reduce
atrial fibrillation vulnerability following electrical stimulation.”’ In
contrast, in other models, the deletion of both HDAC-1 and HDAC-2 from
the myocardium resulted in early rodent death due to fetal arrhythmia.?®
In cardiac tissue, it is believed that a mutation that interrupts the CpG
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island may prevent methylation and silence the paternal allele of the
KCNQ1 gene, which is among the complex genetic background of the
long QT syndrome.?® Micro-RNAs are emerging as crucial regulators of
the normal electrophysiology of the heart. These molecules also show
potential implications in arrhythmias and other cardiac diseases.>’ A
plethora of miRNAs have been explored in experimental models, among
which, miR-1 has been reported to be an essential element in normal
electrophysiological conduction. The deletion of miR-1 has been associ-
ated with a higher rate of sudden death. Moreover, overexpression of
miR208a has been found to be linked to arrhythmia and heart death,>!
while an increase in miR-133a results in prolonged QT intervals. Other
miRNAs, such as miR212, miR-17-92, miR-155, miR-181, and miR181a,
have also been associated with the regulation of heart rhythm through
the regulation of ion channels, transporters, and cellular proteins. In
conclusion, the emerging role of miRNAs in the regulation of cardiac
electrophysiology opens up a new avenue for the development of ther-
apeutic targets for cardiac diseases.>?

3.4. Vascular calcification

DNA methylation-related molecules have been identified as potential
biomarkers for the diagnosis of vascular calcification. According to Dai et
al,33 S-adenosylhomocysteine hydrolase (SAHH) expression and activity
were found to be reduced in calcified human coronary arteries. The
deficiency of SAHH led to an increase in intracellular S-adenosylhomo-
cysteine (SAH) levels resulting in hypomethylation and upregulated
expression of H19 gene promoter through competitive inhibition of
DNMTS3b. This, in turn, promoted H19-mediated runt-related transcrip-
tion factor-2 (Runx2)-dependent vascular smooth muscle cell (VSMC)
osteogenic differentiation and aggravated atherosclerotic calcification.
On the contrary, SAHH lacks reduced intracellular adenosine levels and
AMPK (AmP-Activated protein kinase) activation. Adenosine supple-
mentation was shown to activate AMPK, which in turn was responsible
for the elimination of H19-mediated Runx2-dependent VSMC osteogenic
differentiation. This was achieved through the induction of
sirtl-mediated low acetylation of histone H3 and DNMT3b-mediated
hypermethylation of H19 promoter>* as outlined in a previous study.
Another study by Ramachandran et al highlighted® the importance of
GTPase-activating proteinbinding protein (G3BP1) in activating
osteogenic-related transcriptional reactions. Specifically, the n-terminal
nuclear transporter-2 and c-terminal arginine methylation domains of
G3BP1 were found to be crucial in this regard. Interestingly, G3BP1
methylation was found to be enhanced by the knockout of the typical
Wnt receptor LRP6 in mouse aortic vascular smooth muscle (VSM). This
was accompanied by the activation of osteogenic transcription programs,
mediated in part by Runx2. Overall, these findings suggest that multiple
pathways and mechanisms are involved in the regulation of VSMC
osteogenic differentiation, with adenosine supplementation, AMPK
activation, and G3BP1 methylation emerging as key players in this
complex process. Moreover, it was observed that G3BP1 stimulated the
transcription of activated T cells nuclear factor (also referred to as
NFATc4), which consequently facilitated the association of VSM with
osteopontin (OPN) and alkaline phosphatase (ALP) promoters. This
phenomenon further propelled the calcification process.>® Another
finding showed that high phosphate levels augmented the activity of
DNMTs in the smooth muscle 22a (SM22a) promoter region. Subse-
quently, promoter methylation of SM22a curbed the expression of the
SM22a gene, thereby promoting the upregulation of the osteoblast
transcription factor core-binding factor 1 expression and the ALP activity.
Ultimately, SM22a promoter methylation instigated the phenotypic
transformation of VSMCs to osteoblasts, leading to calcification.’” A
study also revealed that miRNA-34 b expression was significantly
impeded in VSMCs exposed to high inorganic phosphate. The inhibition
of miRNA-34 b expression further amplified VSMCs calcification.
Elevated levels of DNMT3a, an enzyme responsible for DNA methylation,
have been found to cause hypermethylation of miRNA-34 b in vascular
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smooth muscle cells (VSMCs). This, in turn, leads to a reduction in the
expression of miRNA-34 b and the occurrence of calcification. However,
when DNMT3a siRNA is knocked out, the effects of high phosphate on
VSMC calcification disappear. This is due to the fact that the absence of
DNMT3a reduces miRNA-34 b methylation and increases miRNA-34 b
expression, which then acts upon its downstream target Notch 1 and
reduces VSMC calcification.*® A study by Lin et al*” revealed that in high
phosphate-induced VSMCs, the increase in DNMT3a levels results in
hypermethylation of miRNA-204 and downregulation of its expression,
ultimately promoting VSMC osteogenic differentiation. However, when
DNMT3a siRNA is introduced, the expression of miRNA-204 is upregu-
lated and VSMC osteogenic differentiation is alleviated. Consequently,
the effect of high phosphate treatment on VSMC calcification is elimi-
nated. Therefore, targeting DNMT3a could be a potential therapeutic
strategy for preventing VSMC calcification.*’

3.5. Coronary heart disease (CHD)

Alterations in the levels of DNA methylation in targeted genes, as well
as systemic and endothelial inflammation, have been identified as play-
ing a significant role in the pathophysiology of coronary heart disease
(CHD). This leads to the destabilization and rupture of atherosclerotic
plaques, which in turn causes acute cardiovascular events.*"***> Recent
studies have demonstrated that DNA methylation also plays a role in
equilibrating conventional predictors of cardiovascular risk.*> In
obstructive CHD patients compared to non-obstructive CHD patients, a
correlation was found between the features of cardiac computed to-
mography angiography (CCTA) and the levels of blood-based methyl-
ation connected to the specific CGI-regulating HLA-G gene, which
encodes anti-inflammatory substances with immunomodulatory proper-
ties. The findings of this research provide further insight into the role of
DNA methylation in CHD pathophysiology and the potential for using
CCTA features and blood-based methylation levels to predict cardiovas-
cular risk.** The investigation of the relationship between coronary
calcium score and hypomethylation of the specific CGI-related HLA-G
gene fragment has revealed that methylation plays a crucial role in not
only predicting the severity of the disease but also serving as a nonin-
vasive biomarker, thereby enhancing the prognostic value of CCTA.**
This study utilized Comb-p and WGCNA algorithms in two independent
cohorts to identify the disease modules and blood-based differentially
methylated regions (DMRs) associated with CHD incident events (repli-
cation sets: 2726 subjects; discovery sets: 2129 women).*® The outcome
of this research identified two modules that were found to be highly
enriched for immune-related processes and development processes. After
conducting multivariate analysis, a positive correlation was established
with TG, highly sensitive C-reactive protein (hsCRP), and body mass
index (BMD).*

4. Epigenetic dysfunctional responses in CVD

During the initial stages of the adaptive response to cellular injury,
delicate molecular networks that regulate epigenetic modifications
experience considerable aberrations upon the establishment of a persis-
tent stress response in cardiac tissues. Our attention is primarily directed
towards the two predominant phenotypes that emerge from this phe-
nomenon, namely mitochondrial dysfunction and fibrosis.

4.1. Mitochondrial dysfunction

The increased presence of circulating mitochondrial DNA (mtDNA)
has been linked to a negative prognosis for patients with heart failure
(HF) and remodeling of the left ventricle (LV).46 This is due to the
upregulation of protease expression and the silencing of survival path-
ways that lead to the death of cardiomyocytes.” Furthermore, a study
has shown that mitochondrial gene methylation is hypermethylated in
CVD patients, particularly in four mitochondrial genes: mitochondrially
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encoded tRNA leucine 1 (UUA/G) (MT-TL1) and cytochrome-c oxidases
L, II, and IIT (MT-CO1, MT-CO2, MT-CO3). These findings suggest that
targeted interventions aimed at reducing mtDNA gene methylation may
have a positive impact on the prognosis of patients with CVD.*®

4.2. Fibrosis

The process of remodeling the left ventricle (LV) is accompanied by
an increase in collagen, which occupies the space between the vessels and
myocytes. This leads to the progression of reparative fibrosis, which ul-
timately affects diastolic ventricular function and tissue stiffness.*’
Several studies have indicated that the upregulation of DNMT3B and
DNMT1, which is induced by increasing the level of hypoxia, resulted in
global DNA hypermethylation. This hypermethylation may lead to the
overexpression of the genes responsible for alpha-smooth muscle actin
(a-SMA) and collagen 1. Inhibition of DNMT3B expression through the
administration of siRNA resulted in the reduced expression of a-SMA and
collagen 1 in human primary cardiac fibroblasts, indicating that
DNMT3B may be a crucial putative drug target. These findings highlight
the importance of identifying effective therapeutic targets to improve
outcomes in patients with LV remodeling.50

5. Conclusion

During the last few decades, comprehensive research has been carried
out to reveal the molecular mechanisms underlying chromatin regulation
and the conditions of diseases that stem from epigenetic misregulation.
The regulatory mechanisms that govern the establishment of chromatin
domains and their conserved nature suggest that significant changes in
gene expression arise from alterations in the chromatin landscape. This
indeed holds true for most overlapping modification layers that regulate
transcription processes in the epigenetic context. Recent advancements
in technology and data analysis have facilitated the creation of detailed
epigenetic maps, which may serve as a novel tool in clinical practice to
identify cardiovascular risk factors beyond conventional determinants of
risk. Epigenetic information has been found to be a useful tool in pre-
dicting individual drug responses. In particular, the use of epigenetic
biomarkers is gaining momentum in the scientific community as a means
of diagnosing and prognosing cardiovascular diseases (CVDs). The tissue-
specificity of the type of epigenomic factor expressed during heart for-
mation is worth noting, as it presents a new avenue for studying changes
in molecular factors. Despite the considerable progress made in the field,
tissue heterogeneity in the context of CVDs remains a largely unexplored
area. It is important to investigate whether methylation alterations in
circulating leukocytes can reveal myocardial processes and provide
reliable biomarkers.
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