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Abstract
N6-methyladenosine (m6A) is the most abundant and prevalent epigenetic modification of mRNA in mammals. This dynamic
modification is regulated by m6A methyltransferases and demethylases, which control the fate of target mRNAs through
influencing splicing, translation and decay. Recent studies suggest that m6A modification plays an important role in the progress
of cardiac remodeling and cardiomyocyte contractile function. However, the exact roles of m6A in cardiovascular diseases
(CVDs) have not been fully explained. In this review, we summarize the current roles of the m6A methylation in the progress
of CVDs, such as cardiac remodeling, heart failure, atherosclerosis (AS), and congenital heart disease. Furthermore, we seek to
explore the potential risk mechanisms of m6A in CVDs, including obesity, inflammation, adipogenesis, insulin resistance (IR),
hypertension, and type 2 diabetes mellitus (T2DM), which may provide novel therapeutic targets for the treatment of CVDs.
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Introduction

Epigenetic modifications are regulatory mechanisms of gene
expression without changing the DNA sequence [1]. These
dynamic modifications affect a number of biological process-
es such as gene expression, protein function, biological senes-
cence, and disease occurrence [2]. Over 100 different types of
RNAmodifications were found in cellular RNAs [3], in which
N6-methyladenosine (m6A) is one of the most common and
abundant epigenetic modifications of eukaryotic mRNA in

various eukaryotic RNAs since 1974 [4, 5].Meanwhile, it also
widely exists in non-coding RNAs, including lncRNA,
miRNA, and circRNAs [6–8]. m6A is a reversible methylation
modification occurring at the nitrogen-6 position of adeno-
sine. It is catalyzed by a methyltransferase complex, which
is composed of Wilms’ tumor 1-associating protein
(WTAP), RNA-binding motif protein 15/15B (RBM15/
15B), methyltransferase-like 3 (METTL3), and 14
(METTL14), and is removed by demethylases ALKB homo-
log 5 (ALKBH5) and fat mass and obesity-associated protein
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(FTO). Moreover, it can be recognized by m6A “reader”
YT521-B homology (YTH) domain-containing protein 1/2
(YTHDC1/2) and YTH domain family 1/2/3 (YTHDF1/2/3),
and then perform a variety of biological functions. In recent
years, there is accumulating evidence that the dynamic regu-
lation of RNA by m6A may play a pivotal role in various
biological processes, such as adipogenesis, carcinogenesis,
spermatogenesis, circadian rhythms, development, and stem
cell renewal [9–13] (Fig. 1).

Cardiovascular diseases (CVDs), including cerebrovas-
cular disease, rheumatic heart disease, coronary heart dis-
ease, and other conditions, are a common threat to man-
kind today. Recent studies have revealed that m6A mod-
ification may play an important role in the progress of
CVDs, such as in the regulation of cardiac remodeling
and cardiomyocyte contracti le function [14–16].
Previous study has investigated that the lack of m6A
could lead to cardiac function abnormalities in mice
[14], which was associated with impaired cardiomyocyte
compensated hypertrophic responses. As the level of m6A
in mouse compensated hypertrophic cardiomyocytes

increases during serum-mediated hypertrophy stimulation
[14]. The study also showed that m6A-deficient mice were
more prone to cardiac function damage under serum-
induced hypertrophy stimulation [14]. Consistent with this
study, Song et al. [17] confirmed that the levels of myo-
cardial m6A were enhanced in hypoxia/deoxygenation-
treated neonatal mouse cardiomyocytes and ischemia/
reperfusion-treated mouse heart. These results indicated
that m6A modification is necessary in maintaining cardiac
homeostasis.

In this review, we will focus on the latest progress and
potential roles of m6A methylation modification in CVDs,
including atherosclerosis (AS), cardiac remodeling, heart
failure (HF), and congenital heart disease. Furthermore,
the underlying risk factors for CVDs impacted by m6A,
including adipogenesis, inflammation, embryonic stem
cell (ESC) differentiation, insulin resistance (IR), hyper-
tension, and type 2 diabetes mellitus (T2DM), will also be
discussed. Further understanding of the relationship be-
tween m6A and CVDs may provide new therapeutic strat-
egies for the treatment of CVDs.

Fig. 1 m6A methylation modification of RNA. m6A methyltransferases
and demethylases dynamically and reversibly regulate the m6A
modification level of RNA. m6A methyltransferases include METTL3/
14, KIAA1429, KC3H13, and RBM15/15B. FTO and ALKBH5 are
known as demethylases and perform a demethylation function. The

latest research suggested that FTO may have a priority role in m6Am
rather than m6A. A series of binding proteins, like YTHDF1/2/3 and
YTHDC1/2, recognize m6A-modified mRNA and exert diverse
biological functions, such as RNA translation, decay, and splicing
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Biological Roles of m6A Modification

It is well known that m6A modification has a significant im-
pact on the process of gene expression, through regulating the
degradation, splicing, export, and translation of RNA. Several
investigators have demonstrated that m6A modification levels
play an important role in numerous biological processes, in-
cluding adipogenesis, ESC differentiation, circadian rhythms,
and cell fate determination [9, 11, 13]. Furthermore, m6A
modification deficiency can lead to various diseases, includ-
ing T2DM, cancer, and developmental arrest.

m6A enzymes include methyltransferases, demethylases,
and m6A-binding proteins, and most of which are highly con-
served among eukaryotes. Meanwhile, they also involve many
important processes, and m6A enzyme deficiency can lead to
developmental and functional defects in organisms. A com-
prehensive evolutionary analysis of the composition of m6A
in 64 eukaryotes showed that methyltransferases METTL3
and METTL14 are highly conserved, although not detected
in some organisms, such asGiardia intestinalis,Dictyostelium
discoideum, and Caenorhabditis elegans [18] (Fig. 2).
METTL3 is essential for many processes, including early em-
bryonic development, ESC differentiation, and nervous sys-
tem development [19–21]. Similarly, METTL14 plays a cru-
cial role in maintaining the function of neuronal populations
[22]. Its deletion leads to abnormal embryonal and nervous
development [21, 23]. Furthermore, it has been confirmed that
WTAP is strongly conserved, and its existence was related to
METTL3 and METTL14 [18]. RBM15 is present in animals
and plants and belongs to a family of RNA-binding motif
proteins. It is involved in the process of hematopoietic differ-
entiation [24]. RBM15 depletion has been associated with
cardiovascular defects [25]. FTO is conserved in eukaryotes,
and its expression has been confirmed in acute megakaryocyt-
ic leukemia. In consistence with its role as m6A readers, YTH
domain-containing proteins usually exist in organisms with
the METTL3-METTL14-WTAP complex. Therefore, m6A
is mostly maintained among eukaryotes. Moreover, the broad
conservation of m6A enzymes among very different species
may suggest that m6A methylation modification is a profound
regulatory mechanism that occurred in the last eukaryotic
common ancestor.

m6A Methyltransferase

m6A is a reversible modification dynamically regulated by
methyltransferases and demethylases, which are also called
“writers” and “erasers.” m6A “writers” consist of METTL3/
14, KIAA1429, WTAP, zinc finger CCCH domain-
containing protein 13 (ZC3H13), and RBM15/15B [26–28].
METLL3 and METTL14 are known as core components of
the m6A methyltransferase complex [29]. Biochemical char-
acterization has revealed that METTL14 can form

heterodimers in a 1:1 ratio with METTL3 in vivo to synergis-
tically enhance the methylation ability [29]. METTL3 is a
catalytic subunit, while METTL14 is responsible for substrate
recognition. A combination of METTL3 and METTL14 in a
1:1 ratio has been first identified in recombinant proteins iso-
lated from insect cells. RNA probe assays revealed that the
METTL3-METTL14 combination displayed significantly
higher methyltransferase activity than METTL3 or
METTL14 alone [29]. These findings suggest that they have
a synergistic effect. It has been shown that METTL14 recog-
nizes histone H3 lysine 36 trimethylation (H3K36me3) mod-
ification and mediates selective m6A deposition in mRNA
[30, 31]. Although the exact mechanism of this process is
unclear, it reveals a possible vital link between H3K36me3
and m6A modification, and indicates the functional impor-
tance of METTL14 in the selective binding of m6A and its
deposition on mRNA. Besides METTL3 and METTL14, oth-
er methyltransferases, such as WTAP, ZC3H13, KIAA1429,
and RBM15/RBM15B, play key roles in the localization of
the methyltransferase complex in nuclear speckles and U-rich
regions adjacent to the m6A sites in mRNAs [27, 28, 32–34].
In addition to these, widely studied methylated methyltrans-
ferase complexes, zinc finger CCHC-type-containing 4
(ZCCHC4), METTL5, and METTL16 have also been identi-
fied as m6A methyltransferases, which can function alone and
catalyze m6A on certain structured RNAs, such as 18S rRNA,
28S rRNA, and U6 snRNA [35–39]. Recently, a novel meth-
yltransferase, PCIF1, has been found to be responsible for
methylation at the N6-position of adenosine in eukaryotic
mRNAs [40, 41]. However, PCIF1 only methylates the first
N6-position of adenosine on capped mRNAs but has no effect
on the internal m6A formation. PCIF1 regulates cap-
dependent mRNA translation through its unique methylation
function. Although the specific mechanism has not been fully
understood, it explains the influence of m6A on mRNA trans-
lation to some extent.

m6A Demethylases

m6A is demethylated by the action of demethylase. In
eukaryotes, FTO and ALKBH5 are the two most widely
known demethylation enzymes. FTO was shown to have
demethylation activity in both single-stranded DNA at
neutral pH and cellular mRNAs in vitro [42, 43].
Interestingly, a recent study by Jan et al. found that
FTO p r e f e r e n t i a l l y d eme t h y l a t e s N 6 , 2 ’ - O -
dimethyladenosine (m6Am) instead of m6A and decreases
the stability of m6Am mRNAs [44]. The mechanism of
ALKBH5 demethylation is to remove methyl groups from
m6A-methylated adenosine rather than oxidative demeth-
ylation [45]. Zheng et al. [46] reported that ALKBH5 can
co-localize with nuclear speckles, which are involved in
RNA metabolism, and the assembly of mRNA processing
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factors in nuclear speckles. This study also demonstrated
that ALKBH5 has a selective bias toward m6A within the
consensus sequence [46]. Unlike FTO, which can demeth-
ylate several different nucleotides, ALKBH5 shows de-
methylation activity only on m6A [47].

m6A-Binding Proteins

The biological function of m6A modification is regulated by
m6A-binding proteins, also called “readers,” including
YTHDF1/2/3 and YTHDC1/2. These proteins link methyl-

Fig. 2 Conservation of m6A enzymes among eukaryotes. The figure
shows detected (colored box) or not detected (dark box) components of
the m6A writers, readers, and eraser. On the left are the names of the

different organisms being tested. The numbers of YTHDC and YTHDF
family proteins are signed in the respective boxes
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selective RNA to many cellular processes and trigger m6A-
dependent regulation of pre-mRNA splicing, translation, ini-
tiation, and mRNA decay [3]. Wang et al. [48] revealed that
YTHDF1 directly interacts with initiation factors to facilitate
the translation of methylated mRNAs. In contrast, YTHDF2-
mediated degradation can regulate the lifetime of target tran-
scripts, thereby ensuring the effective production of proteins
from dynamic transcripts that are labeled with m6A. With
respect to mRNA decay, YTHDF2 can selectively recognize
m6A modification sites and promote the degradation of these
transcripts through recruiting the CCR4-NOT deadenylase
complex [12, 49]. Also, YTHDF3 promotes YTHDF1-
mediated cap-dependent translation of target mRNAs and in-
teracts with eukaryotic initiation factor 3 (eIF3), and they col-
lectively affect the distribution of methylated transcripts to
YTHDF2, thereby accelerating decay [50, 51]. Although
YTHDF1/2 proteins are identified as cytoplasmic m6A
readers, YTHDC1 is a nuclear reader. YTHDC1 impacts
mRNA splicing, which provides transcriptome-wide insights
into the changes in splicing affected by this mRNA methyla-
tion reader protein [52]. Moreover, it also exports methylated
mRNA from the nucleus to the cytoplasm, and deletion of
YTHDC1 leads to a longer residence time of nuclear m6A-
containing mRNA, accompanied by accumulation of tran-
scripts in the nucleus and subsequent depletion within the
cytoplasm [53]. Except for the YTH family, several RNA-
binding proteins such as HNRNPC, HNRNPG, and
HNRNPA2B1 also function as m6A readers binding to
m6A-modified RNAs [54–56]. m6A-dependent RNA structur-
al remodeling facilitates HNRNPC/G binding activities, there-
by regulating pre-RNA splicing [54]. HNRNPA2B1, a nucle-
ar m6A reader, enhances microprocessor protein binding with
pre-micorRNA, thus promoting micorRNA processing in an
m6A/METTL3-dependant manner [56].

m6A and CVDs

Currently, a number of studies focus on m6A and CVDs, such
as cardiac hypertrophy, AS, and HF. In different CVDs, the
effect of m6A modification is different. Here we explore the
relationship between m6A and CVDs, with a view to provide a
promising target for the treatment of CVDs.

m6A and Cardiac Remodeling

Cardiac remodeling refers to the compensatory or
decompensatory changes of heart genes, proteins, cells, and
intercellular materials under the stimulation of pathogenic fac-
tors. Emerging evidences reveal that m6A exerts an important
role in cardiac remodeling, especially in cardiac hypertrophy
and cardiac fibrosis [14, 16]. Cardiac hypertrophy, which oc-
curs at increased workload of heart, has been identified as a

common type of cardiac remodeling [57]. Cardiac hypertro-
phy plays a compensatory role for an increased workload dur-
ing early stages. However, sustained pathological hypertrophy
is an important cause of systolic dysfunction and HF [58]. In
the emerging field of transcriptome machinery, mRNA m6A
modification plays a key role in cardiac hypertrophy. For in-
stance, m6A methyltransferase METTL3 has been found to
regulate kinases and intracellular signaling pathways in the
response to cardiac hypertrophy during pressure overload
stimulation [14].

METTL3 has a direct effect on cardiac hypertrophy in an
m6A-dependent manner. In 3-month-old mice, METTL3-
mediated mRNA methylation at the level of N6-adenosine is
increased during hypertrophic stimulation, which is necessary
for the normal hypertrophic response of cardiomyocytes.
Cardiac funct ion (% frac t ional shor tening) and
cardiomyocytes size (cross-sectional area, length) measure-
ments showed that increased m6A RNA methylation leads to
compensatory myocardial hypertrophy, while reduced m6A
drives eccentric cardiomyocyte remodeling and dysfunction,
suggesting that this novel stress response mechanism is essen-
tial for maintaining normal cardiac function in the heart [14].
In addition, FTO, a widely known m6A demethylase, can
improve cardiac contractile dysfunction caused by ischemia.
This is achieved through the demethylation activity of FTO,
which can selectively demethylate cardiac contractile tran-
scripts, thereby inhibiting their degradation and improving
their protein expression under ischemia [16]. FTO also regu-
lates cardiomyocyte response during adipokine stimulation.
Gan et al. [59] have demonstrated that nuclear FTO expres-
sion in cardiomyocytes as well as the involvement of FTO
was significantly increased under adipofactor-induced cardio-
myocyte hypertrophic response in cultured neonatal rat
cardiomyocytes. Importantly, they also reported that FTO
knockdown inhibited the hypertrophic response in neonatal
rat cardiomyocytes, suggesting the important regulatory role
of FTO in cardiac hypertrophy.

Cardiac fibrosis is a common pathological force in numer-
ous CVDs, characterized by pathological activation of cardiac
fibroblasts and excessive accumulation of extracellular matrix
(ECM) in the affected tissue [60, 61]. As one of the most
important methylation enzymes, METTL3-dependent m6A
modification has been shown to regulate the progression of
cardiac fibrosis, due to its important influence on the methyl-
ation level of fibrosis-related transcripts [62]. The studies in-
dicated that overexpression METTL3 promoted cardiac fibro-
sis and transdifferentiated fibroblasts into myofibroblasts,
while enhance extracellular matrix production in vitro [62].
Similarly, in the cardiac fibrotic mouse model, knockdown
of METLL3 can effectively inhibit the progression of cardiac
fibrosis [62]. Consistent with these results, a study of the m6A
demethylase FTO also demonstrated that decreasing the level
of m6A methylation effectively reduced cardiac fibrosis in
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mouse model of myocardial infarction [16]. These evidences
indicated the vital role of m6A in cardiac fibrosis, and reduc-
ing the level of m6A methylation is expected to become a new
molecular target for controlling fibrosis. We can hypothesize
that m6A-dependent regulation of fibrosis, including RNAs
splicing, translation, and degradation, maybe the potential
novel mechanisms of epigenetics or epitranscriptomics in car-
diac fibrosis [16] though the exact mechanisms and signal
pathway require to be further investigated.

m6A and AS

AS is characterized by the thickened and hardened lesions,
which are composed of lipids and calcifications in the intima
and media of arteries [63]. It is a chronic systemic inflamma-
tory disease that causes serious clinical complications and
high mortality worldwide. Recently, a large number of re-
searches suggested that m6A has a major effect on the progress
and proliferation of AS. The development of AS begins with
dysfunction and inflammation of vascular endothelial cells.
By detecting the cardiovascular endothelial cells of the AS
patients, Zhang et al. [64] found that METTL14, as a methyl-
ase, promotes the production of mature miR-19a via increas-
ing the expression of m6A on miR-19a, thereby accelerating
the invasion and proliferation of cardiovascular endothelial
cells. This study provides new insights into the pathogenesis
of AS. Moreover, it has been confirmed that METTL14
knockdown significantly represses TNF-α-induced endothe-
lial cell inflammation by PI3K-Akt and TNF signaling path-
ways in human endothelial cells [65]. Subsequent in vivo ex-
periments revealed that METTL14 gene knockout can inhibit
AS plaque development in an m6A-dependent manner in
METTL14 knockout mice [65]. Pyroptosis as a new modality
of inflammatory programmed cell death and has been shown
to be closely associated with AS. Decreasing m6A modifica-
tion level on circ_0029589 can increase its expression, thus
promoting inflammation and macrophage pyroptosis in pe-
ripheral blood mononuclear macrophages of patients with
AS [66]. From what has been discussed above, these studies
indicate that m6A influences the AS process and development
through its regulation of cardiovascular endothelial cell func-
tion, endothelial cell inflammation, and macrophage
pyroptosis (Fig. 3).

m6A and HF

HF refers to when the blood supply from the heart is not able
to supply the needs of the peripheral tissues [67]. HF contains
two major subtypes: HF with preserved ejection fraction
(HfpEF, EF≥50%) and HF with reduced ejection fraction
(HfrEF, EF≤40%). The pathophysiological basis of HFpEF
remains unclear. Recent investigations have shown that sys-
temic low-level inflammation is a key etiology of HfpEF, and

it can aggravate microvascular dysfunction and oxidative
stress associated with metabolic syndrome [68, 69]. It has
been demonstrated that m6A modification can reduce the in-
flammation level in mouse macrophages and human dental
pulp cells (HDPCs) via inhibiting inflammation signaling
pathways [70, 71]. This shows that m6A may prevent the
occurrence of HfpEF.

HfrEF features reduced left ventricular systolic function.
Recent research has demonstrated that m6A modification
drives eccentric cardiomyocyte remodeling and accelerates
the degradation of cardiac contractile transcripts that lead to
cardiac dysfunction and HfrEF [14, 17]. Cardiomyocyte-
specific deletion of FTO in mice results in a faster progression
of HF with marked decrease in ejection fraction and enhanced
dilatation [72]. Importantly, Mathiyalagan et al. [16] demon-
strated that improving FTO expression in failing mouse hearts
can alleviate the ischemia-induced increase in m6A and de-
crease in cardiac contractility. This is carried out by the de-
methylation activity of FTO, which can selectively demethyl-
ate cardiac contractile transcripts to prevent their degradation
and improve protein expression under ischemia [16]. This
conclusion is consistent with previous results that m6A affects
protein abundance but does not alter mRNA expression levels,
indicating a translation regulatory mechanism independent of
transcription. These results provide a hypothesis that m6A, as
an epigenetic modification, could regulate the progression of
HfrEF by affecting the transcription process of the associated
myocardial transcript without affecting the translation.

m6A and Congenital Heart Disease

Congenital heart disease is defined as an abnormality in
gross cardiac anatomy that occurs in the uterus and rep-
resents the most common congenital anomaly groups [73,
74]. It contains left-to-right shunts (e.g., atrial septal de-
fects, ventricular septal defects, and patent ductus
arteriosus) and cyanotic congenital heart defects, such as
tetralogy of Fallot. These heterogeneous disorders exist
separately or as part of a more complex deformity [74].
ESCs are types of stem cells derived from the inner cell
mass of the preimplantation embryo. They have the ability
of self-renewal and the ability to differentiate into all cell
types after injection into the blastocyst, including neural
cells, pancreatic beta-cells, and cardiomyocytes [75, 76].
Fuegemann et al. [77] have demonstrated that mouse
ESCs can differentiate into different cardiac subtype (nod-
al-like cells, atrial- and ventricular-) in vitro models.
ESCs committed toward the cardiac lineage have been
demonstrated to play a crucial role in the early stages of
heart development in a mouse model [77]. In addition,
stem cell therapy has offered a promising treatment strat-
egy for congenital heart disease patients in recent years.
Rupp et al. [78] showed that stem cell transplantation
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improves left ventricle function and cardiac remodeling.
These reports elucidated that ESCs play a crucial role in
both the normal heart development and the treatment of
congenital heart disease. It has been revealed that as a
widespread co-transcriptional modification, m6A can in-
fluence ESC directed differentiation [79]. This provides
a hypothesis that m6A can regulate the occurrence of con-
genital heart disease via ESC differentiation.

Atrial and ventricular septal defects are the most common
congenital diseases caused by cardiac developmental defects.
Notably, cardiomyocytes derived from ESCs are important for
maintaining normal heart development and function. A recent
study demonstrated that METTL3 and appropriate m6A depo-
sition are necessary for directed differentiation of mouse ESCs
into cardiomyocytes [80]. Only 3% of METTL3 knockout
colonies of two independent clones generated beating
cardiomyocytes, while the wild-type cells could produce beat-
ing cardiomyocytes in 50% of colonies in directed differenti-
ation of mouse ESCs in vitro [80]. In addition to METTL3,
METTL14 and WTAP also belong to methyltransferases that
catalyze m6A RNA modification in ESCs. It has been shown
that depletion ofMETTL14 results in decreased levels of m6A
modification in ESCs, increased expression of developmental
regulators, and reduced self-renewal capability of ESCs [33].
Similar toMETTL14 knockdown, knockdown of Zc3h13 also
significantly reduces m6A methylation, impairs self-renewal,
and triggers differentiation in ESCs [27]. These studies con-
firmed that m6A plays a crucial role in the differentiation of
ESCs into cardiomyocytes, which is very important for

maintaining the normal development and function of the heart.
Absence of m6A expression may induce the occurrence of
atrial and ventricular septal defects.

In addition, stem cell therapy has offered a promising treat-
ment strategy for congenital heart disease patients in recent
years. Numerous studies indicated that ESC transplantation
effectively improves the function of damaged cardiomyocytes
and left ventricle function [78, 81, 82]. Therefore, m6A mod-
ification may be useful for the prevention and treatment of
congenital heart disease.

Effects of m6A on the CVD-Related Risk
Factors

The CVD-related risk factors, such as obesity, inflammation,
adipogenesis, and IR, contribute to the development of CVDs.
Therefore, the impact of m6A on these CVD-related risk fac-
tors may help us to understand the exact mechanism of the
effects of m6A on CVDs (Fig. 4).

Obesity

Obesity often is defined as a body mass index (BMI) of ≥30
kg/m2. The association between severity of obesity and car-
diometabolic risk factors has been observed even at early
stages in life [83]. Obesity is generally regarded as a major
and independent risk factor for CVDs, such as hypertension,
atrial fibrillation, and HF [84, 85]. Accumulating evidences

Fig. 3 The role of m6A modification in AS. m6A modification facilitates
invasion and proliferation of cardiovascular endothelial cells by
increasing the production of mature miR-19a. Furthermore, m6A
promotes endothelial cell inflammation via accelerating the
inflammation-associated signaling pathways, such as the PI3K-Akt and

TNF signaling pathways, thereby inhibiting atherosclerotic plaque devel-
opment. In addition, m6A also represses the expression of circ_0029589,
thus promoting macrophage pyroptosis in peripheral blood mononuclear
macrophages of AS patients
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suggest that the prevalence of hypertension in overweight and
obese patients is much higher than that in slim subjects
[86–88]. The link between hypertension and the incidence of
left ventricular hypertrophy has been well established and
confirmed bymultiple imaging modalities, including echocar-
diography, electrocardiogram, and cardiac magnetic reso-
nance imaging [89]. Hypertension appears to promote left
ventricular hypertrophy in a dose-dependent fashion with
even prehypertensive patients at risk for remodeling [89,
90]. Furthermore, the prevalence of cardiac hypertrophy, in-
cluding left ventricle geometric abnormalities and concentric
left ventricular hypertrophy, is markedly increased in obese
patients [59, 86].

People who carry FTO risk alleles usually have a high
BMI, which may be owing to reduced food satiety and in-
creased food intake, rather than energy expenditure [91, 92].
Several lines of evidence suggest that the strong association
between FTO single nucleotide polymorphisms (SNPs) in in-
tron 1 and overweight/obesity may be due to their potential
effect on the expression of RPGRIP1L, IRX3, and IRX5,
rather than the effect on FTO expression [92–95]. However,
it has also been reported that such FTO SNPs are related to
enhanced FTO expression [96, 97]. Moreover, the in vivo
experiments showed that mice lacking FTO develop postnatal
growth delay and have a decrease in both lean body mass and
adipose tissue [98]. In contrast, FTO overexpression in mice
can lead to obesity due to enhanced food intake [99], suggest-
ing a crucial role of FTO in obesity. More importantly, as an

m6A demethylase, it has been confirmed that the FTO obesity-
risk allele (rs9939609 T/A) is related to decreased m6A ghrel-
in mRNA methylation and increased FTO expression [96].
Liu et al. [100] have demonstrated that inhibition of the ex-
pression of FTO increased m6A methylation levels and re-
duced the occurrence of obesity as well as CVDs. These re-
sults suggest that obesity plays a pivotal role in m6A-mediated
CVD development.

Inflammation

Inflammation has been regarded as an immune response to
tissue injury, harmful stimuli, or infection that protects the
body against various pathogens and then restores homeostasis
[101]. However, unresolved inflammation due to the inability
to accurately control the immune response may result in
changes in the expression of cancer-related genes, as well as
posttranslational modifications of cellular proteins involved in
DNA repair, cell cycle, and apoptosis, thereby promoting the
development of cancer [102]. It is well known that prolonged
and excessive inflammation triggers immune disorders and
causes excessive tissue damage [103]. Inflammation has been
reported to be involved in the development of various dis-
eases, including diabetes, arthritis, CVDs, and cancer [104,
105]. In the cardiovascular system, inflammation is a common
basis for the pathological and physiological changes in the
occurrence and development of AS. Endothelial cells are ac-
tivated to increase inflammatory cytokines, triggering the

Fig. 4 Roles of m6A enzymes in the CVD-related risk factors. FTO
enhances the occurence of obesity by increasing food intake. METTL3
and YTHDF2 inhibit inflammation response via repressing related sig-
naling ways. METTL3 inhibits NF-κB and MAPK pathways, while
YTHDF2 inhibits p65, p38, and ERK pathways. For adipogenesis, m6A
methylases and demethylase have opposite effects on it. Methylases
METTL3, METTL14, and WTAP promote the protein expression of

CCNA2 and then accelerate adipogenesis. On the contrary, demethylase
FTO decreases the expression of CCNA2 and CDK2, and then inhibits
adipogenesis. In addition, m6A-binding protein YTHDF1 inhibits adipo-
genesis via increasing the expression of PNPLA2. METTL3 enhances
fatty acids and subsequently promotes IR. FTO enhances the level of
triglycerides and cholesterol, and subsequently promotes IR. :
Promote : Inhibit

864 J. of Cardiovasc. Trans. Res. (2021) 14:857–872



inflammatory response that is the mechanism of early AS
[106, 107]. In advanced AS, a large number of inflammatory
cytokines and macrophages infiltrate the vascular wall, secrete
matrix metalloproteinases, and degrade collagen fibers in the
extracellular matrix of the plaque, triggering plaque rupture,
platelet aggregation, and thrombosis [108]. A number of stud-
ies have shown that anti-inflammatory treatments significantly
reduced the development of atherosclerotic plaques in differ-
ent animal models [109–111].

The RBP tristetraprolin (TTP) plays a crucial role in the
control of inflammatory response by facilitating the degrada-
tion of pro-inflammatory cytokine mRNAs [112, 113].
YTHDF2 is anm6A-binding protein and its expression pattern
is similar to TTP. YTHDF2 regulates mRNA stability by
binding to a G (m6A) C consensus site of m6A, thereby affect-
ing biological processes. Recently, Yu et al. [70] found that in
the LPS-stimulated inflammatory response of RAW 264.7
murine macrophages, the YTHDF2 mRNA level was mark-
edly elevated during the first 6h and then decreased. More
than that, the authors also demonstrated that YTHDF2 de-
creases inflammatory cytokine expression via the p38, p65,
and ERK signaling pathways in RAW 264.7 murine macro-
phages. Moreover, the m6A “writer” METTL3 has recently
been revealed to play a key role in the regulation of inflam-
mation. Feng et al. [71] reported that METTL3 can inhibit the
inflammatory response under LPS stimulation through sup-
pressing the MAPK and NF-κB signaling pathways in
HDPCs. Based on these evidences, we can hypothesize that
m6A affects CVDs, including AS, cardiac hypertrophy, and
HF, by regulating inflammatory response signaling pathways.

Adipogenesis

Adipogenesis is an important factor that decides the adipose
content inside the body. Effective isolation of lipids to prevent
lipotoxicity in other tissues, such as liver, muscle, and heart, is
crucial for maintaining metabolic homeostasis. Adipose tissue
plays a crucial role in the innate immune system, far more than
just an inert mass of energy storage [114]. However, when
there is a disruption of adipogenesis, hypertrophic adipocytes
lose their functional activities and adiponectin production
[115], which increases the risk of AS.

Adipogenesis is a highly coordinated process regulated by
extracellular signals and transcriptional cascades [116].
Numerous studies have shown that m6A is widely involved
in regulating various aspects of adipogenesis. Kobayashi et al.
[117] showed that the RNA N6-adenosine methyltransferase
complex, which is composed of WTAP, METTL14, and
METTL3, positively regulates adipogenesis by facilitating
cell cycle transition in mitotic clonal expansion (MEC) during
adipogenesis in 3T3-L1 cells. Deletion of each of these three
proteins results in impaired adipogenesis and cell cycle arrest
associated with inhibition of cyclin A2 (CCNA2)

upregulation during MEC [117]. Furthermore, FTO has also
been shown to have a negative effect on adipogenesis by re-
lying on m6A. FTO can control the splicing of adipogenic
regulatory factor RNA bymodulating the level of m6A around
the splicing site, thus affecting the differentiation of
preadipocytes [118]. More than that, Wu et al. [119] showed
that FTO knockdown suppressed adipogenesis by decreasing
protein expression of cyclin-dependent kinase 2 (CDK2) and
key cell cycle regulators, in an m6A-YTHDF2-dependent
manner. This paper demonstrated a key role of FTO/m6A/
YTHDF2 signaling in adipogenesis in 3T3-L1 cells [119].
As a homology of YTHDF2, Wang et al. [120] showed that
m6A promotes the translation of patatin-like phospholipase
domain containing 2 (PNPLA2) and increases protein expres-
sion through YTHDF1, thus suppressing adipogenesis in
Landrace and Jinhua pigs.

In addition to the effect of m6A itself on adipogenesis,
many RNA or protein effects on lipid formation also need to
be realized through m6A. Mitochondrial carrier homology 2
(MTCH2) protein expression was positively correlated with
m6A levels. It promotes adipogenesis in porcine intramuscular
preadipocytes by an m6A-YTHDF1-dependent mechanism
[121]. Epigallocatechin gallate (EGCG) enhances the induc-
tion of CCNA2 and CDK2 through YTHDF2 and FTO-
induced adipogenesis inhibition in 3T3-L1 cells [122]. Zinc
finger protein 217 (Zfp217) regulates m6A mRNA methyla-
tion through transcriptional activation of them6A demethylase
FTO, thus facilitating adipogenesis [123]. But interestingly, a
subsequent study showed that ZFP217 increases the expres-
sion of the m6A methyltransferase METTL3, which
upregulates the level of m6A and accelerates adipogenesis in
3T3-L1 cells [124]. These data suggest a new mechanism by
which m6A influences AS by regulating adipogenesis.

IR

IR can be defined as decreased tissue responsiveness to insulin
with increased production of insulin to provide a normal bio-
logical response [125]. A clinical investigation showed an
increased prevalence of CVDs in the IR subset of patients with
prediabetes mellitus despite fasting plasma glucose concentra-
tions that are not different from the non-IR patients, and re-
vealed the important role that differences in IR play in modu-
lation of CVD risk in nondiabetic subjects [126]. A meta-
analysis revealed that IR, evaluated by Homeostasis Model
Assessment (HOMA), was a better predictor of CVD events
than fasting levels of insulin or glucose in adults without dia-
betes mellitus [127]. Based on HOMA, a 1-unit increase in IR
is associated with a 5.4% increase in CVD risk [128]. In ad-
dition, IR causes pathophysiological abnormalities, which ad-
versely affect the structure and function of the heart [129]. IR-
induced reactive oxygen species plays a causal role in left
ventricular remodeling and myocardial dysfunction [129].
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Moreover, 50% of normotensive, asymptomatic IR patients
have diastolic dysfunction, which may lead to a 4- to 8-fold
increase in the risk of HF and other myocardial dysfunctions
that usually progress to sudden death [130]. In addition, IR is
highly prevalent among nondiabetic patients with HF in com-
parison with healthy patients and is related to reduced exercise
capacity in patients with HF [131].

Previous studies have elucidated the important roles of
m6A methylase METTL3 and demethylase FTO in the regu-
lation of IR [132–134]. Xie et al. [132] revealed that the IR
index is positively correlated with the m6A level and
METTL3 expression in the liver tissue of patients with type
2 diabetes, compared with nondiabetes subjects. Moreover,
the authors also found that hepatocyte-specific deletion of
METTL3 in mice decreased the m6A methylation and im-
proved insulin sensitivity, which revealed the key roles for
METTL3-mediated m6A methylation in IR [132]. Iskandar
et al. [133] demonstrated that FTO rs9939609 gene contribut-
ed to a higher HOMA-IR index in type 2 diabetes, and it was
significantly positively correlated to the familial history of
diabetes. These results are novel and support a key role of
m6A RNA methylation in the development of IR and HF,
and point that m6A can be an effective therapeutic strategy
for HF.

Hypertension

Hypertension is a long-term increase in blood pressure (BP) in
the arteries. It is a serious chronic disease since persistent high
BP negatively affects target organs such as the heart and kid-
ney. It is known that hypertension is an important risk factor
closely related to CVDs [135]. Mo et al. showed that m6A
plays a crucial role in the regulation of BP [136]. Genetic
variation influences m6A expression by altering the RNA se-
quence of target sites, which is called m6A-associated SNP
[137]. Many m6A-associated SNPs, including rs9847953
and rs197922, affect related gene expression (e.g., C1orf167,
DOT1L), resulting in effect BP [136].

In spontaneously hypertensive rat pericytes, m6A ex-
pression levels and distribution sites are different from
those in Wistar Kyoto pericytes [138]. The study revealed
that compared with Wistar Kyoto rat pericytes, the m6A
methylation level of spontaneously hypertensive rat
pericytes reduced, meaning that m6A meth ylation was
altered when hypertension occurred. In addition, m6A se-
quencing and gene ontology enrichment analysis found
that the increase m6A peaks in hypertensive rat pericytes
were mainly associated with inflammatory response, RNA
methyltransferase activity, and proximal tubule develop-
ment. These findings may allow an illustration of the un-
derlying mechanism of hypertension in the perspective of
m6A modification.

T2DM

T2DM is a common metabolic disease, characterized by dis-
order of glucose metabolism and hyperglycemia. As an inde-
pendent risk factor for CVDs, T2DM causes a variety of car-
diovascular complications, and more importantly, increases
mortality in people with cardiovascular disease [139]. In view
of the critical role of environment and lifestyle in T2DM,
epigenetic modifications that change under environmental
stimuli are likely to have special significance [140]. As a
widespread epigenetic modification in eukaryotic RNAs, the
lower level of m6A has been found and associated with in-
creased FTO expression but not ALKBH5 expression in
T2DM patients [141]. FTO mRNA expression was signifi-
cantly enhanced in response to high glucose stimulation, thus
reducing the m6A content [142]. These results suggest that
m6A is vital for blood glucose regulation and T2DM, and
we note that this may be related to the regulation of m6A on
the insulin secretion, IR, and liver gluconeogenesis [142,
143].

A study of islet cells in people with T2DM showed that
m6A was significantly reduced in β-cells, rather than α-cells,
which provided an evidence for m6A to control cell insulin
secretion [143]. Subsequent gene ontology revealed that m6A
was widely present in the insulin secretion-related genes
[143]. More importantly, further pathway analyses indicated
that lowm6A downregulated insulin/IGF1–AKT–PDX1 path-
way, which is crucial in insulin secretion, thus impaired insu-
lin secretion [143]. Moreover, FTO positively regulates
gluconeogenic-related genes, such as glucose-6-phosphatase
catalytic subunit (G6Pc) and forkhead box O1 (FOXO1), in
m6A-dependent manner. In T2DM human, decreased m6A
promoted hepatic gluconeogenesis, leading to elevated blood
glucose through decreasing the expression of gluconeogenic-
related genes [142]. These suggest that m6A act as an impor-
tant role in T2DM, and low m6A may serve as a new potential
biomarker for T2DM, which needs further confirmation.

Effects of N6-methyladenine DNA
modification on CVDs

DNA methylation is an important component of epigenetic
modifications involved in regulation of many disease process-
es. The most well-characterized type of DNA methylation in
eukaryotes is 5-methylcytosine (5mC). Contrarily, N6-
methyladenine DNA (6mA) modification is identified as the
most common DNA modification in prokaryotes.
Importantly, several lines of evidence have demonstrated that
6mA modification is widely present in the human genome,
particularly in the mitochondria, in which (G/C) AGG (C/T)
is the most significantly associated motif with 6mA modifica-
tion [144, 145]. ALKBH1 and N-6 adenine-specific DNA
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methyltransferase 1 (N6AMT1) have been identified as the
demethylase and methyltransferase for 6mA modification in
human cells, respectively [144].

Zhang et al. [146] explored epigenetic modifications in
the cardiovascular system and found that DNA methyla-
tion and demethylation are important factors involved in
cardiovascular aging and CVDs. Numerous studies have
shown that the risk factors of CVDs, such as obesity,
inflammation, smoking, and IR, can lead to dysregulation
of DNA methylation [147–150]. A longitudinal study of
11461 participants from population-based cohorts has
shown that the methylation quantitative trait loci
(meQTL) promote gene expression, demonstrating a po-
tential causal relationship between DNA methylation and
the occurrence of coronary heart disease/myocardial in-
farction [151]. A recent study by Guo et al. found that
decreased 6mA modification is implicated in the develop-
ment of hypertension [152]. Elevated ALKBH1 expres-
sion is responsible for reduced 6mA DNA level in
VSMCs both in vitro and in vivo hypertension models
[152], suggesting a potential epigenetic role for
ALKBH1-6mA regulation in the development of CVDs.
In addition, several investigators have investigated that
levels of global NA methylation are significantly elevated
in human AS plaques (Methylation of the estrogen recep-
tor gene is associated with aging and atherosclerosis in
the cardiovascular system), indicating a close relationship
between DNA methylation and AS. Taken together, these
findings suggest that methylation modification of DNA in
blood vessel cells and mitochondria plays an important
role in CVDs, which may be due to the influence of
6mA modification on the generation of related lncRNAs
and miRNAs.

Conclusion and Future Perspectives

m6A research has revealed potential links between this
epigenetic modification and CVDs. m6A has a wild range
of effects on obesity, adipogenesis, inflammation, ESC
differentiation, IR, hypertension, and T2DM. These may
explain the mechanisms via which m6A affects the devel-
opment of CVDs, including cardiac remodeling, AS, HF,
and congenital heart disease.

However, m6A research is a relatively new field and
many problems are still unexplained. At present, studies
of the effects of m6A methylases on CVDs mainly focus
on METTL3. The role of other enzymes that also have
methylat ion act ivi ty and are even homologs of
METTL3, such as METTL14 and WTAP, in CVDs is still
not clear. Similarly, the role of m6A demethylases belong-
ing to the AlkB family in the development of CVDs is
unknown, besides FTO. In addition to this, m6A has been

reported to enhance the endothelial cell-induced angio-
genic response in an animal model [16]. When endothelial
cells are dysfunctional, their mediated angiogenic re-
sponse is reduced, thereby contributing to HF [153,
154]. Whether endothelial cell dysfunction is a potential
pathological mechanism linking m6A and CVDs is still
unknown. Our paper has provided a hypothesis that m6A
may influence the development of congenital heart dis-
ease by affecting stem cell differentiation, but there is still
no direct evidence for the role of m6A in congenital heart
disease. Moreover, a recent study confirmed that tran-
scripts of Ca+2-handling SERCA2a and RYR2 were
hypermethylated in the failing human hearts’ left ventricle
tissue [16]. However, it is not completely clear whether
m6A can regulate the cardiac calcium pathway or even
cause arrhythmia, and more studies are needed to prove
it. In the future, a more in-depth exploration of m6A
methylation modification may provide a novel therapeutic
strategy for CVDs.
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