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Abstract

Type 2 diabetes (T2D) and cardiovascular diseases (CVD), part of the metabolic syndrome (MetS), are major
contributors to the global health crisis today. A recent report from the World Health Organisation estimates that
17.9 million lives are lost each year to CVD, and one-third of these are premature. The international diabetes
federation estimates that around 537 million adults aged between 20 and 79 years are living with diabetes.
People with diabetes are suggested to have twice the risk of developing CVD. Epigenetic modifications are

being increasingly recognised as the key mediators linking genetic and environmental conditions to metabolic
dysfunction. Among these, DNA methylation plays a crucial role in modulating gene expression and influencing
pathways involved in glucose homeostasis, inflammation, and vascular integrity. Despite the advances in our
understanding of the role of epigenetic alterations in metabolic diseases, including that of T2D, the mechanisms
driving selective methylation changes and their long-term impact on cardiovascular health are still not well
understood. This review synthesises the current knowledge on DNA methylation dynamics in T2D and their role
towards the progression of CVD and explores their potential as biomarkers and therapeutic targets. Understanding
the interplay between metabolism and epigenetics in the pathogenesis of T2D and CVD could provide critical
insights for early disease identification and the development of novel epigenome-targeted therapeutic strategies.
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Introduction

Metabolic syndrome (MetS) is a major global public
health concern and clinical challenge because it involves
a cluster of risk factors which are associated with each
other and significantly increase the incidence of devel-
oping type 2 diabetes (T2D), cardiovascular diseases
(CVD), obesity and other health complications such as
chronic kidney disease and hepatic steatosis [1]. Varia-
tions in genetic, epigenetic and environmental factors
contribute to changes in physiological, biochemical,
and clinical parameters, resulting in the development of
metabolic diseases [2]. Out of the various metabolic dis-
eases, T2D is of special importance because of its high
incidence and its alarmingly high increase rate globally.
According to the International diabetes federation (IDF),
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in 2021, globally, 537 million adults were said to be suf-
fering from diabetes, and it is predicted to reach 783 mil-
lion by the year 2045 (https://idf.org/about-diabetes/diab
etes-facts-figures/). T2D is marked by insulin resistance
and dysfunction of pancreatic -cells resulting from per-
sistent hyperglycemia [3]. Predominantly, there are three
types of diabetes, viz, type 1 diabetes (T1D), T2D, and
gestational diabetes mellitus (GDM). T1D is character-
ised by a deficiency in insulin production and is caused
by autoimmune destruction of the pancreatic islets. T2D
is the most common type of diabetes caused by multiple
factors and is characterised by insulin resistance and
subsequent reduction in insulin production. GDM is
induced in females during pregnancy and is characterised
by glucose intolerance during pregnancy [4].
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People with diabetes are two to three times more likely
to develop cardiovascular diseases (CVD) compared to
non-diabetic individuals [5], including conditions such
as coronary heart disease, cardiomyopathy, stroke, and
peripheral arterial disease [6]. High blood sugar lev-
els can damage blood vessels and the heart over time,
contributing to the buildup of plaques in the arteries,
which leads to atherosclerosis, restricting blood flow
and increasing the likelihood of heart-related complica-
tions [7]. In addition to the fact that T2D and CVD share
many common pathophysiological factors (such as insu-
lin resistance, inflammation, oxidative stress, hypercoag-
ulability, high blood pressure, dyslipidemia, and obesity)
[8], it has also been suggested that the gene regulatory
pathways which are associated with the development
or altered in T2D also contribute to the development of
CVD in T2D patients. In this review article, we discuss
the role of epigenetic changes that are associated with
T2D and CVD. As opposed to the different reviews that
examine various epigenetic mechanisms of T2D or CVD,
this article provides a more focused exploration of DNA
methylation as a common link or a possible biomarker
between the two diseases. It highlights the overlapping
methylation patterns in important genes and the asso-
ciated pathways involved in both metabolic and vascu-
lar dysfunction. By incorporating the recent findings of
common DNA methylation signatures, this review offers
valuable insights into the shared pathophysiology of T2D
and CVD.

Methodology
We carried out a search of the PubMed database to
find articles that were relevant to our research question
using the keywords along with Boolean operators (DNA
methylation, Type 2 Diabetes, Cardiovascular diseases,
DNMTs, Insulin signaling, Insulin resistance, heart fail-
ure, myocardial infarction, cardiomyopathy, inflamma-
tion, coronary heart disease). We screened the titles
and the abstracts of the results to check for relevance. A
review of the full texts followed this based on how closely
they related to the topic, their scientific quality, and
how well they addressed the key points of our research
question.

Since this is a literature review and does not involve any
new data collection or interaction with human or animal
subjects, ethics committee approval was not required.

Epigenetic changes associated with T2D and CVD

Epigenetic modifications are reversible and sometimes
heritable changes in gene expression without changes
in the underlying sequence of DNA. Epigenetic regu-
latory changes link environmental factors by making
subtle changes in the expression of genes, contribut-
ing to development, differentiation, and maintaining
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homeostasis [9]. Changes in epigenetic modifications,
which are induced by environmental and genetic fac-
tors, contribute to the development of various diseases,
including metabolic diseases, T2D and CVD. The key
mechanisms through which epigenetic regulation takes
place are DNA methylation, histone modifications,
and non-coding regulatory RNAs [10]. DNA methyla-
tion is a chemical modification of DNA where a methyl
group is added to the DNA molecule at cytosine bases.
DNA methylation leads to altered gene expression by
silencing genes. A methylation quantitative trait locus
(mQTL) is a genetic variant associated with differences
in DNA methylation levels at specific CpG sites. These
may function as genetic determinants of the epigenome,
linking genotype to epigenetic regulation of gene expres-
sion. Histone modifications are chemical changes in the
histone proteins which can influence chromatin struc-
ture and gene expression by making DNA more or less
accessible to the transcriptional machinery. Non-coding
regulatory RNAs are RNA molecules that do not code for
proteins but play key roles in regulating gene expression
[10]. Regulatory RNAs are considered a broader part of
epigenetic regulation. They interact with the genome by
different mechanisms, including binding to specific DNA
regions through complementary sequences or associated
proteins. Through these interactions, IncRNAs can serve
as agents that recruit epigenetic modifiers such as DNA
methyltransferases, histone-modifying enzymes, and
chromatin-remodelling complexes to specific genomic
locations, establishing and maintaining tissue-specific
epigenetic landscapes [11, 12].

Epigenetic regulatory factors also interact with one
another, i.e. changes in DNA methylation can influence
histone modifications, regulatory RNAs and vice versa.
These alterations, along with the subsequent recruit-
ment of specific regulatory molecular complexes, mod-
ify gene transcription by altering chromatin structure,
thereby making regulatory DNA elements either more or
less open and resulting in the activation or repression of
genes and associated regulatory pathways [13]. Epigen-
etic mechanisms, like DNA methylation, histone modifi-
cations, and non-coding RNA interactions, play a critical
role in the development of cardiovascular diseases in
diabetic patients. These mechanisms induce significant
changes in gene expression, which eventually lead to
defects in the cardiovascular system. For example, pro-
longed exposure to hyperglycemia can cause persistent
epigenetic modifications, resulting in continuous activa-
tion of pro-inflammatory pathways that cause vascular
inflammation and atherosclerosis [14].

DNA methylation changes associated with T2D and CVD
Although DNA methylation was discovered in mammals
in 1948 by Rollin Hotchkiss, its role in gene regulation
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was discovered only during the 1980s [15]. Compared
to histone modifications, DNA methylations are more
stable and are inherited in successive cell divisions and
across generations [16]. In vertebrates, DNA methyla-
tion occurs predominantly at the CpG sites. It has been
suggested that there are about 29 million CpG sites in
the human genome, and out of these, about 60-70% are
suggested to be methylated [16]. However, most of the
CpG islands, where higher repeats of CpG nucleotides
are seen, are non-methylated. The enzymes that catalyse
DNA methylation reactions are known as DNA methyl-
transferases (DNMTs). The Methyltransferase domain
of DNMTs catalyses the transfer of a methyl group from
S-adenosylmethionine (SAM) to the 5th carbon of the
cytosine ring in CpG dinucleotides (Fig. 1). DNMT3a
and DNMT3b are de novo DNMTs because they add
new methylations to the unmodified DNA. The methyl-
transferase DNMT1 copies the parental methylation pat-
terns to the newly synthesised DNA from the parental
DNA during DNA replication. DNMTT1 is also involved
in repairing DNA methylation, and for these reasons,
DNMT1 is also known as the maintenance DNMT.
DNMTS3L is a non-catalytic member of the DNMT fam-
ily that lacks the methyltransferase domain found in
other DNMT enzymes. It is primarily expressed during
early development and remains localised to germ cells
and the thymus in adults. While it does not have catalytic
activity, Dnmt3L interacts with Dnmt3a and Dnmt3b
and enhances their methyltransferase functions. Termi-
nally differentiated cells express low levels of DNMTs
[15]. Altered methylation at the promoter region or the
gene body affects gene expression. An increase in the
methylation (hypermethylation) at the CpG sites would
result in decreased gene expression, whereas a decrease
in the methylation (hypomethylation) would result in
enhancement of the gene expression. The mechanisms by
which de novo DNA methyltransferases (DNMT3a and
DNMT?3b) target specific regions of the genome are still
not fully understood. Although they are known to bind

DNA methylation
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Fig. 1 The figure depicts the process of DNA methylation. During this pro-
cess, a methyl group (-CHs) is added to the cytosine base of CpG dinucleo-
tides by DNA methyltransferases (DNMTs), leading to 5-methylcytosine
(5mC) formation
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to DNA through a conserved PWWP domain, the way
they precisely bind to selective DNA sequences remains
mostly unclear. It is proposed that RNA interference
(RNAi) mechanisms could play a role in their specificity
[17]. It is also possible that transcription factors help de
novo DNA methylation by recruiting DNMTs to certain
regions. Additionally, DNMTs may also interact with
transcription factors or repressor complexes or, in certain
conditions, be guided through other epigenetic modifica-
tion, histone tail modification to target specific regions
for methylation [15].

DNA methylation is a dynamic process, which means
that the methylation marks are added or erased through
a series of stages. The main enzymes responsible for eras-
ing CpG methylation are dioxygenases of the ten-eleven
translocation (TET) family and the DNA repair enzyme
thymine DNA glycosylase (TDG) [18]. DNA demethyl-
ation occurs through three different mechanisms, viz.,
active demethylation, passive demethylation, and 5-mC
deamination [19]. During active 5-mC demethylation
(also known as replication-independent demethylation),
TET dioxygenases sequentially oxidise 5-methylcytosine
(5mC) to 5-hydroxymethylcytosine (5hmC), 5-formylcy-
tosine (5fC), and finally 5-carboxylcytosine (5caC). The
5fC and 5caC bases are then recognised and removed by
DNA glycosylases (primarily thymine DNA glycosylase)
during base excision repair (BER) (Fig. 2).

In passive 5-mC demethylation (also known as rep-
lication-dependent demethylation), TET dioxygenases
convert 5-mC to 5- hydroxymethyl cytosine (5-hmC).
5-hmCs skip the methylation step during DNA replica-
tion and result in the generation of hemimethylated DNA
strands and further fully demethylated DNA strands [20]
(Fig. 2). Deamination of cytosine happens spontaneously
due to a deamination process catalysed by the AID/APO-
BEC family of deaminases. This process converts cyto-
sine residue to uracil, resulting in the generation of G: U
mismatches, which are eventually repaired by either BER
or mismatch repair (MMR) enzymes [21].

DNA methylation changes in T2D and CVD progression

Whole genome DNA methylation analysis using differ-
ent tissues of metabolic significance, such as the liver,
muscle, pancreas and blood, has indicated alterations in
methylation levels in several genes in T2D patients as
well as in animal models [10, 18, 22—24]. Changes in the
methylome in T2D can affect genes involved in regulat-
ing lipid metabolism, leading to dyslipidemia and ectopic
fat deposition, thereby increasing the risk of cardiovas-
cular complications. Given the interrelated but distinct
nature of the processes involved, the affected processes in
T2D that contribute to the progression towards CVD can
be broadly classified into three categories: physiological
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cytosine residues within the genome. The ten-eleven translocation (TET) family of dioxygenases facilitate the oxidation of 5-methylcytosine (5mC) to
5-hydroxymethylcytosine (5hmC) and further intermediates, 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC), resulting in active base excision repair-
mediated removal (A). 5-hmC in passive demethylation through DNA replication results in Cytosine (B)

and developmental responses, cellular processes and
transport, and metabolic and redox regulation.

Physiological and developmental responses
Epigenetic changes during development can cause meta-
bolic disorders like T2D [25] or CVDs [26]. Changes in
the DNA methylation status of specific genes can also
link T2D with CVD. In this section, we discuss the meth-
ylation changes affecting physiological and developmen-
tal responses that eventually cause T2D and CVD.
Diabetes induces the generation of reactive oxygen spe-
cies (ROS) by non-enzymatic glycosylation reactions,
electron transport chain, and membrane-bound NADPH
oxidase in various tissues [27]. Oxidative stress-induced
ROS leads to damage in the endothelial cells, affecting
their structure and function. Thioredoxin interacting
protein (TXNIP) is a marker associated with metabo-
lism, oxidative stress, and inflammation, often elevated in
cardiovascular diseases. It is thought to act as a potential
link between metabolic processes and the cellular redox
balance [28]. In the whole blood cells in the Pacific eth-
nic group of people residing in New Zealand, DNA meth-
ylation at cg19693031 within the TXNIP gene has been
identified as being associated with T2D. This has also
been shown to be a sensitive marker for T2D individuals
experiencing acute coronary syndromes and is thus sug-
gested to be a critical link between T2D and cardiovas-
cular disease [29]. Hyperglycemic conditions can trigger
the expression of TNFa in the cardiomyocytes, which in

turn can cause irreversible changes in the DNMT activ-
ity, leading to the methylation of the promoter region of
Sarcoplasmic/Endoplasmic Reticulum Calcium ATPase
2 (SERCAZ2a) gene. The resultant downregulated expres-
sion of SERCA2a has been shown to cause an overload of
calcium in the cardiomyocytes and diastolic heart failure
later [30].

SRY-Box Transcription Factor 8 (SOX 8) is a gene
involved in regulating development, fertility and metab-
olism. It orchestrates a complex interplay between lipid
metabolism, redox balance, and iron homeostasis, ulti-
mately promoting ferroptosis [31]. The SOX8 gene body
has been shown to be hypermethylated in the peripheral
blood cells of T2D patients [32], and SOX8 expression is
upregulated in heart failure patients [33].

The Frizzled Class Receptor 5 (FZD5) gene, a key regu-
lator of diabetic vasculopathy, has been implicated in car-
diovascular complications associated with T2D. Elevated
methylation levels of the FZD5 gene promoter have been
observed in the peripheral blood cells of T2D patients
with cardiovascular disease, suggesting a role for epigen-
etic modification contributing to vascular dysfunction.
Aberrant methylation of FZD5 may disrupt Wnt signal-
ling pathways, further exacerbating vascular complica-
tions in T2D. These observations together underscore
the significance of FZD5 as a potential biomarker and
therapeutic target for managing cardiovascular risks in
diabetic patients [32, 34].
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Gene polymorphism of TNFAIP3 Interacting Pro-
tein 1 (TNIP1) has been shown to be associated with an
increased risk of coronary heart disease in the Chinese
Han population, highlighting its potential role in cardio-
vascular pathology. In addition, a significant decrease in
TNIP1 gene body methylation has been observed in the
peripheral blood cells from T2D patients with cardiovas-
cular disease, suggesting its contribution to the disease
progression. TNIP1 is involved in regulating inflamma-
tory responses and immune signalling pathways, which
are critical in the pathogenesis of both T2D and cardio-
vascular disease. The interplay between genetic varia-
tions and methylation changes in TNIP1 may exacerbate
chronic inflammation and endothelial dysfunction, key
drivers of cardiovascular complications in diabetic
patients [32, 35].

Elevated methylation levels of the Neurofilament Light
Chain (NEFL) gene promoter have been observed in the
peripheral blood cells from T2D patients with CVD, sug-
gesting a role for epigenetic mechanisms contributing to
cardiac complications. Consistently, a study by Yadi et al.
demonstrated that the NEFL gene plays a role in the pro-
tective mechanisms against cardiac insufficiency, indi-
cating its significance in maintaining cardiac function.
Aberrant methylation of NEFL may impair its cardiopro-
tective effects, thereby exacerbating cardiac dysfunction
in T2D patients with CVD. These findings highlight the
importance of NEFL as a potential biomarker for cardio-
vascular risk stratification and as a target for therapeutic
strategies aimed at mitigating cardiac complications in
T2D [32].

Cellular processes and transport

Cellular processes and transport mechanisms play a
significant role in maintaining metabolic homeostasis
and in intercellular communication. In T2D and related
CVDs, several key genes and pathways involved in vesic-
ular trafficking, ion exchange, glycosylation, and intracel-
lular signalling have shown alterations in methylation.
Methylation of the CpG (cg02711608) in the 1% exon
encoding the 5 UTR region of Solute carrier family 1
member 5 (SLC1A5) in blood samples has been found to
be associated with T2D [36], possibly contributing to the
impaired insulin secretion. Glutamine metabolism also
plays a critical role in endothelial cell (EC) function and
angiogenesis, vessel sprouting, proliferation, and migra-
tion [37]. The expression of SLC1A5 is downregulated in
heart failure [38].

The glucose-stimulated insulin secretion (GSIS) medi-
ated by metabolic and hormonal signals helps maintain
glucose homeostasis in mammals. Pancreatic p cells
release insulin through an ATP-dependent process in
response to rising blood glucose levels. Cellular gly-
colysis, the TCA cycle, and oxidative phosphorylation
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increase the ATP/ADP ratio in cells, which inhibits ATP-
sensitive potassium (KATP) channels, leading to mem-
brane depolarisation and activation of voltage-gated Ca**
channels. The resulting Ca®* influx triggers the release of
insulin-containing granules [39]. In addition to glucose
metabolism, pancreatic [ cells leverage alternate meta-
bolic pathways as an immediate source of energy. For
instance, glutamine is processed by pancreatic f§ cells via
the tricarboxylic acid cycle (TCA cycle) to produce the
redox co-factor NADPH, which facilitates the exocytosis
of insulin granules [40].

Phosphatase and tensin homolog (PTEN) plays a criti-
cal role in regulating insulin sensitivity, and its epigenetic
regulation has been implicated in the pathogenesis of
T2D [41]. In a study using the peripheral blood mono-
nuclear cells from Uyghur patients with mild T2D, PTEN
promoter methylation levels were found to be signifi-
cantly lower compared to individuals with normal glu-
cose tolerance (NGT), correlating with increased PTEN
mRNA and protein expression. This hypomethylation
was associated with reduced protein kinase B (AKT) lev-
els, suggesting dysregulation of insulin signalling path-
way. Two specific CpG sites (CpG 9 and CpG 21) within
the PTEN promoter were identified to show signifi-
cant differences in methylation between T2D and NGT
groups. These findings identify PTEN promoter hypo-
methylation as a potential biomarker for T2D, offering
insights into the epigenetic mechanisms underlying dis-
ease development in the Uyghur population [42]. PTEN
also plays a pivotal role in regulating cardiomyocyte
responses to cardiac stress by modulating the PI3K/AKT
signalling pathway. It dephosphorylates PIP3, thereby
negatively regulating processes such as hypertrophic
growth, proliferation, and apoptosis in cardiomyocytes.
Downregulation or inactivation of PTEN has been shown
to improve heart function, promote cardiomyocyte pro-
liferation, reduce cardiac fibrosis, and inhibit apoptosis,
particularly following ischemic stress like myocardial
infarction [43]. Thus, hypomethylation of CpG sites
in the promoter region of PTEN in T2D patients may
enhance CVDs. However, in smooth muscle cells (SMC),
hypermethylation of the PTEN promoter region has been
shown to lead to SMC dedifferentiation, inflammation,
and atherosclerosis. A high-throughput screen has iden-
tified 5-azacytidine, a known DNA methyltransferase 1
(DNMT1) inhibitor, as a potent activator of the PTEN
promoter. Treatment with 5-azacytidine reversed hyper-
methylation at the PTEN promoter region and restored
its expression [44].

Phosphoglycerate dehydrogenase (PHGDH) is an
enzyme involved in the serine synthesis pathway that
regulates serine levels. Studies have shown that serine
concentrations in the blood correlate with insulin secre-
tion and sensitivity in humans [45]. A study using human
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coronary artery smooth muscle cells (HCASMCs) grown
in a calcifying medium showed that overexpression of
PHGDH suppressed coronary artery calcification (CAC)
[46]. Methylation at the CpG site, cgl4476101, sup-
presses PHGDH expression and has been found in T2D
patients in a T2D case cohort-study [36].

The mammalian Na+/H+ exchanger isoform one
(NHE1) is a plasma membrane protein found in all
human cells. It regulates intracellular pH by exchanging
intracellular protons for extracellular sodium and plays a
crucial role in heart disease. It is encoded by the gene Sol-
ute Carrier family 9A1 (SLC9A1) in humans [47]. NHE1
overactivation contributes to cardiomyocyte hypertrophy
via MAPK pathways and induces oxidative stress, leading
to heart failure [48]. Dysregulated NHE1 protein levels
in cells lead to the increased intracellular concentration
of Na+, impairment in insulin signalling and increased
oxidative stress and inflammation [49]. Methylation at a
CpG site (cg25130381) at the gene body of SLC9A1 has
been found to be associated with T2D in humans based
on blood sample analysis [36]. Furthermore, recent stud-
ies suggest that the cardioprotective effects of SGLT-2
inhibitors may be at least partly mediated through the
regulation of NHE1 activity [50, 51]. SGLT-2 inhibitors
have been shown to suppress NHE1 function indirectly,
by reducing intracellular sodium and calcium levels,
reducing myocardial stress, and thus improving the car-
diac functions in both diabetic and non-diabetic patients
[52].

Mannosidase Alpha Class 2A Member 2 (MAN2A?2)
encodes Golgi mannosidase, which is involved in the
glycosylation of lipids and proteins in the Golgi body.
Dysregulated expression of MAN2A2 leads to congeni-
tal disorders of glycosylation (CDGs). Lipid glycosyl-
ation plays a multifaceted role in cardiovascular diseases
by promoting atherosclerosis, endothelial dysfunction,
inflammation, oxidative stress, and thrombosis [53]. A
DNA methylation cohort study using blood samples
collected from women indicated a close relationship
between methylation of MAN2A2 and myocardial infarc-
tion [54]. Methylation of MAN2A2 in whole blood cells
has also been shown to be associated with the develop-
ment of T2D [36]. Glycosylated lipids often alter the cell
membrane structure and their properties and affect the
signalling pathways. Glycosylation allows the glycosyl-
ated lipid to integrate into cell membranes, where it dis-
rupts lipid metabolism and lipid-dependent signalling
pathways and inhibits downstream signalling pathways
by inhibiting the triggers of signalling, such as phosphor-
ylation of the downstream targets or assembly of cascade
proteins [55]. Advanced glycation end products (AGEs)
are accumulated during diabetic conditions, which can
lead to further complications, including CVDs [56].
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A study using blood samples indicated that methyla-
tion at cg06397161, a CpG site within the gene body of
the Synaptogyrin 1 (SYNGR1), a gene involved in exo-
cytosis in the nervous system, has been found to highly
correlate with T2D [36]. Given its role in vesicular trans-
port, SYNGR1 could be involved in the secretion of pan-
creatic hormones. Dysregulation of SYNGR1 leads to an
autoimmune disorder known as Sjogren's syndrome (SS)
that predominantly affects the exocrine glands. Studies
indicate that individuals with Sjégren's syndrome have a
significantly higher risk of major adverse cardiovascular
events, with reported rates between 34 and 46%, com-
pared to the general population [57].

Patatin-like phospholipase domain-containing pro-
tein 6 (PNPLAG6) is a member of the hydrolase family
that primarily hydrolyses phosphatidylcholine (PC) and
lysophosphatidylcholine (LPC), which may function as
signalling messengers through membrane receptors.
PNPLAG6 is predicted to bind cAMP, a signalling mol-
ecule critical for regulating cardiac function. Differential
methylation of the PNPLAG6 gene can alter its expression,
potentially disrupting lipid signalling and cAMP-medi-
ated pathways, thereby affecting cardiovascular func-
tions [32]. A recent study focusing on DNA methylation
profiles in diabetic patients with and without cardiovas-
cular problems revealed that hypomethylation of the
genes, namely, VEGFB, PLGF, PLCBI1, and FATP4, may
serve as biomarkers for diabetic cardiovascular diseases.
These genes, being integral components of the vascular
endothelial growth factor receptor (VEGFR) signalling
pathway, play a crucial role in endothelial function and
angiogenesis. Alterations in DNA methylation patterns in
these genes could contribute to endothelial dysfunction
and, hence, enhance the progression of cardiovascular
complications in diabetic patients [58].

Metabolic and redox regulation

Metabolic and redox regulation involves biochemical
pathways that control energy production, lipid and glu-
cose metabolism, and oxidative balance, and alterations,
including changes in DNA methylations in the genes that
modulate these metabolic processes, can contribute to
the pathophysiology of T2D and CVD.

Obstructive sleep apnea (OSA) increases the risk of
arterial hypertension (AH) and coronary heart disease
(CHD). A study on genetic polymorphisms of genes
associated with cardiovascular risks, which included 600
patients, found a correlation between the sterol regula-
tory element-binding transcription factor 1 (SREBF1),
a protein that plays a crucial role in regulating lipid
metabolism in the body and CHD. The SREBF1 gene
functions primarily as a transcription factor that con-
trols the expression of genes involved in the synthesis
and uptake of cholesterol, fatty acids, triglycerides, and
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phospholipids. Polymorphisms in the SREBF1 gene could
thus be a good marker for predicting cardiovascular com-
plications in OSA patients because the increased lipid
uptake can eventually lead to cardiovascular complica-
tions [59]. SREBF1 also functions as a regulator of glu-
cose metabolism and serum adiponectin levels [60]. DNA
methylation at the c¢g11024682 in the SREBF1 gene has
been found to increase the risk of T2D in the blood, liver,
and visceral adipose tissue in humans [61].

Dysregulated lipid homeostasis often accompanies
metabolic diseases. Dysregulated hepatic glucose pro-
duction, impaired insulin secretion, and insulin resis-
tance in T2D have been linked to the development of
CVDs [62]. ATP Binding Cassette Subfamily A Member 1
(ABCA1) and ATP Binding Cassette Subfamily G Mem-
ber 1 (ABCG1) are ATP-binding cassette transporters
which play critical roles in the formation of high-density
lipoprotein (HDL). They mediate the efflux of cholesterol
from cells to apolipoproteins and HDL particles, respec-
tively. ABCA1 helps in the initial transfer of cholesterol
and phospholipids to apolipoprotein A-I (apoA-I), which
forms naive HDL particles. Further, ABCG1 promotes
cholesterol efflux to these naive HDL particles, lead-
ing to their maturation into spherical HDL. Genotypic
analysis of the participants from the Copenhagen City
Heart Study (CCHS), which examined the associations
of ABCGL genetic variants with plasma HDL cholesterol,
other lipids, and their predictive value for myocardial
infarction (MI) and ischemic heart disease (IHD) over
34 years indicated a strong correlation between genetic
variations in ABCG1 and myocardial infarction (MI)
and ischemic heart disease (IHD) [63]. DNA methyla-
tion increase of the ABCG1 gene using peripheral blood
samples was found to increase the risk of T2D. It had also
been found that an increase of 1% methylation at CpG13
and CpG14 increased the T2D risk by 16%, and methyla-
tion gains>5% at CpG15 increased risk by 78% in rural
Chinese populations [64].

Mutations in ABCA1 can lead to Tangier disease, char-
acterised by extremely low HDL levels and increased
cardiovascular risk [65-69]. Emerging research high-
lights ABCA1 methylation as a key epigenetic regula-
tor influenced by diabetes, particularly GDM and T2D,
impairing cholesterol transport and increasing CVD risk
[70-72]. In diabetes, ABCA1 hypermethylation disrupts
lipid handling in muscle and vascular tissues, exacerbat-
ing atherosclerosis and metabolic dysregulation. Genetic
variations, such as the R219K polymorphism, further
link ABCA1 dysfunction to premature coronary artery
disease [73]. Additionally, microRNAs like miR-28-5p
modulate ABCA1 expression, influencing plaque sta-
bility in conditions such as unstable angina [74]. These
findings underscore ABCA1 methylation as a critical
epigenetic mechanism linking diabetes to cardiovascular
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complications. CVD patients with coronary arterial dis-
ease show increased levels of CAC. Over time, microcal-
cifications grow larger and lead to arteriosclerosis.

Dysregulations in lipid synthesis, metabolism, and
transport are often correlated with both diabetes and car-
diovascular diseases [75-77]. A study using blood sam-
ples indicated that methylation at the 5UTR region of
Carnitine palmitoyl transferase 1a (CPT1a, cg00574958),
a gene involved in the transport of long-chain fatty acids
across the mitochondrial membranes, is associated with
the development of T2D [36]. Additionally, CPT1a is
upregulated in pathological cardiac remodelling, includ-
ing heart failure (HF) and nonischemic cardiomyopathy
(NICM) [78]. In mice, suppression of CPT1la has been
found to worsen cardiac dysfunction and increase mor-
tality, while overexpression improved heart function and
reduced adverse cardiac remodelling [78]. Further, it was
found that CPT1la regulates hypertrophic, profibrotic,
and cell death gene programs independently of fatty
acid oxidation via cytotoxic T-cell-mediated destruction
of cells or by regulating apoptotic pathways through its
interaction with the regulators of apoptosis. These find-
ings highlight the role of CPT1a as an important cardio-
protective adaptation to stress [78].

The peroxisome proliferator-activated receptor
gamma (PPARG) is a nuclear receptor crucial for meta-
bolic homeostasis, primarily expressed in adipose tis-
sue, where it regulates adipocyte differentiation, lipid
metabolism, and insulin sensitivity [79-81]. Activated
by endogenous fatty acids and synthetic agents like thia-
zolidinediones, PPARG forms a dimer with the Retinoid
X receptor to regulate gene transcription involved in glu-
cose and lipid metabolism [82]. It has also been shown
that PPARG hypermethylation, observed in insulin-
resistant and diabetic models, reduces its expression and
impairs its metabolic and anti-inflammatory functions
[81, 83]. This dysfunction contributes to increased oxida-
tive stress, endothelial cell dysfunction, and heightened
cardiovascular risk in diabetic patients [84, 85]. Given its
role in vascular health, therapies targeting PPARG acti-
vation, such as thiazolidinediones, are being investigated
for their potential cardiovascular benefits in T2D.

Mitochondria are sites of energy metabolism and
power generation in the cells. Aberrations in mitochon-
drial function can lead to metabolic disorders and CVDs.
Impaired mitochondrial function can cause defective
oxidative phosphorylation and abnormally high lev-
els of ROS generation [86, 87]. Mitochondrial A-kinase
anchoring proteins (MitoAKAPs), encoded by the Akapl
gene, are crucial for mitochondrial homeostasis and
endothelial cell (EC) function. In Akapl knockout mice,
vascular impairments have been observed, including
reduced blood flow recovery, capillary density, endothe-
lial migration, proliferation, and survival. Under hypoxic
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conditions, the Akapl knockout endothelial cells showed
mitochondrial dysfunction, increased oxidative stress,
and apoptosis, highlighting mitoAKAPs' role in endo-
thelial health [88]. CpG methylation at the CG site in
the 5’UTR region of the Akapl gene (cg05778424) was
found to be correlated with T2D [36]. 6-phosphofructo-
2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) is a
crucial enzyme that regulates glycolysis by enhancing the
glycolytic flux. It achieves this by elevating the levels of
fructose-2,6-bisphosphate, an activator of phosphofruc-
tokinase-1, the rate-limiting enzyme in the glycolytic
pathway [89]. Enhanced glycolysis in the vascular tis-
sues in the lungs has been found to correlate with pul-
monary hypertension. Concordantly, the expression of
PFKFB3 was also found to be upregulated in pulmonary
hypertension and atherosclerosis. The increased gly-
colysis enhanced the production of growth factors and
proinflammatory cytokines, promoting lung endothe-
lial inflammation and proliferation of pulmonary arte-
rial smooth muscle cells (PASMCs). Also, the elevated
glycolytic metabolites stabilised HIF-2a, further driv-
ing the expression of proinflammatory and proliferative
signals [90, 91]. PFKFB3 levels have also been observed
to be upregulated in T2D patients. Hypermethylation
at the CpG site (cg08994060) within the gene body of
PFKFB3 in whole blood cells has been identified in T2D
patients, which has been shown to regulate its expres-
sion [36]. Studies have identified the LMF1 gene as a key
regulator of lipase activity, with evidence suggesting its
involvement in triglyceride metabolism. Metformin has
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been shown to increase LMF1 expression in the heart,
indicating that stimulation of LMF1 may contribute to
its triglyceride-lowering effects. This is supported by a
study that demonstrated that metformin activates AMP-
activated protein kinase (AMPK) in brown adipose tis-
sue, which subsequently enhances lipase activity and
mitochondrial fatty acid oxidation, leading to accelerated
clearance of VLDL-triglycerides from the plasma [92].
There is also evidence that metformin reduces VLDL-
TG concentrations, potentially by enhancing Lipopro-
tein lipase (LPL)-mediated hydrolysis, a process in which
LMEF1 plays a critical role as a molecular chaperone [93].
Consistently, elevated methylation levels of the LMF1
gene promoter have been observed in T2D patients with
cardiovascular disease, suggesting a role for DNA meth-
ylation in linking LMF1 dysregulation to cardiometabolic
complications. These findings highlight the dual role of
LMF1 in lipid regulation and cardiovascular disease, as
well as its potential as a therapeutic target in T2D-related
cardiac dysfunction [94].

The DNA methylation changes in T2D associated with
CVD progression are shown in Fig. 3 and Table 1.

Methylation of genes involved in CVD contributing to T2D

Although rare, DNA methylation involved in the devel-
opment of CVDs can contribute to the development of
diabetes. Hypoxia-inducible factor 3A (HIF3A) is a domi-
nant negative inhibitor of HIF1 and HIF2, which are
responsible for inducing atrial inflammation and fibro-
sis. Hypermethylation of Hif3a and Ifltd1l genes and the

Cholesterol

Homeostasis

(SREBF1, ABCAl, ABCGI, CPTla)

Oxidative stress

\Vesicular transport

(SYNGRI1, SLCIAS5, NHEI1, SLC9AI)

(TXNIP)

Inflammation
(HIF3A, TNIPI1)
Energy Metabolism
(AKAPI1, PFKFB3) \

Signaling
(DUSP6, PHGDH, MAN2A2, PPARG,
PTEN, PNPLAG6)
Development

(SOX8, FZDS5, ANGPT2

Fig. 3 lllustration of the physiological links between type 2 diabetes (T2D) and cardiovascular disease (CVD), highlighting key molecular pathways and
genes influenced by DNA methylation. Epigenetic modifications, particularly DNA methylation, impact genes involved in cholesterol homeostasis, inflam-
mation, energy metabolism, oxidative stress, vesicular transport, signalling and development, contributing to CVD progression in individuals with T2D.

This figure was generated by using BioRender
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Table 1 DNA methylations in T2D causing CVD
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Gene Function Methylation CVD References
ABCA1 Lipid Metabolism Premature Coronary Artery Disease [68, 69, 70, 71,
72,73]
ABCG1 Cholesterol Transportation Cpg13, Myocardial Infarction (M) and Ischemic Heart [63, 64]
Cpg14 And  Disease (IHD)
Cpg15
Akap1 Mitochondrial Homeostasis And Endothelial Cell Cg05778424  Vascular Impairments [36, 88]
(EC) Function
CPT1A Transport Of Long-Chain Fatty Acids Across The Cg00574958  Heart Failure (HF) And Nonischemic Cardiomyopa-  [36, 78]
Mitochondrial Membranes thy (NICM)
FZD5 Development Vascular Dysfunction [32,34]
LMF1 Lipid Metabolism Cardiometabolic Complications [92, 93, 94]
MAN2A2  Lipid Glycosylation Myocardial Infarction [53, 54, 55, 56]
NEFL Development Heart Failure [32]
PFKFB3 Metabolism, Glycolysis, Inflammation Cg08994060  Pulmonary Hypertension and Atherosclerosis [36, 89, 90, 91]
PHGDH Serine Synthesis Cg14476101  Coronary Artery Diseases [36, 45, 46]
PNPLA6 Signaling Heart Failure [32, 58]
PPARG Metabolic Homeostasis Endothelial Cell Dysfunction [81, 83, 84, 85]
PTEN Insulin Signaling Cpg 9 And Hypomethylation Can Cause Myocardial Infarction  [42, 43, 44]
Cpg 21
SERCA2a  Secretion Diastolic Heart Failure [30]
SLCTAS Insulin Secretion Cg02711608  Heart Failure [36, 37, 38]
SLCOA1 Insulin Secretion, Cg25130381  Cardiomyocyte Hypertrophy, Heart Failure [36,47, 48,
49, 52]
SOX 8 Development Heart Failure [32,33]
SREBF1 Regulation Of Fatty Acid And Cholesterol Synthesis ~ Cg11024682  Coronary Heart Disease [59, 60, 61]
SYNGR1 Exocytosis Cg06397161  Chronic Inflammation, Autoimmune Responses, [36,57]
and Endothelial Dysfunction
TNIP1 Inflammation Coronary Heart Disease [32,35]
TXNIP Metabolism, Oxidative Stress, Inflammation Cg19693031  Acute Coronary Syndromes [28,29]

corresponding downregulation of the expression of these
genes have been found to have a strong correlation with
arterial fibrillation in murine models of arterial fibril-
lation [95]. Studies also indicate that hypermethylation
of the promoter region of HIF3a in the omental tissue
has been associated with the development of GDM in
humans [96].

DNA methylation changes in the key regulator of
the apoptosis pathway, Fas Cell Surface Death Recep-
tor (FAS), have been found to be associated with the
pathogenesis of acute aortic dissection (AAD). In AAD
patients, FAS was found to be hypomethylated, causing
an increase in its expression levels by 1.78 times. Given
that apoptosis contributes to vascular cell death, weaken-
ing of the aortic wall, and dissection progression [97], Fas
plays a role in AAD development by promoting vascular
smooth muscle cell apoptosis. Fas is known to induce
[-cell apoptosis in the pancreas of diabetic patients, and
thus, hypomethylation and the resultant enhancement of
the expression of Fas in CVD patients could induce dia-
betes [98].

Angiopoietin-2 (ANGPT2) functions in blood and
lymphatic vessel formation, remodelling, and vascu-
lar homeostasis. It is essential for the development and

maintenance of the lymphatic vascular system. Hypo-
methylation at the promoter region of ANGPT2 and the
resultant upregulation of its expression have been found
to be associated with the development of AAD [97].
Endothelial complications caused by enhanced expres-
sion of ANGPT?2 has been found to induce insulin resis-
tance and eventually T2D [99].

Dual-specificity phosphatase 6 (DUSP6) is a phos-
phatase involved in the extracellular signal-regulated
kinase 1/2 pathway (ERK 1/2). In mammals, a deficiency
of DUSP6 has been shown to improve cardiac func-
tion [100]. Hypomethylation at the promoter region of
DUSP6 has been seen in AAD patients [97]. However, a
deficiency of DUSP6 leads to glucose intolerance and the
development of insulin resistance [101].

DNA methylation plays an important role in athero-
sclerosis (AS)-associated inflammation, particularly in
response to lipid oxidation. Oxidised low-density lipo-
protein (oxLDL) formed during atherogenesis has been
shown to upregulate DNMT1 in endothelial cells and lead
to the methylation of the promoter region of the KLF2
gene, eventually silencing its expression. KLF2 expression
is important in maintaining endothelial cell homeostasis
and regulating anti-inflammatory and vaso-protective
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Table 2 Methylations on genes involved in CVD contribute to

12D

Gene Function CcvD References

ANGPT2  Vascular Homeostasis  Acute Aortic [97,99]
Dissection

BAZ1B DNA Damage Repair Cardiomyopathy [105, 106,

And Mitosis 107,108]

DUSP6 ERK Signaling Acute Aortic [97, 100,
Dissection 101]

Fas Apoptosis Acute Aortic [97, 98]
Dissection

HIF3A Transcriptional Arterial Fibrillation [95, 96]

Regulation, Adaptive
Response To Low
Oxygen

responses [102]. Studies using human umbilical vein
endothelial cells (HUVECs) have shown that exposure
to oxLDL reduces KLF2 expression through changes
in DNA methylation [103]. However, this effect can be
reversed by treatment with DNMT inhibitors such as
5-azacytidine, restoring KLF2 levels and restoring endo-
thelial function.

Bromodomain adjacent to zinc finger domain 1B
(BAZ1B), is a chromatin remodeler and transcriptional
regulator which also functions in DNA damage repair
and mitosis [104]. Recent studies have shown that alter-
ations in the expression of BAZ1B can cause cardio-
myopathy [105]. Altered methylation at cg07467649
at the promoter region of BAZ1B was shown to induce
atrial fibrillation [106]. Studies on the genetic variants
of BAZ1B have shown that certain genetic variants of
BAZ1B cause dyslipidemia [107] and T2D [108].

The list of those known genes where methylations are
involved in cardiovascular diseases, inducing T2D is
given in Table 2.

Limitations, conclusions, and future perspectives
Diabetes affects millions of people worldwide, and CVD
is the leading cause of mortality, with a high prevalence
among individuals with diabetes. DNA methylation plays
a crucial role in the pathogenesis of T2D and CVD. Many
of the methylation changes associated with T2D affect
cardiovascular health by altering pathways involved in
inflammation, oxidative stress response, cholesterol bio-
synthesis, lipid homeostasis, energy metabolism, vesicu-
lar transport, insulin signalling, and development (Fig. 3).
Despite extensive research on the molecular mechanisms
underlying these conditions individually, the cross-talk
between DNA methylation in T2D and its impact on
CVD is only beginning to be explored. As DNA meth-
ylation is dynamic and reversible, understanding these
epigenetic modifications provides valuable insights into
disease mechanisms and opens the scope for novel diag-
nostic and therapeutic strategies.
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Future studies should focus on longitudinal epigenome-
wide association studies, including lifestyle parameters
such as diet and exercise. Epigenetic risk scores integrat-
ing methylation data may enhance disease prediction
models beyond traditional risk factors. DNA methylation
signatures could serve as markers for T2D and early diag-
nostic biomarkers for CVD. Identification of methylation
changes specific to individuals or subpopulations could
enable precision medicine approaches. Although epi-
genetic drugs, including DNA methylation modulators,
are still not used for metabolic diseases, this could be
explored to target T2D and CVD-associated methylation
patterns.

This review mostly addresses DNA methylation
changes and excludes other critical epigenetic mecha-
nisms such as histone modifications and the associated
chromatin remodelling, which are known to play signifi-
cant roles in both diabetes and CVD pathogenesis. Also,
although DNA methylation is altered by factors such as
diet, exercise, and medication, this review may not have
addressed how such factors affect the DNA methylation
relevant to the overlapping pathophysiology of diabetes
and CVD.

Diabetes is a significant risk factor for CVD, and target-
ing this link could serve as a novel therapeutic strategy
for preventing or mitigating CVD in diabetic patients. By
bridging the gap between epigenetics and personalised
medicine, the future of T2D and CVD management will
likely be transformed, shifting towards more predictive,
preventive, and precise healthcare solutions.

Abbreviations

T2D Type 2 diabetes

CvD Cardiovascular disease

Mets Metabolic syndrome

IDF International diabetes federation
GDM Gestational diabetes mellitus

T1D Type 1 diabetes

DNA Deoxyribonucleic acid

RNA Ribonucleic acid

CpG Cytosine-phosphate-Guanine
DNMT DNA methyltransferase

RNAI RNA interference

TDG Thymine DNA glycosylase

MC Methylcytosine

5hMC 5-Hydroxymethylcytosine

5FC 5-Formylcytosine5caC—5-carboxylcytosine
5caC 5-Carboxylcytosine

BER Base excision repair

MMR Mismatch repair

ROS Reactive oxygen species

TXNIP Thioredoxin-interacting protein
HDL High-density lipoprotein

CCHS Copenhagen city heart study

M Myocardial infarction

IHD Ischemic heart disease

PHGDH Phosphoglycerate dehydrogenase
HCASMC Human coronary artery smooth muscle cells

AH Atherosclerosis and hypertension

CHD Coronary heart disease
SREBF1 Sterol regulatory element-binding transcription factor 1
OSA Obstructive Sleep Apnea
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CPT1a Carnitine palmitoyltransferase 1A

HF Heart failure

NICM Non-ischemic cardiomyopathy

mitoAKAPs Mitochondrial A-kinase anchoring proteins

EC Endothelial cell(s)

PFKFB3 6-Phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3
PASMC Pulmonary artery smooth muscle cell(s)

LMF1 Lipase maturation factor 1

SYNGR1 Synaptogyrin 1

GSIS Glucose-stimulated insulin secretion

KATP ATP-sensitive potassium channel

TCA Tricarboxylic acid

SLCT1AS Solute carrier family T member 5

NHE1 Sodium-hydrogen exchanger 1

SGLT2 Sodium-glucose cotransporter 2

MAN2A2 Mannosidase alpha class 2a member 2

AGE Advanced glycation end-product

PTEN Phosphatase and tensin homolog

PI3K/AKT Phosphoinositide 3-kinase/protein kinase B (AKT) pathway
PPARy (PPARg) Peroxisome Proliferator-Activated Receptor Gamma
SERCA2A Sarcoplasmic/endoplasmic reticulum calcium ATPase 2A
SOX8 SRY-box transcription factor 8

FZD5 Frizzled class receptor 5

TNIP1 TNFAIP3 interacting protein 1

NEFL Neurofilament light chain

PNPLA6 Patatin-like phospholipase domain containing 6

LPC Lysophosphatidylcholine

VEGFR Vascular endothelial growth factor receptor

HIF3A Hypoxia inducible factor 3 subunit alpha

AAD Aortic aneurysmal disease

ANGPT2 Angiopoietin-2

DUSP6 Dual specificity phosphatase 6

ERK 1/2 Extracellular signal-regulated kinases 1 and 2
BAZ1B Bromodomain adjacent to zinc finger domain 1B
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