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Abstract Type 2 diabetes has become a major health issue
worldwide. Chronic hyperglycemia induces a low-grade in-
flammation that, on top of other mechanisms, leads to endo-
thelial dysfunction. Mounting evidence suggests that DNA
methylation, post-translational modifications of histones, and
long non-coding RNAs play an important role in the initiation,
maintenance, and progression of both macro- and micro-
vascular complications of diabetes. Long-term exposure to
hyperglycemia induces epigenetic changes that could become
irreversible, a phenomenon known as the ‘metabolic memo-
ry.’Whether epigenetic-based therapies could be used to slow
or limit the progression of cardiovascular disease remains un-
clear. While non-coding RNAs are currently investigated as
potential biomarkers that predict diabetic cardiovascular dis-
ease incidence and progression, their therapeutic role is only
hypothetical. In this review, we highlight the latest findings in

experimental and clinical studies relevant to epigenetics and
cardiovascular disease in diabetes.
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Introduction

Diabetes ranks a close second on burden of cardiovascular
health after ischemic heart disease, costing an estimated
$245 billion annually in the US alone [1•, 2]. Although car-
diovascular events in patients with diabetes significantly de-
creased in the past decade, mortality is still driven by cardio-
vascular complications in those patients [3•].

The pathogenesis of diabetic cardiovascular disease (CVD)
has been widely studied during the past two decades. Vascular
damage resulting from chronic exposure to hyperglycemia could
be initially induced by the release of reactive oxygen species
(ROS) [4]. Several other mechanisms participate in the assault,
mainly the formation of advanced glycation end-products
(AGEs), the activation of protein kinase C (PKC), as well as
the polyol and hexosamine flux [5••]. Together, these activate
several inflammatory pathways such as the nuclear factor-κB
(NF-κB) signaling pathway that, once activated, controls pro-
inflammatory genes regulation and expression, and induces se-
cretion of cytokines and other inflammatory proteins [6] (Fig. 1).

However, all of the known pathways do not explain the
complex pathophysiology behind cardiovascular complica-
tions of diabetes. Even different variants of genes described
in major genome-wide association studies (GWAS) have thus
far had little impact on risk prediction of cardiovascular com-
plications of diabetes [7]. Epigenetics, through its major com-
ponents, DNA methylation, non-coding RNAs, and post-
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translational changes, play an important role in gene transcrip-
tion [8]. Hence, the epigenome comprises all chemical modi-
fications to DNA that influence the activity of genes within the

genome [9]. Major efforts are currently underway to explore
the human epigenome in an attempt to understand its role in
the modulation of major diseases [9, 10].
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Recent data support the role of epigenetics in the
dysregulation of beta cells in patients with diabetes
[11]. Additionally, epigenetics mechanisms participate
in the process of inflammation [12], oxidative stress
[13], and endothelial dysfunction [14], all representing
the hallmark of cardiovascular complications of diabe-
tes. Current therapies for diabetes are aimed to optimize
glycemic control and reduce the associated cardiovascu-
lar risk factors. However, the success is moderate when
it comes to diabetic CVD, as many complications are
irreversible. It is therefore important to understand the
epigenetic mechanisms of cardiovascular complications
of diabetes as they can potentially be used to develop
novel drugs. The current review aims to understand the
emerging role of epigenetics in diabetic CVD.

Mechanisms of Epigenetics

Epigenetics is the study of heritable changes in gene
expression that are not due to changes in the DNA
sequence [15]. Chromosomal DNA is tightly wrapped
into chromatin by histone proteins and other chromatin
assembly factors. These histone proteins were long con-
sidered passive supporting structures for chromatin [16,
17], but during the past decade, it has been clearly
established that they contribute to gene expression by
switching from an active (euchromatin) to inactive
(heterochromatin) states, allowing regulation of the tran-
scriptional state of the target gene [16, 18]. Epigenetic
modifications allow both non-heritable changes that en-
able cells to rapidly adapt to any sudden variation of
their environment and heritable modifications in re-
sponse to extended stimuli that can be transmitted as
memory to the next generation of cells [19]. The major
epigenetic mechanisms include DNA cytosine methyla-
tion, covalent post-translational modifications of his-
tones and non-coding RNAs [8].

DNA Methylation

DNA methylation refers to the biochemical reaction when a
methyl group is added, by DNA methyl transferases, to the
cytosine or adenine DNA nucleotides, and is one of the most
stable epigenetic marks [20]. The principal targets of DNA
methylation are specific dinucleotide sites in the genome
called CpG islands (cytosine and guanine separated by one
phosphate). All over the entire human genome, in normal
cells, most of the CpG binucleotides are methylated [21],
whereas CpG islands containing long stretches of CpG sites
are usually unmethylated [22]. Bio-cellular states such as dif-
ferentiation, degeneration, or imprinting, can induce methyla-
tion of promoter CpG islands resulting in gene repression
[23]. Moreover, pathologic conditions can rise from this re-
pression as in cancer cells where tumor suppressor genes are
often silenced because of hypermethylation [24]. Protein–
DNA interaction, gene expression, and chromatin stability
can also be modified by methylation that occurs at sites dif-
ferent from CpG islands [25] such as in the brain, where CpH
methylation-H could be adenine, guanine, or thymine-, was
reported to cause transcriptional repression in neurons [26].
Abnormal DNA methylation or demethylation at the pro-
moters of specific genes is one mechanism for the develop-
ment of human diseases such as cancer, cardiovascular dis-
eases (CVD), infections, or autoimmune diseases [27–29,
30•].

Post-Translational Modifications of Histones

Histones are the protein cores around which DNA wraps to
form a tetrameric structure called nucleosome. Five histone
families have been identified in humans: H1, H2A, H2B,
H3, and H4 [31]. Histones play an important role in epige-
netics as they regulate gene expression. The N-terminal part
of histones is exposed to chemical reactions such as acety-
lation, methylation, ubiquitination, sumoylation, or phos-
phorylation, a phenomenon known as post-translational
modifications (PTMs) of histones [18, 32•]. Such modifica-
tions change chromatin structure and, therefore, alter the
binding of the transcription factors at different locations
[33]. Additionally, PTMs of histones have a major role in
the regulation of gene expression by producing anchoring
sites for co-activators, co-suppressors, and other chromatin
proteins regulators. Thereafter, histone changes can modu-
late the euchromatin (accessible) or heterochromatin
(inaccessible) state of chromatin in combination with other
epigenetics mechanisms [32•]. PTMs of histones control
transcription, leading to either gene activation or silencing,
which interferes with normal cellular cycles such as apopto-
sis, DNA damage repair; or even contribute to the pathogen-
esis of diseases [34, 35]. Moreover, histone modification
levels are predictive for gene expression [36].

�Fig. 1 Signaling and epigenetic networks mediating cardiovascular
complications of diabetes. Cardiovascular damage resulting from
chronic exposure to hyperglycemia is induced by the release of reactive
oxygen species (ROS). Secondary to that, four pathways (PW) are
activated: the polyol PW flux, advanced glycation end-products (AGEs)
formation, activation of protein kinase C (PKC), and the hexosamine PW
flux. These all enhance inflammatory reactions in the vascular system; in
particular, they activate the nuclear factor-κB (NF-κB), trigger multiple
signaling pathways, transcription factors (TFs), and crosstalk with
epigenetic networks. Epigenetics modifications including histone
modifications, DNA methylation, and non-coding RNA in both forms:
miRNAs and LncRNAs. All these modifications control gene expression
leading to apoptosis, hypertrophy, proliferation, and remodeling at
different cells and tissues. Persistence of such epigenetic aberrations
and changes in the transcriptional regulation of key pathologic genes
contribute to diabetic macro- and micro-vascular disease
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Noncoding RNAs

Non-coding RNAs (ncRNAs) are functional RNAs that are
not translated into polypeptides or proteins [37]. Two forms
represent the cornerstone of epigenetic signature: Micro-
RNAs (miRNAs) and long non-coding RNAs (lncRNAs).
miRNAs are approximately 20–22 nucleotides long [38] and
lncRNAs are more than 200 nucleotides [39•]. They regulate
gene expression post-transcriptionally by targeting the 3′ un-
translated regions of mRNA; hence they can inhibit transla-
tion, degrade, or sequestrate mRNAs [40]. miRNAs are im-
portant regulators of up to 60 % of human genes. However,
the function and impact of lncRNAs are still not completely
understood. Recent data suggest that lncRNAs are able to
regulate chromatin structure and organize proteins complexes
across chromosomes [39•], as well as activate transcription at
distal promoters [41].

Epigenetics of Cardiovascular Disease in Diabetes

Hyperglycemia, Inflammation, and Epigenetic Regulation
of Cardiovascular Cell Types

Factors that contribute to cardiovascular complications of di-
abetes such as chronic hyperglycemia, inflammation, and ox-
idative stress also affect DNAmethylation, PTMs of histones,
and ncRNAs in cardiovascular cells (see Picture 1). Experi-
mental studies have shown that epigenetic changes secondary
to hyperglycemia and inflammation are not only detected in
various cardiovascular cell types but also in peripheral blood
mononuclear cells (PBMCs) [13, 42, 43••].

Previous experimental studies have shown that the his-
tone methyltransferase Set-7 induces monomethylation of
lysine 4 of histone 3 on the promoter gene encoding for
the transcription factor NF-κB p65 in endothelial cells
exposed to hyperglycemia, which up-regulates the NF-κB
p65 and increases the secretion of inflammatory molecules
[12]. Paneni et al. recently replicated the same observa-
tions in monocytes of patients with T2D [13], and report-
ed that Set-7 hyperglycemia-induced methylation was as-
sociated with increased plasmatic levels of intercellular cell
adhesion molecule-1, monocyte chemo-attractant protein-1,
and oxidative marker 8-isoprostaglandin F2α [13]. Miao
et al. reported that epigenetic changes induced by hyper-
glycemia in PBMCs are cell-specific since lymphocytes
and monocytes have distinct patterns of histone methyla-
tion in healthy individuals [42]. In monocytes of patients
with T2D, hyperacetylation of inflammatory transcription
factor promoters was predominant and correlated with in-
flammatory genes TNF-α and COX-2 activity, compared
with normoglycemic individuals [44]. Miao et al. [43••]
recently compared patients previously included in the

conventional treatment arm of the Diabetes Control and
Complications Trial (DCCT) who developed diabetic mi-
croangiopathy (cases) to patients who were allocated the
intensive treatment and had no progression of microvascu-
lar complications (controls). They reported a significantly
greater number of promoter regions with enrichment in
H3K9Ac (hyperacetylation) in monocytes, but not in lym-
phocytes, in cases versus controls [43••]; this confirms the
existence of an epigenetic component in the metabolic
memory—the concept that early glycemic control is a ma-
jor determinant of diabetic complications later in life. Ex-
perimental studies have demonstrated the implication of
epigenetics in the metabolic memory of cultured cells ex-
posed to diabetic conditions, as these cells continue to
express pro-inflammatory and fibrotic genes long after res-
toration of normoglycemia [14, 45, 46].

A- Endothelial Cells

Endothelial cells (ECs) are sparsely distributed all over the
cardiovascular system; hence they are directed affected by
systemic hyperglycemia [47]. Endothelial dysfunction
could rapidly develop without any clinical signs at the
beginning. Epigenetics of cardiovascular complications of
diabetes start primarily in ECs [14, 46, 48]. El-Osta et al.
[14] reported that transient exposure to hyperglycemia
could induce epigenetic changes in the p65 subunit pro-
moter of the NF-κB, leading to permanent epigenomic
changes in cultured aortic cells. Similarly, Brasacchio
et al. [46] showed that hyperglycemia resulted in persistent
histone modifications such as enhanced H3K4 and reduced
H3K9 in aortic ECs. Moreover, quantitative measurements
of histone PTMs and gene expression show that changes
are glucose-dependent [46]. Recently, Paneni et al. [49]
found that in human ECs exposed to hyperglycemia, the
mitochondrial adaptor p66Shc was epigenetically upregu-
lated by promoter CpG demethylation and H3 acetylation.
Moreover the overexpression continued even after
returning to normoglycemia and could only be inhibited
after pharmacologic intervention [49]. In retinal ECs of
diabetic mice, histone acetylation was increased along with
inflammatory markers in mice presenting with diabetic ret-
inopathy (DR) [50]. However, this mark was reversed by
minocycline, which is usually used to treat DR in exper-
imental studies [50]. miRNAs play a crucial role in medi-
ating the endothelial dysfunction along with DNA methyl-
ation and PTMs of histones (Tables 1 and 2). However,
the contribution of lncRNAs still remains to be clarified.
Recently, Yan et al. showed that the expression of
lncRNA-MIAT (myocardial infarction-associated transcript)
is significantly increased in retinal ECs exposed to hyper-
glycemia. Additionally, its inhibition limited the damage of
neovascularization [51].
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Vascular Smooth Muscle Cells

Studies extrapolated from mouse models have shown that
hyperglycemia increases the transcription and expression of
inflammatory genes and induces pro-atherogenic responses in
vascular smooth muscle cells (VSMCs). Villeneuve et al.
showed that in VSMCs exposed to hyperglycemia, the CVD
complications-protective epigenetic mark H3K9me3 was de-
creased at the promoters of inflammatory genes in diabetic
mice [45]. In primary human vascular cells, the acetylation
of histone H3 on K9 and K14 were both also induced by
hyperglycemia [52]. Additionally, these changes were con-
versely correlated to DNAmethylation [52]. Further, the same
group reported that high levels of miR-125b correlated with
reduced H3K9me3 at the promoter regions of inflammatory
genes, concomitant with an increased expression of cytokines
[53].

Cardiac Cells

Although emerging data linked some aspects of hypertrophy,
heart failure, and arrhythmias in cardiomyocytes (CMs) to
DNA methylation and PTMs of histones [30•], less evidence
has been reported in hearts of diabetic patients. Monkemann
et al. reported that oxidative stress damages CMs via p53-
dependent apoptosis in diabetic cardiomyopathy [54]. Inter-
estingly, methylation of the p21(WAF1/CIP1) gene that en-
codes several protein kinases at p53 is an early step in the
development of hyperglycemia-induced cardiomyopathy in
diabetic rats [54]. Gaikwad et al. reported deacetylation and
dephosphorylation of histone H3 in the heart and kidney of
diabetic Sprague-Dawley rats leading to changes in gene ex-
pression in the extracellular matrix (ECM) and therefore hy-
pertrophy [55]. In all, several miRNAs involved in hypertro-
phy, fibrosis, and apoptosis have been identified in the diabet-
ic heart (Table 1).

Renal Cells

Several experimental studies in diabetic mice and rats have
demonstrated the role of histone modifications in diabetic ne-
phropathy (DN) [56–58]. In a cell culture model, Sun et al.
showed that immunoprecipitation of soluble chromatin from
high-glucose and TGF-β-stimulated rat mesangial cells re-
vealed enrichment of H3 methylation at K4 and depletion of
the repressive K9 methylation mark at several pro-fibrotic
promoters [56]. Gaikwad et al. reported in db/db mice that
kidney failure induced H3 acetylation, dimethylation, and
phosphorylation in CMs of T2D mice, predisposing them to
hypertrophy [58]. Several miRNAs play a key role in the
injury of podocytes and mesangial cells in the diabetic kidney,
hence regulating initial changes in the ECM and later fibrosis.
While most studies focused on the identification of miRNAsT
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that are differentially expressed in different kidney tissues at
different stages of DN, none of these have been validated yet
in miRNA knockout mouse models and a few only were
transfected to check functionality (Table 2).

Epigenetic Involvement in Clinical Studies
of Cardiovascular Complications of Diabetes

Follow-up of the DCCT trial showed that T1D patients orig-
inally assigned to an intensive treatment developed less mi-
crovascular complications than patients who were assigned to
the conventional treatment, despite narrowing of HBA1C dif-
ference between both groups at the end of the 4-year follow-
up [59]. This epidemiologic study was the first to prove that an
early and intensive glycemic control is crucial to preventing
long-term cardiovascular complications of diabetes, and that
the benefit remains even after loss of initial good glycemic
control, thereafter defining the Blegacy effect^ in diabetes.
The United Kingdom Prospective Diabetes Study (UKPDS)
[60] reported almost two decades ago that patients with T2D
assigned to an intensive diabetic treatment had less microvas-
cular complications and no differences in macrovascular com-
plications. However, the 10-year follow-up of patients who
were initially allocated to the intensive treatment had fewer
macro- and micro- vascular complications, even if there were
no more differences in glycemic control [61]. Interestingly,
this was also the case of the 10-year follow-up of the Veterans
Affairs Diabetes Trial (VADT) study where participants did
not initially show any improvement in the cardiovascular out-
come [62] but 10 years later demonstrated a reduction inmajor
cardiovascular events [63••].

However, Action in Diabetes and Vascular Disease:
Preterax and Diamicron MR Controlled Evaluation
(ADVANCE) [64] and Action to Control CardiOvascular Risk
in Diabetes (ACCORD) [65] studies did not show any benefit
of glucose-treatment intensification in patients with
established complications or with high cardiovascular risk
profiles in terms of preventing or limiting cardiovascular com-
plications of diabetes; this might be due to the relatively short
duration of follow-up of patients.

Epigenetic findings relevant to the metabolic memory in
endothelial and vascular cells are consistent with the epidemi-
ologic and clinical observations of the legacy effect [14, 46,
48]. Moreover, hyperglycemia induces epigenetic changes
that are persistent even after returning to normoglycemia, a
phenomenon many believe to be responsible for the irrevers-
ibility of cardiovascular complications of diabetes in individ-
uals with poor long-standing glycemic control.

Clinical studies related to epigenetics of cardiovascular
complications of diabetes, although rare, confirm some of
the earlier findings of experimental studies (see related sec-
tions). In terms of DNA methylation and PTMs of histones,
most studies were performed on PBMCs that could only be

considered as surrogate endpoints since accessibility to car-
diovascular cells could be technically and ethically difficult in
patients with T2D [66]. Even within PBMC sub-populations,
previous data demonstrated that epigenomics of lymphocytes
and monocytes are different in normoglycemia and hypergly-
cemia conditions. The few available translational studies ex-
amined the epigenomes of smooth muscle cells and adipo-
cytes in healthy, obese, and diabetic individuals [67, 68].
However, efforts are currently concentrated on the identifica-
tion of plasma and urinary miRNAs for their potential use as
biomarkers in the diagnosis and prognosis of cardiovascular
complications of diabetic patients [69•].

We report here the main clinical studies related to epige-
netics of macro- and micro-vascular complications of
diabetes.

Epigenetics of Macrovascular Complications of Diabetes

Changes in DNA methylation and PTMs of histones
have been related to coronary artery disease (CAD),
heart failure, hypertrophic cardiomyopathy, dilated car-
diomyopathy, arrhythmias, and other cardiovascular pa-
thologies in the general population [30•]. miRNAs have
been proposed as potential prognostic biomarkers for
CAD in large cohorts of patients that also includes pa-
tients with diabetes [70, 71•, 72], implying a role for
miRNAs in diabetic CAD. For instance, miR-4513
rs2168518 polymorphism has been associated with
higher prevalence of traditional CV risk factors such
as fasting glucose, incidence of T2D, and poor survival
of CAD patients [70]. Motawae et al. recently showed
that miR-9 and miR-370 were significantly elevated in
patients with CAD and T2D versus patients with diabe-
tes or CAD separately [73]. Zampetaki et al. reported
that miR-126 was a strong predictor of myocardial in-
farction in a 10-year follow-up of 832 patients [71•].
Interestingly, miR-126 levels were low in circulating
endothelial microparticles of diabetic patients with
CAD [74].

Data on DNA methylation or histone acetylation in
diabetic peripheral artery disease (PAD) is lacking [75].
Nevertheless, the potential of miRNAs for the diagnosis
of PAD has recently been demonstrated. Initially, miR-
503 has been highlighted as a regulator of diabetic PAD
in experimental studies as it is increased in ischemic
limb of diabetic mice [76]. Recently, 12 different circu-
lating miRNAs were identified and characterized in pe-
ripheral blood of patients with T2D and PAD [77]. Al-
though these findings were replicated in two separate
samples of patients, the study was not designed to test
the prognostic utility of the identified miRNAs in a
longitudinal follow-up of diabetic patients with athero-
sclerotic PAD [77].
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Epigenetics of Microvascular Complication of Diabetes

Clinical studies and/or studies done on human tissues consol-
idate the implication of epigenetics in microangiopathy path-
ophysiology and their progression with earlier experimental
and animal findings. Sapienza et al. [78] reported 187 genes
differentially methylated in DNA extracted from saliva of di-
abetic patients with renal failure compared with patients with-
out DN. In another study by Stenvinkel et al. [79], DNA
hypermethylation was found to correlate with C-reactive pro-
tein and interleukin-6 in patients with renal failure regardless
of diabetes status. Genomic profiling of renal tubuli collected
from patients with end-stage renal failure (ESRD), including
diabetic patients, revealed differentially methylated enhancer
regions of pro-fibrotic genes that are characteristics of
nephrosclerosis [80]. In a small cohort of T1D patients, Bell
et al. [81] identified 19 CpG sites differentially methylated in
nephropathy compared with patients with T1D and normal
kidney function. Moreover, the duration of diabetes prior to
the onset of DN correlated with the changes in methylation of
CpG sites [81]. We previously investigated adult individuals
born from T1D mothers as a model of fetal exposure to ma-
ternal hyperglycemia, taking those born from T1D fathers as
controls [82•]. We demonstrated that adult offspring of T1D
mothers have a reduced renal functional reserve, which pre-
disposes these individuals to hypertension, renal, and vascular
diseases later in life [82•]. Further, we showed that global
DNAwas less methylated in offspring of T1D mothers versus
T1D fathers [83]. Moreover, the gene encoding for DNA
methyltransferase 1 (DNMT1)—a key enzyme involved in
gene expression during early organs development—was
under-methylated in offspring of T1D mothers [83].

Very few studies have addressed the usefulness of plasmat-
ic and urinary miRNAs in clinical DN. Data regarding patients
with diabetes are usually extrapolated from even fewer studies
with limited number of participants. Neal et al. reported that
total miRNAs were significantly reduced in patients with
ESRD compared with patients with mild kidney impairment
[84]. Moreover, miR-210 and miR-16 correlated with the pro-
gression of nephropathy [84]. In a cross-section study of pa-
tients with nephrotic syndrome and various underlying dis-
eases—DN, minimal change and focal membranous—miR-
200, miR-29a, and miR-192 were significantly different ac-
cording to the groups versus healthy controls [85].
Argyropoulos et al. [86] identified 27 urinary miRNAs whose
expressions and quantity are correlated to the severity of uri-
nary albumin excretion and creatinine clearance. In individ-
uals with T1D, urinary miRNA profiling revealed that miR-
145 and miR-130a were elevated whereas miR-424 and miR-
155 were decreased in patients with microalbuminuria versus
patients with normoalbuminuria [87].

As we previously mentioned, in vitro and in vivo models
showed that increased histone acetylation is an important

epigenetic reaction to hyperglycemia in retinal ECs. In a case
control study that included patients with various stages of
diabetic retinal damage, Maghbooli et al. reported that DNA
methylation levels were globally higher in patients with DR
compared with controls. Moreover, higher levels were ob-
served in advanced stages, which was not explained by con-
ventional factors such as hypertension and diabetes duration
[88]. Over 300 miRNAs have been reported to be dysregulat-
ed in retinal cells in experimental studies [89] but only a few
have been validated (Table 2) and a tiny number have been
tested in clinical settings. In patients with T2D, miR-21 is
known to protect ECs from glucotoxicity [90]. Qing et al.
recently reported that a combination of 3 miRNAs: miR-21,
miR-181c and miR-1179; had an 82 % accuracy of predicting
the development of proliferative DR in patients with non-
proliferative retinopathy [91].

Implications

With the recent advances in sequencing technologies and bio-
informatics analysis platforms, epigenetic discoveries are
moving towards an exponential increase. This would offer
the opportunity to discover novel drugs and potential diagnos-
tic biomarkers.

Experimental models in diabetes and CVD show that
inhibition or activation of enzymes such as histone
acetylases, deacetylases, or DNA demethylases may re-
verse the damage caused by hyperglycemia in specific
cells. TGF-β, hyperglycemia, and diabetes-induced chang-
es lead to sustained expression of pro-fibrotic and pro-
inflammatory genes [57]; thus, agents that reverse them
may be useful for chronic renal fibrotic disorders such
as DN. Yuan et al. showed that TGF-β antibody can
reverse high-glucose induced enrichment of the active
H3K4me2 mark at ECM gene promoters in mesangial
cells [92], whereas Reddy et al. showed that losartan, an
angiotensin receptor antagonist, reverses epigenetic modifi-
cations in renal cells of diabetic mice [93]. However, it is
wise to remember that hyperglycemia targets different cells
that do not share the same epigenome as the cardiovascu-
lar system. It is therefore unlikely that a systematic phar-
macologic therapy targeting DNA methylation or histone
PTMs would treat or even reverse cardiovascular compli-
cations of diabetes. Other alternatives may offer the poten-
tial to use epigenetics in the treatment of diabetes and
related CVD. Induced pluripotent stem cells (IPSCs) offer
a regenerative possibility for the cardiovascular system and
the heart itself; it has been suggested that miRNAs could
be easily used to produce induced IPSCs after modifica-
tion of the programming of adult cells [94]. Macrophages
are key cells in the development of occlusive atheroscle-
rotic artery disease as they form harmful foam cells that
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are embedded with cholesterol. It has been suggested that
in-vitro inhibition of histone deacetylase-3 in macrophages
reduced atherogenicity [95]. Although this kind of transla-
tional approach is only starting to emerge, it may offer the
potential to use epigenetics not only as a science to un-
derstand the pathophysiology of cardiovascular complica-
tions of diabetes but also as a therapeutic model in per-
sonalized medicine on the long-term.

As discussed earlier, several circulating miRNAs have
been identified in patients with diabetes and CVD; however,
replication in studies that include a large number of patients is
lacking. Most importantly, there is a clear need to test the
prognostic utility of miRNAs in order to obtain various
micro-RNAs Bsignatures,^ each predicting accurately the like-
lihood of developing a specific cardiovascular complication in
patients with T2D.

Conclusions

It is widely accepted now that epigenetics participate in the
initiation and progression of cardiovascular complications of
diabetes as reported in experimental studies. However, the
impact of epigenetics in clinical diabetes is still moderate.
More anticipated studies should confirm methylation and his-
tone PTMs of various human cells affected by hyperglycemia,
other than peripheral blood cell mononuclear cells. On the
other hand, many cohorts and trials with a larger number of
participants are required to replicate initial diagnostic and
prognostic potential of extra-cellular miRNAs. Recent
follow-up of earlier neutral trials on glycemic intensification,
such as UKPDS and VADT, indicate that epigenetic mecha-
nisms that could be behind cardiovascular complications of
diabetes could be reversible, even after some time. This may
offer a therapeutic perspective for diabetic patients with al-
ready established cardiovascular disease using tissue-specific
epigenetic modifiers drugs.
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