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Abstract

Heart diseases (HDs) continue to be among the major diseases that adversely affect human health worldwide, with complex interactions
between genetic, environmental, and biochemical factors contributing to their progression. These include coronary heart disease, hyper-
tension, heart failure, vascular calcification, etc. Cardiovascular diseases have been extensively studied in the Framingham Heart Study
since 1948, spanning three generations over the past 70 years, and are highly correlated with various factors, including biochemical,
environmental, behavioral, and genetic factors. In recent years, epigenetic mechanisms have emerged as crucial regulators of cardiovas-
cular pathology, influencing gene expression without altering the underlying DNA sequence. Moreover, early detection and diagnosis
of heart diseases are crucial for improving treatment and prognosis. Recent studies on heart disease have found that the expression of
potential candidate genes related to the disease is associated with epigenetic mechanisms. Indeed, abnormal methylation states have been
detected in candidate genes that can serve as biomarkers to assess the progression of heart disease. Recent advances in next-generation
sequencing techniques have contributed significantly to our understanding of heart diseases, including the role of DNA methylation,
adenosine triphosphate (ATP)-dependent chromatin conformation and remodeling, post-translational modifications of histones and non-
coding RNAs. Lastly, this review examines the latest discoveries in the epigenetic regulation of heart diseases, highlighting the roles
of DNA methyltransferases (DNMTs), histone deacetylases (HDACs), sirtuins (SIRTs), and ten-eleven translocation proteins (TETs).
Additionally, this review highlights preclinical therapeutic strategies targeting epigenetic modifiers, offering new avenues for preci-
sion medicine in cardiology. Understanding these epigenetic pathways is crucial for developing novel biomarkers and epigenetic-based
therapies that aim to reverse maladaptive cardiac remodeling and enhance clinical outcomes.
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1. Introduction genome significantly influence the roles of histones. More-
over, histones operate at multiple levels, including genomic
levels via DNA methylation, as well as at the nucleoso-
mal and chromatin levels through modifications and chro-
matin remodeling complexes. Moreover, small non-coding
RNAs, known as microRNAs (miRs), contribute to an ad-
ditional regulatory layer at the post-transcriptional stage.
Most methylated cytosines are situated adjacent to gua-
nine bases; a considerable number of active genes dis-
play a grouping of these methylated cytosines around their
transcription promoter regions [5]. Cytosine-phosphate-
guanine (CpG) islands, which are clusters of CpG dinu-

Data from the World Health Organization (WHO)
for 194 countries indicate that noncommunicable diseases
(NCDs), with a particular emphasis on heart diseases, are
responsible for nearly 75% of deaths globally [1,2]. In
2019, cardiovascular diseases (CVDs) caused 17.9 million
deaths worldwide, which is 32% of the total global mortal-
ity, with 85% of these deaths linked to heart disease and
stroke [1]. Approximately 80-90% of the mass of cardiac
cells consists of cardiomyocytes, yet these cells represent
only about 30-50% of the different cell types that exist in

the heart. The prevalence of heart failure (HF) is a substan-
tial public health challenge, currently impacting close to 6
million people in the USA, and it is projected to escalate to
8.5 million by 2030 [3,4].

Genetic modifications have been acknowledged for an
extended period as significant factors in the development
of various diseases, encompassing mutations, deletions,
and chromosomal rearrangements. Epigenetic regulatory
mechanisms are characterized by their capacity to adjust
gene expression without modifying the underlying DNA se-
quences. Epigenetic histone modifications exhibit a more
nuanced regulatory function compared to DNA methyla-
tion, where the specific methylation locations within the

cleotides, are primarily characterized by their unmethylated
state. Conversely, CpG sites that are positioned between
genes or within repetitive DNA sequences are typically
methylated. Notably, not all CpG dinucleotides in normal
mammalian cells are subject to methylation; indeed, those
located in the promoter regions of CpG islands are often
protected from such modifications, while CpG sites in both
coding and non-coding regions of genes are usually methy-
lated [6]. The observation led to the division of promot-
ers into two primary categories based on their CpG density:
low CpG density (LCG) and high CpG density promoters.
LCG promoters represent 28% of the promoters identified
in the human genome. Meanwhile, genomic areas with high
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CpG density are generally hypomethylated, whereas those
with low CpG density are typically hypermethylated [7].

The creation of the epigenetic code occurs without al-
tering the DNA sequence; nevertheless, some portions of
the DNA may cease to hold relevance. The primary types
of epigenetic modifications are those affecting histone pro-
teins and the methylation of DNA. It is also significant
to mention that epigenetic modifications can be inherited
through direct or indirect pathways. Both DNA methy-
lation and histone code modifications are acknowledged
as direct mechanisms of gene regulation. In the case of
DNA methylation, this process typically consists of adding
a methyl group to cytosine residues within CpG islands,
which ultimately leads to gene silencing. The modifications
that occur after the translation of histones, known as post-
translational modifications, encompass various processes,
including acetylation, methylation, phosphorylation, ubiq-
uitylation, and SUMOylation, which alter chromatin struc-
ture and accessibility, thereby influencing transcriptional
activity. To exemplify, there are mother mice that fre-
quently lick their young, while others do so less consis-
tently. This licking behavior is known to induce demethyla-
tion in genes that are critical for managing stress responses.
Therefore, offspring that are not licked and face neglect are
more prone to becoming adults who experience significant
stress [8]. The presence of impaired fetal growth and ma-
ternal health issues, including hypercholesterolemia, could
predispose individuals to early-onset CVD through changes
in gene expression driven by epigenetic factors [9]. Non-
coding RNAs (ncRNAs), which encompass microRNAs
and long non-coding RNAs, serve as important regulators
of gene expression through indirect mechanisms. These
ncRNAs do not directly alter the structure of DNA or hi-
stones; instead, these RNAs modulate the functions of tran-
scription factors and chromatin remodeling complexes, as
well as interact with other elements in the epigenetic land-
scape to shape gene expression profiles. Agouti mice pos-
sess a segment of repetitive DNA adjacent to their epony-
mous gene, which, when in an unmethylated state, perpet-
ually activates the gene. This activation results in a yel-
low coat coloration, obesity, type 2 diabetes, and a height-
ened susceptibility to cancer. The process of methylating
this DNA caused the agouti gene to be silenced, which re-
sulted in the development of mice that were darker, slim-
mer, and healthier [10]. Geneticists research genes, but for
epigeneticists, the groundwork has recently been laid for an
obvious concept of “epigene”. Moreover, last year, epige-
netics was the subject of more than 10,000 papers and nu-
merous scientific meetings. Epigenetic regulations can turn
genes on and off, as well as determine which proteins are
transcribed. These regulatory mechanisms involve DNA
methylation, histone modification, ncRNAs, and differen-
tial RNA splicing. In 1983, cancer became the first human
disease identified as being associated with epigenetic alter-
ations [11]. DNA methylation is the most extensively stud-

ied and understood mechanism within the realm of epige-
netics. This enzymatic change occurs when cytosines are
converted into 5-methylcytosines. The methylation of the
fifth carbon on the cytosine base in the cytosine—guanine-
rich promoter region subsequently restricts access for the
transcriptional machinery. Alternatively, the removal of
methyl groups from these 5-methylcytosine residues could
render previously inaccessible sites accessible to regulatory
elements. Modifications in the DNA sequence may lead
to alterations in the three-dimensional form of the DNA
molecule, which could either obstruct or enable the entry of
other molecules into the DNA structure. The regulation of
cell death mechanisms, such as necroptosis, pyroptosis, fer-
roptosis, and cuproptosis, is fundamentally influenced by
epigenetic modifications, which are linked to heart disease.
These regulated cell death pathways are fine-tuned by DNA
methylation, histone modifications, and ncRNAs [12].

Histone deacetylases (HDACs) can affect post-
translational modifications, such as ubiquitination and
methylation, while also influencing gene transcription by
enhancing the interaction between DNA and histones.

The process of histone acetylation is linked to the al-
teration in chromatin structure in transcriptionally active re-
gions. This modification involves the addition of acetyl
groups (COCH3) to the lysine residues located in the N-
terminal tails of histones, a reaction catalyzed by histone
acetyltransferases (HATs). The impact of histone modifica-
tion functions is determined not solely by the sites of these
modifications, including the specific amino acid residues
and genomic regions, but also by the type and extent of
modifications occurring on the histones. It has been sug-
gested that epigenetic changes may help clarify the miss-
ing elements of inheritance in the sequence variations of
complex diseases, including atherosclerosis, metabolic syn-
drome, hypertension, and diabetes, which genetic studies
have yet to explain fully [13]. Thus, epigenetic alterations
play a central role in the expression and, consequently, in
the pathogenesis and progression of HDs by influencing the
expression of genes involved in cell survival and death. Re-
cent developments have helped open new avenues for tar-
geting these pathways in the design of novel therapeutic
strategies [14]. Fig. 1 (Ref. [15-50]) presents a historical
timeline of the epigenetic processes and drug development
to provide a more thorough understanding of the historical
discoveries and research efforts in the field of epigenetics,
along with the advancement of epigenetic drug therapies.

2. Epigenetic Factors
2.1 DNA Methyltransferase Family

In mammals, DNA methyltransferases comprise three
members that are categorized into two families, which are
distinct both structurally and functionally (Fig. 2). DNA
methylation patterns are mainly mediated by DNA methyl-
transferase 1 (DNMT1), which is involved in replication-
dependent maintenance and repair mechanisms. A protein
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Fig. 1. Historical timeline of epigenetics and the development of epigenetic drugs. S5mc, 5-methylcytosine; CTCF, CCCTC-binding
factor; NIH, National Institutes of Health; FDA, Food and Drug Administration; EZH2, Enhancer of Zeste Homolog 2; LSD1, Lysine-
Specific Demethylase 1; TET, ten-eleven translocation; DNMT, DNA methyltransferase; HDAC, histone deacetylase.

called DNA methyltransferase 1 is responsible for copy-
ing the original DNA methylation pattern to newly formed
strands. Once formed, 5-mC is considered a stable epige-
netic marker, as it can be transmitted to replicating cells
through DNA replication [51].

DNMTI is a key player in HF and cardiomyopa-
thy, with its expression elevated in response to patholog-
ical stress. The absence of DNMT]I in the myocardium
confers a protective effect against cardiac damage, alter-
ing gene expression and DNA methylation patterns, and
highlighting the potential impact of epigenetic regulation in
heart disease [52]. DNA methylation is mediated by DNA
methyltransferases 3A (DNMT3A) and 3B (DNMT3B), re-
ferred to as de novo DNA methyltransferases during germ
cell development and early embryogenesis. DNMT3A and
DNMTS3B initiate the establishment of the CpG methylation
pattern de novo, whereas DNMTT is involved in sustaining
this pattern during replication and repair of chromosomes.
DNMT3L serves as a cofactor for the enzymes DNMT3A
and DNMT3B. DNMT3A and DNMT?3B also contain a reg-
ulatory factor, Dnmt3-like protein (DNMR3L).

2.2 Ten-Eleven Translocation Proteins

It has been discovered that ten-eleven translocation
proteins, which exhibit similar activity on both DNA and
RNA, are capable of converting RNA 5-methylcytosine (5-
mC) into 5-hydroxymethylcytosine (5-hmC), thereby en-
hancing the translation of RNA molecules. “Eraser” pro-
teins, called TETs (Fig. 2), bind to specifically labeled
methyl groups and detach these groups from the DNA. The
process of DNA demethylation is divided into two classifi-
cations: passive and active. Passive mechanisms are char-
acterized by a failure in the repair processes that maintain
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DNA methylation patterns throughout replication, resulting
in the dilution of hemimethylated CpGs in subsequent cy-
cles of DNA replication (Fig. 3) [53].

Ten-cleven translocation 1 (TET1) facilitates the con-
version of 5-mC into 5-hmC, which was initially identified
in 2003. Subsequently, two other TET family members,
TET2 and TET3, were characterized shortly after this ini-
tial study. Methyl groups that need to be removed dur-
ing active demethylation are labeled with oxygen atoms.
TET enzymes oxidize methylcytosines and mediate DNA
demethylation. The TET protein family consists of three
members: TET1, TET2, and TET3 [51].

2.3 Histone Deacetylases and Sirtuins Family

Histone deacetylases and sirtuins are enzyme families
that modify histones by removing acetyl groups, thereby in-
fluencing chromatin structure and gene expression. These
modifications can take place at distinct amino acid residues
on both canonical histone proteins and variant histones,
such as H3.1, H3.3, H2A.Z, and macroH2A. Prior re-
search has thoroughly examined the post-translational mod-
ifications of histones and their contributions to cardiomy-
ocyte differentiation and heart development, particularly
in the context of tissue regeneration. The role of histone
deacetylases extends to multiple cellular signaling path-
ways and disease processes, positioning them as key reg-
ulators in hypertension, vascular conditions, arrhythmias,
HF, and angiogenesis. The HDAC family is classified
into four categories: class I HDACs, which are HDACI,
HDAC2, HDAC3, and HDACS; class I HDACs, which in-
clude HDAC4, HDACS5, HDAC6, HDAC7, HDAC9, and
HDACI10; class III HDACs, which are SIRT1 to SIRT7,
class IV HDAC:, represented by HDACI11 (Fig. 4) [54].
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Fig. 2. Members of the DNMT family possess a common catalytic domain in their structural composition. DNMT, DNA methyl-
transferase; DAMP, DNMT1-Associated Maintenance Protein; PCNA, Proliferating Cell Nuclear Antigen; NLS, Nuclear Localiza-

tion Signal; RFTS, Replication Foci Targeting Sequence; CXXC,
Adjacent Homology; (GK),, Glycine Lysine Repeats; PWWP, Pro-

ferase.

2.4 Roles and Targets of Class I HDACs in Heart Diseases

HDACI features a typical HDAC domain character-
ized by a central parallel 5-fold, which is enveloped by var-
ious a-helices that are connected to the ring. This struc-
ture enables the enzyme to catalyze the deacetylation of
both histone and non-histone substrates [55]. Furthermore,
HDACI is essential for modulating gene expression in a
wide array of cellular functions, including cell senescence,
autophagy, inflammation, and apoptosis, through the uti-
lization of post-transcriptional and post-translational modi-
fication mechanisms.

The involvement of HDAC?2 in cardiac disease was
initially identified as a contributing factor to hypertrophy
derived from the “homeodomain-only protein” (HOPX)
[56]. HDACI and HDAC?2 redundantly manage the reg-
ulation of cardiac development in the embryo. Cardiac-
specific knockout of either HDAC1 or HDAC2 does not
alter the process of cardiac morphogenesis. However, the
double knockout of both HDACI1 and HDAC?2 results in

Cysteine-X-X-Cysteine; AIL, Autoinhibitory Linker; BAH, Bromo-
Trp-Trp-Pro; ADD, ATRX-DNMT3-DNMT3L; MTase, Methyltrans-

lethality by day 14 postnatally, caused by severe dilated car-
diomyopathy. Furthermore, HDAC?2 is recognized as the
major class | HDAC in the hearts of adult organisms [56].

HDAC3 typically acts as a corepressor through
deacetylating histone tails. The deletion of HDAC3 in
cardiac tissue results in diminished cardiac contractility
and increased lipid accumulation; however, the specific
molecular role of HDAC3 in cardiomyopathy remains un-
clear. In the development of cardiac structures, the ab-
sence of HDACS3 in cardiac progenitor cells leads to dis-
ruptions in the development of the secondary heart field
[57], the morphogenesis of lymphovenous valves, and the
specification of cardiomyocyte lineages [58]. The involve-
ment of EZH2 and HDAC3 in regulating the endothelial-
to-mesenchymal transition (EMT) highlights their poten-
tial as effective epigenetic targets for counteracting TGF-
B-induced EMT [59,60]. KAT2B functions as an essen-
tial histone acetyltransferase epigenetic factor in the TGF-
B signaling pathway, and variations in this gene are corre-
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Fig. 3. The structural composition of the TETs is defined by the presence of one core catalytic domain at the C-terminal. The
CXXC domain is located at the N-terminal of TET1 and TET3, which facilitates direct DNA binding, whereas TET2 does not possess this
domain. TET, ten-eleven translocation; CXXC, Cysteine-X-X-Cysteine; DSBH, Double-Stranded 5-Helix; NCLC, N-terminal Cysteine-

rich.

lated with the etiology of CVDs [61]. Mouse embryos that
do not express the chromatin-modifying enzyme HDAC3
in cardiac progenitor cells exhibit premature differentiation
of cardiomyocytes, severe cardiac development defects, an
increase in 7BX) target gene expression, and embryonic
lethality. HDAC3 forms a physical interaction with 7BX3,
modulating its acetylation to inhibit the TBX5-dependent
activation of genes associated with the cardiomyocyte lin-
eage [62].

HDACS is implicated in pathways that promote in-
flammation and fibrosis, and its activity is reliably up-
regulated in a cardiac model experiencing pressure over-
load due to thoracic aortic contraction (TAC). The over-
expression of HDACS8 mechanically facilitates cardiomy-
ocyte hypertrophy, whereas the selective inhibition of
HDACS through PCI-34051 diminishes the activation of
p38 mitogen-activated protein kinase (MAPK) following
isoproterenol induction. Consequently, PCI-34051 has the
potential to mitigate myocardial hypertrophy and fibrosis
by modulating the p38 MAPK pathway [63].
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2.5 Roles and Targets of Classes Il and 1V in Heart
Diseases

HDAC4 functions as a zinc-dependent enzyme that
facilitates the condensation of nucleosomes. Furthermore,
HDACH4 interacts with transcription factors, thereby influ-
encing cell proliferation, senescence, and differentiation.
The zinc-dependent histone deacetylase HDAC4 plays a
crucial role in regulating both the proliferation and apop-
tosis of human vascular endothelial cells associated with
atherosclerosis [64]. The contrasting actions of CaMKII
and PKA regulate the nuclear localization of HDAC4 in
cardiomyocytes, whereby CaMKII promotes the export of
HDAC4 from the nucleus. In contrast, PKA encourages the
retention of HDAC4 through phosphorylation at S265/266.
In the event of HF, the effect of CaMKII becomes predomi-
nant, leading to modifications in the transcriptional control
exerted by HDAC4 [65].

HDACS has been identified as a regulator of the my-
ocyte enhancer factor 2 (MEF?2) family, which plays a vital
role as a transcription factor in the cardiac growth and re-
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Fig. 4. Classifications of the histone deacetylase family and domains that characterize the different members of each HDAC

subfamily. HDAC, Histone deacetylase; SIRT, Sirtuin.

modeling processes. It has been proposed that the nuclear
export of HDACS responds to hypertrophic stimuli, con-
tributing to pathological hypertrophy; therefore, inhibiting
HDACS could be a viable approach to counteract cardiac
hypertrophy (CH) [66].

Research indicates that HDAC7 is essential for main-
taining vascular integrity during heart development; mean-
while, the role of HDAC4 in triggering vascular calcifica-
tion has also been recognized. In addition, the possibility
that SIK1 promotes CH by targeting HDAC7 was consid-
ered since a notable decrease in HDAC?7 levels was ob-
served when SIK1 was either absent or pharmacologically
inhibited [67].

The class II histone deacetylase family includes
HDAC9Y, which is commonly overexpressed in the tissues
of the brain and heart muscles. The suppression of HDAC9
leads to a reduction in calcification and an increase in cell
contractility, both of which serve as significant independent
predictors of future cardiovascular events [68].

HDAC®, a class IIb cytoplasmic deacetylase compris-
ing 1215 amino acids, has been widely reported in the lit-
erature since 1990. HDACS6 is capable of enhancing the
emergence and evolution of CVDs along with correspond-

ing tumors [69]. As a member of the class IIb category
of the HDAC protein family, HDACG6 is distinguished by
its role in histone deacetylation. Studies have shown that
inhibiting HDAC activity can mitigate CH and fibrosis in
various animal models that display hypertrophic conditions
[70,71]. HDACS6 is mainly localized in the cytoplasm and
functions by deacetylating a-tubulin through its direct in-
teraction with microtubules. Therefore, regulating HDAC6
is crucial for the meticulous regulation of a-tubulin acety-
lation in mammalian cells [69].

HDACI10, classified within the arginase/deacetylase
superfamily, is expressed in numerous tissues, including the
kidney, brain, pancreas, liver, heart, testis, spleen, and pla-
centa [50]. Moreover, HDACI10 exists in both the nuclear
and cytoplasmic compartments. Further, while HDAC6-
deficient mice show a decrease in CH, the role of HDAC10
in the progression of CH remains unclear.

The structure of HDACI1 comprises a single lysine
deacetylase domain, flanked by short N-terminal and C-
terminal segments. Studies have shown that HDACI1 is
primarily expressed in the heart, kidney, skeletal muscle,
brain, and testes [72].

&% IMR Press


https://www.imrpress.com

2.6 Roles and Targets of Class Il in Heart Diseases

SIRT1 is the most recognized member of the sirtuin
protein family, exhibiting widespread expression in numer-
ous tissues, particularly in the vascular endothelium [73].
The inhibition of SIRT1 has been associated with vascular
dysfunction and arterial thrombosis, along with modifica-
tions in fibrinolysis [73]. The role of miR-138-5p in HF
involves promoting cardiomyocyte apoptosis by targeting
and reducing SIRT1, thereby activating the p53 signaling
pathway. Conversely, diminishing miR-138-5p levels can
protect cardiac cells [74].

SIRT2 negatively influences heart health and con-
tributes to the cardiac response to injury and the develop-
ment of CH, thereby establishing this protein as a distinct
member within the SIRT family. Meanwhile, deletion of
SIRT?2 is associated with reduced AMPK activation and an
increase in CH related to aging and angiotensin II (Ang II)
[75]. Moreover, advanced glycation end products and their
receptors exacerbate diabetic cardiomyopathy by suppress-
ing SIRT2 [76].

The human SIRT3 protein, consisting of 399 amino
acids, is characterized by two main functional domains: a
prominent Rossmann fold that features an NAD+ binding
motif and a compact helical complex with a zinc-binding
motif [77]. SIRT3 has been identified as a key factor
in the heart, inhibiting the progression of CH, ischemia-
reperfusion injury, cardiac fibrosis, and impaired angiogen-
esis, and safeguarding cardiomyocytes from cell death in-
duced by oxidative stress [77]. SIRT3 is instrumental in
mediating the often-complex profibrotic and proinflamma-
tory activities of cardiac cells through its modulation of the
FOS/AP-1 pathway [78].

The enzyme SIRT4, which has a molecular weight of
59 kDa and functions as an ADP-ribosyltransferase, is vari-
ably present in liver mitochondria and skeletal muscle and
is associated with the regulation of homeostasis in glucose
and lipid metabolism. The lack of SIRT4 plays a crucial role
in significantly diminishing myocardial hypertrophy and fi-
brosis associated with Ang II infusion [79].

SIRTS has been recognized as an essential factor
in sustaining cardiac health and neuronal integrity during
stress. The process of desuccinylation, mediated by SIRTS,
is critical for maintaining energy metabolism in cardiac tis-
sues. The function of SIRTS in the cardiac stress response
was examined through a well-established model of pressure
overload-induced hypertrophy, specifically utilizing TAC.
The absence of SIRTS5 resulted in significant cardiac dys-
function following TAC, which correlated with an elevated
mortality rate [80].

SIRT6 contributes to the maintenance of cardiac func-
tion through various roles, notably in protecting against ox-
idative damage, ischemia/reperfusion injury, and stimuli
that induce hypertrophy. SIRT6 contributes positively to
HF and the regulation of cardiac fibrosis, which is a signif-
icant pathological factor in the development of HF. SIRT6
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serves to negatively regulate the differentiation of cardiac
fibroblasts into myofibroblasts. Subsequently, the loss of
SIRT6 results in increased proliferation of cardiac fibrob-
lasts and enhanced extracellular matrix deposition, as well
as the upregulation of genes linked to focal adhesion and
fibrosis, mediated by NF-xB signaling [81]. SIRT7 stands
out as the only sirtuin that is predominantly localized in the
nucleoli, where it is responsible for the regulation of RNA
polymerase I transcription. Furthermore, SIRT7 exhibits
ubiquitous expression throughout the entire body [82].

3. The Role of Epigenetic Factors in Cardiac
Physiology: Writers, Erasers, and Readers

3.1 Writers

A variety of epigenetic writers, including histone
acetyltransferases, methyltransferases, and RNA methyla-
tion regulators, are integral to cardiac development, home-
ostasis, and disease. When these enzymes are dysregulated,
they can contribute to congenital heart defects, hypertrophy,
ischemia/reperfusion injury, and HF by altering gene ex-
pression through chromatin and RN A modifications (Fig. 5)
[83-114].

Writers facilitate the attachment of chemical groups
to DNA and histones, thereby influencing the regulation
of gene expression. The function of erasers involves the
removal of particular chemical groups, which in turn gov-
erns the activation or inhibition of genes. Readers can dis-
cern these modifications, allowing them to ascertain which
genes are being expressed. These processes are fundamen-
tal to the development, operation, and diseases of the heart.

The role of the epigenetic regulator p300 is signifi-
cant in both the development of the embryonic heart and
the manifestation of heart disease in adults, as it influ-
ences gene expression through histone acetylation. Disrup-
tion of the function employed by p300 is associated with
stress-induced cardiac aging and various related patholo-
gies [115]. The expression of GATA4 in embryonic mouse
hearts was influenced by p300 through its regulation of
histone acetylation. When p300 was downregulated via
RNA interference, there was a notable change in the global
acetylation of H3, along with the acetylation of H3K4,
H3K9, and H3K27 at the promoters of GATA4 and TBX5
[116]. Cardiac-specific deletion of the DNMT3B in mice
resulted in the rapid progression of HF, driven by myocar-
dial thinning, fibrosis, and abnormal sarcomere configura-
tions, without the occurrence of prior hypertrophy [117].
SMYD1, a muscle-specific histone methyltransferase, reg-
ulates early heart development by activating ISL1 through
H3K4 trimethylation and repressing ANF expression via in-
teraction with HDAC. Thus, the loss of SMYDI disrupts
these regulatory mechanisms, leading to severe cardiac
structural defects and embryonic lethality [118]. SMYD2, a
histone methyltransferase, is highly expressed in the neona-
tal heart but is not essential for normal cardiac develop-
ment or function in mice [119]. Myoblast function is com-
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Fig. 5. The role of epigenetic factors, such as writers, erasers, and readers, is pivotal in the realm of cardiac physiology. I/R,
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promised by chronic hypoxia due to the upregulation of
HDAC9, which directly inhibits autophagy by repressing
key genes associated with this process. This epigenetic dis-
ruption leads to the inactivation of the Wnt signaling path-
way, resulting in the sustained dysfunction of muscle cells
[120]. WTAP contributes to the proliferation and migration
of cardiac fibroblasts in diabetic cardiac fibrosis by promot-
ing mitochondrial lipid oxidation. This enhancement oc-
curs through the m6A methylation-dependent degradation
of AR, mediated by YTHDF2 [121]. Ischemia/reperfusion
(I/R) injury negatively impacts SIRT1 transcription in the
heart through the action of SUV39H1, which mediates the
trimethylation of H3K9 at the SIRT1 promoter. Con-
versely, blocking SUV39HI can reverse this effect, lead-
ing to increased SIRT1 expression, smaller infarct size, and
improved cardiac function [122]. This study elucidates a
novel function of CARM]I in heart development, as muta-
tions in CARM1 are linked to severe congenital heart de-
fects in mice, notably including ventricular septal defects
(VSDs) and persistent truncus arteriosus [123].

PRMTG6 is significantly upregulated in failing hu-
man hearts and promotes CH by increasing repressive
H3R2Me2a marks and reducing H3K4Me3 [90]. EZH1
and EZH2 regulate skeletal growth by catalyzing H3K27
trimethylation, which controls chondrocyte proliferation
and hypertrophy in the growth plate [124]. Insufficient lev-
els of WHSCI cause growth delays and congenital malfor-
mations, including heart-related anomalies, underscoring
its vital role in maintaining effective transcriptional regu-
lation [125]. The practice of endurance exercise training
diminishes cardiac m64 mRNA levels, while the downreg-
ulation of METTL14 is linked to the physiological CH that
occurs in response to exercise. METTL14 is critical in reg-
ulating cardiac homeostasis [126]. Adult cardiac progen-
itor cells exhibit a constrained ability to regenerate, pri-
marily due to the inhibition of the WNT antagonist WIF1

through DNA methylation, a process governed de novo by
the methyltransferase DNMT3A [127]. MLL3, a member
of the mixed lineage leukemia (MLL) family, is signifi-
cantly overexpressed in the hearts of individuals with di-
lated cardiomyopathy (DCM) and is correlated with detri-
mental markers of cardiac remodeling, including left ven-
tricular diameter and ejection fraction [93].

pCAF is responsible for the acetylation of the fetal
gene ACTAI in response to S-adrenergic activation, a pro-
cess that contributes to left ventricular hypertrophy (LVH)
and impairs cardiac function [128]. In cardiomyocytes,
the sequential activation of BRG1, G9a/GLP, and DNMT3
results in the assembly of a complex that represses the
Myh6 gene, which is vital for cardiac contraction, through
H3K9 and CpG methylation [129]. Zebrafish embryos ex-
hibit SMYD3 expression during all phases of their devel-
opment. Inhibiting SMYD3 expression through antisense
morpholino oligonucleotides caused marked developmen-
tal issues, including pericardial edema (fluid accumulation
surrounding the heart) and an atypical trunk structure [130].
Mice deficient in HDACS develop hypertrophied hearts in
response to pressure overload induced by aortic constriction
or calcineurin activation, a phenotype similar to that ob-
served in HDACY knockout mice [131]. A regulatory inter-
play exists between DNMT1 and METTL3 in CH. DNMT1
reduces the expression of METTL3, which helps shield
heart cells from stress-related apoptosis, whereas METTL3
is known to induce apoptosis in pathological environments
[95]. MLL4 plays a critical role in regulating endoplas-
mic reticulum (ER) stress and protecting against pressure
overload-induced CH and HF [132].

3.2 Erasers

Epigenetic erasers are enzymes that eliminate chem-
ical modifications from histones or DNA, effectively re-
versing epigenetic marks and influencing gene expres-
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sion. In the heart, key enzymes including HDACs, JIMJD3
demethylases, and TETs, play significant roles in regulating
cardiac development, hypertrophy, and repair.

A decrease in HDAC2 levels in mice resulted in a
lower sensitivity to hypertrophic stimuli; in contrast, mice
with elevated HDAC2 expression experienced CH [133].
MEG3 modulates CH by acting as a ceRNA that regulates
the expression of miR-361-5p and HDAC9, with its upregu-
lation induced by the transcription factor STAT3 [134]. Hy-
perglycemia leads to a reduction in nitric oxide (NO) pro-
duction, which subsequently raises JARID?2 expression and
inhibits NOTCH1 below the critical threshold needed for
healthy heart development [135]. JMJD2A4, known as a hi-
stone demethylase, promotes the occurrence of pathological
CH by stimulating FHLI expression through the demethy-
lation of H3K9 and its association with SRF and myocardin.
The expression of JMJD2A is notably increased in both
stressed mouse hearts and human hypertrophic cardiomy-
opathy [100]. ALKBHS, a demethylase of m6A, plays a vi-
tal role in the regeneration of heart tissue. Enhancing the
expression of ALKBHYS5 supports the proliferation of car-
diomyocytes and leads to improved cardiac performance
following injury [136]. TET2 and TET3 are critical for the
early stages of cardiac development, functioning to regulate
DNA demethylation and chromatin structure. The absence
of these enzymes leads to ventricular non-compaction car-
diomyopathy and adversely affects cardiomyocyte differ-
entiation and gene expression [137].

The activation of HDAC4 has been identified as a sig-
nificant factor in myocardial ischemia/reperfusion injury.
Overexpressing active HDAC4 specifically in cardiomy-
ocytes exacerbated cardiac damage and hindered recovery,
whereas inhibiting HDAC alleviated these adverse effects
[138]. UTX, an enzyme that demethylates H3K27, is es-
sential for activating cardiac genes during the development
of the heart. Thus, a deficiency in UTX results in impaired
cardiac differentiation and can cause embryonic lethality.
UTX enhances heart-specific gene expression by demethy-
lating H3K27 and aiding in the recruitment of BRGI to car-
diac enhancers [103]. ISL/ is instrumental in the demethy-
lation of H3K27me3 at the enhancers of key cardiac genes
by recruiting the demethylase JMJD3. The lack of either
ISL1 or JMJD3 compromises differentiation, thereby illus-
trating their important collaboration in cardiac lineage com-
mitment [139].

3.3 Readers

Epigenetic readers are crucial in recognizing and bind-
ing to certain histone modifications to control gene expres-
sion. In the heart, proteins such as BRD4 and BRGI act as
readers that modulate stress responses and cardiac remod-
eling by analyzing chromatin signals.

BRG], a fundamental enzyme in the SWI/SNF chro-
matin remodeling complex, is a major epigenetic regulator
associated with CVDs, overseeing the regulation of gene
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expression and protein levels [140]. BAF250a is responsi-
ble for directing the expression of vital cardiac genes, such
as MEF2C, NKX2.5, and BMPI10, by transporting Brgl
to their promoters, which increases chromatin accessibility
and transcriptional activation and ensures proper heart de-
velopment [141]. MeCP2 appears to play a critical role in
HF by modulating genes (MYH6, JAK1, DECRI, SETDIB,
LYZ2, ALOX54P, TTN, TPM3, HRC, and MYH11) involved
in cardiac structure and immune responses [ 142].

Baf60c regulates the expression of genes critical for
sarcomere integrity, cardiac metabolic processes, and con-
tractile capabilities, with a significant number of these
genes being regulated by MYOCD, a cofactor of both MEF?2
and SRF [143]. The role of HP1y in cardiac myocytes
has been clarified, demonstrating that, although HP1~ is
not required for cell cycle exit or cardiac growth, it signif-
icantly contributes to epigenetic regulation by ensuring the
maintenance of H4K20me3, an essential heterochromatin
marker [144]. The interaction between 14-3-3 proteins and
HDAC4 and HDACS, both of which are histone deacety-
lases involved in muscle differentiation and remodeling, is
noteworthy. In the presence of signaling pathways, such
as calcium/calmodulin-dependent kinase (CaMK), 14-3-3
proteins bind to HDACS, resulting in its nuclear export and
promoting the expression of muscle genes that support hy-
pertrophic growth [145].

BAF180 ablation hinders the EMT and causes atypi-
cal formation of coronary vessels, which is associated with
the downregulation of vital signaling pathways, including
FGF, TGF, and vascular endothelial growth factor (VEGF)
[146]. BRD4 functions by modulating abnormal cardiac
gene expression under stress conditions. BRD4, recog-
nized as a chromatin ‘reader’, is generally inhibited by
miR-9; however, stress signals result in the downregulation
of miR-9, which subsequently enhances BRD4 binding to
super-enhancers linked to pathological cardiac genes [147].
Therefore, BRD2 levels increase when (S-adrenergic ago-
nists induce hypertrophy, and the overexpression of BRD2
encourages hypertrophic changes, while silencing it pre-
vents hypertrophy. The regulation of metabolic genes by
BRD2, particularly those linked to the TCA cycle, con-
tributes to the enhancement of cardiac metabolism [148].

4. Heart Diseases
4.1 CVD and Arrhythmia

Familial heart disease is responsible for significant
morbidity and mortality worldwide. The regulation of car-
diac disease-related gene function and expression is pre-
dominantly influenced by epigenetic factors, which involve
DNA methylation, histone modification, and ncRNA reg-
ulation, ultimately affecting the progression of heart dis-
eases. There are three categories of proteins that play cru-
cial roles in the context of DNA and histone methylation
marks, specifically writers, erasers, and readers. Risk fac-
tors such as smoking, age, obesity, hypertension, and dia-
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betes predispose individuals to the development of CVD.
Many monogenic inherited forms of cardiomyopathy, aor-
tic aneurysm, and ion channelopathy have been clinically
reported. Meanwhile, the molecular basis of epigenetics, as
a form of inheritance, has been studied in a variety of organ-
isms. A genetic factor has been recognized in many cases
of CVD that were previously thought to be idiopathic, with
multiple genes now evidently connected to monogenic vari-
ants of CVD [149]. A study identified five genes (47G7,
BACH2, CDKNIB, DHCR24, and MPO) that are regulated
by DNA methylation and are essential in the context of
coronary heart disease, utilizing machine learning mod-
els that incorporate both methylation and expression data
[150].

Most clinical investigations conducted up to this point
have centered on genes implicated in hereditary CVDs
among patients and their families suffering from arrhyth-
mias and sudden cardiac mortality [151]. The knockout
of TETs leads to the hypermethylation of gene promoters
that encode WNT inhibitors, resulting in hyperactivation
of WNT signaling and subsequent defects in cardiac meso-
derm patterning [ 152]. This focus has led to a detection bias
favoring clinically affected individuals and their relatives,
which may impact the accuracy of gene penetrance esti-
mates for genes associated with the disease. The involve-
ment of lactylation in heart development following birth is
underscored by the rise in non-histone lactylation levels ob-
served from 1 to 6 weeks postpartum. In particular, the
lactylation of histone 4 at lysine 12 (H4K12la) is a critical
factor in regulating gene expression during the early stages
of cardiac development [153]. Recently, studies from
population-based cohorts have been published that lack cer-
tainty over clinical symptoms or criteria [154]. Alcohol
led to a reduction in histone H3K9me3 methylation by in-
fluencing the expression of G9«, a histone methyltrans-
ferase in cardiomyocytes. Additionally, an overexpres-
sion of cardiomyogenesis-related genes, including MEF2C,
CX43, ANP, and B-MHC, was detected in the hearts of fe-
tal mice that were exposed to alcohol [155]. The initial
analysis of Long Interspersed Nuclear Element-1 (LINE-
1) indicated that patients with CVD exhibited reduced lev-
els of methylation. NOS3 is an endothelial gene pertinent
to angiogenesis and CVD, regulated through histone mod-
ifications. NOS3 encodes endothelial nitric oxide synthase
(eNOS), which catalyzes the synthesis of nitric oxide from
L-arginine within the vascular system [156,157].

4.2 Coronary Artery Disease (CAD)

Research utilizing LINE-1 has demonstrated a notable
correlation between reduced methylation levels and ele-
vated systolic and diastolic blood pressures. Hypomethy-
lation at ALU elements has been linked to increased blood
pressure [158]. A prior study identified 34 CpG sites asso-
ciated with acute myocardial infarction (AMI) through an
epigenome-wide association study, highlighting the roles
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of smoking, lipid metabolism, and inflammation. Four of
these sites were further connected to coronary heart dis-
ease and CVD, although these findings did not improve
the predictive performance of existing risk models [159].
Hypomethylation at LINE-1 is inversely related to the inci-
dence of CAD and stroke. Conversely, there appears to be
an association between global hypermethylation of LINE-
1 and the vascular inflammatory response to damage sus-
tained by the endothelium. It has been established that hy-
pomethylation of LINE-1 correlates with an increased like-
lihood of Tetralogy of Fallot (TOF) in infants. Methyla-
tion of cytosine within the /GF2 gene leads to the dys-
regulation of imprinting, which is linked to an increased
risk of coronary heart disease [160]. Significant changes
in the expression of 61 miRNAs and 135 small nucleolar
RNAs (snoRNAs) were noted in the myocardium of chil-
dren with TOF compared to those in normally developing
subjects. Moreover, researchers identified 229 genes cru-
cial for heart development, with 44 of these genes show-
ing significant changes in expression in the myocardium of
individuals with TOF compared to those in a typically de-
veloping myocardium [161]. The expression of miR-421
was likewise noted to significantly negatively correlate with
SOX4, a principal regulator of the NOTCH pathway, which
has been established as crucial for the development of the
cardiac outflow tract [162].

In a comparative analysis, 4720 genes were found to
be differentially methylated between patients with chronic
Chagas cardiomyopathy and control subjects, with 399
of these genes also demonstrating differential expression.
Among these, several genes are linked to cardiac function
and contain methylation sites in their promoter regions.
These include the potassium channel genes KCNA4 and
KCNIP4, which are implicated in electrical conduction and
arrhythmias, as well as SMOC2, which is associated with
matrix remodeling. Enkephalin and RUNX3 may play arole
in the exacerbated inflammatory damage in the heart, me-
diated by T-helper 1 cytokines [163].

4.3 Cardiomyopathy

Prior research has highlighted four key genes
(CREBBP, PPP2R2B, BMP4, and BMP7) as potential
regulators of DCM associated with LMNA mutations,
which function through the WNT/S-catenin and TGF -
BMP pathways. These findings reveal that disruption
of interactions between LMNA or LAP2a—Lamin A/C
complexes and euchromatin may be a contributing factor
to the DCM pathogenesis [164]. The analysis showed
that the differential DNA methylation observed between
non-failing hearts and those in end-stage failure was not
uniformly distributed throughout the genome; rather, the
differential DNA methylation was predominantly localized
to promoter CpG islands, intragenic CpG islands, and
gene bodies. In a recent study that applied capture-based
bisulfite sequencing methods, researchers identified 151
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regions exhibiting differential methylation in DCM relative
to non-failing hearts [165]. A loss of miR-22 rendered mice
more prone to the onset of dilated cardiomyopathy under
stressful conditions, with SIRT1 and HDAC4 identified
as targets of miR-22 in the cardiac environment. Addi-
tionally, miR-22 was found to be essential for supporting
hypertrophic cardiac growth in response to stress [166].
Significant changes in the mRNA expression of LY75
and ADORA2A were found to be associated with aberrant
DNA methylation in individuals suffering from DCM. The
corresponding genes LY75 and ADORA2A in zebrafish
suggest that these genes play a crucial role in the adaptive
or maladaptive pathways involved in HF. The study found
59 CpG loci that exhibited significant variations in DNA
methylation in the myocardium of individuals with DCM
compared to clinical controls. Of these loci, 29 were
hypomethylated, while 30 were hypermethylated in the
DCM group [167]. The CTNIRI93H mutation contributes
to the development of restrictive cardiomyopathy by
interacting with HDAC1, which leads to the deacetylation
of histones at the PDE4D promoter and the suppression of
its expression [ 168].

Interestingly, 532 of the 664 examined miRNAs were
found to be expressed in at least one heart sample. Among
these, 13 miRNAs exhibited differential expression in hy-
pertrophic cardiomyopathy when compared to donor sam-
ples. The genomic analysis of these differentially expressed
miRNAs indicated that miR-204 is situated within an intron
of the TRPM3 gene, which encodes a non-specific cation
channel that plays a role in calcium influx [169].

4.4 Valvular Heart Disease (VHD)

A deeper comprehension of the role of epigenetic reg-
ulations in VHD may provide a fresh perspective for trans-
lational research aimed at developing new diagnostic tools
and innovative approaches in drug design and discovery. A
correlation has been established between the hypermethy-
lation related to hydroxymethylation of the EGFR gene and
the occurrence of aortic valve calcification, which subse-
quently leads to ventricular hypertrophy [170]. ALKBHS,
an m6A demethylase, plays a significant protective role in
the context of calcific aortic valve disease by diminish-
ing m6A modifications on TGFBR2 mRNA. This reduc-
tion leads to the inhibition of the TGFBR2/SMAD?2 signal-
ing pathway and the calcification of valve interstitial cells
[171]. According to Hiltunen and associates [ 172], the pres-
ence of global DNA hypomethylation was first documented
in advanced atherosclerotic lesions found in humans, mice,
and rabbits. A comprehensive analysis of DNA methyla-
tion across the genome, conducted on neonatal dried blood
spots, revealed significant alterations in CpG methylation
at 59 locations within 52 genes associated with aortic valve
stenosis [173]. In a study of methylation patterns in the pla-
centas of eight term subjects with isolated VSD compared
to ten unaffected controls, researchers found 80 CpG sites
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and eight microRNAs that showed promise in accurately
detecting VSD. The analysis revealed 36 miRNAs that were
differentially expressed in patients with VSD compared to
those without VSD. The predominant target genes were
mainly associated with the morphogenesis of the cardiac
right ventricle. Additionally, NOTCHI, HANDI, ZFPM2,
and GATA3 were identified as potential targets of hsa-let-
7e-5p, hsa-miR-222-3p, and hsa-miR-433 [174]. The loss
of SERCAZ2 results in dysfunction during both the systolic
and diastolic phases, and the buildup of sodium ions fur-
ther disrupts relaxation [175]. PTEN is identified as a di-
rect target of miR-132/212 and may be implicated in the
cardiac response to these microRNAs. Moreover, miR-
132/212 was found to be upregulated in cases of end-stage
HF, which correlates with a reduction in SERCA2a expres-
sion [176]. The upregulation of calcium extrusion mecha-
nisms can help maintain diastolic function near normal in
the absence of SERCA2.

4.5 Ischemic Injury, Myocardial Infarction (MI), and
Atherosclerosis

Individuals with diminished LINE-1 methylation were
found to have a heightened risk of ischemic heart disease
and stroke. The failing mammalian heart and hypoxic car-
diomyocytes exhibit a decrease in FTO expression, which
correlates with an increase in m6A in RNA and a reduc-
tion in the contractile function of cardiomyocytes. The
ischemia-induced elevation in m6A and the subsequent de-
cline in cardiac contractile function were alleviated by aug-
menting FTO expression in failing mouse hearts [177]. Ad-
ditionally, miR-132 in cardiomyocytes effectively reduced
the increase in intracellular Ca?t concentrations under hy-
poxic stress. Moreover, treatment with exogenous miR-
132 diminished the expression of apoptotic factors, includ-
ing Bax, cytochrome C, and caspase 3, reducing the num-
ber of apoptotic cells. This microRNA specifically tar-
gets NCX1, whose expression is heightened during hypoxia
[178]. In a subsequent study, researchers deleted a regu-
latory DNA element from the mouse genome and investi-
gated its role in regulating Cacnalg expression within the
cardiac conduction system. This deletion also revealed a
TBX3-dependent gene regulatory network in the atrioven-
tricular conduction system, which contributes to the elec-
trophysiology of the heart [179]. The regulation of cardiac
injury and dysfunction resulting from I/R is significantly
influenced by miR-320, which exerts opposing effects on
HSP20 [180]. Hypermutability in various cardiac genes,
such as the cardiac isoform of MYBPC3, can be attributed
to DNA methylation, which shows a higher extent of ex-
onic methylation at CpG sites compared to the skeletal mus-
cle isoform [181]. Indeed, miR-122 facilitates EMT both in
vitro and in vivo, while the suppression of miR-122 partially
inhibits the EMT process triggered by HoO4 by regulating
NPAS3 expression [182]. YAP/TAZ facilitates a proinflam-
matory response by upregulating IL-6 expression and in-
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hibits the reparative response by downregulating Argl ex-
pression. This mechanism involves their interaction with
the HDAC3-NCoR1 repressor complex, resulting in de-
creased fibrosis and hypertrophy, increased angiogenesis,
and ultimately enhanced cardiac function post-MI [183].

The investigation of DNA methylation in the early
phase of AMI has yielded encouraging results, highlighting
epigenetic biomarkers linked to the promoter methylation
of five genes: CSFIR, MAP3K14, PTPN6, COL6A1, and
CYBA. These biomarkers may prove valuable for early clin-
ical diagnosis and as targets for AMI treatment [184]. An
age-related increase in DNA hypermethylation within mito-
chondrial genes reduced the expression of key genes (CYT
B, NDI, ND6, ND4L, COX1, COX2, and ATPS), which
are essential for cardiac contractility, thereby increasing the
susceptibility of adult hearts to I/R injury [185]. The de-
velopment of myocardial fibrosis in Ang II-dependent hy-
pertension is governed by the downregulation of miR-133a
and miR-29b, impacting the expression levels of CollAl
[186]. Fifteen years prior, pioneering genome-wide re-
search focused on DNA methylation in the failing human
myocardium was undertaken. This research first indicated
that a substantial proportion of CpG islands and promoters
were hypomethylated in the heart at the end stage of fail-
ure, with these distinct DNA methylation patterns correlat-
ing with variations in the expression of angiogenic factors.
The enhancement of the m6A modification of pri-miR-19a
by METTL 14 facilitates its maturation, promoting the pro-
liferation and invasion of endothelial cells associated with
atherosclerosis. Thus, this METTL14/m6A/miR-19a path-
way may serve as a promising target for therapeutic de-
velopment in atherosclerosis [187]. The upregulation of
miR-138 is significant for the protective adaptation of my-
ocardial tissue to chronic hypoxia, mainly mediated by the
MLK3/JNK/c-Jun signaling pathway [188].

4.6 HF

Overexpression of miR-24 reduced TGF-/ secretion
and SMADZ2/3 phosphorylation in cardiac fibroblasts. Addi-
tionally, furin, a protease that regulates the activation of la-
tent TGF-(3, was identified as a potential target of miR-24 in
the context of fibrosis [189]. Moreover, alterations in DNA
methylation and corresponding changes in gene expression
were identified in HF tissue with varying etiologies. A com-
prehensive study of 195 unique differentially methylated re-
gions found one hypermethylated region (HEY2, COX17,
MSR1, and MYOM3), two hypomethylated regions (MMP2
and CTGF), and two miRs: one hypermethylated (miR-
24-1) and one hypomethylated (miR-155) [165]. The op-
timized miR-132 inhibitor, referred to as anti-miR-132, has
proven to be effective, safe, and well-tolerated in several
models, including pigs, highlighting its potential as a new
therapeutic option for HF [190]. Whole-genome methyl-
binding domain-capture sequencing was employed to iden-
tify differentially methylated DNA regions in patients expe-
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riencing severe CAD alongside varying degrees of HF. Sig-
nificant candidate biomarkers, including HDAC9, JARID2,
GREM]1, and PDSS2, were identified, indicating that DNA
methylation may contribute to the classification of HF phe-
notypes [191]. The identification of epigenetic biomarkers
within CD4+ T cells is essential for distinguishing HF with
preserved ejection fraction (HFpEF) from various other
forms of HF. Employing high-resolution DNA methyla-
tion analysis, particularly through reduced representation
bisulfite sequencing, has led to the discovery of specific
gene markers, namely FOXB1, ELMODI, DGKH, JUNB,
SETD7, and MEF2D, which improve the accuracy of di-
agnostics. The SETD7-RELA-IL6 pathway, in particular,
has shown strong predictive capabilities in overweight or
obese patients who are affected by HFpEF [192]. A to-
tal of 18 studies focusing on candidate genes have identi-
fied 16 genes with differential methylation [193]. This in-
cludes genes related to the renin—angiotensin system, such
as the ACE promoter and AGTR1, as well as those that par-
ticipate in maintaining sodium homeostasis and controlling
extracellular fluid volume, including the NET promoter,
SCNNIA, and ADD1. Meanwhile, HTRA3, a serine pep-
tidase 3, is instrumental in maintaining the dormant state
of cardiac fibroblasts by degrading TGF-5. When pressure
overload leads to a decrease in HTRA3 levels, it activates
the TGF-0 signaling pathway, potentially resulting in fi-
brosis and HF [194]. Among the three epigenome-wide as-
sociation studies (EWAS) conducted, hypertensive patients
exhibited lower methylation levels of SULF1, SKOR2, and
EHMT?2 when compared to normotensive individuals. The
dysfunction of the NET gene has been previously associ-
ated with postural orthostatic tachycardia syndrome, which
is characterized by a documented coding mutation in the
NET gene [195]. In sepsis-induced myocardial dysfunc-
tion, the increased levels of MALATI contribute to car-
diomyocyte apoptosis by attracting EZH2, which subse-
quently inhibits the expression of USP22 [196]. Selenium
supplementation acts as a protective agent against HF re-
sulting from advanced glycation end-products by decreas-
ing oxidative stress and preventing myocyte apoptosis. Fur-
thermore, selenium restores GPX/ expression by inhibiting
the DNA methylation of the GPX/ promoter that is medi-
ated by DNMT?2 [197]. Four specific microRNAs (miRs
34a, 28, 148a, and 93) showed increased expression levels
in right ventricular hypertrophy/failure (RVH/RVF); mean-
while, these microRNAs were either downregulated or ex-
hibited no change in left ventricular hypertrophy/failure
(LVH/LVF) [198].

4.7 Congenital Heart Disease (CHD)

CHD refers to the functional and structural anomalies
of the heart and vascular system that occur during embry-
onic development. Additionally, CHD stands as the pri-
mary contributor to mortality rates among perinatal and in-
fant populations. The incidence of CHD at birth varies con-
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siderably across various countries and continents, with a
commonly accepted prevalence rate of around 8 per 1000
live births [199]. The regulation of gene expression dur-
ing heart development is effectively managed by numer-
ous critical transcription factors, including GATA4, TBXS,
HAND2, MEF2C, NKX2.5, and microRNAs (miR-1, miR-
133, miR-208, and miR-499). In patients diagnosed with
TOF, the methylation levels of NKX2.5 and HAND1 were
markedly higher than those observed in the control subjects
[200]. The transcription factor NKX2.5 plays a crucial role
in regulating second heart field progenitors, which are es-
sential for the formation of the outflow tract and are asso-
ciated with CHD in humans. A group of genes, namely
LRRNI1, ELOVL2, SAFB, SLC3946, KHDRBSI, HOXBA4,
FEZI, CCDCI117, JARID2, NRCAM, and ENPP3, are ex-
pressed in second heart field (SHF) and pharyngeal arch
tissues, with their regulation being contingent upon NKX2.5
[201]. The impairment of S-nitrosylation-mediated regula-
tion of GRK2 in aging GRK2-C340S mice promotes car-
diovascular issues, including diminished cardiac function,
fibrosis, and maladaptive hypertrophy [202]. A previous
investigation indicated a substantial increase in the methy-
lated promoter region of the MTHFR gene in mothers of in-
dividuals with Down syndrome and CHD, relative to other
cohorts. This observation emphasizes the relationship be-
tween MTHFR promoter hypermethylation and mothers of
children with Down syndrome exhibiting cardiac defects
[203]. Differential methylation was observed in multi-
ple genes associated with heart development and postna-
tal heart disease in the blood DNA of newborns with TOF.
These genes include RUNX, ABCBI, SELL, PPP2R5C,
CREM, TLR1,SCN3A, and LHX9 [204]. The protein EZH2
functions as the key histone methyltransferase in the poly-
comb repressor complex 2. EZH2 mutant mice exhibited a
wide range of cardiovascular malformations that ultimately
resulted in perinatal death. The endocardial cushions were
underdeveloped in these mutants, and the EMT process was
compromised [205]. Certain DNA methylation modifica-
tions in placental tissue can be indicative of TOF. The inves-
tigation of 165 differentially methylated CpG loci identified
biomarkers with strong predictive capabilities, and pathway
analysis emphasized the dysregulation of gene pathways
that are integral to cardiac development, especially in rela-
tion to CH [206]. The study revealed notable alterations in
methylation patterns of specific genes among children diag-
nosed with CHD and extracardiac malformations. Specif-
ically, hypermethylation of SNRPN and ZACI, along with
hypomethylation of INPP5F, was associated with a height-
ened risk of disease [207].

4.8 CH

The induction of hypertrophy is mediated by cal-
cineurin, a calcium-dependent serine/threonine protein
phosphatase, which functions through the transcription fac-
tor NFATC3 [208]. Twinfilin-1, a regulatory protein of
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the cytoskeleton, is a target of miR-1. When hypertrophic
stimuli reduce miR-1 levels, this results in the upregula-
tion of twinfilin-1, which subsequently promotes hypertro-
phy through its effects on the cardiac cytoskeleton [209].
The downregulation of NRON occurs in response to hy-
pertrophic stimuli, and its increased expression intensifies
hypertrophy. In a mouse model subjected to TAC to in-
duce hypertrophy, the overexpression of NRON specifi-
cally in cardiomyocytes aggravated the condition, whereas
the deletion of NRON mitigated it [210]. Ang II is re-
sponsible for the downregulation of miR-30 in cardiomy-
ocytes, which consequently leads to myocardial hypertro-
phy via excessive autophagy [211]. MEOXI1, a transcrip-
tion factor specifically found in activated fibroblasts, inter-
acts with likely regulatory elements of a wide-ranging fi-
brotic gene program and is necessary for the activation of
fibroblasts triggered by TGF-3 [212]. The long-term loss
of normal cardiac structure and function in vivo is attributed
to the reduction in m6A levels resulting from the deletion of
METTL3 in cardiomyocytes. Notably, the enhancement of
METTL3 levels resulted in a marked increase in cardiomy-
ocyte size, demonstrating that METTL3 expression alone
can effectively induce cardiomyocyte hypertrophy [213].
JMJDI1C, which functions as an H3K9me2-specific histone
demethylase, is instrumental in the process of CH and fi-
brosis triggered by Ang II by promoting the transcription
of TIMPI [214].

5. Non-Coding RNAs

Long non-coding RNA constitutes 68% of the total
transcribed RNA. Short non-coding RNAs, commonly re-
ferred to as short ncRNAs, are RNA transcripts that typ-
ically consist of approximately 200 nucleotides. Notable
examples of these include microRNAs, which range from
19 to 23 nucleotides; short interfering RNAs measuring be-
tween 21 and 25 base pairs; transfer RNAs that span 74 to
95 nucleotides; endogenous RNAs; small nuclear RNAs of
about 100 base pairs; small nucleolar RNAs ranging from
100 to 300 base pairs; piwi-interacting RNAs, which are 24
to 30 base pairs in length and play a role in the negative
regulation of gene expression [215].

Long non-coding RNAs consist of intergenic se-
quences, transcripts that may intersect with other coding re-
gions in either the sense or antisense direction, in addition
to enhancer RNAs. These enhancer RNAs function over
considerable distances and across different chromosomes to
facilitate the activation of transcription at remote promoters
[215,216].

Roles of MicroRNAs in Heart Diseases

The transcription of microRNA from miRNA loci and
their corresponding host genes indicates the participation of
transcription factors, epigenetic regulators, and enhancers,
which are key components of the transcriptional machinery
[217]. Variations in miRNA expression are typically pre-
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Non-Coding RNA's

Epigenetic

Eactors Target Genes

Non-Coding RNA's

Epigenetic

Factors

Target Genes

miR-9 4 EZH2 NFATc3 and MYOCD
miR-21-3p HDAC8 Akt and Gsk3p
miR-133a | DNMTs and HDAC4 RhoA, SRF and Cyclin D2
miR-361-5p 4 SIRT1 LGR4 and PHB1
miR-154 4 TGF-1 Arsb and Cdkn2b
H miR-541 | Ang-ll and STIM1
Cardiac/ miR-495 4 DNMT3A PDCD10 and ALOX5AP
Hypertophy miR-410 | Gtl2-Dio3
miR-208b | EZH2 Kenj5 and Cacnalc
miR-1 i HDAC4 CALM1/2 and IGF1-1
miR-129-5p ¢ KEAP1, ASPN and SOX9
miR-206 4 HDAC4 FoxP1 and YAP
miR-23a/b ¢ Iy HDACs Foxo3a and NFATC3
miR-499 | HATs SOX6 and PDCD4
miR-451b 4 VEGFA
miR-133a | HDACs RhoA and Cdc42
Coronary miR-18a-3p 4 HuR
Artery Disease miR-130b-5p | HDAC4 IL-6 and MMP-9
miR-106b 4 Nourin
miR-137 ¢
miR-126 | SPRED1 and VCAM-1
. miR-26a-5p PTEN and FOXO1
Rel I:fe:;r:n miR-1 4 HDAC4 BCL-2
pe miR-22-3p 4 SIRT1 CcBP
Diabetic miR-133a | DNMT1/3A/38 Bim and Bmf
Cardiomyocytes/
Cardiomyopathy miR-155-5p f Nrf2 and HO-1
miR-18a 4 HDAC3 ADRB3
miR-22 MeCP2 EVI1
miR-26a | NPPB and HAPLN1
miR-30 | MAP4K4 and ITGAS
miR-33a 4 ABCA1
miR-103 ¢ IncRNA H19 HIf
miR-107 4 FADD and Caveolin-1
Heart Failure miR-126  } SPRED-1
miR-133 | PRDM16
miR-223 SOX2, STIM1 and ARC
miR-370 4 HCN and FOXO1
miR-351 4 E2F3
miR-221 4 HIF-1a
miR-100 4 R
miR-499 ¢ SOX6, HSP90 and PP1a
miR-132-3p 4 HDAC3 SIRT1
miR-26a ¥ EZH2 GSK-38
miR-410 ¢ SMAD? and HMGB1
miR-539 ¢4 HDAC1 MEK and 0GA
: miR-206 | HDAC4 ATG3
Myocar_d ial miR-1 4 GATA4 HSP60 and PKCe
Infraction miR-210 ¢ HDACs Efna3
miR-208 4
PTEN, MyHC, BRD4
miR-494 | HDACs and Wnt e NOCK
miR-499 4
miR-155 4 TPS53INP1
miR-182 ¢ LRP6
miR-217 ¢ SIRT1
miR-126 ¥ VCAM-1
miR-128 ¥ GATAG and STAT3
miR-1 ¥ KCNJ2, GJA and HCN2/4
miR-133 4} HERG
miR-208 4 THAP1 and Cx40
miR-17 ¢ PTEN and Cx43
miR-26  § DNMT3A SELP

IUpreguIation 1 Downregulation

[2351 miR-17-5p ¢ MFN2 [219]
(2] miR-29a ¢4 MeCP2 PTEN [221]
:Z: ;::; miR-30e-5p 4 DNMT3A/B ADAMS and Snai1 1224, 225]
P miR-132 ¢ SIRT1 Fox03 and PPARGCTA [228, 229]
o miR-214 | EZH2 and PRC2 PDE5A and CCN2 1232, 233]
R miR-185-3p | DNMT1 NFATE,NCX and ey [236,237)
241 miR-140-3p GATA4 1240]
1243] miR-26b-5p | ULK1, LC3B and Beclin 1 [242]
1246, 247] miR-208a | HDACs Sox6, Med13, and HP1B [244, 245]
[250, 251] miR-143-3p | ERKS5 and NPR3 [248, 249]
1253] miR-30d | EZH2 MAP4K4 and GRP78 1252]
[256] miR-125b |} SIRT7 p53 and SP7 [254, 255]
1257] miR-181b | SIRT7 PIAST and KLF4 1258]
2 miR-30c OPG and CDKN2C 260, 261]
1264) miR-143 $ ELK1, KLF4 and NPR3 [249, 263]
- miR-34a 1 HDAC1 NOTCH1 and Bel2 1265, 266]
miR-23a ¢ SIRT1 FOX03a and EGFR 268, 269]
1270] miR-502 | ROCK1 271
[273] miR-155 ¢ ABCA1 2721
[274, 275] miR-129-5p ¢ TRPM7 and NLPR3 [276]
1277) miR-142-3p | OPTN, HMGB1and RACT 1278, 279]
1280] miR-30-b 4 BECN1, ATG5 and LC3b 281]
[282] miR-30-c * PGC-18 [283]
1284] miR-503 1 NRF2 1285]
[286] miR-132 4 MeCP2 SERCA2a 76]
[287] miR-150-5p | HDAC3 SPRR1A 1288]
[289] miR-320a | PIK3CA and mTOR (]
[291] miR-1275 1 HK2 1292]
[293] miR-181c 4 Bcl-2 and mt-COX1 [294, 295]
1296] miR-21 ¢ PTEN and Spry1 [297)
[298] miR-182 HES1 and CUL5 [299]
[300] miR-210 1 GR and PTPN2 [Bo1]
[302] miR-423 CaMKIl [303]
[304] miR-1306 SIRT7 [305]
1306] miR-652 SIRT7 FOXO1 and TIMP3 1307]
[308] miR-30d-5p MAP4K4 and ITGAS 1291]
[309] miR-126a-5p EGFL7 [310]
B11 miR-19b-3p ssT2 B12]
1313, 314] miR-30e | Snai1 and TGF-B [225]
[315] miR-133 HDACs TGF-B1 316]
B17] miR-21 DNMTs PDCD4 and PTEN [108]
318] miR-146a NF-«kB IRAK1 and TRAF6 [319]
[320] miR-29 DNMT3A/3B COL1A1/A2/A3 [321]
el miR-6718-5p RAS, RAP1 and MAPK 1323]
(2] miR-4329
[325] miR-22 HDAC4 MeCP2 and EVI1 [287]
R :2:.;Z.§§ HDACs and EZH2 cu;:,sg,o ﬂé;-NaFaﬁh [zt
miR-26a-5p LY
[331] miR-423 OGT and PA2G4 [332]
[333] miR-34a 4 HDAC1 SIRT1, and Wnt7a [265, 334]
1335 miR-155 4 BCL6 [336]
g:;: :::_1 :g t EZH2 K4, SMADZ(3, MYOCD 1338, 339]
[341,342] miR-21 ¢ SMAD7 1343]
1344] miR-135b 1 CACNA1C 1345]
[346, 347] N
4] miR-146b-5p 1 TIMP4 [348]
[351] miR-138-5p l HDAC4 CYP11B2 [350]

Fig. 6. The regulation of microRNAs (miRNAs) in cardiac tissue is instrumental in the prevention of heart diseases.

sented (Fig. 6, Ref. [108,176,218-351]). This figure pro-
vides a comprehensive overview of miRNA-mediated reg-
ulation in heart diseases, aiding in the identification of po-
tential therapeutic targets and molecular pathways involved
in heart-related disorders [108,176,218-351].

Long non-coding DACH worsens diabetic cardiomy-
opathy by increasing mitochondrial oxidative stress and
promoting cell apoptosis through the degradation of SIRT3
[352]. In addition to histone modifications, miRNAs play
a significant role in CH. The overexpression of miR-23a,
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miR-23b, miR-24, miR-195, or miR-214 has been shown
to promote CH in neonatal cardiomyocytes, whereas the
overexpression of miR-133 has the opposite effect, inhibit-
ing the hypertrophic phenotype [353]. Moreover, inhibiting
miR-143 causes the release of retinoic acid signaling from
its repressed state, resulting in structural abnormalities in
the outflow tracts and ventricles.

This phenomenon underscores an epigenetic link be-
tween the heartbeat and cardiac development, with miR-
143 identified as a key player in the mechanotransduc-
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tion process [354]. Families of miR-1 (which includes
miR-1-1, miR-1-2, and miR-206) and miR-133 (comprising
miR-133a-1, miR-133a-2, and miR-133b) are characterized
by significant conservation. These families are primarily
found in the heart, yet their expression is not confined solely
to this tissue. The targeted removal of the muscle-specific
miRNA, miR-1-2, has demonstrated multiple functions in
cardiac physiology, including the regulation of heart mor-
phogenesis, electrical conduction pathways, and cell cycle
management [355].

The use of catheter-based delivery for anti-miR-21
has proven effective in inhibiting miR-21 in a porcine HF
model, resulting in decreased cardiac fibrosis and hypertro-
phy, as well as improved heart function. In-depth RNA se-
quencing revealed that the suppression of miR-21 reduced
inflammation and influenced various signaling pathways,
with a notable decrease in the populations of macrophages
and fibroblasts [356]. miRNAs are capable of either en-
hancing or inhibiting the death of cardiomyocytes and are
involved in regulating neovascularization after ischemia
[357]. Furthermore, these molecules can impact cardiac
regeneration by controlling the proliferation of cardiomy-
ocytes or by interfering with the protective effects provided
by stem or progenitor cells. The role of miR-340-5p in the
development of diabetic cardiomyopathy is critical, as it tar-
gets Mcl-1, leading to mitochondrial dysfunction, increased
oxidative stress, and the apoptosis of cardiomyocytes [358].
The microRNA associated with cardiac fibrosis is miR-29,
which exhibits decreased expression under conditions of
cardiac stress. This reduction may lead to an increase in
the production of extracellular matrix components by dere-
pressing genes that encode collagens, elastin, or fibrillin
[359].

Increasing evidence suggests that alterations in miR
expression are associated with CVDs. Indeed, several
microRNAs have been identified as promising therapeu-
tic targets. For instance, the inhibition of miR-15 was
shown to enhance cardiac function in animal models of HF
by decreasing infarct size, fibrosis, and remodeling [360].
In neonatal mice, the suppression of the miR-15 family
through locked nucleic acid-modified anti-miRNAs led to
an elevated number of mitotic cardiomyocytes and the ac-
tivation of CHEK1 [361]. The modulation of cardiac mi-
croRNAs has led to the validation of miR-208 as a pow-
erful therapeutic target aimed at improving cardiac func-
tion and remodeling throughout the progression of heart
disease. The increase in myocardial miR-208a was neg-
atively linked to clinical outcomes and emerged as a sig-
nificant independent predictor of cardiac death in a subse-
quent study [362]. Mice with a deletion in the miR-17/92
cluster experience death shortly after birth, which is at-
tributed to hypoplastic lung development and heart defects
caused by the concurrent loss of the miR-17, miR-18, and
miR-92 seed families [363]. miR-497-5p intensifies dys-
function of endothelial cells resulting from oxidized low-
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density lipoprotein, which plays a pivotal role in the devel-
opment of atherosclerosis. By targeting VEGFA and ac-
tivating the p38/MAPK pathway, miR-497-5p fosters in-
flammation, oxidative stress, and cell mortality in endothe-
lial cells [364]. MiR-126 exhibits the capability to promote
vascular protection and mitigate the risk of atherosclerosis;
the expression of miR-126 is stimulated by VEGF [365].
miR-30 was significantly lower during the early phase of
a cardiac hypertrophic animal model and in human hearts
that are failing. In contrast, both miR-214 and miR-30
showed increased levels in the maladaptive diseased heart,
which adversely affects the expression of cardiac XBP1 and
VEGF [366]. Meanwhile, circulating levels of miR-126
are markedly lower in patients with CAD, which is likely
attributable to the inadequate packaging of miR-126 into
endothelial microvesicles [365]. The increased levels of
cyclin D2 reduced the effectiveness of miR-98 in counter-
acting Ang II-induced CH, highlighting that the antihyper-
trophic mechanisms of miR-98 are partially dependent on
the downregulation of cyclin D2 [367].

miR-21 3p is identified as a significant paracrine
RNA molecule that causes hypertrophy in cardiomyocytes.
The targets of miR-21 include SORBS2 and PDLIMS.
Thus, silencing these proteins in cardiomyocytes induced
hypertrophic responses [368]. Interestingly, the long non-
coding RNA Ahit is identified as a key regulator of CH, il-
lustrating its role in preventing hypertrophy through the re-
cruitment of the PRC2 protein SUZ12, which trimethylates
the critical transcription factor MEF2A. Furthermore, the
elevated levels of Ahit in patients suffering from hyperten-
sive heart disease suggest its potential as a therapeutic target
for CH [369]. MicroRNAs may represent new biomarkers
for HF with preserved ejection fraction, diastolic dysfunc-
tion, and acute HF.

In rats with congestive HF, short-term vagus nerve
stimulation reduced apoptosis through the downregulation
of miR-205 [370]. The deletion of miR-1-2 in a homozy-
gous state caused mortality during embryonic or perina-
tal stages, attributed to cardiac defects such as VSD, HF,
and arrhythmias [371]. miR-1 expression acts to inhibit the
WNT and FGF pathways by repressing FZD7 and FRS2,
respectively, thereby promoting the differentiation of car-
diomyocytes and suppressing the development of endothe-
lial cells. A study found that in patients with VSD, in-
creased levels of GJA1 and SOX9 corresponded with a de-
crease inmiR-1-1 expression, while elevated miR-181c¢ lev-
els were associated with reduced BMPR2 expression [372].

As a constituent of the miR-23/24/27 cluster, miR-24
has been reported to exhibit cardiomyocyte-protective ef-
fects in vitro [373]. Furthermore, in vivo studies indicate
that the overexpression of miR-24 can mitigate infarct size
and enhance cardiac function post-acute myocardial infarc-
tion. However, it is significant to note that cardiomyocyte-
specific overexpression of miR-24 has been linked to em-
bryonic lethality in murine models [373]. This research in-
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vestigated circulating miRNAs (c-miRNAs) in children di-
agnosed with HF, comparing their levels before and after
the implantation of a ventricular assist device [374]. The
study identified six c-miRNAs that are integral to hemo-
static regulation, with c-miR-409-3p being particularly sig-
nificant as it is linked to a prothrombotic state through the
downregulation of coagulation factors F7 and F2 [374].
Meanwhile, circSamd4, which is localized in the mitochon-
dria, plays a significant role in cardiac regeneration by
alleviating mitochondrial oxidative stress and minimizing
DNA damage, whereby increased levels of circSamd4 pro-
mote the proliferation of cardiomyocytes, avert apoptosis,
and enhance cardiac function post-MI [375].

The microRNAs hsa-let-7a, hsa-let-7b, and hsa-miR-
486 were found to be significantly elevated in children with
atrial septal defects. The overexpression of hsa-let-7a and
hsa-let-7b was particularly noted in this group, as opposed
to children with different subtypes of septal defects. Fur-
thermore, a similar expression profile for hsa-let-7a and
hsa-let-7b was observed in the mothers of children diag-
nosed with atrial septal defects [376]. A mouse model
study conducted by researchers indicated that higher lev-
els of miR-187 in endothelial cells are directly responsible
for inducing CHD, particularly characterized by heart sep-
tal defects and a diminished heart size. miR-187 is directed
towards NIPBL, a vital protein that plays a key role in at-
tracting the cohesin complex and managing chromatin ac-
cessibility [377]. Mice that lack either miR-133a-1 or miR-
133a-2 are typically normal, but the deletion of both miR-
NAs results in lethal VSD in approximately 50% of double-
mutant embryos or neonates. Survivors who reach adult-
hood are likely to develop dilated cardiomyopathy and HF
via the roles of miR-133a-1 and miR-133a-2 in cardiac de-
velopment, gene expression, and function, suggesting that
these miRNAs are integral to an SRF-dependent myogenic
transcriptional pathway [222].

miR-222 was found to be upregulated in CH
associated with exercise, and the implementation of
cardiomyocyte-specific transgenic miR-222 offers a protec-
tive mechanism against cardiac remodeling resulting from
I/R [378]. During cardiomyocyte hypertrophy, miRNAs
undergo dynamic regulation, and the attenuation of miR-
22 in rat cardiomyocytes effectively mitigates hypertrophic
effects by alleviating the repression of PTEN [379]. In
cases of pathological CH, the overexpression of miR-29a
contributes to the progression of CH by regulating the
PTEN/AKT/mTOR pathway and diminishing autophagy
[221].

miR-21-3p is implicated in the regulation of HDACS8
expression and the AKT/Gsk3/3 pathway, indicating that
therapeutic strategies focused on modulating miR-21-3p
levels could be effective in combating CH [220]. The
presence of miR-217 resulted in lower nitric oxide pro-
duction, advanced endothelial dysfunction, increased blood
pressure, and exacerbated atherosclerosis in mice prone to
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atherogenic conditions [380]. MHRT increases KLF4 ex-
pression by either directly interacting with miR-145a-5p or
by forming a complex with KLF4 that prevents its phos-
phorylation. This action inhibits the binding of ERK to
KLF4, which subsequently reduces myocardin expression
and lessens myocardial hypertrophy [381].

A dynamic imbalance between DNMT1 and TET?2 is
related to the hypermethylation of the miR-145 promoter.
The reduction in miR-145 expression leads to the acti-
vation of NLRP3 inflammasome via the CD137/NFATc1
signaling cascade. miR-145 expression in plaques was
subject to regulation through promoter hypermethylation,
which was mediated by either DNMT1 or TET2 [382]. In-
hibition of microRNA-210 through LNA-anti-microRNA-
210 considerably advanced the differentiation process of
Sca-17 cardiac progenitor cells into cardiomyocytes [383].
A correlation exists between reduced miR-10a and in-
creased GATA6/VCAM-1 in the cardiovascular endothe-
lium, which is linked to the formation of atherosclerotic le-
sions in humans [384]. The deletion of MEX3A or ATGS5
in vivo diminished the nuclear transport of miR-126-5p,
heightened endothelial apoptosis, and intensified the pro-
gression of atherosclerosis [385].

A study involving a cohort of 820 participants over
a decade revealed a notable correlation between three spe-
cific miRNAs (miR-126, miR-197, and miR-223) and the
likelihood of experiencing MI, with adjustments made for
potential confounding variables [386]. miR-449 plays a
crucial role in regulating cTnl expression and enhancing
cardiac function by inhibiting histone deacetylation medi-
ated by HDACI at the ¢7nl promoter. This inhibition leads
to increased histone acetylation (H3K4 and H3K9), which
supports GATA4 binding and the transcriptional activation
of cTnl in the hearts of older individuals [387]. The mi-
croRNAs miR-132, miR-140, and miR-210 were similarly
linked to cardiovascular mortality in a cohort of 1112 pa-
tients [388]. Meanwhile, 28 miRNAs were found to be dif-
ferentially expressed in diseased hearts, regardless of left
ventricular assist device (LVAD) support [389]. Remark-
ably, the expression levels of 20 of these miRNAs showed
normalization or reversal in the CHF group after receiving
LVAD support, suggesting that these miRNAs may serve
as valuable prognostic markers for patients suffering from
end-stage CHF [389].

Subsequent experiments validated that H19 plays a
role in regulating KDM3A expression, which helps to mit-
igate myocardial injury resulting from MI in a manner re-
liant on miR-22-3p [390]. The process of pri-miR221/222
maturation is positively modulated by METTL3 in an m6A-
dependent manner, leading to the activation of WNT/3-
catenin signaling through the inhibition of DKK2, which
promotes CH induced by Ang II [391]. TUGI se-
questered miR-132-3p, resulting in the increased expres-
sion of HDAC3. This upregulation reduced H3K9 acetyla-
tion and epigenetically repressed the expression of antiox-
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idative genes such as HSP70, BCL-XL, and PRDX2, which
are involved in the pathogenic development of AMI [392].
The suppression of miR-34 expression in vivo through the
application of LNA-based anti-miRs or antagomiRs en-
hanced the survival of cardiomyocytes following AMI, con-
sequently maintaining cardiac contractile function [388,
393]. Additionally, the inhibition of miR-34a contributed
to improved cardiac performance in cases of moderate hy-
pertrophic cardiomyopathy [393]. The function of miR-1
in myotonic dystrophy type 1 has been examined, reveal-
ing that a decrease in miR-1 levels is associated with the
development of DCM. This study highlights Mp/Col15A1
as a significant target of miR-1, with its increased expres-
sion playing a role in the progression of DCM in myotonic
dystrophy type 1 [394].

6. Epigenetic Drugs (Epi-Drugs) in Heart
Diseases

Various drug candidates that target epigenetic
molecules have been discovered for cancer treatment
and other diseases (Fig. 7). Additionally, some of these
candidates have been used in research on CH and HF,
involving both cellular and animal models.

It has been clinically established that trimetazidine
and metabolic-related substances, including levocarnitine,
coenzyme Q10, and phosphocreatine, possess impressive
cardioprotective capabilities by regulating changes in car-
diac metabolism [395-397]. Chronic pericarditis is iden-
tified as the predominant cardiotoxic effect of radiother-
apy. HF is the major cardiotoxicity associated with an-
thracycline drugs, occurring at an incidence rate of about
5% to 23% [398]. Dexrazoxane is recognized as the only
cardioprotective drug approved by the FDA for the treat-
ment of cardiotoxicity induced by anthracycline agents
[399]. Chaetocin treatment was found to lower the expres-
sion of H3K9me3, reduce the formation of atherosclerotic
plaques, and enhance the stability of these plaques. This
was achieved by reducing the area of the necrotic core and
lipid deposits, while increasing collagen levels and promot-
ing a contractile phenotype in vascular smooth muscle cells
[400].

The administration of atorvastatin led to a reduction in
the expression of miR-34a and an elevation in SIRT1 levels;
conversely, rosuvastatin, a different class of statin, did not
produce similar outcomes [401]. Meanwhile, the HDAC in-
hibitor SAHA was shown to improve cardiac structure and
function in a feline model of pressure overload-induced HF-
pEF. The administration of SAHA reduced left ventricular
hypertrophy and diastolic dysfunction, possibly through its
favorable effects on mitochondrial metabolism [402]. The
pan-HDAC inhibitor SAHA, which also acts as a class [ and
IIb HDAC inhibitor, successfully elevated miR-133a levels
in mice that experienced TAC, reducing CTGF, collagen,
and fibrosis within the myocardium [403]. Apagliflozin
and empagliflozin, both SGLT2 inhibitors, have demon-
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strated a significant decrease in all-cause and cardiovascu-
lar mortality, as well as in hospitalizations for HF and renal
events in individuals with HF with reduced ejection fraction
(HFrEF), independent of their diabetes status. The benefits
were consistently evident across various subgroups, under-
scoring the significance of SGLT2 inhibitors in managing
HFrEF [404].

The phase 1b clinical trial investigated the safety and
impact of CDR132L, a miR-132 inhibitor, in patients with
chronic ischemic HF. The study found that CDR132L was
safe and well-tolerated, promoting a dose-dependent reduc-
tion in miR-132 levels. Patients who received doses of >1
mg/kg displayed enhancements in heart function, including
lower NT-proBNP levels and QRS narrowing [405]. The
synthetic miR-132 inhibitor CDR132L was safely and ef-
fectively administered on a monthly basis in a pig model of
chronic CHF after MI. This treatment not only improved
systolic and diastolic cardiac function but also reversed
pathological remodeling [406].

The simultaneous upregulation of miR-129-5p and the
reduction in CDK6 expression were mechanistically in-
volved in the trichostatin A (TSA)-mediated inhibition of
HO9c2 cell proliferation [407]. G9a, a histone methyltrans-
ferase, is crucial in the development of HF following AMI.
Additionally, the therapeutic combination of erythropoietin
and a GYa inhibitor has demonstrated efficacy in preserv-
ing both the architecture and functional integrity of the left
ventricle in AMI-induced rat models [408]. The remark-
able activation of SIRT1/Nrf2 signaling is primarily linked
to the effects of bakuchiol, which ultimately fortified the
antioxidative capacity of the heart by boosting antioxidant
production and reducing the formation of reactive oxygen
species [409].

Multiple classes of HDAC inhibitors, such as TSA,
vorinostat, hydroxamic acid, and sodium butyrate, are
known to reduce the expression and activity of HDACs,
thereby shifting the overall balance toward enhanced his-
tone acetylation [410,411]. The anti-arrhythmic effects of
TSA seem to be unaffected by the expression of Ang II,
TGF-B1, ERK1/2, shifts in atrial refractoriness, or varia-
tions in intracardiac pressure [412]. Silencing miR-541 can
obstruct the antihypertrophic effects associated with MITF
knockdown in cardiomyocytes subjected to Ang II treat-
ment. The influence of MITF on CH is dependent on the
regulation of miR-541 [234]. miR-19b was found to sig-
nificantly elevate pro-hypertrophic calcineurin/NFAT sig-
naling. The genes atrogin-1 and MuRF-1, which are in-
volved in anti-hypertrophic processes, are directly influ-
enced by miR-19a/b. Furthermore, the application of the
calcineurin inhibitor cyclosporin A and protein kinase C
inhibitor GF10923X effectively diminished the miR-19b-
induced increase in cell size and the expression of hyper-
trophic markers [413].

Numerous cardiovascular disorders are identified by
the abnormal methylation of CpG islands, resulting in the
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Epi-Drugs in Heart Diseases
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Fig. 7. Potential epigenetic-related drugs in heart diseases. SNHG12, Small Nucleolar RNA Host Gene 12; SAHA, Suberoylanilide
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persistent investigation of targeted drugs that could inhibit
DNA methyltransferase, either directly or by reducing its
gene expression, including hydralazine and procainamide
[414]. The cause of the toxicity was identified as pro-
cainamide. Moreover, as procainamide-related lung fibro-
sis is an uncommon condition, this case is shared to high-
light the potential risks associated with procainamide and
is imperative for diligent monitoring in patients who have
undergone surgery [415].

Apabetalone (APA) significantly lowered the inci-
dence of major adverse cardiovascular events and HF hospi-
talizations in patients with chronic kidney disease and type
2 diabetes after acute coronary syndrome. These results im-
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ply that apabetalone may deliver cardiovascular protection
to this high-risk population by modulating epigenetic fac-
tors [416]. APA, which acts as a BET protein inhibitor,
aids in the restoration of angiogenesis in diabetic condi-
tions by epigenetically downregulating the antiangiogenic
gene THBS1 while preserving VEGFA signaling pathways.
In diabetic mice with limb ischemia, treatment with APA
resulted in enhanced vascularization and perfusion [417].
The binding of APA to BRD4 may influence cholesterol
levels and inflammation; specifically, APA promotes the
expression of the ApoA-I gene through the mediation of
BET family member BRD4. APA may play a role in reduc-
ing CH and fibrosis, indicating promising new options for
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HF treatment [418]. JQ1-mediated inhibition of BET bro-
modomains suppresses proinflammatory gene expression
in cardiac fibroblasts, thereby reducing fibrosis, prevent-
ing adverse remodeling, and improving survival in a mouse
model of DCM. The identification of BRD4 as a signifi-
cant regulator of NF-xB-driven inflammation emphasizes
the promise of BET inhibition as a therapeutic strategy for
chronic DCM [419]. The mechanisms through which azaci-
tidine exerts its antineoplastic effects are thought to include
two main processes: cytotoxicity, stemming from its incor-
poration into RNA and DNA, and DNA hypomethylation,
which restores normal growth control and differentiation
in hematopoietic cells [48]. Azacitidine functions by sto-
ichiometrically binding to DNMT1, thereby preventing the
methylation of replicating DNA and inducing a hypomethy-
lated state in the DNA. The occurrence of pressure overload
triggers pathological remodeling of the heart, linked to an
increase in DNA methylation. Low-dose treatment with 5-
azacytidine lowers this methylation and alleviates both hy-
pertrophy and fibrosis [420].

The mechanism through which zebularine functions
as a DNA methylation inhibitor is thought to involve its in-
tegration into DNA, a process that presumably follows the
phosphorylation of zebularine to the diphosphate level and
its conversion into a deoxynucleotide. Zebularine is classi-
fied as a stable agent for DNA demethylation and is the first
drug in its class capable of reactivating an epigenetically si-
lenced gene through oral delivery [421].

RG108 functions as an inhibitor of DNA methyltrans-
ferase, characterized by its unique properties that will be
especially beneficial for the experimental manipulation of
epigenetic gene regulation [422]. C646, a p300 inhibitor,
improves coronary flow reserve, cardiac function, and vas-
cular health in SIRT3 knockout mice. The mechanism of
action for C646 involves reducing p300 and H3K56 acety-
lation, leading to enhanced endothelial function and the
suppression of inflammation-related pathways, including
NF-£B [423]. Curcumin, among other HAT inhibitors, in-
hibits the acetylation of histones H3 and H4 by p300 and
CBP. This mechanism leads to a decrease in cell prolifer-
ation and has been researched for its potential role in pre-
venting HF in rat subjects [424]. Curcumin was also found
to decrease myocardial dysfunction, oxidative stress, and
apoptosis in the cardiac tissue of diabetic rats. The adminis-
tration of curcumin increased phosphorylation of AKT and
decreased acetylation of FOXOI, thereby playing a crucial
role in the management of DCM by modulating the Sirtl—
Foxol and PI3K-AKT pathways [425].

A significant decrease in histone 3 acetylation has
been detected in cells treated with doxorubicin (DOX).
The treatment of cultured cardiomyocyte precursor cells
with DOX induced severe apoptosis-related cell death,
which correlates with heightened oxidative stress [426].
The administration of DOX can also elevate the activity
of demethylases KDM3A and JMJD3, resulting in higher
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levels of histone methylation [427]. The negative reg-
ulation of SESN2 by JMJD3 occurs through a decrease
in H3K27me3 enrichment at the SESN2 promoter region,
leading to mitochondrial dysfunction and cardiomyocyte
apoptosis. Therefore, targeting the JMID3-SESN2 sig-
naling axis could be a promising therapeutic strategy for
preventing DOX-induced cardiomyopathy [428,429]. The
analysis of microRNAs in the hearts of individual mice re-
vealed that miR-34a was significantly elevated post-DOX
treatment; meanwhile, miR-205 experienced a significant
decline after the combined treatment of imatinib mesylate
and DOX [430].

The hyperacetylation mimic of GATA4 maintains its
protective effect against DOX, while the hypoacetylation
mimic is unable to sustain this protective capacity. The
SIRT6-TIP60—GATA4 axis is essential for promoting the
anti-apoptotic pathway, which contributes to the reduction
of DOX-associated toxicity [431]. DOX induces various
regulated pathways of cardiomyocyte death, which include
autophagy, ferroptosis, necroptosis, pyroptosis, and apop-
tosis [432]. The administration of DOX leads to a de-
crease in the levels of NAD-dependent histone deacety-
lases SIRT1, SIRT3, and SIRT6, and an increase in the lev-
els of Zn?*-dependent histone deacetylase HDAC1, which
together mediate changes in histone acetylation modifica-
tions [433]. Betulin provided substantial protection against
diabetic cardiomyopathy, which was associated with the
modulation of the Sitil/NLRP3/NF-xB signaling pathway
[434]. The protective effects of miR-152 against DOX-
induced cardiac injury in mice were compromised due to
a deficiency in Nrf2 [432]. The administration of da-
pagliflozin in diabetic mice resulted in the alleviation of
Ang Il-induced cardiomyopathy, characterized by reduc-
tions in inflammation, fibrosis, and intracellular calcium
levels [435]. The expression of DNMT1 was found to be
elevated in the cardiac tissues of rats subjected to DOX
treatment, exhibiting an inverse relationship with the ex-
pression levels of miR-152-3p. It was demonstrated that
DNMT1 promotes the methylation of the promoter region
of miR-152-3p, thereby reducing its expression and result-
ing in the inhibition of mitophagy in H9c2 cells. Further-
more, the depletion of DNMT1 conferred protection against
HF in rats through a mechanism dependent on miR-152-
3p, ETS1, and RhoH [436]. Sulforaphane defends the heart
against Ang II-induced harm by epigenetically activating
Nrf2. Moreover, sulforaphane lowers DNA methylation
levels and raises histone acetylation in the Nrf2 promoter,
thereby enhancing antioxidant defenses and contributing to
sustained cardioprotection [437].

Antiretroviral medications influence the epigenetic al-
terations of cardiac cells by interacting with histone mark-
ers that are essential for gene expression. Indeed, an-
tiretroviral medications are particularly significant in the
process of histone deacetylation at the H3K9 and H3K27
sites during periods of cellular stress [438]. Allisartan iso-
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proxil has been shown to alleviate DCM by reducing ox-
idative stress and inflammation associated with diabetes
through the SIRT1/Nrf2/NF-xB signaling pathway [439].
Hop functions to inhibit SRF-dependent transcriptional ac-
tivation through the recruitment of HDAC activity and the
formation of a complex that contains HDAC2. Transgenic
mice that overexpress Hop are prone to severe CH, cardiac
fibrosis, and early mortality when subjected to a two-week
treatment with the hydroxamic acid pan-HDAC inhibitor,
TSA, or the short-chain fatty acid, valproic acid [440].

The apicidin derivative, referred to as API-D, is effec-
tive in decreasing hypertrophy and, consequently, in pre-
venting the transition to HF in mice subjected to TAC [441].
Elabela treatment was observed to have significant protec-
tive effects against oxidative stress in the heart due to di-
abetes, potentially relying heavily on the deacetylation of
FOXO03A4 mediated by SIRT3 [442]. The effects of scriptaid
did not entirely remove hypertrophic growth, implying that
HDAC-dependent pathways do not control certain aspects
of the growth response. A dose-dependent decrease in hy-
pertrophy was recorded following the use of scriptaid [443].
As a natural HsS donor, erucin protected vascular cells
against damage induced by high glucose concentrations by
lowering oxidative stress, inflammation, and endothelial
permeability [444]. The downregulation of the GRIN2D-
mediated calcium pathway by miR-129-1-3p provides a
protective mechanism against apoptosis in cardiomyocytes
triggered by pirarubicin [445].

7. Conclusions

Heart diseases remain the leading factor in world-
wide fatalities, which accentuates the urgent demand for
improved insights into their multifaceted etiology. Epi-
genetic modifications, which encompass DNA methyla-
tion, histone changes, and non-coding RNA activity, con-
trast with traditional genetic mutations by impacting gene
expression without altering the DNA sequence. This re-
view illustrates the fundamental impact of epigenetic mech-
anisms, which encompass DNA methylation, histone mod-
ifications, and ncRNAs, on the onset and evolution of
several CVDs. These mechanisms influence cellular re-
sponses to environmental factors, developmental prompts,
and pathological stress, and are connected to heart diseases.
Tracing back to early insights in epigenetics and advanc-
ing to the present-day classification of ‘writers (e.g., DN-
MTs, HATs, and methyltransferases), erasers (e.g., TET
proteins, HDACs, and demethylases), and readers (e.g.,
BRD4, BRG1, MeCP2)’, the regulation of gene expres-
sion through reversible, non-genetic changes has been rec-
ognized as a vital contributor to heart development, func-
tionality, and pathology. Dysfunctions in these proteins
have been closely correlated with HF, CAD, and congen-
ital heart defects. Enzymes, particularly DNMTs, HDACs,
SIRTs, and TETs, are notably important as regulators with
substantial potential for diagnostic and therapeutic appli-
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cations. The sophisticated interplay of these components
governs vital processes including CH, fibrosis, and apopto-
sis. Additionally, specific microRNAs and long non-coding
RNAs have been identified as viable biomarkers and thera-
peutic targets, playing a role in various processes, including
HF and CH. The therapeutic potential of miRNA-based in-
terventions, including antagomiRs and mimic therapies, is
receiving growing interest. This review highlights the role
of ncRNAs as both biomarkers and targets in the develop-
ment of personalized epigenetic therapies. The application
of epigenetic drugs, some of which are presently in clinical
trials, paves the way for innovative approaches in precision
cardiology. Epigenetic variations are the source of changes
in gene expression that play a role in the development and
maintenance of fatal diseases such as heart disease. Increas-
ing interest in epigenetic research is focusing on pharma-
cological interventions that epigenetically reverse the char-
acteristics of heart disease. In DNMT and HDAC inhibi-
tion, epigenetic modifiers act as agents or can be combined
with various established therapies. Therefore, combination
therapies with epigenetic modifiers that enhance both the
adjuvancy and antigenicity of heart disease treatments are
promising approaches against heart disease.

Ongoing research that combines next-generation se-
quencing, machine learning, and patient-specific epigenetic
profiling will be imperative for applying these discoveries
to personalized therapies. The convergence of epigenomics
alongside other omics technologies, such as transcriptomics
and proteomics, is essential for elucidating the complex reg-
ulatory systems implicated in heart disease. Exploring and
adjusting the epigenetic landscape represents a significant
opportunity to reverse maladaptive cardiac remodeling and
enhance cardiovascular health outcomes globally. The abil-
ity to understand and manipulate the epigenome has the po-
tential to fundamentally change the approach to heart dis-
ease prevention.

Author Contributions

The single author MY was responsible for the concep-
tion of ideas presented, writing, writing — review & editing,
and the entire preparation of this manuscript. MY has par-
ticipated sufficiently in the work and agreed to be account-
able for all aspects of the work. The contributions to this
entire review have been exclusively made by one author.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment

All figures within the review were designed under a
license acquired from biorender.com.
Funding

This research was funded by Trakya University, grant
number TUBAP-2021/142.

&% IMR Press


https://www.biorender.com/
https://www.imrpress.com

Conflict of Interest

The author declares no conflict of interest. Mustafa

Yildiz is serving as Guest Editor of this journal. We declare
that Mustafa Yildiz had no involvement in the peer review
of'this article and has no access to information regarding its
peer review. Full responsibility for the editorial process for
this article was delegated to John Lynn Jefferies.

References

(1]

(2]

(3]

(4]

[3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

World Health Organization. Advancing the global agenda on
prevention and control of noncommunicable diseases 2000 to
2020: looking forwards to 2030. World Health Organization:
Switzerland. 2023.

World Health Organization. Assessing national capacity for the
prevention and control of noncommunicable diseases: report of
the 2021 global survey. World Health Organization: Switzer-
land. 2023.

Fuster V, Frazer J, Snair M, Vedanthan R, Dzau V, Committee on
Global Health and the Future of the United States: A Report of
the National Academies of Sciences, Engineering and Medicine.
The Future Role of the United States in Global Health: Emphasis
on Cardiovascular Disease. Journal of the American College of
Cardiology. 2017; 70: 3140-3156. https://doi.org/10.1016/j.ja
cc.2017.11.009.

Heidenreich PA, Albert NM, Allen LA, Bluemke DA, Butler J,
Fonarow GC, et al. Forecasting the impact of heart failure in
the United States: a policy statement from the American Heart
Association. Circulation. Heart Failure. 2013; 6: 606—619. https:
//doi.org/10.1161/HHF.0b013¢318291329a.

Paigen K. Genetic factors in developmental regulation. Physio-
logical Genetics (pp. 1-61). Academic Press: New York. 1979.
https://doi.org/10.1016/B978-0-12-620980-8.50006-6.

Larsen F, Gundersen G, Lopez R, Prydz H. CpG islands as gene
markers in the human genome. Genomics. 1992; 13: 1095-
1107. https://doi.org/10.1016/0888-7543(92)90024-m.

Holoch D, Moazed D. RNA-mediated epigenetic regulation of
gene expression. Nature Reviews. Genetics. 2015; 16: 71-84.
https://doi.org/10.1038/nrg3863.

Ardiel EL, Rankin CH. The importance of touch in development.
Paediatrics & Child Health. 2010; 15: 153—156. https://doi.org/
10.1093/pch/15.3.153.

Napoli C, Infante T, Casamassimi A. Maternal-foetal epigenetic
interactions in the beginning of cardiovascular damage. Cardio-
vascular Research. 2011; 92: 367-374. https://doi.org/10.1093/
cvr/cvr201.

Wolff GL, Kodell RL, Moore SR, Cooney CA. Maternal epige-
netics and methyl supplements affect agouti gene expression in
Avy/a mice. FASEB Journal: Official Publication of the Federa-
tion of American Societies for Experimental Biology. 1998; 12:
949-957.

Bird A. Perceptions of epigenetics. Nature. 2007; 447: 396-398.
https://doi.org/10.1038/nature05913.

Cavalcante GC, Magalhdes L, Ribeiro-Dos-Santos A, Vidal
AF. Mitochondrial Epigenetics: Non-Coding RNAs as a Novel
Layer of Complexity. International Journal of Molecular Sci-
ences. 2020; 21: 1838. https://doi.org/10.3390/ijms21051838.
Manolio TA, Collins FS, Cox NJ, Goldstein DB, Hindorff LA,
Hunter DJ, ef al. Finding the missing heritability of complex dis-
eases. Nature. 2009; 461: 747-753. https://doi.org/10.1038/natu
re08494.

Chen C, Wang J, Zhang S, Zhu X, Hu J, Liu C, et al. Epige-
netic regulation of diverse regulated cell death modalities in car-
diovascular disease: Insights into necroptosis, pyroptosis, fer-
roptosis, and cuproptosis. Redox Biology. 2024; 76: 103321.

&% IMR Press

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

(28]

[29]

[30]

[31]

[32]

[33]

https://doi.org/10.1016/j.redox.2024.103321.
Waddington C. Endeavour 1. Epigenotpye. 1942; 1: 18-20.

16] Sinsheimer RL. The action of pancreatic desoxyribonuclease. 1.

Isolation of mono- and dinucleotides. The Journal of Biological
Chemistry. 1954; 208: 445—459.

Prachayasittikul V, Prathipati P, Pratiwi R, Phanus-Umporn C,
Malik AA, Schaduangrat N, et al. Exploring the epigenetic drug
discovery landscape. Expert Opinion on Drug Discovery. 2017;
12: 345-362. https://doi.org/10.1080/17460441.2017.1295954.
Sorm F, Piskala A, Cihdk A, Vesely J. 5-Azacytidine, a new,
highly effective cancerostatic. Experientia. 1964; 20: 202-203.
https://doi.org/10.1007/BF02135399.

Vanyushin BF, Mazin AL, Vasilyev VK, Belozersky AN. The
content of 5-methylcytosine in animal DNA: the species and tis-
sue specificity. Biochimica et Biophysica Acta. 1973; 299: 397—
403. https://doi.org/10.1016/0005-2787(73)90264-5.

Adams RL. The relationship between synthesis and methylation
of DNA in mouse fibroblasts. Biochimica et Biophysica Acta.
1971; 254: 205-212. https://doi.org/10.1016/0005-2787(71)
90829-x.

Yoshida M, Kijima M, Akita M, Beppu T. Potent and spe-
cific inhibition of mammalian histone deacetylase both in
vivo and in vitro by trichostatin A. The Journal of Biological
Chemistry. 1990; 265: 17174-17179. https://doi.org/10.1016/
S0021-9258(17)44885-X.

Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic
gene lin-4 encodes small RNAs with antisense complementar-
ity to lin-14. Cell. 1993; 75: 843-854. https://doi.org/10.1016/
0092-8674(93)90529-y.

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. https://doi.
0rg/10.1016/50092-8674(00)81656-6.

Turner BM. Histone acetylation and an epigenetic code. BioEs-
says: News and Reviews in Molecular, Cellular and Develop-
mental Biology. 2000; 22: 836-845. https://doi.org/10.1002/
1521-1878(200009)22:9<836::AID-BIES9>3.0.CO;2-X.
Strahl BD, Allis CD. The language of covalent histone modifica-
tions. Nature. 2000; 403: 41-45. https://doi.org/10.1038/47412.
Bell AC, Felsenfeld G. Methylation of a CTCF-dependent
boundary controls imprinted expression of the Igf2 gene. Na-
ture. 2000; 405: 482—-485. https://doi.org/10.1038/35013100.
Zhang Y, Reinberg D. Transcription regulation by histone
methylation: interplay between different covalent modifications
of'the core histone tails. Genes & Development. 2001; 15: 2343—
2360. https://doi.org/10.1101/gad.927301.

Ooi SKT, Bestor TH. The colorful history of active DNA
demethylation. Cell. 2008; 133: 1145-1148. https://doi.org/10.
1016/.cell.2008.06.009.

Chadwick LH. The NIH Roadmap Epigenomics Program data
resource. Epigenomics. 2012; 4: 317-324. https://doi.org/10.
2217/epi.12.18.

Guo X, Wang L, Li J, Ding Z, Xiao J, Yin X, ef al. Structural
insight into autoinhibition and histone H3-induced activation
of DNMT3A. Nature. 2015; 517: 640-644. https://doi.org/10.
1038/nature13899.

Hoy SM. Tazemetostat: First Approval. Drugs. 2020; 80: 513—
521. https://doi.org/10.1007/s40265-020-01288-x.

Weinberg DN, Papillon-Cavanagh S, Chen H, Yue Y, Chen X,
Rajagopalan KN, et al. The histone mark H3K36me?2 recruits
DNMT3A and shapes the intergenic DNA methylation land-
scape. Nature. 2019; 573: 281-286. https://doi.org/10.1038/
s41586-019-1534-3.

HOTCHKISS RD. The quantitative separation of purines,
pyrimidines, and nucleosides by paper chromatography. The
Journal of Biological Chemistry. 1948; 175: 315-332.

21


https://doi.org/10.1016/j.jacc.2017.11.009
https://doi.org/10.1016/j.jacc.2017.11.009
https://doi.org/10.1161/HHF.0b013e318291329a
https://doi.org/10.1161/HHF.0b013e318291329a
https://doi.org/10.1016/B978-0-12-620980-8.50006-6
https://doi.org/10.1016/0888-7543(92)90024-m
https://doi.org/10.1038/nrg3863
https://doi.org/10.1093/pch/15.3.153
https://doi.org/10.1093/pch/15.3.153
https://doi.org/10.1093/cvr/cvr201
https://doi.org/10.1093/cvr/cvr201
https://doi.org/10.1038/nature05913
https://doi.org/10.3390/ijms21051838
https://doi.org/10.1038/nature08494
https://doi.org/10.1038/nature08494
https://doi.org/10.1016/j.redox.2024.103321
https://doi.org/10.1080/17460441.2017.1295954
https://doi.org/10.1007/BF02135399
https://doi.org/10.1016/0005-2787(73)90264-5
https://doi.org/10.1016/0005-2787(71)90829-x
https://doi.org/10.1016/0005-2787(71)90829-x
https://doi.org/10.1016/S0021-9258(17)44885-X
https://doi.org/10.1016/S0021-9258(17)44885-X
https://doi.org/10.1016/0092-8674(93)90529-y
https://doi.org/10.1016/0092-8674(93)90529-y
https://doi.org/10.1016/s0092-8674(00)81656-6
https://doi.org/10.1016/s0092-8674(00)81656-6
https://doi.org/10.1002/1521-1878(200009)22:9<836::AID-BIES9>3.0.CO;2-X
https://doi.org/10.1002/1521-1878(200009)22:9<836::AID-BIES9>3.0.CO;2-X
https://doi.org/10.1038/47412
https://doi.org/10.1038/35013100
https://doi.org/10.1101/gad.927301
https://doi.org/10.1016/j.cell.2008.06.009
https://doi.org/10.1016/j.cell.2008.06.009
https://doi.org/10.2217/epi.12.18
https://doi.org/10.2217/epi.12.18
https://doi.org/10.1038/nature13899
https://doi.org/10.1038/nature13899
https://doi.org/10.1007/s40265-020-01288-x
https://doi.org/10.1038/s41586-019-1534-3
https://doi.org/10.1038/s41586-019-1534-3
https://www.imrpress.com

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

22

WYATT GR. Recognition and estimation of 5-methylcytosine
in nucleic acids. The Biochemical Journal. 1951; 48: 581-584.
https://doi.org/10.1042/bj0480581.

Waddington, CH. The strategy of the genes: In A Discussion of
Some Aspects of Theoretical Biology. George Allen & Unwin,
Ltd.: London, UK, 1957.

Burns J, Shore P. Biochemical effects of drugs. Annual review of
pharmacology. 1961; 1: 79—104. https://doi.org/10.1146/annure
v.pa.01.040161.000455.

Billen D. Methylation of the bacterial chromosome: an event at
the “replication point”? Journal of Molecular Biology. 1968; 31:
477-486. https://doi.org/10.1016/0022-2836(68)90422-1.
Mellini P, Valente S, Mai A. Sirtuin modulators: an up-
dated patent review (2012-2014). Expert Opinion on Therapeu-
tic Patents. 2015; 25: 5-15. https://doi.org/10.1517/13543776.
2014.982532.

Flotho C, Claus R, Batz C, Schneider M, Sandrock I, Ihde S, et
al. The DNA methyltransferase inhibitors azacitidine, decitabine
and zebularine exert differential effects on cancer gene expres-
sion in acute myeloid leukemia cells. Leukemia. 2009; 23:
1019-1028. https://doi.org/10.1038/1eu.2008.397.

Boyes J, Bird A. DNA methylation inhibits transcription indi-
rectly via a methyl-CpG binding protein. Cell. 1991; 64: 1123—
1134. https://doi.org/10.1016/0092-8674(91)90267-3.

Wang L, Mizzen C, Ying C, Candau R, Barlev N, Brownell J,
et al. Histone acetyltransferase activity is conserved between
yeast and human GCN5 and is required for complementation
of growth and transcriptional activation. Molecular and Cellu-
lar Biology. 1997; 17: 519-527. https://doi.org/10.1128/MCB.
17.1.519.

Antequera F, Boyes J, Bird A. High levels of de novo
methylation and altered chromatin structure at CpG islands in
cell lines. Cell. 1990; 62: 503-514. https://doi.org/10.1016/
0092-8674(90)90015-7.

Greger V, Passarge E, Hopping W, Messmer E, Horsthemke B.
Epigenetic changes may contribute to the formation and sponta-
neous regression of retinoblastoma. Human Genetics. 1989; 83:
155-158. https://doi.org/10.1007/BF00286709.

Tamaru H, Selker EU. A histone H3 methyltransferase con-
trols DNA methylation in Neurospora crassa. Nature. 2001; 414:
277-283. https://doi.org/10.1038/35104508.

Bourc’his D, Xu GL, Lin CS, Bollman B, Bestor TH. Dnmt3L
and the establishment of maternal genomic imprints. Science
(New York, N.Y.). 2001; 294: 2536-2539. https://doi.org/10.
1126/science.1065848.

Bolden JE, Peart MJ, Johnstone RW. Anticancer activities of hi-
stone deacetylase inhibitors. Nature Reviews. Drug Discovery.
2006; 5: 769-784. https://doi.org/10.1038/nrd2133.

Dhalluin C, Carlson JE, Zeng L, He C, Aggarwal AK, Zhou
MM. Structure and ligand of a histone acetyltransferase bromod-
omain. Nature. 1999; 399: 491-496. https://doi.org/10.1038/
20974.

Kaminskas E, Farrell AT, Wang YC, Sridhara R, Pazdur R. FDA
drug approval summary: azacitidine (5-azacytidine, Vidaza) for
injectable suspension. The Oncologist. 2005; 10: 176—182. http
s://doi.org/10.1634/theoncologist.10-3-176.

Cappellacci L, Perinelli DR, Maggi F, Grifantini M, Petrelli R.
Recent Progress in Histone Deacetylase Inhibitors as Anticancer
Agents. Current Medicinal Chemistry. 2020; 27: 2449-2493. ht
tps://doi.org/10.2174/0929867325666181016163110.
Bondarev AD, Attwood MM, Jonsson J, Chubarev VN, Tarasov
VV, Schioth HB. Recent developments of HDAC inhibitors:
Emerging indications and novel molecules. British Journal of
Clinical Pharmacology. 2021; 87: 4577-4597. https://doi.org/
10.1111/bep.14889.

Y1ildiz M. Fotoduyarli biyomalzemelerle uygulanan fotodinamik

[52]

[53

—

[54

[l

[55

—

[56]

[57

—

[58

[l

[59

—

[60

-

[61]

[62

—

[63]

[64

[l

[65

[t

[66

[

terapi’nin epigenetik mekanizmalara etkisi [PhD’s dissertation].
Trakya Universitesi: Edirne. 2022. (In Turkish)

Wu TT, Ma YW, Zhang X, Dong W, Gao S, Wang JZ, et al. My-
ocardial tissue-specific Dnmtl knockout in rats protects against
pathological injury induced by Adriamycin. Laboratory Inves-
tigation; a Journal of Technical Methods and Pathology. 2020;
100: 974-985. https://doi.org/10.1038/s41374-020-0402-y.
Sueoka T, Koyama K, Hayashi G, Okamoto A. Chemistry-
Driven Epigenetic Investigation of Histone and DNA Modifi-
cations. Chemical Record (New York, N.Y.). 2018; 18: 1727—
1744. https://doi.org/10.1002/tcr.201800040.
Martinez-Redondo P, Vaquero A. The diversity of histone versus
nonhistone sirtuin substrates. Genes & Cancer. 2013; 4: 148—
163. https://doi.org/10.1177/1947601913483767.

Hassig CA, Tong JK, Fleischer TC, Owa T, Grable PG, Ayer
DE, et al. A role for histone deacetylase activity in HDACI-
mediated transcriptional repression. Proceedings of the National
Academy of Sciences of the United States of America. 1998; 95:
3519-3524. https://doi.org/10.1073/pnas.95.7.3519.

Eom GH, Kook H. Role of histone deacetylase 2 and its post-
translational modifications in cardiac hypertrophy. BMB Re-
ports. 2015; 48: 131-138. https://doi.org/10.5483/bmbrep.2015.
48.3.242.

Lewandowski SL, Janardhan HP, Trivedi CM. Histone Deacety-
lase 3 Coordinates Deacetylase-independent Epigenetic Silenc-
ing of Transforming Growth Factor-31 (TGF-£1) to Orchestrate
Second Heart Field Development. The Journal of Biological
Chemistry. 2015; 290: 27067-27089. https://doi.org/10.1074/
jbc.M115.684753.

Janardhan HP, Milstone ZJ, Shin M, Lawson ND, Keaney JF,
Jr, Trivedi CM. Hdac3 regulates lymphovenous and lymphatic
valve formation. The Journal of Clinical Investigation. 2017;
127: 4193-4206. https://doi.org/10.1172/JCI92852.

Algeciras L, Palanca A, Maestro D, RuizdelRio J, Villar AV.
Epigenetic alterations of TGF3 and its main canonical signaling
mediators in the context of cardiac fibrosis. Journal of Molecu-
lar and Cellular Cardiology. 2021; 159: 38—47. https://doi.org/
10.1016/j.yjmcc.2021.06.003.

Singh A, Bhatt KS, Nguyen HC, Frisbee JC, Singh KK.
Endothelial-to-Mesenchymal Transition in Cardiovascular
Pathophysiology. International Journal of Molecular Sciences.
2024; 25: 6180. https://doi.org/10.3390/ijms25116180.

Hou YS, Wang JZ, Shi S, Han Y, Zhang Y, Zhi JX, et al. Iden-
tification of epigenetic factor KAT2B gene variants for possible
roles in congenital heart diseases. Bioscience Reports. 2020; 40:
BSR20191779. https://doi.org/10.1042/BSR20191779.
Lewandowski SL, Janardhan HP, Smee KM, Bachman M, Sun
Z,Lazar MA, et al. Histone deacetylase 3 modulates Tbx5 activ-
ity to regulate early cardiogenesis. Human Molecular Genetics.
2014; 23: 3801-3809. https://doi.org/10.1093/hmg/ddu093.
Islam R, Singh R. Curcumin and PCI-34051 combined treatment
ameliorates inflammation and fibrosis by affecting MAP kinase
pathway. Inflammopharmacology. 2023; 31: 3063-3079. https:
//doi.org/10.1007/s10787-023-01371-1.

Zhang F, Cheng N, Du J, Zhang H, Zhang C. MicroRNA-200b-
3p promotes endothelial cell apoptosis by targeting HDAC4 in
atherosclerosis. BMC Cardiovascular Disorders. 2021; 21: 172.
https://doi.org/10.1186/s12872-021-01980-0.

Helmstadter KG, Ljubojevic-Holzer S, Wood BM, Taheri KD,
Sedej S, Erickson JR, et al. CaMKII and PKA-dependent phos-
phorylation co-regulate nuclear localization of HDAC4 in adult
cardiomyocytes. Basic Research in Cardiology. 2021; 116: 11.
https://doi.org/10.1007/s00395-021-00850-2.

Potthoff MJ. MEF2 and HDAC proteins regulate striated muscle
development and remodeling [PhD’s dissertation]. University of
Texas Southwestern: Texas. 2007.

&% IMR Press


https://doi.org/10.1042/bj0480581
https://doi.org/10.1146/annurev.pa.01.040161.000455
https://doi.org/10.1146/annurev.pa.01.040161.000455
https://doi.org/10.1016/0022-2836(68)90422-1
https://doi.org/10.1517/13543776.2014.982532
https://doi.org/10.1517/13543776.2014.982532
https://doi.org/10.1038/leu.2008.397
https://doi.org/10.1016/0092-8674(91)90267-3
https://doi.org/10.1128/MCB.17.1.519
https://doi.org/10.1128/MCB.17.1.519
https://doi.org/10.1016/0092-8674(90)90015-7
https://doi.org/10.1016/0092-8674(90)90015-7
https://doi.org/10.1007/BF00286709
https://doi.org/10.1038/35104508
https://doi.org/10.1126/science.1065848
https://doi.org/10.1126/science.1065848
https://doi.org/10.1038/nrd2133
https://doi.org/10.1038/20974
https://doi.org/10.1038/20974
https://doi.org/10.1634/theoncologist.10-3-176
https://doi.org/10.1634/theoncologist.10-3-176
https://doi.org/10.2174/0929867325666181016163110
https://doi.org/10.2174/0929867325666181016163110
https://doi.org/10.1111/bcp.14889
https://doi.org/10.1111/bcp.14889
https://doi.org/10.1038/s41374-020-0402-y
https://doi.org/10.1002/tcr.201800040
https://doi.org/10.1177/1947601913483767
https://doi.org/10.1073/pnas.95.7.3519
https://doi.org/10.5483/bmbrep.2015.48.3.242
https://doi.org/10.5483/bmbrep.2015.48.3.242
https://doi.org/10.1074/jbc.M115.684753
https://doi.org/10.1074/jbc.M115.684753
https://doi.org/10.1172/JCI92852
https://doi.org/10.1016/j.yjmcc.2021.06.003
https://doi.org/10.1016/j.yjmcc.2021.06.003
https://doi.org/10.3390/ijms25116180
https://doi.org/10.1042/BSR20191779
https://doi.org/10.1093/hmg/ddu093
https://doi.org/10.1007/s10787-023-01371-1
https://doi.org/10.1007/s10787-023-01371-1
https://doi.org/10.1186/s12872-021-01980-0
https://doi.org/10.1007/s00395-021-00850-2
https://www.imrpress.com

[67]

[68]

[69]

[70]

(71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

(81]

Hsu A, Duan Q, McMahon S, Huang Y, Wood SA, Gray NS,
et al. Salt-inducible kinase 1 maintains HDAC?7 stability to pro-
mote pathologic cardiac remodeling. The Journal of Clinical In-
vestigation. 2020; 130: 2966-2977. https://doi.org/10.1172/IC
1133753.

He P, Yu H, Jiang L, Chen Z, Wang S, Macrae VE, et al. Hdac9
inhibits medial artery calcification through down-regulation of
Osterix. Vascular Pharmacology. 2020; 132: 106775. https://do
1.org/10.1016/j.vph.2020.106775.

Yang FF, Hu T, Liu JQ, Yu XQ, Ma LY. Histone deacety-
lases (HDAC:s) as the promising immunotherapeutic targets for
hematologic cancer treatment. European Journal of Medicinal
Chemistry. 2023; 245: 114920. https://doi.org/10.1016/j.ejmech
.2022.114920.

Kang SH, Seok YM, Song MJ, Lee HA, Kurz T, Kim I. Histone
deacetylase inhibition attenuates cardiac hypertrophy and fibro-
sis through acetylation of mineralocorticoid receptor in sponta-
neously hypertensive rats. Molecular Pharmacology. 2015; 87:
782—791. https://doi.org/10.1124/mol.114.096974.

Lyu X, HuM, PengJ, Zhang X, Sanders YY. HDAC inhibitors as
antifibrotic drugs in cardiac and pulmonary fibrosis. Therapeutic
Advances in Chronic Disease. 2019; 10: 2040622319862697.
https://doi.org/10.1177/2040622319862697.

Nufiez-Alvarez Y, Suelves M. HDAC11: a multifaceted his-
tone deacetylase with proficient fatty deacylase activity and its
roles in physiological processes. The FEBS Journal. 2022; 289:
2771-2792. https://doi.org/10.1111/febs.15895.

Bettiol A, Urban ML, Emmi G, Galora S, Argento FR, Fini
E, et al. SIRT1 and thrombosis. Frontiers in Molecular Bio-
sciences. 2024; 10: 1325002. https://doi.org/10.3389/fmolb.
2023.1325002.

Sun S, Wang C, Weng J. MicroRNA 138 5p drives the progres-
sion of heart failure via inhibiting sirtuin 1 signaling. Molecular
Medicine Reports. 2021; 23: 276. https://doi.org/10.3892/mmr.
2021.11915.

Tang X, Chen XF, Wang NY, Wang XM, Liang ST, Zheng W, et
al. SIRT?2 Acts as a Cardioprotective Deacetylase in Pathological
Cardiac Hypertrophy. Circulation. 2017; 136: 2051-2067. https:
//doi.org/10.1161/CIRCULATIONAHA.117.028728.

Yuan Q, Zhan L, Zhou QY, Zhang LL, Chen XM, Hu XM, et al.
SIRT?2 regulates microtubule stabilization in diabetic cardiomy-
opathy. European Journal of Pharmacology. 2015; 764: 554—
561. https://doi.org/10.1016/j.ejphar.2015.07.045.

Pillai VB, Sundaresan NR, Jeevanandam V, Gupta MP. Mito-
chondrial SIRT3 and heart disease. Cardiovascular Research.
2010; 88: 250-256. https://doi.org/10.1093/cvr/cvg250.
Palomer X, Roman-Azcona MS, Pizarro-Delgado J, Planav-
ila A, Villarroya F, Valenzuela-Alcaraz B, et al. SIRT3-
mediated inhibition of FOS through histone H3 deacetylation
prevents cardiac fibrosis and inflammation. Signal Transduc-
tion and Targeted Therapy. 2020; 5: 14. https://doi.org/10.1038/
541392-020-0114-1.

Pillai VB, Sundaresan NR, Gupta MP. Regulation of Akt sig-
naling by sirtuins: its implication in cardiac hypertrophy and
aging. Circulation Research. 2014; 114: 368-378. https://doi.or
2/10.1161/CIRCRESAHA.113.300536.

Hershberger KA, Abraham DM, Martin AS, Mao L, Liu J,
Gu H, et al. Sirtuin 5 is required for mouse survival in re-
sponse to cardiac pressure overload. The Journal of Biological
Chemistry. 2017; 292: 19767-19781. https://doi.org/10.1074/jb
c.M117.809897.

Tian K, Liu Z, Wang J, Xu S, You T, Liu P. Sirtuin-6 inhibits car-
diac fibroblasts differentiation into myofibroblasts via inactiva-
tion of nuclear factor kB signaling. Translational Research: the
Journal of Laboratory and Clinical Medicine. 2015; 165: 374—
386. https://doi.org/10.1016/j.trs1.2014.08.008.

&% IMR Press

(82]

[83

—

[84

[l

[85

—

[86

—

[87

—

(88

[l

[89]

[90]

[91

—

[92

—

[93

—

[94]

[95

—

Ford E, Voit R, Liszt G, Magin C, Grummt I, Guarente L. Mam-
malian Sir2 homolog SIRT7 is an activator of RNA polymerase
I transcription. Genes & Development. 2006; 20: 1075-1080.
https://doi.org/10.1101/gad.1399706.

Shikama N, Lutz W, Kretzschmar R, Sauter N, Roth JF, Marino
S, et al. Essential function of p300 acetyltransferase activity in
heart, lung and small intestine formation. The EMBO Journal.
2003; 22: 5175-5185. https://doi.org/10.1093/emboj/cdg502.
Declerck K, Szarc vel Szic K, Palagani A, Heyninck K,
Haegeman G, Morand C, et al. Epigenetic control of car-
diovascular health by nutritional polyphenols involves multi-
ple chromatin-modifying writer-reader-eraser proteins. Current
Topics in Medicinal Chemistry. 2016; 16: 788-806. https://doi.
org/10.2174/1568026615666150825141720.

Gottlieb PD, Pierce SA, Sims RJ, Yamagishi H, Weihe EK, Har-
riss JV, et al. Bop encodes a muscle-restricted protein containing
MYND and SET domains and is essential for cardiac differen-
tiation and morphogenesis. Nature Genetics. 2002; 31: 25-32.
https://doi.org/10.1038/ng866.

Trevifio LS, Wang Q, Walker CL. Phosphorylation of epigenetic
“readers, writers and erasers”: Implications for developmental
reprogramming and the epigenetic basis for health and disease.
Progress in Biophysics and Molecular Biology. 2015; 118: 8-
13. https://doi.org/10.1016/j.pbiomolbio.2015.02.013.
Pagiatakis C, Condorelli G. The RNA Methylome Blackboard:
METTL3 and FTO, epigenetic writers and erasers regulat-
ing cardiac homeostasis through epitranscriptome modification.
Circulation. 2019; 139: 546-548. https://doi.org/10.1161/CIRC
ULATIONAHA.118.038166.

Dashti P, Lewallen EA, Gordon JAR, Montecino MA, van
Leeuwen JPTM, Stein GS, et al. Protein arginine methyltrans-
ferases PRMT1, PRMT4/CARMI1 and PRMTS5 have distinct
functions in control of osteoblast differentiation. Bone Reports.
2023; 19: 101704. https://doi.org/10.1016/j.bonr.2023.101704.
Eom GH, Nam YS, Oh JG, Choe N, Min HK, Yoo EK, et al.
Regulation of acetylation of histone deacetylase 2 by p300/CBP-
associated factor/histone deacetylase 5 in the development of
cardiac hypertrophy. Circulation Research. 2014; 114: 1133—
1143. https://doi.org/10.1161/CIRCRESAHA.114.303429.
Raveendran VV, Al-Haffar K, Kunhi M, Belhaj K, Al-Habeeb
W, Al-Buraiki J, et al. Protein arginine methyltransferase 6 me-
diates cardiac hypertrophy by differential regulation of histone
H3 arginine methylation. Heliyon. 2020; 6: €03864. https://doi.
org/10.1016/j.heliyon.2020.e03864.

Boczek NJ, Lahner CA, Nguyen TM, Ferber MJ, Hasadsri L,
Thorland EC, et al. Developmental delay and failure to thrive
associated with a loss-of-function variant in WHSC1 (NSD2).
American Journal of Medical Genetics. Parta. 2018; 176: 2798~
2802. https://doi.org/10.1002/ajmg.a.40498.

Nguyen AT, Xiao B, Neppl RL, Kallin EM, Li J, Chen T, et
al. DOTIL regulates dystrophin expression and is critical for
cardiac function. Genes & Development. 2011; 25: 263-274.
https://doi.org/10.1101/gad.2018511.

Jiang DS, Yi X, Li R, Su YS, Wang J, Chen ML, ef al. The
Histone Methyltransferase Mixed Lineage Leukemia (MLL) 3
May Play a Potential Role on Clinical Dilated Cardiomyopathy.
Molecular Medicine (Cambridge, Mass.). 2017; 23: 196-203.
https://doi.org/10.2119/molmed.2017.00012.

Zhu C, Piao Z, Jin L. HDACS inhibition attenuates ven-
tricular remodeling and cardiac dysfunction. Orphanet Jour-
nal of Rare Diseases. 2023; 18: 266. https://doi.org/10.1186/
$13023-023-02896-y.

Zhang X, Nie Y, Zhang R, Yu J, Ge J. Reduced DNMT1 levels
induce cell apoptosis via upregulation of METTLS3 in cardiac hy-
pertrophy. Heliyon. 2024; 10: ¢24572. https://doi.org/10.1016/
j-heliyon.2024.e24572.

23


https://doi.org/10.1172/JCI133753
https://doi.org/10.1172/JCI133753
https://doi.org/10.1016/j.vph.2020.106775
https://doi.org/10.1016/j.vph.2020.106775
https://doi.org/10.1016/j.ejmech.2022.114920
https://doi.org/10.1016/j.ejmech.2022.114920
https://doi.org/10.1124/mol.114.096974
https://doi.org/10.1177/2040622319862697
https://doi.org/10.1111/febs.15895
https://doi.org/10.3389/fmolb.2023.1325002
https://doi.org/10.3389/fmolb.2023.1325002
https://doi.org/10.3892/mmr.2021.11915
https://doi.org/10.3892/mmr.2021.11915
https://doi.org/10.1161/CIRCULATIONAHA.117.028728
https://doi.org/10.1161/CIRCULATIONAHA.117.028728
https://doi.org/10.1016/j.ejphar.2015.07.045
https://doi.org/10.1093/cvr/cvq250
https://doi.org/10.1038/s41392-020-0114-1
https://doi.org/10.1038/s41392-020-0114-1
https://doi.org/10.1161/CIRCRESAHA.113.300536
https://doi.org/10.1161/CIRCRESAHA.113.300536
https://doi.org/10.1074/jbc.M117.809897
https://doi.org/10.1074/jbc.M117.809897
https://doi.org/10.1016/j.trsl.2014.08.008
https://doi.org/10.1101/gad.1399706
https://doi.org/10.1093/emboj/cdg502
https://doi.org/10.2174/1568026615666150825141720
https://doi.org/10.2174/1568026615666150825141720
https://doi.org/10.1038/ng866
https://doi.org/10.1016/j.pbiomolbio.2015.02.013
https://doi.org/10.1161/CIRCULATIONAHA.118.038166
https://doi.org/10.1161/CIRCULATIONAHA.118.038166
https://doi.org/10.1016/j.bonr.2023.101704
https://doi.org/10.1161/CIRCRESAHA.114.303429
https://doi.org/10.1016/j.heliyon.2020.e03864
https://doi.org/10.1016/j.heliyon.2020.e03864
https://doi.org/10.1002/ajmg.a.40498
https://doi.org/10.1101/gad.2018511
https://doi.org/10.2119/molmed.2017.00012
https://doi.org/10.1186/s13023-023-02896-y
https://doi.org/10.1186/s13023-023-02896-y
https://doi.org/10.1016/j.heliyon.2024.e24572
https://doi.org/10.1016/j.heliyon.2024.e24572
https://www.imrpress.com

[96] Liu L, Ding C, Fu T, Feng Z, Lee JE, Xiao L, et al. Histone
methyltransferase MLL4 controls myofiber identity and muscle
performance through MEF2 interaction. The Journal of Clinical
Investigation. 2020; 130: 4710-4725. https://doi.org/10.1172/
JCI136155.

[97] Trivedi CM, Luo Y, Yin Z, Zhang M, Zhu W, Wang T, et al.
Hdac2 regulates the cardiac hypertrophic response by modulat-
ing Gsk3 beta activity. Nature Medicine. 2007; 13: 324-331.
https://doi.org/10.1038/nm1552.

[98] Wright LH, Menick DR. A class of their own: exploring the non-
deacetylase roles of class Ila HDACs in cardiovascular disease.
American Journal of Physiology. Heart and Circulatory Physi-
ology. 2016; 311: H199—H206. https://doi.org/10.1152/ajpheart
.00271.2016.

[99] Takeuchi T, Kojima M, Nakajima K, Kondo S. jumonji gene is
essential for the neurulation and cardiac development of mouse
embryos with a C3H/He background. Mechanisms of Develop-
ment. 1999; 86: 29-38. https://doi.org/10.1016/s0925-4773(99)
00100-8.

[100] Zhang QJ, Chen HZ, Wang L, Liu DP, Hill JA, Liu ZP. The
histone trimethyllysine demethylase JMJID2A promotes cardiac
hypertrophy in response to hypertrophic stimuli in mice. The
Journal of Clinical Investigation. 2011; 121: 2447-2456. https:
//doi.org/10.1172/JC146277.

[101] Granger A, Abdullah I, Huebner F, Stout A, Wang T, Hueb-
ner T, et al. Histone deacetylase inhibition reduces myocardial
ischemia-reperfusion injury in mice. FASEB Journal: Official
Publication of the Federation of American Societies for Experi-
mental Biology. 2008; 22: 3549-3560. https://doi.org/10.1096/
1j.08-108548.

[102] Montgomery RL, Davis CA, Potthoff MJ, Haberland M, Fielitz
J, Qi X, et al. Histone deacetylases 1 and 2 redundantly regulate
cardiac morphogenesis, growth, and contractility. Genes & De-
velopment. 2007; 21: 1790—1802. https://doi.org/10.1101/gad.
1563807.

[103] LeeS, LeeJW, Lee SK. UTX, a histone H3-lysine 27 demethy-
lase, acts as a critical switch to activate the cardiac develop-
mental program. Developmental Cell. 2012; 22: 25-37. https:
//doi.org/10.1016/j.devcel.2011.11.009.

[104] XielJ, Lin H, Zuo A, Shao J, Sun W, Wang S, ef al. The IMJD
family of histone demethylase and their intimate links to car-
diovascular disease. Cellular Signalling. 2024; 116: 111046.
https://doi.org/10.1016/j.cellsig.2024.111046.

[105] Montgomery RL, Potthoff MJ, Haberland M, Qi X, Mat-
suzaki S, Humphries KM, et al. Maintenance of cardiac energy
metabolism by histone deacetylase 3 in mice. The Journal of
Clinical Investigation. 2008; 118: 3588-3597. https://doi.org/
10.1172/JC135847.

[106] Hang CT, Yang J, Han P, Cheng HL, Shang C, Ashley E, ef al.
Chromatin regulation by Brgl underlies heart muscle develop-
ment and disease. Nature. 2010; 466: 62—67. https://doi.org/10.
1038/nature09130.

[107] Singh AP, Archer TK. Analysis of the SWI/SNF chromatin-
remodeling complex during early heart development and
BAF250a repression cardiac gene transcription during P19 cell
differentiation. Nucleic Acids Research. 2014; 42: 2958-2975.
https://doi.org/10.1093/nar/gkt1232.

[108] Alvarez-Saavedra M, Carrasco L, Sura-Trueba S, Demarchi
Aiello V, Walz K, Neto JX, et al. Elevated expression of MeCP2
in cardiac and skeletal tissues is detrimental for normal devel-
opment. Human Molecular Genetics. 2010; 19: 2177-2190.
https://doi.org/10.1093/hmg/ddq096.

[109] Borck PC, Guo LW, Plutzky J. BET Epigenetic Reader Pro-
teins in Cardiovascular Transcriptional Programs. Circulation
Research. 2020; 126: 1190-1208. https://doi.org/10.1161/CIRC
RESAHA.120.315929.

24

[110] Lickert H, Takeuchi JK, Von Both I, Walls JR, McAuliffe F,
Adamson SL, et al. Baf60c is essential for function of BAF
chromatin remodelling complexes in heart development. Nature.
2004; 432: 107-112. https://doi.org/10.1038/nature03071.

[111] Awad S, Al-Haffar KMA, Marashly Q, Quijada P, Kunhi M,
Al-Yacoub N, ef al. Control of histone H3 phosphorylation by
CaMKIIS in response to haemodynamic cardiac stress. The Jour-
nal of Pathology. 2015; 235: 606—618. https://doi.org/10.1002/
path.4489.

[112] Meloche J, Lampron MC, Nadeau V, Maltais M, Potus F, Lam-
bert C, et al. Implication of Inflammation and Epigenetic Read-
ers in Coronary Artery Remodeling in Patients With Pulmonary
Arterial Hypertension. Arteriosclerosis, Thrombosis, and Vascu-
lar Biology. 2017; 37: 1513-1523. https://doi.org/10.1161/AT
VBAHA.117.309156.

[113] Wang Z, Zhai W, Richardson JA, Olson EN, Meneses JJ, Firpo
MT, et al. Polybromo protein BAF180 functions in mammalian
cardiac chamber maturation. Genes & Development. 2004; 18:
3106-3116. https://doi.org/10.1101/gad.1238104.

[114] Anand P, Brown JD, Lin CY, Qi J, Zhang R, Artero PC, et
al. BET bromodomains mediate transcriptional pause release in
heart failure. Cell. 2013; 154: 569-582. https://doi.org/10.1016/
j.cell.2013.07.013.

[115] Ghosh AK. p300 in Cardiac Development and Accelerated
Cardiac Aging. Aging and Disease. 2020; 11: 916-926. https:
//doi.org/10.14336/AD.2020.0401.

[116] Zhou W, Jiang D, Tian J, Liu L, Lu T, Huang X, ef al. Acetyla-
tion of H3K4, H3K9, and H3K27 mediated by p300 regulates the
expression of GATA4 in cardiocytes. Genes & Diseases. 2018;
6: 318-325. https://doi.org/10.1016/j.gendis.2018.10.002.

[117] Vujic A, Robinson EL, Ito M, Haider S, Ackers-Johnson
M, See K, et al. Experimental heart failure modelled by
the cardiomyocyte-specific loss of an epigenome modifier,
DNMTS3B. Journal of Molecular and Cellular Cardiology. 2015;
82: 174-183. https://doi.org/10.1016/j.yjmecc.2015.03.007.

[118] WangZ, SchwartzRJ, LiuJ, Sun F, Li Q, MaY. Smyd1 Orches-
trates Early Heart Development Through Positive and Negative
Gene Regulation. Frontiers in Cell and Developmental Biology.
2021; 9: 654682. https://doi.org/10.3389/fcell.2021.654682.

[119] Diehl F, Brown MA, van Amerongen MJ, Novoyatleva T,
Wietelmann A, Harriss J, ef al. Cardiac deletion of Smyd?2 is
dispensable for mouse heart development. PloS One. 2010; 5:
€9748. https://doi.org/10.1371/journal.pone.0009748.

[120] Zhang Z, Zhang L, Zhou Y, Li L, Zhao J, Qin W, et al. In-
crease in HDAC9 suppresses myoblast differentiation via epige-
netic regulation of autophagy in hypoxia. Cell Death & Disease.
2019; 10: 552. https://doi.org/10.1038/s41419-019-1763-2.

[121] Song K, Sun H, Tu B, Zhou Y, Lin LC, Liu ZY, et al. WTAP
boosts lipid oxidation and induces diabetic cardiac fibrosis by
enhancing AR methylation. iScience. 2023; 26: 107931. https:
//doi.org/10.1016/j.is¢1.2023.107931.

[122] Yang G, Zhang X, Weng X, Liang P, Dai X, Zeng S, et al.
SUV39H1 mediated SIRT1 trans-repression contributes to car-
diac ischemia-reperfusion injury. Basic Research in Cardiology.
2017; 112: 22. https://doi.org/10.1007/s00395-017-0608-3.

[123] Jamet S, Ha S, Ho TH, Houghtaling S, Timms A, Yu K, et
al. The arginine methyltransferase Carm1 is necessary for heart
development. G3 (Bethesda, Md.). 2022; 12: jkac155. https:
//doi.org/10.1093/g3journal/jkac155.

[124] LuiJC, Garrison P, Nguyen Q, Ad M, Keembiyehetty C, Chen
W, et al. EZH1 and EZH2 promote skeletal growth by repressing
inhibitors of chondrocyte proliferation and hypertrophy. Nature
Communications. 2016; 7: 13685. https://doi.org/10.1038/ncom
ms13685.

[125] Nimura K, Ura K, Shiratori H, Ikawa M, Okabe M, Schwartz
RJ, et al. A histone H3 lysine 36 trimethyltransferase links

&% IMR Press


https://doi.org/10.1172/JCI136155
https://doi.org/10.1172/JCI136155
https://doi.org/10.1038/nm1552
https://doi.org/10.1152/ajpheart.00271.2016
https://doi.org/10.1152/ajpheart.00271.2016
https://doi.org/10.1016/s0925-4773(99)00100-8
https://doi.org/10.1016/s0925-4773(99)00100-8
https://doi.org/10.1172/JCI46277
https://doi.org/10.1172/JCI46277
https://doi.org/10.1096/fj.08-108548
https://doi.org/10.1096/fj.08-108548
https://doi.org/10.1101/gad.1563807
https://doi.org/10.1101/gad.1563807
https://doi.org/10.1016/j.devcel.2011.11.009
https://doi.org/10.1016/j.devcel.2011.11.009
https://doi.org/10.1016/j.cellsig.2024.111046
https://doi.org/10.1172/JCI35847
https://doi.org/10.1172/JCI35847
https://doi.org/10.1038/nature09130
https://doi.org/10.1038/nature09130
https://doi.org/10.1093/nar/gkt1232
https://doi.org/10.1093/hmg/ddq096
https://doi.org/10.1161/CIRCRESAHA.120.315929
https://doi.org/10.1161/CIRCRESAHA.120.315929
https://doi.org/10.1038/nature03071
https://doi.org/10.1002/path.4489
https://doi.org/10.1002/path.4489
https://doi.org/10.1161/ATVBAHA.117.309156
https://doi.org/10.1161/ATVBAHA.117.309156
https://doi.org/10.1101/gad.1238104
https://doi.org/10.1016/j.cell.2013.07.013
https://doi.org/10.1016/j.cell.2013.07.013
https://doi.org/10.14336/AD.2020.0401
https://doi.org/10.14336/AD.2020.0401
https://doi.org/10.1016/j.gendis.2018.10.002
https://doi.org/10.1016/j.yjmcc.2015.03.007
https://doi.org/10.3389/fcell.2021.654682
https://doi.org/10.1371/journal.pone.0009748
https://doi.org/10.1038/s41419-019-1763-2
https://doi.org/10.1016/j.isci.2023.107931
https://doi.org/10.1016/j.isci.2023.107931
https://doi.org/10.1007/s00395-017-0608-3
https://doi.org/10.1093/g3journal/jkac155
https://doi.org/10.1093/g3journal/jkac155
https://doi.org/10.1038/ncomms13685
https://doi.org/10.1038/ncomms13685
https://www.imrpress.com

Nkx2-5 to Wolf-Hirschhorn syndrome. Nature. 2009; 460: 287—
291. https://doi.org/10.1038/nature08086.

[126] Wang L, Wang J, Yu P, Feng J, Xu GE, Zhao X, et al.
METTLI14 is required for exercise-induced cardiac hypertro-
phy and protects against myocardial ischemia-reperfusion in-
jury. Nature Communications. 2022; 13: 6762. https://doi.org/
10.1038/s41467-022-34434-y.

[127] DePauw A, Andre E, Sekkali B, Bouzin C, Esfahani H, Barbier
N, et al. Dnmt3a-mediated inhibition of Wnt in cardiac progen-
itor cells improves differentiation and remote remodeling after
infarction. JCI Insight. 2017; 2: €91810. https://doi.org/10.1172/
jei.insight.91810.

[128] Habibian J, Evans L, Ferguson B. PCAF regulates cardiac
muscle function via non-epigenetic regulation of ACTAI acety-
lation. Physiology. 2023; 38. https://doi.org/10.1152/physiol.
2023.38.S1.5734987.

[129] Han P, Li W, Yang J, Shang C, Lin CH, Cheng W, ef al. Epi-
genetic response to environmental stress: Assembly of BRG1-
G9a/GLP-DNMTS3 repressive chromatin complex on Myh6 pro-
moter in pathologically stressed hearts. Biochimica et Biophys-
ica Acta. 2016; 1863: 1772-1781. https://doi.org/10.1016/j.bb
amcr.2016.03.002.

[130] Fujii T, Tsunesumi SI, Yamaguchi K, Watanabe S, Furukawa Y.
Smyd3 is required for the development of cardiac and skeletal
muscle in zebrafish. PloS One. 2011; 6: €23491. https://doi.org/
10.1371/journal.pone.0023491.

[131] Chang S, McKinsey TA, Zhang CL, Richardson JA, Hill JA,
Olson EN. Histone deacetylases 5 and 9 govern responsive-
ness of the heart to a subset of stress signals and play redun-
dant roles in heart development. Molecular and Cellular Biol-
ogy. 2004; 24: 8467-8476. https://doi.org/10.1128/MCB.24.19.
8467-8476.2004.

[132] Meng XM, Pang QY, Zhou ZF, Yuan JH, You L, Feng QP, et
al. Histone methyltransferase MLL4 protects against pressure
overload-induced heart failure viaa THBS4-mediated protection
in ER stress. Pharmacological Research. 2024; 205: 107263. ht
tps://doi.org/10.1016/j.phrs.2024.107263.

[133] Lizcano F, Bustamante L. Molecular perspectives in hyper-
trophic heart disease: An epigenetic approach from chro-
matin modification. Frontiers in Cell and Developmental Bi-
ology. 2022; 10: 1070338. https://doi.org/10.3389/fcell.2022.
1070338.

[134] Zhang J, Liang Y, Huang X, Guo X, Liu Y, Zhong J, et al.
STAT3-induced upregulation of IncRNA MEG3 regulates the
growth of cardiac hypertrophy through miR-361-5p/HDAC9
axis. Scientific Reports. 2019; 9: 460. https://doi.org/10.1038/
s41598-018-36369-1.

[135] Basu M, Zhu JY, LaHaye S, Majumdar U, Jiao K, Han Z,
et al. Epigenetic mechanisms underlying maternal diabetes-
associated risk of congenital heart disease. JCI Insight. 2017;
2: €95085. https://doi.org/10.1172/jci.insight.95085.

[136] Han Z, Wang X, Xu Z, Cao Y, Gong R, Yu'Y, ef al. ALKBHS
regulates cardiomyocyte proliferation and heart regeneration by
demethylating the mRNA of YTHDF1. Theranostics. 2021; 11:
3000-3016. https://doi.org/10.7150/thno.47354.

[137] FangS, LilJ, Xiao Y, Lee M, Guo L, Han W, et al. Tet inactiva-
tion disrupts YY1 binding and long-range chromatin interactions
during embryonic heart development. Nature Communications.
2019; 10: 4297. https://doi.org/10.1038/s41467-019-12325-z.

[138] Zhang L, Wang H, Zhao Y, Wang J, Dubielecka PM, Zhuang
S, et al. Myocyte-specific overexpressing HDAC4 promotes
myocardial ischemia/reperfusion injury. Molecular Medicine
(Cambridge, Mass.). 2018; 24: 37. https://doi.org/10.1186/
$10020-018-0037-2.

[139] Wang Y, Li Y, Guo C, Lu Q, Wang W, Jia Z, et al. ISL1 and
JMID3 synergistically control cardiac differentiation of embry-

&% IMR Press

onic stem cells. Nucleic Acids Research. 2016; 44: 6741-6755.
https://doi.org/10.1093/nar/gkw301.

[140] Ma ZY, Li J, Dong XH, Cui YT, Cui YF, Ban T, et al. The
role of BRG1 in epigenetic regulation of cardiovascular dis-
eases. European Journal of Pharmacology. 2023; 957: 176039.
https://doi.org/10.1016/j.ejphar.2023.176039.

[141] Lei I, Gao X, Sham MH, Wang Z. SWI/SNF protein compo-
nent BAF250a regulates cardiac progenitor cell differentiation
by modulating chromatin accessibility during second heart field
development. The Journal of Biological Chemistry. 2012; 287:
24255-24262. https://doi.org/10.1074/jbc.M112.365080.

[142] Wang C, Wang F, Cao Q, Li Z, Huang L, Chen S. The Effect
of Mecp2 on Heart Failure. Cellular Physiology and Biochem-
istry: International Journal of Experimental Cellular Physiol-
ogy, Biochemistry, and Pharmacology. 2018; 47: 2380-2387.
https://doi.org/10.1159/000491610.

[143] Sun X, Hota SK, Zhou YQ, Novak S, Miguel-Perez D,
Christodoulou D, et al. Cardiac-enriched BAF chromatin-
remodeling complex subunit Baf60c regulates gene expression
programs essential for heart development and function. Biology
Open. 2018; 7: bi0029512. https://doi.org/10.1242/bi0.029512.

[144] Oyama K, El-Nachef D, Fang C, Kajimoto H, Brown JP,
Singh PB, et al. Deletion of HP1+ in cardiac myocytes affects
H4K20me3 levels but does not impact cardiac growth. Epi-
genetics & Chromatin. 2018; 11: 18. https://doi.org/10.1186/
s13072-018-0187-z.

[145] McKinsey TA, Zhang CL, Olson EN. Activation of
the myocyte enhancer factor-2 transcription factor by
calcium/calmodulin-dependent ~ protein  kinase-stimulated
binding of 14-3-3 to histone deacetylase 5. Proceed-
ings of the National Academy of Sciences of the
United States of America. 2000; 97: 14400-14405.
https://doi.org/10.1073/pnas.260501497.

[146] Huang X, Gao X, Diaz-Trelles R, Ruiz-Lozano P, Wang
Z. Coronary development is regulated by ATP-dependent
SWI/SNF chromatin remodeling component BAF180. Develop-
mental Biology. 2008; 319: 258-266. https://doi.org/10.1016/j.
ydbi0.2008.04.020.

[147] Stratton MS, Lin CY, Anand P, Tatman PD, Ferguson BS,
Wickers ST, et al. Signal-Dependent Recruitment of BRD4
to Cardiomyocyte Super-Enhancers Is Suppressed by a Mi-
croRNA. Cell Reports. 2016; 16: 1366—1378. https://doi.org/
10.1016/j.celrep.2016.06.074.

[148] Lin Z, Li Z, Guo Z, Cao Y, Li J, Liu P, et al. Epigenetic
Reader Bromodomain Containing Protein 2 Facilitates Patho-
logical Cardiac Hypertrophy via Regulating the Expression of
Citrate Cycle Genes. Frontiers in Pharmacology. 2022; 13:
887991. https://doi.org/10.3389/fphar.2022.887991.

[149] Hershberger RE, Siegfried JD. Update 2011: clinical and ge-
netic issues in familial dilated cardiomyopathy. Journal of the
American College of Cardiology. 2011; 57: 1641-1649. https:
//doi.org/10.1016/j.jacc.2011.01.015.

[150] Zhang X, Wang C, He D, Cheng Y, Yu L, Qi D, et al. Identifica-
tion of DNA methylation-regulated genes as potential biomark-
ers for coronary heart disease via machine learning in the Fram-
ingham Heart Study. Clinical Epigenetics. 2022; 14: 122. https:
//doi.org/10.1186/s13148-022-01343-2.

[151] Kapplinger JD, Tester DJ, Salisbury BA, Carr JL, Harris-Kerr
C, Pollevick GD, et al. Spectrum and prevalence of mutations
from the first 2,500 consecutive unrelated patients referred for
the FAMILION long QT syndrome genetic test. Heart Rhythm.
2009; 6: 1297-1303. https://doi.org/10.1016/j.hrthm.2009.05.
021.

[152] Lan'Y, Banks KM, Pan H, Verma N, Dixon GR, Zhou T, et al.
Stage-specific regulation of DNA methylation by TET enzymes
during human cardiac differentiation. Cell Reports. 2021; 37:

25


https://doi.org/10.1038/nature08086
https://doi.org/10.1038/s41467-022-34434-y
https://doi.org/10.1038/s41467-022-34434-y
https://doi.org/10.1172/jci.insight.91810
https://doi.org/10.1172/jci.insight.91810
https://doi.org/10.1152/physiol.2023.38.S1.5734987
https://doi.org/10.1152/physiol.2023.38.S1.5734987
https://doi.org/10.1016/j.bbamcr.2016.03.002
https://doi.org/10.1016/j.bbamcr.2016.03.002
https://doi.org/10.1371/journal.pone.0023491
https://doi.org/10.1371/journal.pone.0023491
https://doi.org/10.1128/MCB.24.19.8467-8476.2004
https://doi.org/10.1128/MCB.24.19.8467-8476.2004
https://doi.org/10.1016/j.phrs.2024.107263
https://doi.org/10.1016/j.phrs.2024.107263
https://doi.org/10.3389/fcell.2022.1070338
https://doi.org/10.3389/fcell.2022.1070338
https://doi.org/10.1038/s41598-018-36369-1
https://doi.org/10.1038/s41598-018-36369-1
https://doi.org/10.1172/jci.insight.95085
https://doi.org/10.7150/thno.47354
https://doi.org/10.1038/s41467-019-12325-z
https://doi.org/10.1186/s10020-018-0037-2
https://doi.org/10.1186/s10020-018-0037-2
https://doi.org/10.1093/nar/gkw301
https://doi.org/10.1016/j.ejphar.2023.176039
https://doi.org/10.1074/jbc.M112.365080
https://doi.org/10.1159/000491610
https://doi.org/10.1242/bio.029512
https://doi.org/10.1186/s13072-018-0187-z
https://doi.org/10.1186/s13072-018-0187-z
https://doi.org/10.1073/pnas.260501497
https://doi.org/10.1016/j.ydbio.2008.04.020
https://doi.org/10.1016/j.ydbio.2008.04.020
https://doi.org/10.1016/j.celrep.2016.06.074
https://doi.org/10.1016/j.celrep.2016.06.074
https://doi.org/10.3389/fphar.2022.887991
https://doi.org/10.1016/j.jacc.2011.01.015
https://doi.org/10.1016/j.jacc.2011.01.015
https://doi.org/10.1186/s13148-022-01343-2
https://doi.org/10.1186/s13148-022-01343-2
https://doi.org/10.1016/j.hrthm.2009.05.021
https://doi.org/10.1016/j.hrthm.2009.05.021
https://www.imrpress.com

110095. https://doi.org/10.1016/j.celrep.2021.110095.

[153] Luan X, Du R, Su G, Yan C, Ren X, Ju K, et al. Epigenetic
regulation of cardiac tissue development by lysine lactylation.
hLife. 2025; 3: 82-97. https://doi.org/10.1016/j.hlife.2024.12.
005.

[154] Van Driest SL, Wells QS, Stallings S, Bush WS, Gordon A,
Nickerson DA, et al. Association of Arrhythmia-Related Ge-
netic Variants With Phenotypes Documented in Electronic Med-
ical Records. JAMA. 2016; 315: 47-57. https://doi.org/10.1001/
jama.2015.17701.

[155] Peng B, Han X, Peng C, Luo X, Deng L, Huang L. G9a-
dependent histone H3K9me3 hypomethylation promotes over-
expression of cardiomyogenesis-related genes in foetal mice.
Journal of Cellular and Molecular Medicine. 2020; 24: 1036—
1045. https://doi.org/10.1111/jcmm.14824.

[156] Udali S, Guarini P, Moruzzi S, Choi SW, Friso S. Cardiovascu-
lar epigenetics: from DNA methylation to microRNAs. Molecu-
lar Aspects of Medicine. 2013; 34: 883-901. https://doi.org/10.
1016/j.mam.2012.08.001.

[157] Pautz A, Li H, Kleinert H. Regulation of NOS expression in
vascular diseases. Frontiers in Bioscience (Landmark Edition).
2021; 26: 85-101. https://doi.org/10.52586/4926.

[158] Bellavia A, Urch B, Speck M, Brook RD, Scott JA, Albetti B,
et al. DNA hypomethylation, ambient particulate matter, and in-
creased blood pressure: findings from controlled human expo-
sure experiments. Journal of the American Heart Association.
2013; 2: €000212. https://doi.org/10.1161/JAHA.113.000212.

[159] Fernandez-Sanlés A, Sayols-Baixeras S, Subirana I, Senti M,
Pérez-Fernandez S, de Castro Moura M, et al. DNA methy-
lation biomarkers of myocardial infarction and cardiovascular
disease. Clinical Epigenetics. 2021; 13: 86. https://doi.org/10.
1186/s13148-021-01078-6.

[160] Sharma P, Kumar J, Garg G, Kumar A, Patowary A,
Karthikeyan G, et al. Detection of altered global DNA methyla-
tion in coronary artery disease patients. DNA and Cell Biology.
2008; 27: 357-365. https://doi.org/10.1089/dna.2007.0694.

[161] O’Brien JE, Jr, Kibiryeva N, Zhou XG, Marshall JA, Lofland
GK, Artman M, et al. Noncoding RNA expression in my-
ocardium from infants with tetralogy of Fallot. Circulation.
Cardiovascular Genetics. 2012; 5: 279-286. https://doi.org/10.
1161/CIRCGENETICS.111.961474.

[162] Bittel DC, Kibiryeva N, Marshall JA, O’Brien JE. MicroRNA-
421 Dysregulation is Associated with Tetralogy of Fallot. Cells.
2014; 3: 713-723. https://doi.org/10.3390/cells3030713.

[163] Laugier L, Frade AF, Ferreira FM, Baron MA, Teixeira PC,
Cabantous S, ef al. Whole-Genome Cardiac DNA Methylation
Fingerprint and Gene Expression Analysis Provide New Insights
in the Pathogenesis of Chronic Chagas Disease Cardiomyopa-
thy. Clinical Infectious Diseases: an Official Publication of the
Infectious Diseases Society of America. 2017; 65: 1103—1111.
https://doi.org/10.1093/cid/cix506.

[164] Zhang X, Shao X, Zhang R, Zhu R, Feng R. Integrated
analysis reveals the alterations that LMNA interacts with eu-
chromatin in LMNA mutation-associated dilated cardiomyopa-
thy. Clinical Epigenetics. 2021; 13: 3. https://doi.org/10.1186/
s13148-020-00996-1.

[165] Glezeva N, Moran B, Collier P, Moravec CS, Phelan D, Don-
nellan E, et al. Targeted DNA Methylation Profiling of Hu-
man Cardiac Tissue Reveals Novel Epigenetic Traits and Gene
Deregulation Across Different Heart Failure Patient Subtypes.
Circulation. Heart Failure. 2019; 12: ¢005765. https://doi.org/
10.1161/CIRCHEARTFAILURE.118.005765.

[166] Huang ZP, Chen J, Seok HY, Zhang Z, Kataoka M, Hu X, et al.
MicroRNA-22 regulates cardiac hypertrophy and remodeling in
response to stress. Circulation Research. 2013; 112: 1234-1243.
https://doi.org/10.1161/CIRCRESAHA.112.300682.

26

[167] Meder B, Haas J, Sedaghat-Hamedani F, Kayvanpour E, Frese
K, Lai A, et al. Epigenome-Wide Association Study Identifies
Cardiac Gene Patterning and a Novel Class of Biomarkers for
Heart Failure. Circulation. 2017; 136: 1528-1544. https://doi.or
¢/10.1161/CIRCULATIONAHA.117.027355.

[168] Zhao W, Qian Lu, Luo J, Pan B, Liu LJ, Tian J. Cardiac tro-
ponin I R193H mutant interacts with HDACI to repress phos-
phodiesterase 4D expression in cardiomyocytes. Genes & Dis-
eases. 2020; 8: 569-579. https://doi.org/10.1016/j.gendis.2020.
01.004.

[169] Kuster DWD, Mulders J, Ten Cate FJ, Michels M, Dos Reme-
dios CG, da Costa Martins PA, ef al. MicroRNA transcriptome
profiling in cardiac tissue of hypertrophic cardiomyopathy pa-
tients with MYBPC3 mutations. Journal of Molecular and Cel-
lular Cardiology. 2013; 65: 59—66. https://doi.org/10.1016/].yj
mcc.2013.09.012.

[170] Barrick CJ, Roberts RB, Rojas M, Rajamannan NM, Suitt CB,
O’Brien KD, et al. Reduced EGFR causes abnormal valvular dif-
ferentiation leading to calcific aortic stenosis and left ventricular
hypertrophy in C57BL/6J but not 129S1/SvImJ mice. American
Journal of Physiology. Heart and Circulatory Physiology. 2009;
297: H65-H75. https://doi.org/10.1152/ajpheart.00866.2008.

[171] Wang Y, He S, Lan L, Yu H, Zhao H, Xie Y, ef al. The N6-
methyladenosine demethylase ALKBHS is a novel epigenetic
regulator of aortic valve calcification. Cardiovascular Research.
2025; 121: 190-204. https://doi.org/10.1093/cvr/cvae253.

[172] Hiltunen MO, Turunen MP, Hékkinen TP, Rutanen J, Hedman
M, Mikinen K, ef al. DNA hypomethylation and methyltrans-
ferase expression in atherosclerotic lesions. Vascular Medicine
(London, England). 2002; 7: 5-I1. https://doi.org/10.1191/
1358863x02vm418oa.

[173] Radhakrishna U, Albayrak S, Alpay-Savasan Z, Zeb A,
Turkoglu O, Sobolewski P, et al. Genome-Wide DNA Methy-
lation Analysis and Epigenetic Variations Associated with Con-
genital Aortic Valve Stenosis (AVS). PloS One. 2016; 11:
€0154010. https://doi.org/10.1371/journal.pone.0154010.

[174] LiD,JiL,LiuL, Liu Y, Hou H, Yu K, et al. Characterization of
circulating microRNA expression in patients with a ventricular
septal defect. PloS One. 2014; 9: e106318. https://doi.org/10.
1371/journal.pone.0106318.

[175] Louch WE, Hougen K, Merk HK, Swift F, Aronsen JM, Sjaas-
tad I, et al. Sodium accumulation promotes diastolic dysfunction
in end-stage heart failure following Serca2 knockout. The Jour-
nal of Physiology. 2010; 588: 465-478. https://doi.org/10.1113/
Jjphysiol.2009.183517.

[176] Lei Z, Wahlquist C, El Azzouzi H, Deddens JC, Kuster D, van
Mil A, et al. miR-132/212 Impairs Cardiomyocytes Contractil-
ity in the Failing Heart by Suppressing SERCA2a. Frontiers in
Cardiovascular Medicine. 2021; 8: 592362. https://doi.org/10.
3389/fcvm.2021.592362.

[177] Mathiyalagan P, Adamiak M, Mayourian J, Sassi Y, Liang Y,
Agarwal N, et al. FTO-Dependent N6-Methyladenosine Regu-
lates Cardiac Function During Remodeling and Repair. Circula-
tion. 2019; 139: 518-532. https://doi.org/10.1161/CIRCULAT
IONAHA.118.033794.

[178] HongS, LeeJ, Seo HH, Lee CY, Yoo KJ, Kim SM, et al. Na(+)-
Ca(2+) exchanger targeting miR-132 prevents apoptosis of car-
diomyocytes under hypoxic condition by suppressing Ca(2+)
overload. Biochemical and Biophysical Research Communica-
tions. 2015; 460: 931-937. https://doi.org/10.1016/j.bbrc.2015.
03.129.

[179] Mohan RA, Bosada FM, van Weerd JH, van Duijvenboden K,
Wang J, Mommersteeg MTM, et al. T-box transcription factor 3
governs a transcriptional program for the function of the mouse
atrioventricular conduction system. Proceedings of the National
Academy of Sciences of the United States of America. 2020;

&% IMR Press


https://doi.org/10.1016/j.celrep.2021.110095
https://doi.org/10.1016/j.hlife.2024.12.005
https://doi.org/10.1016/j.hlife.2024.12.005
https://doi.org/10.1001/jama.2015.17701
https://doi.org/10.1001/jama.2015.17701
https://doi.org/10.1111/jcmm.14824
https://doi.org/10.1016/j.mam.2012.08.001
https://doi.org/10.1016/j.mam.2012.08.001
https://doi.org/10.52586/4926
https://doi.org/10.1161/JAHA.113.000212
https://doi.org/10.1186/s13148-021-01078-6
https://doi.org/10.1186/s13148-021-01078-6
https://doi.org/10.1089/dna.2007.0694
https://doi.org/10.1161/CIRCGENETICS.111.961474
https://doi.org/10.1161/CIRCGENETICS.111.961474
https://doi.org/10.3390/cells3030713
https://doi.org/10.1093/cid/cix506
https://doi.org/10.1186/s13148-020-00996-1
https://doi.org/10.1186/s13148-020-00996-1
https://doi.org/10.1161/CIRCHEARTFAILURE.118.005765
https://doi.org/10.1161/CIRCHEARTFAILURE.118.005765
https://doi.org/10.1161/CIRCRESAHA.112.300682
https://doi.org/10.1161/CIRCULATIONAHA.117.027355
https://doi.org/10.1161/CIRCULATIONAHA.117.027355
https://doi.org/10.1016/j.gendis.2020.01.004
https://doi.org/10.1016/j.gendis.2020.01.004
https://doi.org/10.1016/j.yjmcc.2013.09.012
https://doi.org/10.1016/j.yjmcc.2013.09.012
https://doi.org/10.1152/ajpheart.00866.2008
https://doi.org/10.1093/cvr/cvae253
https://doi.org/10.1191/1358863x02vm418oa
https://doi.org/10.1191/1358863x02vm418oa
https://doi.org/10.1371/journal.pone.0154010
https://doi.org/10.1371/journal.pone.0106318
https://doi.org/10.1371/journal.pone.0106318
https://doi.org/10.1113/jphysiol.2009.183517
https://doi.org/10.1113/jphysiol.2009.183517
https://doi.org/10.3389/fcvm.2021.592362
https://doi.org/10.3389/fcvm.2021.592362
https://doi.org/10.1161/CIRCULATIONAHA.118.033794
https://doi.org/10.1161/CIRCULATIONAHA.118.033794
https://doi.org/10.1016/j.bbrc.2015.03.129
https://doi.org/10.1016/j.bbrc.2015.03.129
https://www.imrpress.com

117: 18617-18626. https://doi.org/10.1073/pnas.1919379117.

[180] Ren XP, Wu J, Wang X, Sartor MA, Jones K, Qian J, et
al. MicroRNA-320 is involved in the regulation of cardiac is-
chemia/reperfusion injury by targeting heat-shock protein 20.
Circulation. 2009; 119: 2357-2366. https://doi.org/10.1161/CI
RCULATIONAHA.108.814145.

[181] Meurs KM, Kuan M. Differential methylation of CpG sites in
two isoforms of myosin binding protein C, an important hy-
pertrophic cardiomyopathy gene. Environmental and Molecu-
lar Mutagenesis. 2011; 52: 161-164. https://doi.org/10.1002/em
.20596.

[182] Wu X, DuX, Yang Y, Liu X, Liu X, Zhang N, ef al. Inhibition
of miR-122 reduced atherosclerotic lesion formation by regu-
lating NPAS3-mediated endothelial to mesenchymal transition.
Life Sciences. 2021; 265: 118816. https://doi.org/10.1016/j.1fs.
2020.118816.

[183] Mia MM, Cibi DM, Abdul Ghani SAB, Song W, Tee N, Ghosh
S, et al. YAP/TAZ deficiency reprograms macrophage pheno-
type and improves infarct healing and cardiac function after my-
ocardial infarction. PLoS Biology. 2020; 18: €3000941. https:
//doi.org/10.1371/journal.pbio.3000941.

[184] Luo X, Hu Y, Shen J, Liu X, Wang T, Li L, et al. Inte-
grative analysis of DNA methylation and gene expression re-
veals key molecular signatures in acute myocardial infarction.
Clinical Epigenetics. 2022; 14: 46. https://doi.org/10.1186/
s13148-022-01267-x.

[185] Boovarahan SR, Ali N, AlAsmari AF, Alameen AA, Khan R,
Kurian GA. Age-associated global DNA hypermethylation aug-
ments the sensitivity of hearts towards ischemia-reperfusion in-
jury. Frontiers in Genetics. 2022; 13: 995887. https://doi.org/10.
3389/fgene.2022.995887.

[186] Castoldi G, Di Gioia CRT, Bombardi C, Catalucci D, Corradi
B, Gualazzi MG, ef al. MiR-133a regulates collagen 1A1: po-
tential role of miR-133a in myocardial fibrosis in angiotensin II-
dependent hypertension. Journal of Cellular Physiology. 2012;
227: 850-856. https://doi.org/10.1002/jcp.22939.

[187] Zhang BY, Han L, Tang YF, Zhang GX, Fan XL, Zhang JJ,
et al. METTL14 regulates M6A methylation-modified primary
miR-19a to promote cardiovascular endothelial cell proliferation
and invasion. European Review for Medical and Pharmacologi-
cal Sciences. 2020; 24: 7015-7023. https://doi.org/10.26355/eu
rrev_202006 21694.

[188] He S, Liu P, Jian Z, Li J, Zhu Y, Feng Z, et al. miR-138
protects cardiomyocytes from hypoxia-induced apoptosis via
MLK3/INK/c-jun pathway. Biochemical and Biophysical Re-
search Communications. 2013; 441: 763-769. https://doi.org/
10.1016/j.bbrc.2013.10.151.

[189] Wang J, Huang W, Xu R, Nie Y, Cao X, Meng J, et al.
MicroRNA-24 regulates cardiac fibrosis after myocardial in-
farction. Journal of Cellular and Molecular Medicine. 2012; 16:
2150-2160. https://doi.org/10.1111/1.1582-4934.2012.01523 .x.

[190] Foinquinos A, Batkai S, Genschel C, Viereck J, Rump S,
Gyongy6si M, et al. Preclinical development of a miR-132
inhibitor for heart failure treatment. Nature Communications.
2020; 11: 633. https://doi.org/10.1038/s41467-020-14349-2.

[191] Bain CR, Ziemann M, Kaspi A, Khan AW, Taylor R, Trahair
H, et al. DNA methylation patterns from peripheral blood sepa-
rate coronary artery disease patients with and without heart fail-
ure. ESC Heart Failure. 2020; 7: 2468-2478. https://doi.org/10.
1002/ehf2.12810.

[192] Benincasa G, Pepin ME, Russo V, Cacciatore F, D’Alto M,
Argiento P, et al. High-resolution DNA methylation changes
reveal biomarkers of heart failure with preserved ejection
fraction versus reduced ejection fraction. Basic Research in
Cardiology. 2025; 120: 347-361. https://doi.org/10.1007/
500395-024-01093-7.

&% IMR Press

[193] Holmes L, Jr, Lim A, Comeaux CR, Dabney KW, Okun-
daye O. DNA Methylation of Candidate Genes (ACE II, IFN-
v, AGTR 1, CKG, ADDI1, SCNN1B and TLR2) in Essential
Hypertension: A Systematic Review and Quantitative Evidence
Synthesis. International Journal of Environmental Research and
Public Health. 2019; 16: 4829. https://doi.org/10.3390/ijerph
16234829.

[194] Ko T, Nomura S, Yamada S, Fujita K, Fujita T, Satoh M, et al.
Cardiac fibroblasts regulate the development of heart failure via
Htra3-TGF-B-IGFBP7 axis. Nature Communications. 2022; 13:
3275. https://doi.org/10.1038/s41467-022-30630-y.

[195] Bayles R, Harikrishnan KN, Lambert E, Baker EK, Agrotis
A, Guo L, et al. Epigenetic modification of the norepinephrine
transporter gene in postural tachycardia syndrome. Arterioscle-
rosis, Thrombosis, and Vascular Biology. 2012; 32: 1910-1916.
https://doi.org/10.1161/ATVBAHA.111.244343.

[196] Xu H, Ye W, Shi B. LncRNA MALATI Regulates USP22
Expression Through EZH2-Mediated H3K27me3 Modification
to Accentuate Sepsis-Induced Myocardial Dysfunction. Cardio-
vascular Toxicology. 2022; 22: 813-830. https://doi.org/10.
1007/s12012-022-09758-2.

[197] Zhu H, Wang X, Meng X, Kong Y, Li Y, Yang C, et al. Se-
lenium Supplementation Improved Cardiac Functions by Sup-
pressing DNMT2-Mediated GPX! Promoter DNA Methylation
in AGE-Induced Heart Failure. Oxidative Medicine and Cellular
Longevity. 2022; 2022: 5402997. https://doi.org/10.1155/2022/
5402997.

[198] Reddy S, Zhao M, Hu DQ, Fajardo G, Hu S, Ghosh Z,
et al. Dynamic microRNA expression during the transition
from right ventricular hypertrophy to failure. Physiological Ge-
nomics. 2012; 44: 562-575. https://doi.org/10.1152/physiolgen
omics.00163.2011.

[199] van der Linde D, Konings EEM, Slager MA, Witsenburg M,
Helbing WA, Takkenberg JIM, et al. Birth prevalence of con-
genital heart disease worldwide: a systematic review and meta-
analysis. Journal of the American College of Cardiology. 2011;
58: 2241-2247. https://doi.org/10.1016/j.jacc.2011.08.025.

[200] Sheng W, Qian Y, Wang H, Ma X, Zhang P, Diao L, et al. DNA
methylation status of NKX2-5, GATA4 and HANDI in patients
with tetralogy of fallot. BMC Medical Genomics. 2013; 6: 46.
https://doi.org/10.1186/1755-8794-6-46.

[201] Barth JL, Clark CD, Fresco VM, Knoll EP, Lee B, Argraves
WS, et al. Jarid2 is among a set of genes differentially regulated
by Nkx2.5 during outflow tract morphogenesis. Developmental
Dynamics: an Official Publication of the American Association
of Anatomists. 2010; 239: 2024-2033. https://doi.org/10.1002/
dvdy.22341.

[202] Lieu M, Traynham CJ, de Lucia C, Pfleger J, Piedepalumbo
M, Roy R, et al. Loss of dynamic regulation of G protein-
coupled receptor kinase 2 by nitric oxide leads to cardiovas-
cular dysfunction with aging. American Journal of Physiology.
Heart and Circulatory Physiology. 2020; 318: H1162-H1175.
https://doi.org/10.1152/ajpheart.00094.2020.

[203] Asim A, Agarwal S, Panigrahi I, Saiyed N, Bakshi S. MTHFR
promoter hypermethylation may lead to congenital heart defects
in Down syndrome. Intractable & Rare Diseases Research. 2017;
6: 295-298. https://doi.org/10.5582/irdr.2017.01068.

[204] Radhakrishna U, Vishweswaraiah S, Veerappa AM, Zafra R,
Albayrak S, Sitharam PH, et al. Newborn blood DNA epige-
netic variations and signaling pathway genes associated with
Tetralogy of Fallot (TOF). PloS One. 2018; 13: ¢0203893.
https://doi.org/10.1371/journal.pone.0203893.

[205] He A, Ma Q, Cao J, von Gise A, Zhou P, Xie H, et al. Poly-
comb repressive complex 2 regulates normal development of
the mouse heart. Circulation Research. 2012; 110: 406-415.
https://doi.org/10.1161/CIRCRESAHA.111.252205.

27


https://doi.org/10.1073/pnas.1919379117
https://doi.org/10.1161/CIRCULATIONAHA.108.814145
https://doi.org/10.1161/CIRCULATIONAHA.108.814145
https://doi.org/10.1002/em.20596
https://doi.org/10.1002/em.20596
https://doi.org/10.1016/j.lfs.2020.118816
https://doi.org/10.1016/j.lfs.2020.118816
https://doi.org/10.1371/journal.pbio.3000941
https://doi.org/10.1371/journal.pbio.3000941
https://doi.org/10.1186/s13148-022-01267-x
https://doi.org/10.1186/s13148-022-01267-x
https://doi.org/10.3389/fgene.2022.995887
https://doi.org/10.3389/fgene.2022.995887
https://doi.org/10.1002/jcp.22939
https://doi.org/10.26355/eurrev_202006_21694
https://doi.org/10.26355/eurrev_202006_21694
https://doi.org/10.1016/j.bbrc.2013.10.151
https://doi.org/10.1016/j.bbrc.2013.10.151
https://doi.org/10.1111/j.1582-4934.2012.01523.x
https://doi.org/10.1038/s41467-020-14349-2
https://doi.org/10.1002/ehf2.12810
https://doi.org/10.1002/ehf2.12810
https://doi.org/10.1007/s00395-024-01093-7
https://doi.org/10.1007/s00395-024-01093-7
https://doi.org/10.3390/ijerph16234829
https://doi.org/10.3390/ijerph16234829
https://doi.org/10.1038/s41467-022-30630-y
https://doi.org/10.1161/ATVBAHA.111.244343
https://doi.org/10.1007/s12012-022-09758-2
https://doi.org/10.1007/s12012-022-09758-2
https://doi.org/10.1155/2022/5402997
https://doi.org/10.1155/2022/5402997
https://doi.org/10.1152/physiolgenomics.00163.2011
https://doi.org/10.1152/physiolgenomics.00163.2011
https://doi.org/10.1016/j.jacc.2011.08.025
https://doi.org/10.1186/1755-8794-6-46
https://doi.org/10.1002/dvdy.22341
https://doi.org/10.1002/dvdy.22341
https://doi.org/10.1152/ajpheart.00094.2020
https://doi.org/10.5582/irdr.2017.01068
https://doi.org/10.1371/journal.pone.0203893
https://doi.org/10.1161/CIRCRESAHA.111.252205
https://www.imrpress.com

[206] Bahado-Singh R, Vishweswaraiah S, Mishra NK, Guda C,
Radhakrishna U. Placental DNA methylation changes in de-
tection of tetralogy of Fallot. Ultrasound in Obstetrics & Gy-
necology: the Official Journal of the International Society of
Ultrasound in Obstetrics and Gynecology. 2020; 55: 768-775.
https://doi.org/10.1002/u0g.20292.

[207] Zhao X, Chang S, Liu X, Wang S, Zhang Y, Lu X, et al.
Imprinting aberrations of SNRPN, ZAC1 and INPP5F genes
involved in the pathogenesis of congenital heart disease with
extracardiac malformations. Journal of Cellular and Molecular
Medicine. 2020; 24: 9898-9907. https://doi.org/10.1111/jcmm
.15584.

[208] Wilkins BJ, De Windt LJ, Bueno OF, Braz JC, Glascock
BJ, Kimball TF, et al. Targeted disruption of NFATc3, but
not NFATc4, reveals an intrinsic defect in calcineurin-mediated
cardiac hypertrophic growth. Molecular and Cellular Biol-
ogy. 2002; 22: 7603-7613. https://doi.org/10.1128/MCB.22.21.
7603-7613.2002.

[209] LiQ, Song XW, Zou J, Wang GK, Kremneva E, Li XQ, et al.
Attenuation of microRNA-1 derepresses the cytoskeleton regu-
latory protein twinfilin-1 to provoke cardiac hypertrophy. Jour-
nal of Cell Science. 2010; 123: 2444-2452. https://doi.org/10.
1242/jcs.067165.

[210] HoepfnerlJ, Leonardy J, Lu D, Schmidt K, Hunkler HJ, Bi3 S, et
al. The long non-coding RNA NRON promotes the development
of cardiac hypertrophy in the murine heart. Molecular Therapy:
the Journal of the American Society of Gene Therapy. 2022; 30:
1265—-1274. https://doi.org/10.1016/j.ymthe.2021.11.018.

[211] Pan W, Zhong Y, Cheng C, Liu B, Wang L, Li A, et al. MiR-30-
regulated autophagy mediates angiotensin II-induced myocar-
dial hypertrophy. PloS One. 2013; 8: ¢53950. https://doi.org/
10.1371/journal.pone.0053950.

[212] Alexanian M, Przytycki PF, Micheletti R, Padmanabhan A, Ye
L, Travers JG, et al. A transcriptional switch governs fibroblast
activation in heart disease. Nature. 2021; 595: 438-443. https:
//doi.org/10.1038/s41586-021-03674-1.

[213] Dorn LE, Lasman L, Chen J, Xu X, Hund TJ, Medvedovic
M, et al. The N6-Methyladenosine mRNA Methylase METTL3
Controls Cardiac Homeostasis and Hypertrophy. Circulation.
2019; 139: 533-545. https://doi.org/10.1161/CIRCULATIONA
HA.118.036146.

[214] Zhang S, Lu Y, Jiang C. Inhibition of histone demethylase
JMIDI1C attenuates cardiac hypertrophy and fibrosis induced by
angiotensin II. Journal of Receptor and Signal Transduction Re-
search. 2020; 40: 339-347. https://doi.org/10.1080/10799893.
2020.1734819.

[215] Mattick JS, Rinn JL. Discovery and annotation of long noncod-
ing RNAs. Nature Structural & Molecular Biology. 2015; 22:
5-7. https://doi.org/10.1038/nsmb.2942.

[216] Bartel DP. Metazoan MicroRNAs. Cell. 2018; 173: 20-51. ht
tps://doi.org/10.1016/j.cell.2018.03.006.

[217] Catalanotto C, Cogoni C, Zardo G. MicroRNA in Control of
Gene Expression: An Overview of Nuclear Functions. Inter-
national Journal of Molecular Sciences. 2016; 17: 1712. https:
//doi.org/10.3390/ijms17101712.

[218] Wang K, Long B, Zhou J, Li PF. miR-9 and NFATc3 regu-
late myocardin in cardiac hypertrophy. The Journal of Biological
Chemistry. 2010; 285: 11903—11912. https://doi.org/10.1074/jb
¢.M109.098004.

[219] Xu X, Su YL, Shi JY, Lu Q, Chen C. MicroRNA-17-5p Pro-
motes Cardiac Hypertrophy by Targeting Mfn2 to Inhibit Au-
tophagy. Cardiovascular Toxicology. 2021; 21: 759-771. https:
//doi.org/10.1007/s12012-021-09667-w.

[220] Yan M, Chen C, Gong W, Yin Z, Zhou L, Chaugai S, et al.
miR-21-3p regulates cardiac hypertrophic response by target-
ing histone deacetylase-8. Cardiovascular Research. 2015; 105:

28

340-352. https://doi.org/10.1093/cvr/cvu254.

[221] Shi JY, Chen C, Xu X, Lu Q. miR-29a promotes pathologi-
cal cardiac hypertrophy by targeting the PTEN/AKT/mTOR sig-
nalling pathway and suppressing autophagy. Acta Physiologica
(Oxford, England). 2019; 227: €13323. https://doi.org/10.1111/
apha.13323.

[222] LiuN, Bezprozvannaya S, Williams AH, Qi X, Richardson JA,
Bassel-Duby R, ef al. microRNA-133a regulates cardiomyocyte
proliferation and suppresses smooth muscle gene expression in
the heart. Genes & Development. 2008; 22: 3242-3254. https:
//doi.org/10.1101/gad.1738708.

[223] Wehbe N, Nasser SA, Pintus G, Badran A, Eid AH, Baydoun
E. MicroRNAs in Cardiac Hypertrophy. International Journal of
Molecular Sciences. 2019; 20: 4714. https://doi.org/10.3390/ij
ms20194714.

[224] Wang W, Wu C, Ren L, Bao Y, Han Y, Li C, et al. MiR-
30e-5p is sponged by Kenqlotl and represses Angiotensin I1-
induced hypertrophic phenotypes in cardiomyocytes by target-
ing ADAMY. Experimental Cell Research. 2020; 394: 112140.
https://doi.org/10.1016/j.yexcr.2020.112140.

[225] Zhang W, Chang H, Zhang H, Zhang L. MiR-30e Attenu-
ates Isoproterenol-induced Cardiac Fibrosis Through Suppress-
ing Snail/TGF-$ Signaling. Journal of Cardiovascular Phar-
macology. 2017; 70: 362-368. https://doi.org/10.1097/FJC.
0000000000000526.

[226] Wang K, Liu CY, Zhang XJ, Feng C, Zhou LY, Zhao Y, et al.
miR-361-regulated prohibitin inhibits mitochondrial fission and
apoptosis and protects heart from ischemia injury. Cell Death
and Differentiation. 2015; 22: 1058-1068. https://doi.org/10.
1038/cdd.2014.200.

[227] LiD, Le ], YeJ, Fan Z. MiR-361-5p Inhibits the Wnt Axis via
Targeting Lgr4 and Promotes Sepsis-induced Myocardial Injury.
Annals of Clinical and Laboratory Science. 2022; 52: 927-937.

[228] Ucar A, Gupta SK, Fiedler J, Erikci E, Kardasinski M, Batkai S,
et al. The miRNA-212/132 family regulates both cardiac hyper-
trophy and cardiomyocyte autophagy. Nature Communications.
2012; 3: 1078. https://doi.org/10.1038/ncomms2090.

[229] Hinkel R, Batkai S, Bahr A, Bozoglu T, Straub S, Borchert T,
et al. AntimiR-132 Attenuates Myocardial Hypertrophy in an
Animal Model of Percutaneous Aortic Constriction. Journal of
the American College of Cardiology. 2021; 77: 2923-2935. ht
tps://doi.org/10.1016/j.jacc.2021.04.028.

[230] Wang Q, Yu X, Dou L, Huang X, Zhu K, Guo J, ef al. miR-
154-5p Functions as an Important Regulator of Angiotensin II-
Mediated Heart Remodeling. Oxidative Medicine and Cellular
Longevity. 2019; 2019: 8768164. https://doi.org/10.1155/2019/
8768164.

[231] Bernardo BC, Nguyen SS, Gao XM, Tham YK, Ooi JYY, Pat-
terson NL, ef al. Inhibition of miR-154 Protects Against Car-
diac Dysfunction and Fibrosis in a Mouse Model of Pressure
Overload. Scientific Reports. 2016; 6: 22442, https://doi.org/
10.1038/srep22442.

[232] Yan J, Wang X, Cao P, Li Q, Wu H. Downregulation of
miR-214 promotes dilated Cardiomyopathy Progression through
PDE5A-Mediated cGMP regulation. Scientific Reports. 2024;
14: 28070. https://doi.org/10.1038/s41598-024-78983-2.

[233] Chen L, Charrier A, Zhou Y, Chen R, Yu B, Agarwal K, et
al. Epigenetic regulation of connective tissue growth factor by
MicroRNA-214 delivery in exosomes from mouse or human
hepatic stellate cells. Hepatology (Baltimore, Md.). 2014; 59:
1118-1129. https://doi.org/10.1002/hep.26768.

[234] Liu F, Li N, Long B, Fan YY, Liu CY, Zhou QY, et al. Car-
diac hypertrophy is negatively regulated by miR-541. Cell Death
& Disease. 2014; 5: el171. https://doi.org/10.1038/cddis.2014.
141.

[235] Lv Z, Yi D, Zhang C, Xie Y, Huang H, Fan Z, et al. miR 541

&% IMR Press


https://doi.org/10.1002/uog.20292
https://doi.org/10.1111/jcmm.15584
https://doi.org/10.1111/jcmm.15584
https://doi.org/10.1128/MCB.22.21.7603-7613.2002
https://doi.org/10.1128/MCB.22.21.7603-7613.2002
https://doi.org/10.1242/jcs.067165
https://doi.org/10.1242/jcs.067165
https://doi.org/10.1016/j.ymthe.2021.11.018
https://doi.org/10.1371/journal.pone.0053950
https://doi.org/10.1371/journal.pone.0053950
https://doi.org/10.1038/s41586-021-03674-1
https://doi.org/10.1038/s41586-021-03674-1
https://doi.org/10.1161/CIRCULATIONAHA.118.036146
https://doi.org/10.1161/CIRCULATIONAHA.118.036146
https://doi.org/10.1080/10799893.2020.1734819
https://doi.org/10.1080/10799893.2020.1734819
https://doi.org/10.1038/nsmb.2942
https://doi.org/10.1016/j.cell.2018.03.006
https://doi.org/10.1016/j.cell.2018.03.006
https://doi.org/10.3390/ijms17101712
https://doi.org/10.3390/ijms17101712
https://doi.org/10.1074/jbc.M109.098004
https://doi.org/10.1074/jbc.M109.098004
https://doi.org/10.1007/s12012-021-09667-w
https://doi.org/10.1007/s12012-021-09667-w
https://doi.org/10.1093/cvr/cvu254
https://doi.org/10.1111/apha.13323
https://doi.org/10.1111/apha.13323
https://doi.org/10.1101/gad.1738708
https://doi.org/10.1101/gad.1738708
https://doi.org/10.3390/ijms20194714
https://doi.org/10.3390/ijms20194714
https://doi.org/10.1016/j.yexcr.2020.112140
https://doi.org/10.1097/FJC.0000000000000526
https://doi.org/10.1097/FJC.0000000000000526
https://doi.org/10.1038/cdd.2014.200
https://doi.org/10.1038/cdd.2014.200
https://doi.org/10.1038/ncomms2090
https://doi.org/10.1016/j.jacc.2021.04.028
https://doi.org/10.1016/j.jacc.2021.04.028
https://doi.org/10.1155/2019/8768164
https://doi.org/10.1155/2019/8768164
https://doi.org/10.1038/srep22442
https://doi.org/10.1038/srep22442
https://doi.org/10.1038/s41598-024-78983-2
https://doi.org/10.1002/hep.26768
https://doi.org/10.1038/cddis.2014.141
https://doi.org/10.1038/cddis.2014.141
https://www.imrpress.com

3p inhibits the viability and migration of vascular smooth muscle
cells via targeting STIM1. Molecular Medicine Reports. 2021;
23: 312. https://doi.org/10.3892/mmr.2021.11951.

[236] Kim JO, Song DW, Kwon EJ, Hong SE, Song HK, Min CK, et
al. miR-185 plays an anti-hypertrophic role in the heart via mul-
tiple targets in the calcium-signaling pathways. PloS One. 2015;
10: €0122509. https://doi.org/10.1371/journal.pone.0122509.

[237] Liao JM, Lu H. Autoregulatory suppression of c-Myc by
miR-185-3p. The Journal of Biological Chemistry. 2011; 286:
33901-33909. https://doi.org/10.1074/jbc.M111.262030.

[238] Fu J, Chen Y, Li F. Attenuation of MicroRNA-495 Dere-
pressed PTEN to Effectively Protect Rat Cardiomyocytes from
Hypertrophy. Cardiology. 2018; 139: 245-254. https://doi.org/
10.1159/000487044.

[239] Bie X, Zhao H, Zhang Z, Wang X, Luan Y, Wang Y, et al.
Epigenetic regulation mechanism of DNA methylation and miR-
NAs on the expression of the ALOX5AP gene in patients with
ischemic stroke. Experimental and Therapeutic Medicine. 2021;
22: 1484. https://doi.org/10.3892/etm.2021.10919.

[240] Li H, Xu JD, Fang XH, Zhu JN, Yang J, Pan R, ef al. Circu-
lar RNA circRNA_000203 aggravates cardiac hypertrophy via
suppressing miR-26b-5p and miR-140-3p binding to Gata4. Car-
diovascular Research. 2020; 116: 1323-1334. https://doi.org/
10.1093/cvr/cvz215.

[241] Clark AL, Maruyama S, Sano S, Accorsi A, Girgenrath M,
Walsh K, ef al. miR-410 and miR-495 Are Dynamically Reg-
ulated in Diverse Cardiomyopathies and Their Inhibition Atten-
uates Pathological Hypertrophy. PloS One. 2016; 11: e0151515.
https://doi.org/10.1371/journal.pone.0151515.

[242] Qi J, Luo X, Ma Z, Zhang B, Li S, Zhang J. Downregulation
of miR-26b-5p, miR-204-5p, and miR-497-3p Expression Facil-
itates Exercise-Induced Physiological Cardiac Hypertrophy by
Augmenting Autophagy in Rats. Frontiers in Genetics. 2020; 11:
78. https://doi.org/10.3389/fgene.2020.00078.

[243] Hupfeld J, Ernst M, Knyrim M, Binas S, Kloeckner U, Rabe
S, et al. miR-208b Reduces the Expression of Kcenj5 in a Car-
diomyocyte Cell Line. Biomedicines. 2021; 9: 719. https://doi.
org/10.3390/biomedicines9070719.

[244] Ding J, Chen J, Wang Y, Kataoka M, Ma L, Zhou P, et al. Trbp
regulates heart function through microRNA-mediated Sox6 re-
pression. Nature Genetics. 2015; 47: 776-783. https://doi.org/
10.1038/ng.3324.

[245] Soci UPR, Fernandes T, Barauna VG, Hashimoto NY, de Fa-
tima Alves Mota G, Rosa KT, et al. Epigenetic control of ex-
ercise training-induced cardiac hypertrophy by miR-208. Clini-
cal Science (London, England: 1979). 2016; 130: 2005-2015.
https://doi.org/10.1042/CS20160480.

[246] lkeda S, He A, Kong SW, Lu J, Bejar R, Bodyak N,
et al. MicroRNA-1 negatively regulates expression of the
hypertrophy-associated calmodulin and Mef2a genes. Molecu-
lar and Cellular Biology. 2009; 29: 2193-2204. https://doi.org/
10.1128/MCB.01222-08.

[247] Elia L, Contu R, Quintavalle M, Varrone F, Chimenti C, Russo
MA, et al. Reciprocal regulation of microRNA-1 and insulin-
like growth factor-1 signal transduction cascade in cardiac and
skeletal muscle in physiological and pathological conditions.
Circulation. 2009; 120: 2377-2385. https://doi.org/10.1161/CI
RCULATIONAHA.109.879429.

[248] Yu B, Liu D, Zhang H, Xie D, Nie W, Shi K, et al. Anti-
hypertrophy effect of atorvastatin on myocardium depends on
AMPK activation-induced miR-143-3p suppression via Foxol.
Biomedicine & Pharmacotherapy = Biomedecine & Pharma-
cotherapie. 2018; 106: 1390—1395. https://doi.org/10.1016/j.bi
opha.2018.07.064.

[249] Wang J, Tong KS, Wong LL, Liew OW, Raghuram D, Richards
AM, et al. MicroRNA-143 modulates the expression of Natri-

&% IMR Press

uretic Peptide Receptor 3 in cardiac cells. Scientific Reports.
2018; 8: 7055. https://doi.org/10.1038/s41598-018-25489-3.

[250] Ye H, Xu G, Zhang D, Wang R. The protective effects of the
miR-129-5p/keap-1/Nrf2 axis on Ang II-induced cardiomyocyte
hypertrophy. Annals of Translational Medicine. 2021; 9: 154.
https://doi.org/10.21037/atm-20-8079.

[251] Medzikovic L, Aryan L, Ruffenach G, Li M, Savalli N, Sun
W, et al. Myocardial fibrosis and calcification are attenuated
by microRNA-129-5p targeting Asporin and Sox9 in cardiac
fibroblasts. JCI Insight. 2023; 8: e168655. https://doi.org/10.
1172/jci.insight.168655.

[252] Li J, Sha Z, Zhu X, Xu W, Yuan W, Yang T, ef al.
Targeting miR-30d reverses pathological cardiac hypertrophy.
EBioMedicine. 2022; 81: 104108. https://doi.org/10.1016/j.eb
10om.2022.104108.

[253] Yang Y, Del Re DP, Nakano N, Sciarretta S, Zhai P, Park J, et
al. miR-206 Mediates YAP-Induced Cardiac Hypertrophy and
Survival. Circulation Research. 2015; 117: 891-904. https://do
i.org/10.1161/CIRCRESAHA.115.306624.

[254] Nagpal V, Rai R, Place AT, Murphy SB, Verma SK, Ghosh AK,
et al. MiR-125b Is Critical for Fibroblast-to-Myofibroblast Tran-
sition and Cardiac Fibrosis. Circulation. 2016; 133: 291-301.
https://doi.org/10.1161/CIRCULATIONAHA.115.018174.

[255] Goettsch C, Rauner M, Pacyna N, Hempel U, Bornstein SR,
Hofbauer LC. miR-125b regulates calcification of vascular
smooth muscle cells. The American Journal of Pathology. 2011;
179: 1594-1600. https://doi.org/10.1016/j.ajpath.2011.06.016.

[256] Wang K, Lin ZQ, Long B, Li JH, Zhou J, Li PF. Cardiac hy-
pertrophy is positively regulated by MicroRNA miR-23a. The
Journal of Biological Chemistry. 2012; 287: 589-599. https:
//doi.org/10.1074/jbc.M111.266940.

[257] van Rooij E, Quiat D, Johnson BA, Sutherland LB, Qi X,
Richardson JA, et al. A family of microRNAs encoded by
myosin genes governs myosin expression and muscle perfor-
mance. Developmental Cell. 2009; 17: 662-673. https://doi.or
2/10.1016/j.devcel.2009.10.013.

[258] Wang Z, Li C, Sun X, Li Z, Li J, Wang L, et al. Hyperme-
thylation of miR-181b in monocytes is associated with coronary
artery disease and promotes M1 polarized phenotype via PIAS1-
KLF4 axis. Cardiovascular Diagnosis and Therapy. 2020; 10:
738-751. https://doi.org/10.21037/cdt-20-407.

[259] Lin J, Jiang J, Zhou R, Li X, Ye J. MicroRNA-451b Partici-
pates in Coronary Heart Disease By Targeting VEGFA. Open
Medicine (Warsaw, Poland). 2019; 15: 1-7. https://doi.org/10.
1515/med-2020-0001.

[260] Zhang Q, Chen T, Zhang Y, Lyu L, Zhang B, Huang C, et al.
MiR-30c-5p regulates adventitial progenitor cells differentiation
to vascular smooth muscle cells through targeting OPG. Stem
Cell Research & Therapy. 2021; 12: 67. https://doi.org/10.1186/
s13287-020-02127-2.

[261] Chang W, Xiao D, Fang X, Wang J. Oxidative modification of
miR-30c promotes cardiac fibroblast proliferation via CDKN2C
mismatch. Scientific Reports. 2024; 14: 13085. https://doi.org/
10.1038/s41598-024-63635-2.

[262] Clifford RL, Singer CA, John AE. Epigenetics and miRNA
emerge as key regulators of smooth muscle cell phenotype and
function. Pulmonary Pharmacology & Therapeutics. 2013; 26:
75-85. https://doi.org/10.1016/j.pupt.2012.07.002.

[263] Vacante F, Denby L, Sluimer JC, Baker AH. The function of
miR-143, miR-145 and the MiR-143 host gene in cardiovascular
development and disease. Vascular Pharmacology. 2019; 112:
24-30. https://doi.org/10.1016/j.vph.2018.11.006.

[264] YeL,ZuoY, ChenF, Peng Q, Lu X, Wang G, et a/. miR-18a-3p
and Its Target Protein HuR May Regulate Myogenic Differenti-
ation in Immune-Mediated Necrotizing Myopathy. Frontiers in
Immunology. 2022; 12: 780237. https://doi.org/10.3389/fimm

29


https://doi.org/10.3892/mmr.2021.11951
https://doi.org/10.1371/journal.pone.0122509
https://doi.org/10.1074/jbc.M111.262030
https://doi.org/10.1159/000487044
https://doi.org/10.1159/000487044
https://doi.org/10.3892/etm.2021.10919
https://doi.org/10.1093/cvr/cvz215
https://doi.org/10.1093/cvr/cvz215
https://doi.org/10.1371/journal.pone.0151515
https://doi.org/10.3389/fgene.2020.00078
https://doi.org/10.3390/biomedicines9070719
https://doi.org/10.3390/biomedicines9070719
https://doi.org/10.1038/ng.3324
https://doi.org/10.1038/ng.3324
https://doi.org/10.1042/CS20160480
https://doi.org/10.1128/MCB.01222-08
https://doi.org/10.1128/MCB.01222-08
https://doi.org/10.1161/CIRCULATIONAHA.109.879429
https://doi.org/10.1161/CIRCULATIONAHA.109.879429
https://doi.org/10.1016/j.biopha.2018.07.064
https://doi.org/10.1016/j.biopha.2018.07.064
https://doi.org/10.1038/s41598-018-25489-3
https://doi.org/10.21037/atm-20-8079
https://doi.org/10.1172/jci.insight.168655
https://doi.org/10.1172/jci.insight.168655
https://doi.org/10.1016/j.ebiom.2022.104108
https://doi.org/10.1016/j.ebiom.2022.104108
https://doi.org/10.1161/CIRCRESAHA.115.306624
https://doi.org/10.1161/CIRCRESAHA.115.306624
https://doi.org/10.1161/CIRCULATIONAHA.115.018174
https://doi.org/10.1016/j.ajpath.2011.06.016
https://doi.org/10.1074/jbc.M111.266940
https://doi.org/10.1074/jbc.M111.266940
https://doi.org/10.1016/j.devcel.2009.10.013
https://doi.org/10.1016/j.devcel.2009.10.013
https://doi.org/10.21037/cdt-20-407
https://doi.org/10.1515/med-2020-0001
https://doi.org/10.1515/med-2020-0001
https://doi.org/10.1186/s13287-020-02127-2
https://doi.org/10.1186/s13287-020-02127-2
https://doi.org/10.1038/s41598-024-63635-2
https://doi.org/10.1038/s41598-024-63635-2
https://doi.org/10.1016/j.pupt.2012.07.002
https://doi.org/10.1016/j.vph.2018.11.006
https://doi.org/10.3389/fimmu.2021.780237
https://doi.org/10.3389/fimmu.2021.780237

u.2021.780237.

[265] Raucci A, Macri F, Castiglione S, Badi I, Vinci MC, Zuccolo
E. MicroRNA-34a: the bad guy in age-related vascular diseases.
Cellular and Molecular Life Sciences: CMLS. 2021; 78: 7355—
7378. https://doi.org/10.1007/s00018-021-03979-4.

[266] Yang Y, Cheng HW, Qiu Y, Dupee D, Noonan M, Lin YD,
et al. MicroRNA-34a Plays a Key Role in Cardiac Repair and
Regeneration Following Myocardial Infarction. Circulation Re-
search. 2015; 117: 450-459. https://doi.org/10.1161/CIRCRE
SAHA.117.305962.

[267] Coban N, Ozuynuk AS, Erkan AF, Guclu-Geyik F, Ekici
B. Levels of miR-130b-5p in peripheral blood are associ-
ated with severity of coronary artery disease. Molecular Bi-
ology Reports. 2021; 48: 7719-7732. https://doi.org/10.1007/
s11033-021-06780-5.

[268] Yang QH, Yang M, Zhang LL, Xiao MC, Zhao Y, Yan DX.
The mechanism of miR-23a in regulating myocardial cell apop-
tosis through targeting FoxO3. European Review for Medical
and Pharmacological Sciences. 2017; 21: 5789-5797. https:
//doi.org/10.26355/eurrev_201712_14026.

[269] Wang S, He W, Wang C. MiR-23a Regulates the Vasculogene-
sis of Coronary Artery Disease by Targeting Epidermal Growth
Factor Receptor. Cardiovascular Therapeutics. 2016; 34: 199-
208. https://doi.org/10.1111/1755-5922.12187.

[270] Elgebaly SA, Christenson RH, Kandil H, Ibrahim M, Rizk H,
El-Khazragy N, et al. Nourin-Dependent miR-137 and miR-
106b: Novel Biomarkers for Early Diagnosis of Myocardial Is-
chemia in Coronary Artery Disease Patients. Diagnostics (Basel,
Switzerland). 2021; 11: 703. https://doi.org/10.3390/diagnostic
s11040703.

[271] Devara D, Choudhary Y, Kumar S. Role of MicroRNA-502-
3p in Human Diseases. Pharmaceuticals (Basel, Switzerland).
2023; 16: 532. https://doi.org/10.3390/ph16040532.

[272] Zhang RL, Wang WM, Li JQ, Li RW, Zhang J, Wu Y, et al.
The role of miR-155 in cardiovascular diseases: Potential di-
agnostic and therapeutic targets. International Journal of Cardi-
ology. Cardiovascular Risk and Prevention. 2024; 24: 200355.
https://doi.org/10.1016/j.ijcrp.2024.200355.

[273] Arderiu G, Pena E, Civit-Urgell A, Badimon L. Endothelium-
Released Microvesicles Transport miR-126 That Induces Proan-
giogenic Reprogramming in Monocytes. Frontiers in Immunol-
ogy. 2022; 13: 836662. https://doi.org/10.3389/fimmu.2022.
836662.

[274] Xing X, Guo S, Zhang G, Liu Y, Bi S, Wang X, et al. miR-
26a-5p protects against myocardial ischemia/reperfusion injury
by regulating the PTEN/PI3K/AKT signaling pathway. Brazilian
Journal of Medical and Biological Research = Revista Brasileira
De Pesquisas Medicas E Biologicas. 2020; 53: €9106. https://do
1.org/10.1590/1414-431X20199106.

[275] Duan J, Zhang T, Zhu Y, Lu B, Zheng Q, Mu N. Atorvastatin
Alleviates Myocardial Ischemia-Reperfusion Injury via miR-
26a-5p/FOXO1. Journal of Biosciences and Medicines. 2023;
11: 215-231. https://doi.org/10.4236/jbm.2023.112017.

[276] Wei P, Dong Z, Lou M. Lncrna FGD5-AS1 Aggravates My-
ocardial Ischemia-Reperfusion Injury by Sponging Mir-129-5p.
Iranian Journal of Public Health. 2022; 51: 2281-2288. https:
//doi.org/10.18502/ijph.v51i110.10986.

[277] Zhu H, Fan GC. Role of microRNAs in the reperfused my-
ocardium towards post-infarct remodelling. Cardiovascular Re-
search. 2012; 94: 284-292. https://doi.org/10.1093/cvr/cvr291.

[278] Li Y, Zhao K, Hu Y, Yang F, Li P, Liu Y. MicroRNA-142-3p
alleviated high salt-induced cardiac fibrosis via downregulating
optineurin-mediated mitophagy. iScience. 2024; 27: 109764. ht
tps://doi.org/10.1016/].is¢i.2024.109764.

[279] Su Q, Liu Y, Lv XW, Ye ZL, Sun YH, Kong BH, et al. Inhi-
bition of IncRNA TUG1 upregulates miR-142-3p to ameliorate

30

myocardial injury during ischemia and reperfusion via target-
ing HMGBI1- and Racl-induced autophagy. Journal of Molecu-
lar and Cellular Cardiology. 2019; 133: 12-25. https://doi.org/
10.1016/j.yjmec.2019.05.021.

[280] Zhang M, Hu Y, Li H, Guo X, Zhong J, He S. miR-22-3p as
a potential biomarker for coronary artery disease based on inte-
grated bioinformatics analysis. Frontiers in Genetics. 2022; 13:
936937. https://doi.org/10.3389/fgene.2022.936937.

[281] Zhang Q, Liu S, Zhang J, Ma X, Dong M, Sun B, et al. Roles
and regulatory mechanisms of miR-30b in cancer, cardiovascu-
lar disease, and metabolic disorders (Review). Experimental and
Therapeutic Medicine. 2021; 21: 44. https://doi.org/10.3892/et
m.2020.9475.

[282] Izarra A, Moscoso I, Levent E, Canén S, Cerrada I, Diez-Juan
A, et al. miR-133a enhances the protective capacity of cardiac
progenitors cells after myocardial infarction. Stem Cell Reports.
2014; 3: 1029-1042. https://doi.org/10.1016/j.stemcr.2014.10.
010.

[283] YinZ,ZhaoY, He M, Li H, Fan J, Nie X, et al. MiR-30¢/PGC-
13 protects against diabetic cardiomyopathy via PPAR«. Car-
diovascular Diabetology. 2019; 18: 7. https://doi.org/10.1186/
$12933-019-0811-7.

[284] Li Y, Duan JZ, He Q, Wang CQ. miR 155 modulates high
glucose induced cardiac fibrosis via the Nrf2/HO 1 signaling
pathway. Molecular Medicine Reports. 2020; 22: 4003-4016.
https://doi.org/10.3892/mmr.2020.11495.

[285] Miao Y, Wan Q, Liu X, Wang Y, Luo Y, Liu D, et al. miR-503
Is Involved in the Protective Effect of Phase II Enzyme Inducer
(CPDT) in Diabetic Cardiomyopathy via Nrf2/ARE Signaling
Pathway. BioMed Research International. 2017; 2017: 9167450.
https://doi.org/10.1155/2017/9167450.

[286] Nal,Jin H, Wang X, Huang K, Sun S, Li Q, et al. The crosstalk
of HDAC3, microRNA-18a and ADRB3 in the progression of
heart failure. Cell & Bioscience. 2021; 11: 31. https://doi.org/
10.1186/s13578-020-00523-y.

[287] Yang F, Chen Q, He S, Yang M, Maguire EM, An W, et al.
miR-22 Is a Novel Mediator of Vascular Smooth Muscle Cell
Phenotypic Modulation and Neointima Formation. Circulation.
2018; 137: 1824-1841. https://doi.org/10.1161/CIRCULATIO
NAHA.117.027799.

[288] Aonuma T, Moukette B, Kawaguchi S, Barupala NP,
Septlveda MN, Corr C, et al. Cardiomyocyte microRNA-150
confers cardiac protection and directly represses proapoptotic
small proline-rich protein 1A. JCI Insight. 2021; 6: ¢150405.
https://doi.org/10.1172/jci.insight.150405.

[289] Inacio JM, Cristo F, Pinheiro M, Vasques-N6voa F, Saraiva F,
Nunes MM, et al. Myocardial RNA Sequencing Reveals New
Potential Therapeutic Targets in Heart Failure with Preserved
Ejection Fraction. Biomedicines. 2023; 11: 2131. https://doi.or
2/10.3390/biomedicines11082131.

[290] Wang QG, Cheng BCY, He YZ, Li LJ, Ling Y, Luo G, et
al. miR-320a in serum exosomes promotes myocardial fibrob-
last proliferation via regulating the PIK3CA/Akt/mTOR sig-
naling pathway in HEH2 cells. Experimental and Therapeu-
tic Medicine. 2021; 22: 873. https://doi.org/10.3892/etm.2021.
10305.

[291] Li J, Salvador AM, Li G, Valkov N, Ziegler O, Yeri A, et
al. Mir-30d Regulates Cardiac Remodeling by Intracellular and
Paracrine Signaling. Circulation Research. 2021; 128: el-e23.
https://doi.org/10.1161/CIRCRESAHA.120.317244.

[292] Tong QH, Hu HY, Chai H, Wu AB, Guo XH, Wang S, et al.
Dysregulation of the miR-1275/HK2 Axis Contributes to the
Progression of Hypoxia/Reoxygenation-Induced Myocardial In-
jury. Archives of Medical Research. 2021; 52: 461-470. https:
//doi.org/10.1016/j.arcmed.2021.01.006.

[293] Zhang X, Fernandez-Hernando C. miR-33 Regulation of Adap-

&% IMR Press


https://doi.org/10.1007/s00018-021-03979-4
https://doi.org/10.1161/CIRCRESAHA.117.305962
https://doi.org/10.1161/CIRCRESAHA.117.305962
https://doi.org/10.1007/s11033-021-06780-5
https://doi.org/10.1007/s11033-021-06780-5
https://doi.org/10.26355/eurrev_201712_14026
https://doi.org/10.26355/eurrev_201712_14026
https://doi.org/10.1111/1755-5922.12187
https://doi.org/10.3390/diagnostics11040703
https://doi.org/10.3390/diagnostics11040703
https://doi.org/10.3390/ph16040532
https://doi.org/10.1016/j.ijcrp.2024.200355
https://doi.org/10.3389/fimmu.2022.836662
https://doi.org/10.3389/fimmu.2022.836662
https://doi.org/10.1590/1414-431X20199106
https://doi.org/10.1590/1414-431X20199106
https://doi.org/10.4236/jbm.2023.112017
https://doi.org/10.18502/ijph.v51i10.10986
https://doi.org/10.18502/ijph.v51i10.10986
https://doi.org/10.1093/cvr/cvr291
https://doi.org/10.1016/j.isci.2024.109764
https://doi.org/10.1016/j.isci.2024.109764
https://doi.org/10.1016/j.yjmcc.2019.05.021
https://doi.org/10.1016/j.yjmcc.2019.05.021
https://doi.org/10.3389/fgene.2022.936937
https://doi.org/10.3892/etm.2020.9475
https://doi.org/10.3892/etm.2020.9475
https://doi.org/10.1016/j.stemcr.2014.10.010
https://doi.org/10.1016/j.stemcr.2014.10.010
https://doi.org/10.1186/s12933-019-0811-7
https://doi.org/10.1186/s12933-019-0811-7
https://doi.org/10.3892/mmr.2020.11495
https://doi.org/10.1155/2017/9167450
https://doi.org/10.1186/s13578-020-00523-y
https://doi.org/10.1186/s13578-020-00523-y
https://doi.org/10.1161/CIRCULATIONAHA.117.027799
https://doi.org/10.1161/CIRCULATIONAHA.117.027799
https://doi.org/10.1172/jci.insight.150405
https://doi.org/10.3390/biomedicines11082131
https://doi.org/10.3390/biomedicines11082131
https://doi.org/10.3892/etm.2021.10305
https://doi.org/10.3892/etm.2021.10305
https://doi.org/10.1161/CIRCRESAHA.120.317244
https://doi.org/10.1016/j.arcmed.2021.01.006
https://doi.org/10.1016/j.arcmed.2021.01.006
https://www.imrpress.com

tive Fibrotic Response in Cardiac Remodeling. Circulation Re-
search. 2017; 120: 753-755. https://doi.org/10.1161/CIRCRE
SAHA.117.310575.

[294] Das S, Bedja D, Campbell N, Dunkerly B, Chenna V, Maitra
A, et al. miR-181c regulates the mitochondrial genome, bioener-
getics, and propensity for heart failure in vivo. PloS One. 2014;
9: €96820. https://doi.org/10.1371/journal.pone.0096820.

[295] Wang H, LiJ, Chi H, Zhang F, Zhu X, Cai J, ef al. MicroRNA-
181c targets Bcl-2 and regulates mitochondrial morphology in
myocardial cells. Journal of Cellular and Molecular Medicine.
2015; 19: 2084-2097. https://doi.org/10.1111/jcmm.12563.

[296] Xue P, Liu Y, Wang H, Huang J, Luo M. miRNA-103-3p-
HIf regulates apoptosis and autophagy by targeting hepatic
leukaemia factor in heart failure. ESC Heart Failure. 2023; 10:
3038-3045. https://doi.org/10.1002/ehf2.14493.

[297] Krzywinska O, Bracha M, Jeanniere C, Recchia E, Kedziora
Kornatowska K, Kozakiewicz M. Meta-Analysis of the Potential
Role of miRNA-21 in Cardiovascular System Function Moni-
toring. BioMed Research International. 2020; 2020: 4525410.
https://doi.org/10.1155/2020/4525410.

[298] Wang JX, Zhang XJ, Li Q, Wang K, Wang Y, Jiao JQ, et
al. MicroRNA-103/107 Regulate Programmed Necrosis and
Myocardial Ischemia/Reperfusion Injury Through Targeting
FADD. Circulation Research. 2015; 117: 352-363. https://doi.
org/10.1161/CIRCRESAHA.117.305781.

[299] Pei G, Chen L, Wang Y, He C, Fu C, Wei Q. Role of miR-182
in cardiovascular and cerebrovascular diseases. Frontiers in Cell
and Developmental Biology. 2023; 11: 1181515. https://doi.org/
10.3389/fcell.2023.1181515.

[300] Theofilis P, Oikonomou E, Vogiatzi G, Sagris M, Antonopou-
los AS, Siasos G, et al. The Role of MicroRNA-126 in
Atherosclerotic Cardiovascular Diseases. Current Medicinal
Chemistry. 2023; 30: 1902-1921. https://doi.org/10.2174/
0929867329666220830100530.

[301] Martinez SR, Ma Q, Dasgupta C, Meng X, Zhang L.
MicroRNA-210 suppresses glucocorticoid receptor expression
in response to hypoxia in fetal rat cardiomyocytes. Oncotar-
get. 2017; 8: 80249-80264. https://doi.org/10.18632/oncotarg
et.17801.

[302] Crocco P, Montesanto A, La Grotta R, Paparazzo E, Soraci
L, Dato S, et al. The Potential Contribution of MyomiRs miR-
133a-3p, -133b, and -206 Dysregulation in Cardiovascular Dis-
ease Risk. International Journal of Molecular Sciences. 2024;
25: 12772. https://doi.org/10.3390/ijms252312772.

[303] Park H, Park H, Park J. Circulating microRNA 423 attenu-
ates the phosphorylation of calcium handling proteins in atrial
fibrillation. Molecular Medicine Reports. 2022; 25: 186. https:
//doi.org/10.3892/mmr.2022.12702.

[304] Zhang MW, Shen YJ, Shi J, Yu JG. MiR-223-3p in Cardio-
vascular Diseases: A Biomarker and Potential Therapeutic Tar-
get. Frontiers in Cardiovascular Medicine. 2021; 7: 610561.
https://doi.org/10.3389/fcvm.2020.610561.

[305] Zheng J, Tan Q, Chen H, Chen K, Wang H, Chen Z, et
al. IncRNA SNHG7 003 inhibits the proliferation, migration
and invasion of vascular smooth muscle cells by targeting the
miR 1306 5p/SIRT7 signaling pathway. International Journal
of Molecular Medicine. 2021; 47: 741-750. https://doi.org/10.
3892/ijmm.2020.4821.

[306] Yanni J, D’Souza A, Wang Y, Li N, Hansen BJ, Zakharkin
SO, et al. Silencing miR-370-3p rescues funny current and si-
nus node function in heart failure. Scientific Reports. 2020; 10:
11279. https://doi.org/10.1038/s41598-020-67790-0.

[307] Ovchinnikova ES, Schmitter D, Vegter EL, Ter Maaten JM, Va-
lente MAE, Liu LCY, et al. Signature of circulating microRNAs
in patients with acute heart failure. European Journal of Heart
Failure. 2016; 18: 414-423. https://doi.org/10.1002/ejhf.332.

&% IMR Press

[308] Chen Y, Melton DW, Gelfond JAL, McManus LM, Shireman
PK. MiR-351 transiently increases during muscle regeneration
and promotes progenitor cell proliferation and survival upon
differentiation. Physiological Genomics. 2012; 44: 1042—-1051.
https://doi.org/10.1152/physiolgenomics.00052.2012.

[309] LiY, Yan C, Fan J, Hou Z, Han Y. MiR-221-3p targets Hif-1«
to inhibit angiogenesis in heart failure. Laboratory Investigation;
a Journal of Technical Methods and Pathology. 2021; 101: 104—
115. https://doi.org/10.1038/s41374-020-0450-3.

[310] Kuhnert F, Mancuso MR, Hampton J, Stankunas K, Asano
T, Chen CZ, et al. Attribution of vascular phenotypes of the
murine Egfl7 locus to the microRNA miR-126. Development
(Cambridge, England). 2008; 135: 3989-3993. https://doi.org/
10.1242/dev.029736.

[311] Sucharov C, Bristow MR, Port JD. miRNA expression in the
failing human heart: functional correlates. Journal of Molecular
and Cellular Cardiology. 2008; 45: 185-192. https://doi.org/10.
1016/j.yjmcc.2008.04.014.

[312] Su, Sun Y, Tang Y, Li H, Wang X, Pan X, et al. Circulating
miR-19b-3p as a Novel Prognostic Biomarker for Acute Heart
Failure. Journal of the American Heart Association. 2021; 10:
€022304. https://doi.org/10.1161/JAHA.121.022304.

[313] Matkovich SJ, Hu Y, Eschenbacher WH, Dorn LE, Dorn GW,
2nd. Direct and indirect involvement of microRNA-499 in clin-
ical and experimental cardiomyopathy. Circulation Research.
2012; 111: 521-531. https://doi.org/10.1161/CIRCRESAHA
.112.265736.

[314] Quiat D, Olson EN. MicroRNAs in cardiovascular disease:
from pathogenesis to prevention and treatment. The Journal
of Clinical Investigation. 2013; 123: 11-18. https://doi.org/10.
1172/JC162876.

[315] Zhou Y, Li KS, Liu L, Li SL. MicroRNA 132 promotes ox-
idative stress induced pyroptosis by targeting sirtuin 1 in my-
ocardial ischaemia reperfusion injury. International Journal of
Molecular Medicine. 2020; 45: 1942—1950. https://doi.org/10.
3892/ijmm.2020.4557.

[316] Shan H, Zhang Y, Lu Y, Zhang Y, Pan Z, Cai B, ef al. Down-
regulation of miR-133 and miR-590 contributes to nicotine-
induced atrial remodelling in canines. Cardiovascular Research.
2009; 83: 465-472. https://doi.org/10.1093/cvr/cvp130.

[317] Gong DD, YuJ, YuJC, Jiang XD. Effect of miR-26a targeting
GSK-33/B-catenin signaling pathway on myocardial apoptosis
in rats with myocardial ischemia-reperfusion. European Review
for Medical and Pharmacological Sciences. 2019; 23: 7073—
7082. https://doi.org/10.26355/eurrev_201908 18751.

[318] Jia G, Liang C, Li W, Dai H. MiR-410-3p facilitates An-
giotensin Il-induced cardiac hypertrophy by targeting Smad?7.
Bioengineered. 2022; 13: 119-127. https://doi.org/10.1080/
21655979.2021.2009968.

[319] Saba R, Sorensen DL, Booth SA. MicroRNA-146a: A Domi-
nant, Negative Regulator of the Innate Immune Response. Fron-
tiers in Immunology. 2014; 5: 578. https://doi.org/10.3389/fi
mmu.2014.00578.

[320] Hui J, Huishan W, Tao L, Zhonglu Y, Renteng Z, Hongguang
H. miR-539 as a key negative regulator of the MEK pathway in
myocardial infarction. Herz. 2017; 42: 781-789. https://doi.org/
10.1007/s00059-016-4517-2.

[321] van Rooij E, Sutherland LB, Thatcher JE, DiMaio JM, Naseem
RH, Marshall WS, et al. Dysregulation of microRNAs after my-
ocardial infarction reveals a role of miR-29 in cardiac fibrosis.
Proceedings of the National Academy of Sciences of the United
States of America. 2008; 105: 13027-13032. https://doi.org/10.
1073/pnas.0805038105.

[322] Wang W, Zheng H. Myocardial Infarction: The Protective Role
of MiRNAs in Myocardium Pathology. Frontiers in Cardiovas-
cular Medicine. 2021; 8: 631817. https://doi.org/10.3389/fcvm

31


https://doi.org/10.1161/CIRCRESAHA.117.310575
https://doi.org/10.1161/CIRCRESAHA.117.310575
https://doi.org/10.1371/journal.pone.0096820
https://doi.org/10.1111/jcmm.12563
https://doi.org/10.1002/ehf2.14493
https://doi.org/10.1155/2020/4525410
https://doi.org/10.1161/CIRCRESAHA.117.305781
https://doi.org/10.1161/CIRCRESAHA.117.305781
https://doi.org/10.3389/fcell.2023.1181515
https://doi.org/10.3389/fcell.2023.1181515
https://doi.org/10.2174/0929867329666220830100530
https://doi.org/10.2174/0929867329666220830100530
https://doi.org/10.18632/oncotarget.17801
https://doi.org/10.18632/oncotarget.17801
https://doi.org/10.3390/ijms252312772
https://doi.org/10.3892/mmr.2022.12702
https://doi.org/10.3892/mmr.2022.12702
https://doi.org/10.3389/fcvm.2020.610561
https://doi.org/10.3892/ijmm.2020.4821
https://doi.org/10.3892/ijmm.2020.4821
https://doi.org/10.1038/s41598-020-67790-0
https://doi.org/10.1002/ejhf.332
https://doi.org/10.1152/physiolgenomics.00052.2012
https://doi.org/10.1038/s41374-020-0450-3
https://doi.org/10.1242/dev.029736
https://doi.org/10.1242/dev.029736
https://doi.org/10.1016/j.yjmcc.2008.04.014
https://doi.org/10.1016/j.yjmcc.2008.04.014
https://doi.org/10.1161/JAHA.121.022304
https://doi.org/10.1161/CIRCRESAHA.112.265736
https://doi.org/10.1161/CIRCRESAHA.112.265736
https://doi.org/10.1172/JCI62876
https://doi.org/10.1172/JCI62876
https://doi.org/10.3892/ijmm.2020.4557
https://doi.org/10.3892/ijmm.2020.4557
https://doi.org/10.1093/cvr/cvp130
https://doi.org/10.26355/eurrev_201908_18751
https://doi.org/10.1080/21655979.2021.2009968
https://doi.org/10.1080/21655979.2021.2009968
https://doi.org/10.3389/fimmu.2014.00578
https://doi.org/10.3389/fimmu.2014.00578
https://doi.org/10.1007/s00059-016-4517-2
https://doi.org/10.1007/s00059-016-4517-2
https://doi.org/10.1073/pnas.0805038105
https://doi.org/10.1073/pnas.0805038105
https://doi.org/10.3389/fcvm.2021.631817
https://doi.org/10.3389/fcvm.2021.631817

.2021.631817.

[323] Chen S, Fang H, Liu R, Fang Y, Wu Z, Xie P. miR-6718-5p
and miR-4329 can be used as potential biomarkers for acute my-
ocardial infarction. Journal of Cardiac Surgery. 2021; 36: 3721—
3728. https://doi.org/10.1111/jocs.15868.

[324] Jayawardena E, Medzikovic L, Ruffenach G, Eghbali M. Role
of miRNA-1 and miRNA-21 in Acute Myocardial Ischemia-
Reperfusion Injury and Their Potential as Therapeutic Strategy.
International Journal of Molecular Sciences. 2022; 23: 1512.
https://doi.org/10.3390/ijms23031512.

[325] Hu S, Huang M, Li Z, Jia F, Ghosh Z, Lijkwan MA, et al.
MicroRNA-210 as a novel therapy for treatment of ischemic
heart disease. Circulation. 2010; 122: S124-S131. https://doi.
org/10.1161/CIRCULATIONAHA.109.928424.

[326] Montgomery RL, Hullinger TG, Semus HM, Dickinson BA,
Seto AG, Lynch JM, et al. Therapeutic inhibition of miR-208a
improves cardiac function and survival during heart failure. Cir-
culation. 2011; 124: 1537-1547. https://doi.org/10.1161/CIRC
ULATIONAHA.111.030932.

[327] Bostjanci¢ E, Glava¢ D. miRNome in myocardial infarction:
Future directions and perspective. World Journal of Cardiology.
2014; 6: 939-958. https://doi.org/10.4330/wjc.v6.19.939.

[328] Zheng W, Xie Q, Zhang Z, Li J, Fang L, Li W. Inhibited
HDACS3 or Elevated MicroRNA-494-3p Plays a Protective Role
in Myocardial Ischemia-Reperfusion Injury via Suppression of
BRD4. Molecular Neurobiology. 2021; 58: 4268-4279. https:
//doi.org/10.1007/s12035-021-02369-y.

[329] Ozuynuk-Ertugrul AS, Ekici B, Erkan AF, Coban N. Alteration
of circulating miRNAs during myocardial infarction and associ-
ation with lipid levels. Laboratory Medicine. 2024; 55: 361—
372. https://doi.org/10.1093/labmed/Imad094.

[330] Salvatori F, D’Aversa E, Serino ML, Singh AV, Secchiero P,
Zauli G, et al. miRNAs Epigenetic Tuning of Wall Remodeling
in the Early Phase after Myocardial Infarction: A Novel Epidrug
Approach. International Journal of Molecular Sciences. 2023;
24: 13268. https://doi.org/10.3390/ijms241713268.

[331] He W, Huang H, Xie Q, Wang Z, Fan Y, Kong B, et al. MiR-
155 Knockout in Fibroblasts Improves Cardiac Remodeling by
Targeting Tumor Protein p53-Inducible Nuclear Protein 1. Jour-
nal of Cardiovascular Pharmacology and Therapeutics. 2016;
21: 423-435. https://doi.org/10.1177/1074248415616188.

[332] Rizzacasa B, Morini E, Mango R, Vancheri C, Budassi S, Mas-
saro G, et al. MiR-423 is differentially expressed in patients with
stable and unstable coronary artery disease: A pilot study. PloS
One. 2019; 14: €0216363. https://doi.org/10.1371/journal.pone
.0216363.

[333] Krause C, Britsemmer JH, Bernecker M, Molenaar A, Taege
N, Lopez-Alcantara N, ef al. Liver microRNA transcriptome re-
veals miR-182 as link between type 2 diabetes and fatty liver
disease in obesity. eLife. 2024; 12: RP92075. https://doi.org/
10.7554/eLife.92075.

[334] Manakanatas C, Ghadge SK, Agic A, Sarigol F, Fichtinger P,
Fischer L, et al. Endothelial and systemic upregulation of miR-
34a-5p fine-tunes senescence in progeria. Aging. 2022; 14: 195—
224. https://doi.org/10.18632/aging.203820.

[335] Zhang L, Chen J, He Q, Chao Z, Li X, Chen M. MicroRNA
217 is involved in the progression of atherosclerosis through reg-
ulating inflammatory responses by targeting sirtuin 1. Molecu-
lar Medicine Reports. 2019; 20: 3182-3190. https://doi.org/10.
3892/mmr.2019.10581.

[336] Nazari-Jahantigh M, Wei Y, Noels H, Akhtar S, Zhou Z, Koe-
nen RR, et al. MicroRNA-155 promotes atherosclerosis by re-
pressing Bcl6 in macrophages. The Journal of Clinical Investiga-
tion. 2012; 122: 4190-4202. https://doi.org/10.1172/ICI61716.

[337] Jiang YZ, Manduchi E, Jiménez JM, Davies PF. Endothelial
epigenetics in biomechanical stress: disturbed flow-mediated

32

epigenomic plasticity in vivo and in vitro. Arteriosclerosis,
Thrombosis, and Vascular Biology. 2015; 35: 1317-1326. https:
//doi.org/10.1161/ATVBAHA.115.303427.

[338] XinM, Small EM, Sutherland LB, Qi X, McAnally J, Plato CF,
et al. MicroRNAs miR-143 and miR-145 modulate cytoskeletal
dynamics and responsiveness of smooth muscle cells to injury.
Genes & Development. 2009; 23: 2166-2178. https://doi.org/
10.1101/gad.1842409.

[339] Davis-Dusenbery BN, Chan MC, Reno KE, Weisman AS,
Layne MD, Lagna G, et al. down-regulation of Kruppel-like
factor-4 (KLF4) by microRNA-143/145 is critical for modula-
tion of vascular smooth muscle cell phenotype by transforming
growth factor-beta and bone morphogenetic protein 4. The Jour-
nal of Biological Chemistry. 2011; 286: 28097-28110. https:
//doi.org/10.1074/jbc.M111.236950.

[340] Lu Y, Thavarajah T, Gu W, Cai J, Xu Q. Impact of miRNA
in Atherosclerosis. Arteriosclerosis, Thrombosis, and Vascular
Biology. 2018; 38: e¢159—170. https://doi.org/10.1161/ATVB
AHA.118.310227.

[341] Yang B, Lin H, Xiao J, Lu Y, Luo X, Li B, ef al. The muscle-
specific microRNA miR-1 regulates cardiac arrhythmogenic po-
tential by targeting GJA1 and KCNJ2. Nature Medicine. 2007;
13: 486-491. https://doi.org/10.1038/nm1569.

[342] Li YD, Hong YF, Yusufuaji Y, Tang BP, Zhou XH, Xu GJ,
et al. Altered expression of hyperpolarization-activated cyclic
nucleotide-gated channels and microRNA-1 and -133 in patients
with age-associated atrial fibrillation. Molecular Medicine Re-
ports. 2015; 12: 3243-3248. https://doi.org/10.3892/mmr.2015.
3831.

[343] Pradhan K, Niehues P, Neupane B, Maleck C, Sharif-Yakan
A, Emrani M, et al. MicroRNA-21 mediated cross-talk between
cardiomyocytes and fibroblasts in patients with atrial fibrilla-
tion. Frontiers in Cardiovascular Medicine. 2023; 10: 1056134.
https://doi.org/10.3389/fcvm.2023.1056134.

[344] Shan HL, Zhang Y, Cai BZ, Chen X, Fan YH, Yang LL, et al.
Upregulation of microRNA-1 and microRNA-133 contributes
to arsenic-induced cardiac electrical remodeling. International
Journal of Cardiology. 2013; 167: 2798-2805. https://doi.org/
10.1016/j.ijcard.2012.07.009.

[345] Elhefnawei DM, Mahmoud AH, Kadry MO, Al-Mokaddem
AK, Badawy MA, El-Desouky MA. Calcium voltage-gated
channel subunit alpha 1 C and glial fibrillary acidic protein sig-
naling pathways as a selective biomarker in predicting the effi-
cacy of liposomal loaded co-enzyme Q in the autistic rat model.
Toxicology Reports. 2022; 10: 17-26. https://doi.org/10.1016/].
toxrep.2022.12.003.

[346] Zhang XT, Xu MG. Potential link between microRNA-208 and
cardiovascular diseases. Journal of Xiangya Medicine. 2021; 6.
https://doi.org/10.21037/jxym-21-8.

[347] Simon AM, Goodenough DA, Paul DL. Mice lacking con-
nexin40 have cardiac conduction abnormalities characteris-
tic of atrioventricular block and bundle branch block. Cur-
rent Biology: CB. 1998; 8: 295-298. https://doi.org/10.1016/
$0960-9822(98)70113-7.

[348] Ye Q, Liu Q, Ma X, Bai S, Chen P, Zhao Y, et al. MicroRNA-
146b-5p promotes atrial fibrosis in atrial fibrillation by repress-
ing TIMP4. Journal of Cellular and Molecular Medicine. 2021;
25: 10543-10553. https://doi.org/10.1111/jecmm.16985.

[349] Danielson LS, Park DS, Rotllan N, Chamorro-Jorganes A, Gui-
jarro MV, Fernandez-Hernando C, et al. Cardiovascular dys-
regulation of miR-17-92 causes a lethal hypertrophic cardiomy-
opathy and arrhythmogenesis. FASEB Journal: Official Publi-
cation of the Federation of American Societies for Experimen-
tal Biology. 2013; 27: 1460-1467. https://doi.org/10.1096/1
.12-221994.

[350] Xie H, Fu JL, Xie C. MiR-138-5p is downregulated in pa-

&% IMR Press


https://doi.org/10.1111/jocs.15868
https://doi.org/10.3390/ijms23031512
https://doi.org/10.1161/CIRCULATIONAHA.109.928424
https://doi.org/10.1161/CIRCULATIONAHA.109.928424
https://doi.org/10.1161/CIRCULATIONAHA.111.030932
https://doi.org/10.1161/CIRCULATIONAHA.111.030932
https://doi.org/10.4330/wjc.v6.i9.939
https://doi.org/10.1007/s12035-021-02369-y
https://doi.org/10.1007/s12035-021-02369-y
https://doi.org/10.1093/labmed/lmad094
https://doi.org/10.3390/ijms241713268
https://doi.org/10.1177/1074248415616188
https://doi.org/10.1371/journal.pone.0216363
https://doi.org/10.1371/journal.pone.0216363
https://doi.org/10.7554/eLife.92075
https://doi.org/10.7554/eLife.92075
https://doi.org/10.18632/aging.203820
https://doi.org/10.3892/mmr.2019.10581
https://doi.org/10.3892/mmr.2019.10581
https://doi.org/10.1172/JCI61716
https://doi.org/10.1161/ATVBAHA.115.303427
https://doi.org/10.1161/ATVBAHA.115.303427
https://doi.org/10.1101/gad.1842409
https://doi.org/10.1101/gad.1842409
https://doi.org/10.1074/jbc.M111.236950
https://doi.org/10.1074/jbc.M111.236950
https://doi.org/10.1161/ATVBAHA.118.310227
https://doi.org/10.1161/ATVBAHA.118.310227
https://doi.org/10.1038/nm1569
https://doi.org/10.3892/mmr.2015.3831
https://doi.org/10.3892/mmr.2015.3831
https://doi.org/10.3389/fcvm.2023.1056134
https://doi.org/10.1016/j.ijcard.2012.07.009
https://doi.org/10.1016/j.ijcard.2012.07.009
https://doi.org/10.1016/j.toxrep.2022.12.003
https://doi.org/10.1016/j.toxrep.2022.12.003
https://doi.org/10.21037/jxym-21-8
https://doi.org/10.1016/s0960-9822(98)70113-7
https://doi.org/10.1016/s0960-9822(98)70113-7
https://doi.org/10.1111/jcmm.16985
https://doi.org/10.1096/fj.12-221994
https://doi.org/10.1096/fj.12-221994
https://www.imrpress.com

tients with atrial fibrillation and reverses cardiac fibrotic re-
modeling via repressing CYP11B2. European Review for Medi-
cal and Pharmacological Sciences. 2018; 22: 4642—4647. https:
//doi.org/10.26355/eurrev_201807 15523.

[351] Dai M, Jiang T, Luo CD, Du W, Wang M, Qiu QY, et al. Ra-
diofrequency ablation reduces expression of SELF by upregulat-
ing the expression of microRNA-26a/b in the treatment of atrial
fibrillation. Journal of Interventional Cardiac Electrophysiol-
ogy: an International Journal of Arrhythmias and Pacing. 2022;
65: 663-673. https://doi.org/10.1007/s10840-022-01305-x.

[352] Zhang Q, Li D, Dong X, Zhang X, Liu J, Peng L, ef al. Lnc-
DACH]1 promotes mitochondrial oxidative stress of cardiomy-
ocytes by interacting with sirtuin3 and aggravates diabetic car-
diomyopathy. Science China. Life Sciences. 2022; 65: 1198—
1212. https://doi.org/10.1007/s11427-021-1982-8.

[353] Wang H, Cai J. The role of microRNAs in heart failure.
Biochimica et Biophysica Acta. Molecular Basis of Disease.
2017; 1863: 2019-2030. https://doi.org/10.1016/j.bbadis.2016.
11.034.

[354] Miyasaka KY, Kida YS, Banjo T, Ueki Y, Nagayama K, Mat-
sumoto T, et al. Heartbeat regulates cardiogenesis by suppress-
ing retinoic acid signaling via expression of miR-143. Mech-
anisms of Development. 2011; 128: 18-28. https://doi.org/10.
1016/j.m0d.2010.09.002.

[355] Mitchelson KR, Qin WY. Roles of the canonical myomiRs
miR-1, -133 and -206 in cell development and disease. World
Journal of Biological Chemistry. 2015; 6: 162-208. https://doi.
org/10.4331/wjbc.v6.13.162.

[356] Hinkel R, Ramanujam D, Kaczmarek V, Howe A, Klett K, Beck
C, et al. AntimiR-21 Prevents Myocardial Dysfunction in a Pig
Model of Ischemia/Reperfusion Injury. Journal of the American
College of Cardiology. 2020; 75: 1788—1800. https://doi.org/10.
1016/j.jacc.2020.02.041.

[357] Moghaddam AS, Afshari JT, Esmaeili SA, Saburi E, Joneidi Z,
Momtazi-Borojeni AA. Cardioprotective microRNAs: Lessons
from stem cell-derived exosomal microRNAs to treat cardiovas-
cular disease. Atherosclerosis. 2019; 285: 1-9. https://doi.org/
10.1016/j.atherosclerosis.2019.03.016.

[358] Zhu Y, Yang X, Zhou J, Chen L, Zuo P, Chen L, ef al. miR-
340-5p Mediates Cardiomyocyte Oxidative Stress in Diabetes-
Induced Cardiac Dysfunction by Targeting Mcl-1. Oxidative
Medicine and Cellular Longevity. 2022; 2022: 3182931. https:
//doi.org/10.1155/2022/3182931.

[359] Dong XR, Majesky MW. Restoring elastin with microRNA-
29. Arteriosclerosis, Thrombosis, and Vascular Biology. 2012;
32: 548-551. https://doi.org/10.1161/ATVBAHA.111.242412.

[360] Hullinger TG, Montgomery RL, Seto AG, Dickinson BA, Se-
mus HM, Lynch JM, et al. Inhibition of miR-15 protects against
cardiac ischemic injury. Circulation Research. 2012; 110: 71—
81. https://doi.org/10.1161/CIRCRESAHA.111.244442.

[361] Porrello ER, Johnson BA, Aurora AB, Simpson E, Nam Y]J,
Matkovich SJ, ef al. MiR-15 family regulates postnatal mitotic
arrest of cardiomyocytes. Circulation Research. 2011; 109: 670—
679. https://doi.org/10.1161/CIRCRESAHA.111.248880.

[362] Satoh M, Minami Y, Takahashi Y, Tabuchi T, Nakamura M.
Expression of microRNA-208 is associated with adverse clini-
cal outcomes in human dilated cardiomyopathy. Journal of Car-
diac Failure. 2010; 16: 404-410. https://doi.org/10.1016/j.card
fail.2010.01.002.

[363] Ventura A, Young AG, Winslow MM, Lintault L, Meissner A,
Erkeland SJ, et al. Targeted deletion reveals essential and over-
lapping functions of the miR-17 through 92 family of miRNA
clusters. Cell. 2008; 132: 875-886. https://doi.org/10.1016/j.ce
11.2008.02.019.

[364] Lu W, Wan G, Zhu H, Zhu T, Zhang X. MiR-497-5p regulates
ox-LDL-induced dysfunction in vascular endothelial cells by

&% IMR Press

targeting VEGFA/p38/MAPK pathway in atherosclerosis. He-
liyon. 2024; 10: ¢28887. https://doi.org/10.1016/j.heliyon.2024.
¢28887.

[365] Chistiakov DA, Orekhov AN, Bobryshev YV. The role of
miR-126 in embryonic angiogenesis, adult vascular homeosta-
sis, and vascular repair and its alterations in atherosclerotic dis-
ease. Journal of Molecular and Cellular Cardiology. 2016; 97:
47-55. https://doi.org/10.1016/j.yjmcc.2016.05.007.

[366] Duan Q, Chen C, Yang L, Li N, Gong W, Li S, et al. Mi-
croRNA regulation of unfolded protein response transcription
factor XBP1 in the progression of cardiac hypertrophy and heart
failure in vivo. Journal of Translational Medicine. 2015; 13:
363. https://doi.org/10.1186/s12967-015-0725-4.

[367] Yang Y, Ago T, Zhai P, Abdellatif M, Sadoshima J. Thiore-
doxin 1 negatively regulates angiotensin II-induced cardiac hy-
pertrophy through upregulation of miR-98/let-7. Circulation Re-
search. 2011; 108: 305-313. https://doi.org/10.1161/CIRCRE
SAHA.110.228437.

[368] Bang C, Batkai S, Dangwal S, Gupta SK, Foinquinos A, Holz-
mann A, et al. Cardiac fibroblast-derived microRNA passenger
strand-enriched exosomes mediate cardiomyocyte hypertrophy.
The Journal of Clinical Investigation. 2014; 124: 2136-2146.
https://doi.org/10.1172/JC170577.

[369] Yul, Yang Y, Xu Z, Lan C, Chen C, Li C, et al. Long Noncod-
ing RNA Ahit Protects Against Cardiac Hypertrophy Through
SUZ12 (Suppressor of Zeste 12 Protein Homolog)-Mediated
Downregulation of MEF2A (Myocyte Enhancer Factor 2A).
Circulation. Heart Failure. 2020; 13: e¢006525. https://doi.org/
10.1161/CIRCHEARTFAILURE.119.006525.

[370] Xuan Y, Liu S, Li Y, Dong J, Luo J, Liu T, et al. Short
term vagus nerve stimulation reduces myocardial apoptosis by
downregulating microRNA 205 in rats with chronic heart fail-
ure. Molecular Medicine Reports. 2017; 16: 5847-5854. https:
//doi.org/10.3892/mmr.2017.7344.

[371] Zhao Y, Ransom JF, Li A, Vedantham V, von Drehle M, Muth
AN, et al. Dysregulation of cardiogenesis, cardiac conduction,
and cell cycle in mice lacking miRNA-1-2. Cell. 2007; 129:
303-317. https://doi.org/10.1016/j.cell.2007.03.030.

[372] LiJ, Cao Y, Ma XJ, Wang HJ, Zhang J, Luo X, et al. Roles
of miR-1-1 and miR-181c in ventricular septal defects. Inter-
national Journal of Cardiology. 2013; 168: 1441-1446. https:
//doi.org/10.1016/j.ijcard.2012.12.048.

[373] QianL, Van Laake LW, Huang Y, Liu S, Wendland MF, Srivas-
tava D. miR-24 inhibits apoptosis and represses Bim in mouse
cardiomyocytes. The Journal of Experimental Medicine. 2011;
208: 549-560. https://doi.org/10.1084/jem.20101547.

[374] Ragusa R, Di Molfetta A, D’Aurizio R, Del Turco S, Cabiati
M, Del Ry S, et al. Variations of circulating miRNA in paedi-
atric patients with Heart Failure supported with Ventricular As-
sist Device: a pilot study. Scientific Reports. 2020; 10: 5905.
https://doi.org/10.1038/s41598-020-62757-7.

[375] Zheng H, Huang S, Wei G, Sun Y, Li C, Si X, et al. Cir-
cRNA Samd4 induces cardiac repair after myocardial infarc-
tion by blocking mitochondria-derived ROS output. Molecular
Therapy: the Journal of the American Society of Gene Therapy.
2022; 30: 3477-3498. https://doi.org/10.1016/j.ymthe.2022.06.
016.

[376] Song Y, Higgins H, Guo J, Harrison K, Schultz EN, Hales BJ,
et al. Clinical significance of circulating microRNAs as markers
in detecting and predicting congenital heart defects in children.
Journal of Translational Medicine. 2018; 16: 42. https://doi.org/
10.1186/512967-018-1411-0.

[377] Li C, Tan Z, Li H, Yao X, Peng C, Qi Y, et al. Elevated
microRNA-187 causes cardiac endothelial dysplasia to promote
congenital heart disease through inhibition of NIPBL. The Jour-
nal of Clinical Investigation. 2024; 135: e178355. https://doi.or

33


https://doi.org/10.26355/eurrev_201807_15523
https://doi.org/10.26355/eurrev_201807_15523
https://doi.org/10.1007/s10840-022-01305-x
https://doi.org/10.1007/s11427-021-1982-8
https://doi.org/10.1016/j.bbadis.2016.11.034
https://doi.org/10.1016/j.bbadis.2016.11.034
https://doi.org/10.1016/j.mod.2010.09.002
https://doi.org/10.1016/j.mod.2010.09.002
https://doi.org/10.4331/wjbc.v6.i3.162
https://doi.org/10.4331/wjbc.v6.i3.162
https://doi.org/10.1016/j.jacc.2020.02.041
https://doi.org/10.1016/j.jacc.2020.02.041
https://doi.org/10.1016/j.atherosclerosis.2019.03.016
https://doi.org/10.1016/j.atherosclerosis.2019.03.016
https://doi.org/10.1155/2022/3182931
https://doi.org/10.1155/2022/3182931
https://doi.org/10.1161/ATVBAHA.111.242412
https://doi.org/10.1161/CIRCRESAHA.111.244442
https://doi.org/10.1161/CIRCRESAHA.111.248880
https://doi.org/10.1016/j.cardfail.2010.01.002
https://doi.org/10.1016/j.cardfail.2010.01.002
https://doi.org/10.1016/j.cell.2008.02.019
https://doi.org/10.1016/j.cell.2008.02.019
https://doi.org/10.1016/j.heliyon.2024.e28887
https://doi.org/10.1016/j.heliyon.2024.e28887
https://doi.org/10.1016/j.yjmcc.2016.05.007
https://doi.org/10.1186/s12967-015-0725-4
https://doi.org/10.1161/CIRCRESAHA.110.228437
https://doi.org/10.1161/CIRCRESAHA.110.228437
https://doi.org/10.1172/JCI70577
https://doi.org/10.1161/CIRCHEARTFAILURE.119.006525
https://doi.org/10.1161/CIRCHEARTFAILURE.119.006525
https://doi.org/10.3892/mmr.2017.7344
https://doi.org/10.3892/mmr.2017.7344
https://doi.org/10.1016/j.cell.2007.03.030
https://doi.org/10.1016/j.ijcard.2012.12.048
https://doi.org/10.1016/j.ijcard.2012.12.048
https://doi.org/10.1084/jem.20101547
https://doi.org/10.1038/s41598-020-62757-7
https://doi.org/10.1016/j.ymthe.2022.06.016
https://doi.org/10.1016/j.ymthe.2022.06.016
https://doi.org/10.1186/s12967-018-1411-0
https://doi.org/10.1186/s12967-018-1411-0
https://doi.org/10.1172/JCI178355
https://doi.org/10.1172/JCI178355

g/10.1172/JCI178355.

[378] Liu X, Xiao J, Zhu H, Wei X, Platt C, Damilano F, et al. miR-
222 is necessary for exercise-induced cardiac growth and pro-
tects against pathological cardiac remodeling. Cell Metabolism.
2015;21: 584-595. https://doi.org/10.1016/j.cmet.2015.02.014.

[379] Xu XD, Song XW, Li Q, Wang GK, Jing Q, Qin YW. Atten-
uation of microRNA-22 derepressed PTEN to effectively pro-
tect rat cardiomyocytes from hypertrophy. Journal of Cellular
Physiology. 2012; 227: 1391-1398. https://doi.org/10.1002/jc
p.22852.

[380] de Yébenes VG, Briones AM, Martos-Folgado I, Mur SM,
Oller J, Bilal F, et al. Aging-Associated miR-217 Aggravates
Atherosclerosis and Promotes Cardiovascular Dysfunction. Ar-
teriosclerosis, Thrombosis, and Vascular Biology. 2020; 40:
2408-2424. https://doi.org/10.1161/ATVBAHA.120.314333.

[381] Xu Y, Luo Y, Liang C, Zhang T. LncRNA-Mhrt reg-
ulates cardiac hypertrophy by modulating the miR-145a-
Sp/KLF4/myocardin axis. Journal of Molecular and Cellular
Cardiology. 2020; 139: 47-61. https://doi.org/10.1016/j.yjmcc.
2019.12.013.

[382] Zhong W, Li B, Xu Y, Yang P, Chen R, Wang Z, et al. Hyper-
methylation of the Micro-RNA 145 Promoter Is the Key Regu-
lator for NLRP3 Inflammasome-Induced Activation and Plaque
Formation. JACC. Basic to Translational Science. 2018; 3: 604—
624. https://doi.org/10.1016/j.jacbts.2018.06.004.

[383] Meng X, Zhang P, Zhang L. Fetal Hypoxia Impacts on Prolif-
eration and Differentiation of Sca-11 Cardiac Progenitor Cells
and Maturation of Cardiomyocytes: A Role of MicroRNA-210.
Genes. 2020; 11: 328. https://doi.org/10.3390/genes11030328.

[384] Kuo JT, Tsai HE, Lin CT, Lee CI, Lee PL, Ruan YR, et al. Low
Levels of MicroRNA-10a in Cardiovascular Endothelium and
Blood Serum Are Related to Human Atherosclerotic Disease.
Cardiology Research and Practice. 2021; 2021: 1452917. https:
//doi.org/10.1155/2021/1452917.

[385] Santovito D, Egea V, Bidzhekov K, Natarelli L, Mourdo A,
Blanchet X, et al. Noncanonical inhibition of caspase-3 by a
nuclear microRNA confers endothelial protection by autophagy
in atherosclerosis. Science Translational Medicine. 2020; 12:
eaaz2294. https://doi.org/10.1126/scitranslmed.aaz2294.

[386] Zampetaki A, Willeit P, Tilling L, Drozdov I, Prokopi M, Re-
nard JM, et al. Prospective study on circulating MicroRNAs and
risk of myocardial infarction. Journal of the American College
of Cardiology. 2012; 60: 290-299. https://doi.org/10.1016/j.ja
cc.2012.03.056.

[387] Yang B, Zhao H, Dong R. MiR-449 improves cardiac function
by regulating HDAC1 and cTnl. European Review for Medical
and Pharmacological Sciences. 2020; 24: 12827-12835. https:
//doi.org/10.26355/eurrev_202012_24184.

[388] Karakas M, Schulte C, Appelbaum S, Ojeda F, Lackner KJ,
Miinzel T, et al. Circulating microRNAs strongly predict car-
diovascular death in patients with coronary artery disease-results
from the large AtheroGene study. European Heart Journal. 2017;
38: 516-523. https://doi.org/10.1093/eurheartj/ehw250.

[389] Matkovich SJ, Van Booven DJ, Youker KA, Torre-Amione G,
Diwan A, Eschenbacher WH, ef al. Reciprocal regulation of my-
ocardial microRNAs and messenger RNA in human cardiomy-
opathy and reversal of the microRNA signature by biomechani-
cal support. Circulation. 2009; 119: 1263—1271. https://doi.org/
10.1161/CIRCULATIONAHA.108.813576.

[390] Zhang BF, Jiang H, Chen J, Hu Q, Yang S, Liu XP, et al.
LncRNA H19 ameliorates myocardial infarction-induced my-
ocardial injury and maladaptive cardiac remodelling by regulat-
ing KDM3A. Journal of Cellular and Molecular Medicine. 2020;
24: 1099-1115. https://doi.org/10.1111/jcmm.14846.

[391] Zhang R, Qu Y, Ji Z, Hao C, Su Y, Yao Y, et al. METTL3
mediates Ang-Il-induced cardiac hypertrophy through acceler-

34

ating pri-miR-221/222 maturation in an m6A-dependent man-
ner. Cellular & Molecular Biology Letters. 2022; 27: 55. https:
//doi.org/10.1186/s11658-022-00349-1.

[392] SuQ, Liu Y, Lv XW, Dai RX, Yang XH, Kong BH. LncRNA
TUGI mediates ischemic myocardial injury by targeting miR-
132-3p/HDAC3 axis. American Journal of Physiology. Heart
and Circulatory Physiology. 2020; 318: H332-H344. https://do
i.org/10.1152/ajpheart.00444.2019.

[393] Bernardo BC, Gao XM, Winbanks CE, Boey EJH, Tham YK,
Kiriazis H, et al. Therapeutic inhibition of the miR-34 family
attenuates pathological cardiac remodeling and improves heart
function. Proceedings of the National Academy of Sciences of
the United States of America. 2012; 109: 17615-17620. https:
//doi.org/10.1073/pnas.1206432109.

[394] Souidi A, Nakamori M, Zmojdzian M, Jagla T, Renaud Y, Jagla
K. Deregulations of miR-1 and its target Multiplexin promote di-
lated cardiomyopathy associated with myotonic dystrophy type
1. EMBO Reports. 2023; 24: e56616. https://doi.org/10.15252/
embr.202256616.

[395] YeZ,LuH, SuQ, Guo W, Dai W, Li H, et al. Clinical effect of
trimetazidine on prevention of contrast-induced nephropathy in
patients with renal insufficiency: An updated systematic review
and meta-analysis. Medicine. 2017; 96: €6059. https://doi.org/
10.1097/MD.0000000000006059.

[396] Zhao G, Zhang H, Wang Y, Gao X, Liu H, Liu W. Effects of le-
vocarnitine on cardiac function, urinary albumin, hs-CRP, BNP,
and troponin in patients with coronary heart disease and heart
failure. Hellenic Journal of Cardiology: HIC = Hellenike Kardi-
ologike Epitheorese. 2020; 61: 99-102. https://doi.org/10.1016/
j-hjc.2018.08.006.

[397] Khatta M, Alexander BS, Krichten CM, Fisher ML, Freuden-
berger R, Robinson SW, et al. The effect of coenzyme Q10
in patients with congestive heart failure. Annals of Inter-
nal Medicine. 2000; 132: 636-640. https://doi.org/10.7326/
0003-4819-132-8-200004180-00006.

[398] Salem JE, Nguyen LS, Moslehi JJ, Ederhy S, Lebrun-Vignes
B, Roden DM, et al. Anticancer drug-induced life-threatening
ventricular arrhythmias: a World Health Organization pharma-
covigilance study. European Heart Journal. 2021; 42: 3915—
3928. https://doi.org/10.1093/eurheartj/ehab362.

[399] Ibrahim AA, Nsairat H, Al-Sulaibi M, El-Tanani M, Jaber AM,
Lafi Z, et al. Doxorubicin conjugates: a practical approach
for its cardiotoxicity alleviation. Expert Opinion on Drug De-
livery. 2024; 21: 399-422. https://doi.org/10.1080/17425247.
2024.2343882.

[400] Chen MY, Zhang ZH, Ke JF, Li TT, Li MF, Lu JX, et al.
Chaetocin attenuates atherosclerosis progression and inhibits
vascular smooth muscle cell phenotype switching. Journal of
Cardiovascular Translational Research. 2022; 15: 1270-1282.
https://doi.org/10.1007/s12265-022-10258-5.

[401] Tabuchi T, Satoh M, Itoh T, Nakamura M. MicroRNA-34a reg-
ulates the longevity-associated protein SIRT1 in coronary artery
disease: effect of statins on SIRT1 and microRNA-34a expres-
sion. Clinical Science (London, England: 1979). 2012; 123:
161-171. https://doi.org/10.1042/CS20110563.

[402] Wallner M, Eaton DM, Berretta RM, Liesinger L, Schittmayer
M, Gindlhuber J, et al. HDAC inhibition improves cardiopul-
monary function in a feline model of diastolic dysfunction. Sci-
ence Translational Medicine. 2020; 12: eaay7205. https://doi.or
g/10.1126/scitranslmed.aay7205.

[403] Renaud L, Harris LG, Mani SK, Kasiganesan H, Chou JC,
Baicu CF, et al. HDACs Regulate miR-133a Expression in Pres-
sure Overload-Induced Cardiac Fibrosis. Circulation. Heart Fail-
ure. 2015; 8: 1094-1104. https://doi.org/10.1161/CIRCHEAR
TFAILURE.114.001781.

[404] Zannad F, Ferreira JP, Pocock SJ, Anker SD, Butler J, Fil-

&% IMR Press


https://doi.org/10.1016/j.cmet.2015.02.014
https://doi.org/10.1002/jcp.22852
https://doi.org/10.1002/jcp.22852
https://doi.org/10.1161/ATVBAHA.120.314333
https://doi.org/10.1016/j.yjmcc.2019.12.013
https://doi.org/10.1016/j.yjmcc.2019.12.013
https://doi.org/10.1016/j.jacbts.2018.06.004
https://doi.org/10.3390/genes11030328
https://doi.org/10.1155/2021/1452917
https://doi.org/10.1155/2021/1452917
https://doi.org/10.1126/scitranslmed.aaz2294
https://doi.org/10.1016/j.jacc.2012.03.056
https://doi.org/10.1016/j.jacc.2012.03.056
https://doi.org/10.26355/eurrev_202012_24184
https://doi.org/10.26355/eurrev_202012_24184
https://doi.org/10.1093/eurheartj/ehw250
https://doi.org/10.1161/CIRCULATIONAHA.108.813576
https://doi.org/10.1161/CIRCULATIONAHA.108.813576
https://doi.org/10.1111/jcmm.14846
https://doi.org/10.1186/s11658-022-00349-1
https://doi.org/10.1186/s11658-022-00349-1
https://doi.org/10.1152/ajpheart.00444.2019
https://doi.org/10.1152/ajpheart.00444.2019
https://doi.org/10.1073/pnas.1206432109
https://doi.org/10.1073/pnas.1206432109
https://doi.org/10.15252/embr.202256616
https://doi.org/10.15252/embr.202256616
https://doi.org/10.1097/MD.0000000000006059
https://doi.org/10.1097/MD.0000000000006059
https://doi.org/10.1016/j.hjc.2018.08.006
https://doi.org/10.1016/j.hjc.2018.08.006
https://doi.org/10.7326/0003-4819-132-8-200004180-00006
https://doi.org/10.7326/0003-4819-132-8-200004180-00006
https://doi.org/10.1093/eurheartj/ehab362
https://doi.org/10.1080/17425247.2024.2343882
https://doi.org/10.1080/17425247.2024.2343882
https://doi.org/10.1007/s12265-022-10258-5
https://doi.org/10.1042/CS20110563
https://doi.org/10.1126/scitranslmed.aay7205
https://doi.org/10.1126/scitranslmed.aay7205
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001781
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001781
https://www.imrpress.com

ippatos G, et al. SGLT2 inhibitors in patients with heart
failure with reduced ejection fraction: a meta-analysis of
the EMPEROR-Reduced and DAPA-HF trials. Lancet (Lon-
don, England). 2020; 396: 819-829. https://doi.org/10.1016/
S0140-6736(20)31824-9.

[405] Téaubel J, Hauke W, Rump S, Viereck J, Batkai S, Poetzsch J,
et al. Novel antisense therapy targeting microRNA-132 in pa-
tients with heart failure: results of a first-in-human Phase 1b
randomized, double-blind, placebo-controlled study. European
Heart Journal. 2021; 42: 178-188. https://doi.org/10.1093/eurh
eartj/ehaa898.

[406] Batkai S, Genschel C, Viereck J, Rump S, Bér C, Borchert T, et
al. CDR132L improves systolic and diastolic function in a large
animal model of chronic heart failure. European Heart Journal.
2021; 42: 192-201. https://doi.org/10.1093/eurheartj/ehaa791.

[407] Majumdar G, Raghow R. Trichostatin A induces a unique set of
microRNAs including miR-129-5p that blocks cyclin-dependent
kinase 6 expression and proliferation in H9¢2 cardiac myocytes.
Molecular and Cellular Biochemistry. 2016; 415: 39-49. https:
//doi.org/10.1007/s11010-016-2675-4.

[408] Sung PH, Luo CW, Chiang JY, Yip HK. The combination
of G9a histone methyltransferase inhibitors with erythropoietin
protects heart against damage from acute myocardial infarction.
American Journal of Translational Research. 2020; 12: 3255—
3271.

[409] Ma W, Guo W, Shang F, Li Y, Li W, Liu J, et al. Baku-
chiol Alleviates Hyperglycemia-Induced Diabetic Cardiomy-
opathy by Reducing Myocardial Oxidative Stress via Activat-
ing the SIRT1/Nrf2 Signaling Pathway. Oxidative Medicine and
Cellular Longevity. 2020; 2020: 3732718. https://doi.org/10.
1155/2020/3732718.

[410] Colussi C, Illi B, Rosati J, Spallotta F, Farsetti A, Grasselli
A, et al. Histone deacetylase inhibitors: keeping momentum for
neuromuscular and cardiovascular diseases treatment. Pharma-
cological Research. 2010; 62: 3—10. https://doi.org/10.1016/j.ph
1rs.2010.02.014.

[411] Thakur VS, Gupta K, Gupta S. Green tea polyphenols causes
cell cycle arrest and apoptosis in prostate cancer cells by sup-
pressing class I histone deacetylases. Carcinogenesis. 2012; 33:
377-384. https://doi.org/10.1093/carcin/bgr277.

[412] LiuF, Levin MD, Petrenko NB, Lu MM, Wang T, Yuan LJ, et
al. Histone-deacetylase inhibition reverses atrial arrhythmia in-
ducibility and fibrosis in cardiac hypertrophy independent of an-
giotensin. Journal of Molecular and Cellular Cardiology. 2008;
45: 715-723. https://doi.org/10.1016/j.yjmcc.2008.08.015.

[413] Song DW, Ryu JY, Kim JO, Kwon EJ, Kim DH. The miR-
19a/b family positively regulates cardiomyocyte hypertrophy
by targeting atrogin-1 and MuRF-1. The Biochemical Journal.
2014; 457: 151-162. https://doi.org/10.1042/BJ20130833.

[414] Lee BHL. The activation and inhibition of mammalian DNA
methyltransferases: Studies with nitric oxide and procainamide
[PhD’s dissertation]. The Johns Hopkins University: Baltimore.
2007.

[415] Thangam M, Nathan S, Petrovica M, Kar B, Patel M, Loy-
alka P, et al. Procainamide-induced pulmonary fibrosis after or-
thotopic heart transplantation: a case report and literature re-
view. Cardiovascular Pathology: the Official Journal of the So-
ciety for Cardiovascular Pathology. 2015; 24: 250-253. https:
//doi.org/10.1016/j.carpath.2015.02.003.

[416] Kalantar-Zadeh K, Schwartz GG, Nicholls SJ, Buhr KA, Gins-
berg HN, Johansson JO, et al. Effect of Apabetalone on Car-
diovascular Events in Diabetes, CKD, and Recent Acute Coro-
nary Syndrome: Results from the BETonMACE Randomized
Controlled Trial. Clinical Journal of the American Society of
Nephrology: CJASN. 2021; 16: 705-716. https://doi.org/10.
2215/CIN.16751020.

&% IMR Press

[417] Mohammed SA, Albiero M, Ambrosini S, Gorica E, Karsai G,
Caravaggi CM, et al. The BET Protein Inhibitor Apabetalone
Rescues Diabetes-Induced Impairment of Angiogenic Response
by Epigenetic Regulation of Thrombospondin-1. Antioxidants
& Redox Signaling. 2022; 36: 667—684. https://doi.org/10.1089/
ars.2021.0127.

[418] Dhulkifle H, Diab MI, Algonaiah M, Korashy HM, Maayah
ZH. Apabetalone (RVX-208): A Potential Epigenetic Therapy
for the Treatment of Cardiovascular, Renal, Neurological, Vi-
ral, and Cancer Disorders. ACS Pharmacology & Translational
Science. 2024; 7: 546-559. https://doi.org/10.1021/acsptsci.3¢c
00219.

[419] Antolic A, Wakimoto H, Jiao Z, Gorham JM, DePalma SR,
Lemieux ME, et al. BET bromodomain proteins regulate tran-
scriptional reprogramming in genetic dilated cardiomyopathy.
JCI Insight. 2020; 5: e138687. https://doi.org/10.1172/jci.insi
ght.138687.

[420] Russell-Hallinan A, Neary R, Watson CJ, Baugh JA. Repur-
posing From Oncology to Cardiology: Low-Dose 5-Azacytidine
Attenuates Pathological Cardiac Remodeling in Response to
Pressure Overload Injury. Journal of Cardiovascular Pharma-
cology and Therapeutics. 2021; 26: 375-385. https://doi.org/10.
1177/1074248420979235.

[421] Cheng JC, Matsen CB, Gonzales FA, Ye W, Greer S, Marquez
VE, et al. Inhibition of DNA methylation and reactivation of si-
lenced genes by zebularine. Journal of the National Cancer Insti-
tute. 2003; 95: 399-409. https://doi.org/10.1093/jnci/95.5.399.

[422] Brueckner B, Garcia Boy R, Siedlecki P, Musch T, Kliem HC,
Zielenkiewicz P, et al. Epigenetic reactivation of tumor sup-
pressor genes by a novel small-molecule inhibitor of human
DNA methyltransferases. Cancer Research. 2005; 65: 6305-
6311. https://doi.org/10.1158/0008-5472.CAN-04-2957.

[423] Su H, Zeng H, He X, Zhu SH, Chen JX. Histone Acetyl-
transferase p300 Inhibitor Improves Coronary Flow Reserve in
SIRT3 (Sirtuin 3) Knockout Mice. Journal of the American Heart
Association. 2020; 9: €017176. https://doi.org/10.1161/JAHA
.120.017176.

[424] Morimoto T, Sunagawa Y, Kawamura T, Takaya T, Wada H,
Nagasawa A, et al. The dietary compound curcumin inhibits
p300 histone acetyltransferase activity and prevents heart failure
in rats. The Journal of Clinical Investigation. 2008; 118: 868—
878. https://doi.org/10.1172/JCI133160.

[425] Ren BC, Zhang YF, Liu SS, Cheng XJ, Yang X, Cui XG, et
al. Curcumin alleviates oxidative stress and inhibits apoptosis
in diabetic cardiomyopathy via Sirtl-Foxol and PI3K-Akt sig-
nalling pathways. Journal of Cellular and Molecular Medicine.
2020; 24: 12355-12367. https://doi.org/10.1111/jemm.15725.

[426] Hanf A, Oelze M, Manea A, Li H, Miinzel T, Daiber A.
The anti-cancer drug doxorubicin induces substantial epigenetic
changes in cultured cardiomyocytes. Chemico-biological Inter-
actions. 2019; 313: 108834. https://doi.org/10.1016/j.cbi.2019.
108834.

[427] Verigos J, Karakaidos P, Kordias D, Papoudou-Bai A,
Evangelou Z, Harissis HV, et al. The Histone Demethylase
LSD1/KDM1A Mediates Chemoresistance in Breast Cancer via
Regulation of a Stem Cell Program. Cancers. 2019; 11: 1585.
https://doi.org/10.3390/cancers11101585.

[428] Wang P, Lan R, Guo Z, Cai S, Wang J, Wang Q, et al. His-
tone Demethylase JMJID3 Mediated Doxorubicin-Induced Car-
diomyopathy by Suppressing SESN2 Expression. Frontiers in
Cell and Developmental Biology. 2020; 8: 548605. https://doi.
org/10.3389/fcell.2020.548605.

[429] Yin B, Ma Q, Zhao L, Song C, Wang C, Yu F, et al. Epigenetic
Control of Autophagy Related Genes Transcription in Pulpitis
via JMJD3. Frontiers in Cell and Developmental Biology. 2021;
9: 654958. https://doi.org/10.3389/fcell.2021.654958.

35


https://doi.org/10.1016/S0140-6736(20)31824-9
https://doi.org/10.1016/S0140-6736(20)31824-9
https://doi.org/10.1093/eurheartj/ehaa898
https://doi.org/10.1093/eurheartj/ehaa898
https://doi.org/10.1093/eurheartj/ehaa791
https://doi.org/10.1007/s11010-016-2675-4
https://doi.org/10.1007/s11010-016-2675-4
https://doi.org/10.1155/2020/3732718
https://doi.org/10.1155/2020/3732718
https://doi.org/10.1016/j.phrs.2010.02.014
https://doi.org/10.1016/j.phrs.2010.02.014
https://doi.org/10.1093/carcin/bgr277
https://doi.org/10.1016/j.yjmcc.2008.08.015
https://doi.org/10.1042/BJ20130833
https://doi.org/10.1016/j.carpath.2015.02.003
https://doi.org/10.1016/j.carpath.2015.02.003
https://doi.org/10.2215/CJN.16751020
https://doi.org/10.2215/CJN.16751020
https://doi.org/10.1089/ars.2021.0127
https://doi.org/10.1089/ars.2021.0127
https://doi.org/10.1021/acsptsci.3c00219
https://doi.org/10.1021/acsptsci.3c00219
https://doi.org/10.1172/jci.insight.138687
https://doi.org/10.1172/jci.insight.138687
https://doi.org/10.1177/1074248420979235
https://doi.org/10.1177/1074248420979235
https://doi.org/10.1093/jnci/95.5.399
https://doi.org/10.1158/0008-5472.CAN-04-2957
https://doi.org/10.1161/JAHA.120.017176
https://doi.org/10.1161/JAHA.120.017176
https://doi.org/10.1172/JCI33160
https://doi.org/10.1111/jcmm.15725
https://doi.org/10.1016/j.cbi.2019.108834
https://doi.org/10.1016/j.cbi.2019.108834
https://doi.org/10.3390/cancers11101585
https://doi.org/10.3389/fcell.2020.548605
https://doi.org/10.3389/fcell.2020.548605
https://doi.org/10.3389/fcell.2021.654958
https://www.imrpress.com

[430] Hanouskova B, Skala M, Brynychovd V, Zarybnicky T,
Skarkova V, Kazimirovéa P, et al. Imatinib-induced changes in
the expression profile of microRNA in the plasma and heart
of mice-A comparison with doxorubicin. Biomedicine & Phar-
macotherapy = Biomedecine & Pharmacotherapie. 2019; 115:
108883. https://doi.org/10.1016/j.biopha.2019.108883.

[431] Peng L, Qian M, Liu Z, Tang X, Sun J, Jiang Y, et al.
Deacetylase-independent function of SIRT6 couples GATA4
transcription factor and epigenetic activation against cardiomy-
ocyte apoptosis. Nucleic Acids Research. 2020; 48: 4992-5005.
https://doi.org/10.1093/nar/gkaa214.

[432] Zhang WB, Lai X, Guo XF. Activation of Nrf2 by miR-
152 Inhibits Doxorubicin-Induced Cardiotoxicity via Attenua-
tion of Oxidative Stress, Inflammation, and Apoptosis. Oxida-
tive Medicine and Cellular Longevity. 2021; 2021: 8860883.
https://doi.org/10.1155/2021/8860883.

[433] Tabrizi FB, Yarmohammadi F, Hayes AW, Karimi G. The mod-
ulation of SIRT1 and SIRT3 by natural compounds as a thera-
peutic target in doxorubicin-induced cardiotoxicity: A review.
Journal of Biochemical and Molecular Toxicology. 2022; 36:
€22946. https://doi.org/10.1002/jbt.22946.

[434] Wen'Y, Geng L, Zhou L, Pei X, Yang Z, Ding Z. Betulin alle-
viates on myocardial inflammation in diabetes mice via regulat-
ing Sitil/NLRP3/NF-kB pathway. International Immunophar-
macology. 2020; 85: 106653. https://doi.org/10.1016/j.intimp
.2020.106653.

[435] Arow M, Waldman M, Yadin D, Nudelman V, Shainberg
A, Abraham NG, et al. Sodium-glucose cotransporter 2 in-
hibitor Dapagliflozin attenuates diabetic cardiomyopathy. Car-
diovascular Diabetology. 2020; 19: 7. https://doi.org/10.1186/
$12933-019-0980-4.

[436] Deng Z, Yao J, Xiao N, Han Y, Wu X, Ci C, et al. DNA
methyltransferase 1 (DNMT1) suppresses mitophagy and ag-
gravates heart failure via the microRNA-152-3p/ETS1/RhoH
axis. Laboratory Investigation; a Journal of Technical Methods
and Pathology. 2022; 102: 782-793. https://doi.org/10.1038/
s41374-022-00740-8.

[437] Su X, Wang S, Zhang H, Yang G, Bai Y, Liu P, ef al. Sul-
foraphane prevents angiotensin II-induced cardiomyopathy by
activation of Nrf2 through epigenetic modification. Journal of
Cellular and Molecular Medicine. 2021; 25: 4408-4419. https:

36

//doi.org/10.1111/jcmm.16504.

[438] Kashyap S, Mukker A, Gupta D, Datta PK, Rappaport J, Ja-
cobson JM, et al. Antiretroviral Drugs Regulate Epigenetic
Modification of Cardiac Cells Through Modulation of H3K9
and H3K27 Acetylation. Frontiers in Cardiovascular Medicine.
2021; 8: 634774. https://doi.org/10.3389/fcvm.2021.634774.

[439] Jin Q, Zhu Q, Wang K, Chen M, Li X. Allisartan iso-
proxil attenuates oxidative stress and inflammation through the
SIRT1/Nrf2/NF «B signalling pathway in diabetic cardiomyopa-
thy rats. Molecular Medicine Reports. 2021; 23: 215. https:
//doi.org/10.3892/mmr.2021.11854.

[440] Kook H, Lepore JJ, Gitler AD, Lu MM, Wing-Man Yung W,
Mackay J, et al. Cardiac hypertrophy and histone deacetylase-
dependent transcriptional repression mediated by the atypical
homeodomain protein Hop. The Journal of Clinical Investiga-
tion. 2003; 112: 863—871. https://doi.org/10.1172/JC119137.

[441] Gallo P, Latronico MVG, Gallo P, Grimaldi S, Borgia F, To-
daro M, et al. Inhibition of class I histone deacetylase with
an apicidin derivative prevents cardiac hypertrophy and failure.
Cardiovascular Research. 2008; 80: 416—424. https://doi.org/
10.1093/cvr/cvn215.

[442] LiC, Miao X, Wang S, Liu Y, Sun J, Liu Q, ef al. Elabela may
regulate SIRT3-mediated inhibition of oxidative stress through
Foxo3a deacetylation preventing diabetic-induced myocardial

injury. Journal of Cellular and Molecular Medicine. 2021; 25:
323-332. https://doi.org/10.1111/jcmm.16052.

[443] KongY, Tannous P, Lu G, Berenji K, Rothermel BA, Olson EN,
et al. Suppression of class I and II histone deacetylases blunts
pressure-overload cardiac hypertrophy. Circulation. 2006; 113:
2579-2588. https://doi.org/10.1161/CIRCULATIONAHA.106.
625467.

[444] Martelli A, Piragine E, Gorica E, Citi V, Testai L, Pagnotta E,
et al. The HaS-Donor Erucin Exhibits Protective Effects against
Vascular Inflammation in Human Endothelial and Smooth Mus-
cle Cells. Antioxidants (Basel, Switzerland). 2021; 10: 961.
https://doi.org/10.3390/antiox10060961.

[445] Li Q, Qin M, Tan Q, Li T, Gu Z, Huang P, ef al. MicroRNA-
129-1-3p protects cardiomyocytes from pirarubicin-induced
apoptosis by down-regulating the GRIN2D-mediated Ca2+ sig-
nalling pathway. Journal of Cellular and Molecular Medicine.
2020; 24: 2260-2271. https://doi.org/10.1111/jcmm.14908.

&% IMR Press


https://doi.org/10.1016/j.biopha.2019.108883
https://doi.org/10.1093/nar/gkaa214
https://doi.org/10.1155/2021/8860883
https://doi.org/10.1002/jbt.22946
https://doi.org/10.1016/j.intimp.2020.106653
https://doi.org/10.1016/j.intimp.2020.106653
https://doi.org/10.1186/s12933-019-0980-4
https://doi.org/10.1186/s12933-019-0980-4
https://doi.org/10.1038/s41374-022-00740-8
https://doi.org/10.1038/s41374-022-00740-8
https://doi.org/10.1111/jcmm.16504
https://doi.org/10.1111/jcmm.16504
https://doi.org/10.3389/fcvm.2021.634774
https://doi.org/10.3892/mmr.2021.11854
https://doi.org/10.3892/mmr.2021.11854
https://doi.org/10.1172/JCI19137
https://doi.org/10.1093/cvr/cvn215
https://doi.org/10.1093/cvr/cvn215
https://doi.org/10.1111/jcmm.16052
https://doi.org/10.1161/CIRCULATIONAHA.106.625467
https://doi.org/10.1161/CIRCULATIONAHA.106.625467
https://doi.org/10.3390/antiox10060961
https://doi.org/10.1111/jcmm.14908
https://www.imrpress.com

	1. Introduction
	2. Epigenetic Factors
	2.1 DNA Methyltransferase Family
	2.2 Ten-Eleven Translocation Proteins
	2.3 Histone Deacetylases and Sirtuins Family
	2.4 Roles and Targets of Class I HDACs in Heart Diseases
	2.5 Roles and Targets of Classes II and IV in Heart Diseases
	2.6 Roles and Targets of Class III in Heart Diseases

	3. The Role of Epigenetic Factors in Cardiac Physiology: Writers, Erasers, and Readers
	3.1 Writers
	3.2 Erasers
	3.3 Readers

	4. Heart Diseases
	4.1 CVD and Arrhythmia
	4.2 Coronary Artery Disease (CAD)
	4.3 Cardiomyopathy
	4.4 Valvular Heart Disease (VHD)
	4.5 Ischemic Injury, Myocardial Infarction (MI), and Atherosclerosis
	4.6 HF
	4.7 Congenital Heart Disease (CHD)
	4.8 CH

	5. Non-Coding RNAs
	Roles of MicroRNAs in Heart Diseases

	6. Epigenetic Drugs (Epi-Drugs) in Heart Diseases
	7. Conclusions
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

