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Diabetes mellitus (DM) significantly increases the risk of cardiovascular diseases (CVD), all-cause mortality and

cardiovascular mortality. According to the Framingham study, patients with DM have a two-fold to four-fold increased risk

of developing coronary artery disease (CAD) and myocardial infarction (MI) and a four-fold to six-fold increased risk of

developing congestive heart failure (HF). Hyperglycemia represents the main initiating factor in the pathogenesis of

diabetic complications.
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1. Pathophysiology of CAD in Diabetes Mellitus

Diabetes is a complex metabolic process that induces atherosclerosis development and/or accelerates its progression

through a multifactorial process. Vascular complications associated with hyperglycemia in diabetes often begin with

endothelial dysfunction; however, the mechanisms underlying the pathogenesis of CAD in diabetic patients are still not

completely understood . Most of the reversible risk factors for atherosclerosis are more prevalent among diabetic

patients, including hypertension, obesity, dyslipidemia, hyperglycemia and hyperinsulinemia .

However, the contribution of the higher prevalence of all these classic risk factors in terms explains only a portion (25%) of

the excess of coronary heart disease risk in T2DM . This discrepancy is in part related to changes in the traditionally

measured risk factors that occur in diabetes, including glycation and advanced glycation end products (AGEs),

glycoxidation and oxidation, insulin resistance and hyperinsulinemia, abnormalities of apoprotein and lipoprotein particle

distribution and procoagulant states . Other factors to be considered are the possible adverse effects of hypoglycemic

agents, the influence of diabetic cardiomyopathy, inflammation, genetic and epigenetic modifications.

Inflammation plays an important role in the pathophysiological link between DM and atherosclerosis. Vircow first

recognized the role of inflammation in the pathogenesis of atherosclerosis . Chronic inflammation and inflammasome

activation play important roles in the pathogenesis of T2DM. Patients with T2DM have significantly increased messenger

RNA (mRNA) and protein levels of the NLRP3 inflammasome and increased proinflammatory cytokines in monocyte-

derived macrophages . Patients with DM present more intense pro-inflammatory, pro-oxidant and pro-thrombotic stimuli;

the latter is related to hyper-reactive platelets, the upregulation of pro-thrombotic markers and suppression of fibrinolysis

.

Jarrett in 1984  and Stern, in 1995 , suggested that DM and atherosclerosis have a common genetic and

environmental background, rather than one being a complication of the other (the “common soil” hypothesis). Insulin-

resistance and hyperglycemia, inflammation, oxidative stress, hypercoagulability, high blood pressure, dyslipidemia and

obesity are common pathophysiological factors in T2DM and CVD. Many common single-nucleotide polymorphisms

(SNP) have been associated with an increased risk of CVD and T2DM .

Genome-wide association studies have been employed to search for gene predispositions to both diseases. The main

genes whose variants are commonly associated with both T2DM and CVD are involved in LDL oxidation (paraxonase,

polymorphism Gln-Arg 192  or Met-Leu 54 , which lead to decreased levels or activity of paraxonase, an enzyme

that normally protects LDL from proatherogenic modifications), redox balance (superoxide dismutase 2 and polymorphism

Ala-Val 16, which lead to decreased SOD2 activity) , the adiponectin pathway (adiponectin, polymorphism +276 G/T 

and adiponectin receptor ADIPOR1, haplotypes rs7539542, rs10920531 and rs4950894 .

These polymorphisms determine the reduced activity of the adiponectin pathway that normally has anti-inflammatory and

antiatherogenic effects), lipoprotein transport (ApoE, polymorphism Arg112/Arg158 that encodes apoE4 isoform, which
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has a higher affinity for LDL-R, leading to early receptor occupation, accumulation of LDL particles, LDL-R synthesis

suppression and lower clearance of lipoproteins from the body through LDL-R)  but also cell cycle regulation

(CDKN2A/2B, variant rs4977574) , cell growth, differentiation and glucose metabolism (HMGA1, variant rs146052672,

which is associated with increased susceptibility to T2DM and acute MI) .

A proteomic analysis of a T2DM population in relation to coronary phenotyping highlighted the potential role of GDF15,

renin, adiponectin, serine protease HTRA1 and tetranectin in the development of T2DM and CAD . There are also

some genes with polymorphisms that are associated with a reduction of risk for CVD and T2DM, such as genes involved

in the cholesterol metabolism (PCSK9), cells mitosis (PSRC1) or intracellular trafficking (SORT1) . In addition to

biochemical mechanisms and genetic factors, epigenetic mechanisms play a key role in the physiopathology of DM-

induced CAD.

2. Role of Lipid and Glucose Metabolism in the Pathophysiological Link
between Diabetes and Atherosclerosis

DM is a glucose metabolism disorder characterized by chronic hyperglycemia resulting from a deficit of insulin production

and/or action. Both T1DM and T2DM cause hyperglycemia, which leads to endothelial dysfunction through different

pathways. In addition, T2DM also causes insulin resistance, which is another determinant for endothelial dysfunction.

Obesity, which is an independent risk factor for endothelial cell dysfunction is also closely related to type 2 diabetes .

Hyperglycemia represents the main initiating factor in the pathogenesis of diabetic complications  (Figure 1). A causal

relationship between levels of hyperglycemia and diabetic microvascular and macrovascular complications was found in

both T1DM and T2DM patients . Intensive diabetes therapy and lower levels of HbA1c in T1DM are associated with

thinner carotid IMT, less coronary calcification and a lower incidence of clinical cardiovascular events, such as myocardial

infarction, stroke and cardiac death . In T2DM patients, metabolic control (HbA1c < 7%) reduces the risk of coronary

heart disease death and all coronary heart disease events . Glycemic control is therefore of fundamental importance to

reduce the progression of diabetes and its microvascular and macrovascular complications.

Figure 1. Pathways leading to atherosclerosis in hyperglycemia. Intracellular and extracellular molecular mechanisms

underlying hyperglycemia-induced endothelial dysfunction. ROS, Reactive oxygen species; DAG, diacylglycerol; PKC,

Protein kinase C; eNOS, endothelial Nitric Oxide Synthase; NFkB, Nuclear Factor κB; ECM, extracellular matrix; PAI—1,

Plasminogen activator inhibitor-1; End1, endothelin 1; VEGF, Vascular endothelial growth factor; AGE, Advanced glycation

end products; and RAGE, receptor for advanced glycation end products.

Vascular endothelial cells are a major target of hyperglycemic damage; however, the mechanisms underlying this damage

are still incompletely understood. Hyperglycemia is linked to atherosclerosis through both extracellular and intracellular

mechanisms.

The extracellular mechanisms are based on the fact that chronic hyperglycemia induces the non-enzymatic glycation of

proteins, lipids and lipoproteins with the generation of AGEs . AGEs upregulate their receptors (RAGE) leading to the

activation of transcription factors, such as nuclear factor-κB (NF-κB) and its target genes . This results in the production

of pro-inflammatory cytokines (IL-1β, IL-6, IL-18 and TNFα) , generation of ROS, endothelial expression of adhesion

molecules (vascular cell adhesion molecule 1 (VCAM-1) and intercellular cell adhesion molecule 1 (ICAM-1), which

promote monocyte entry into the subendothelium), increased production of endothelin-1 and reduced generation of nitric
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oxide (that enhance vasoconstriction)  and increased macrophage expression of scavenger receptors (SR: CD36 and

SR class A1, which promote macrophage phagocytosis) .

AGE formation on vascular cells also determines the cross-linking of collagen molecules with an increased perivascular

fibrosis, which leads to a reduction in arterial compliance and also to coronary microvascular stenosis and

microaneurysms . LDL glycation increases the atherogenic potential of LDL: small dense LDL particles (LDL molecules

desialylated) glycation favors interactions with subendothelial proteoglycans, increasing the LDL retention time in the

subendothelial space and LDL phagocytosis by macrophages to form foam cells .

Small, dense LDL are also more atherogenic because of their lower binding affinity to LDL receptors and lower resistance

to oxidative stress . High intracellular glucose levels activate metabolic pathways that result in reactive oxygen species

(ROS) overproduction, the activation of PKC, the hexosamine pathway and the polyol pathway. The increased

inflammatory response leads to endothelial dysfunction with augmented vascular permeability and impaired vasodilation

as well as an associated increased risk of leukocyte/platelet adhesion, thrombosis and inflammation .

Hyperglycemia determines directly (through an increase in diacylglycerol) or indirectly (through the oxidative stress and

the increase of ROS) increased protein-kinase C (PKC) signaling, which can upregulate NF-κB and downregulate eNOS

, stimulate the production of cytokines, the extracellular matrix, the fibrinolytic inhibitor plasminogen activator inhibitor

(PAI-1), the vasoconstrictor endothelin-1 and VEGF. These changes lead to endothelial dysfunction due to the increase of

vascular permeability, basement membrane thickening, vascular occlusion and angiogenesis .

High intracellular glucose also results in increased hexosamine pathway flux, which leads to increased N-

acetylglucosamine and upregulation of PAI-1 . Finally, when intracellular glucose levels are high, there is increased

polyol pathway flux. A part of the glucose is reduced to sorbitol by aldose reductase, which competes for the cofactor

NADPH with glutathione reductase. This deprives the cell of reduced glutathione, an important antioxidant, with the

consequent ineffective reduction of toxic aldehydes, which accumulate in the cell .

IR is another important factor in the pathogenesis of T2DM complications and coronary vessel damage. The metabolic

consequences of IR are hyperglycemia, impaired insulin secretion, oxidative stress, hypertension, dyslipidemia and

increased visceral fat deposition. The pancreas attempts to overcome insulin resistance by increasing insulin secretion.

Compensatory hyperinsulinemia determines exaggerated responses in the tissues that remain sensitive to insulin, with

activation of the sympathetic nervous system and the increased reabsorption of renal sodium, leading to hypertension .

Insulin resistance in fat cells leads to increased lipolysis, fatty acid release, dyslipidemia and vascular abnormalities.

Visceral fat is more resistant than subcutaneous fat to the action of insulin, and the release of fatty acids from visceral fat

can directly (through PKC activation) block insulin-signaling pathways, thereby, increasing insulin resistance. Obesity,

especially visceral obesity, is negatively correlated with insulin sensitivity .

3. Epigenetic Modifications

Epigenetic modifications are changes in gene function that are mitotically and/or meiotically heritable and that do not

entail a change in DNA sequence . They include DNA methylation, histone modifications and non-coding RNA

(ncRNA)-mediated control (Figure 2). They are the result of interactions between environmental stimuli and the regulation

mechanisms of DNA expression, representing a molecular link between environmental factors and complex diseases,

including atherosclerosis and diabetes.
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Figure 2. Epigenetic modifications triggered by hyperglycemia. Hyperglycemia triggers the following epigenetic

modifications: DNA methylation, histone modifications and non-coding RNA mediated control. siRNA, short interfering

RNA; miRNA, micro RNA; lncRNA, long non-coding RNA; and circRNA, circular RNA.

Epigenetic changes at DNA-histone complexes significantly alter gene transcription by modulating the chromatin

accessibility. DNA methylation involves the addition of a methyl group to cytosines within cytosine/guanine pairs (CpG).

Several types of histone modifications are known, including histone methylation, acetylation, phosphorylation,

ubiquitination, SUMOylation (which is the attachment of a SUMO (Small Ubiquitin-like Modifier) peptide) and citrullination

are the best studied and important in regulating chromatin structure and transcriptional activity.

DNA methylation within a gene promoter typically represses gene transcription. Histone acetylation generally determines

increased transcription, while histone methylation has either a transcriptionally permissive or repressive character,

depending on the location of the targeted amino acid residues and on the number of methyl groups added . In detail,

the methylation of H3K9 and H3K27 is transcriptionally repressive, while the methylation of H3K4 and H3K36 is

transcriptionally permissive .

Histone phosphorylation and histone mono-ubiquitination can regulate transcriptional activity working in conjunction

(“cross talk”) with other histone modifications, such as histone acetylation . SUMO peptides can use the same lysine

residues as ubiquitin; therefore, the SUMOylation of substrate proteins may generate proteins resistant to degradation by

the ubiquitin proteasome system .

Histone citrullination is involved in the regulation of chromatin structure and gene transcriptional activity and engages in

cross-talk with histones marked with other modifications . Epigenetic modifications are performed by several specific

enzymes, which can be classified as “writers”, and these modify discrete residues on histone tails adding marks that

designate certain regions for transcriptional regulation (such as DNA methyltransferases and histone acetyltransferases)

and “erasers”, which remove these marks (such as histone deacetylases and histone demethylases) .

DNA methylation is catalyzed by DNA methyltransferases (DNMT) , whereas ten-eleven translocation (TET) enzymes

are responsible for DNA demethylation . Histone acetylation is regulated by histone acetyltransferases (HATs) and

histone deacetylases (HDACs, further subdivided in four classes; those in class III are called sirtuins or SIRTs), while

histone methylation is mediated by histone methyltransferases (HMTs) and histone demethylases (HDMs). Histone

phosphorylation is controlled by kinases and phosphatases. Histone ubiquitination is conducted by histone ubiquitin

ligases and histone deubiquitinating enzymes (DUBs) , while SUMOylation is by SUMO ligases and peptidases.

Histone citrullination is mediated by peptidyl arginine deiminase (PAD) enzymes.

Epigenetic modifications are reversible, to ensure that specific genes can be expressed or silenced by specific

stimulators. Shear stress, hyperglycemia, hyperlipidemia and aging are the most important factors that determinate

epigenetic modifications for endothelial cells, vascular smooth muscle cell and circulating monocytes. Moreover, the

epigenetic status is influenced by ncRNA molecules that regulate post-transcriptional modifications and control the

mechanisms of translational inhibition .
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4. Hyperglycemia-Induced Epigenetic Modifications and the Impact on
Atherosclerosis

A growing amount of evidence suggest that, in addition to biochemical processes, hyperglycemia can also induce

epigenetic modifications that lead to increased oxidative stress, PKC signaling, AGE formation, NFkB-dependent

monocyte-chemotactic protein 1 (MCP-1) and VCAM1 expression, with consequent endothelial dysfunction and

atherosclerosis .

Hyperglycemia determines DNA demethylation in endothelial cells through an upregulation of TETs. Endothelial cells

exposed to transient hyperglycemia (7 days) are characterized by the persistence of NFκB-p65 gene (RELA) activation,

induced by DNA demethylation of the NFκB promoter at CpGs islands through TET2 upregulation . Hyperglycemia

activates the NFκB-p65 gene in endothelial cells also by mono-methylation of lysine 4 on histone 3 (H3K4m1) through

histone methyltransferase Set7 and demethylation of H3K9 on the p65 promoter by lysine-specific demethylase 1 .

Hyperglycemia also influences the SUMOylation of I𝜅B𝛼, which is the main inhibitor of NF-κB dimers: when IκBα is

SUMOylated, it is resistant to ubiquitin-induced degradation, and it inhibits NF-κB. In high glucose conditions, the

SUMOylation of I𝜅B𝛼 is decreased, with consequent activation of the NF-κB pathway . The NFκB upregulation leads to

increasing its gene targets, including adhesion molecules, cytokines and chemokines (such as VCAM1, IL-6, TNFα and

MCP-1), causing vascular inflammation and atherosclerosis (Figure 3). Ubiquitination and SUMOylation can also activate

TGF-β and MAPK and inhibit Nrf2-oxidative stress . Ubiquitin-proteasome system overactivity, by contributing to the

increased inflammation process, may enhance the risk of complication during myocardial ischemia in diabetic patients .

Figure 3. Hyperglycemia and NF-kB pathway activation. Endothelial cells exposed to transient hyperglycemia are

characterized by the persistence of NFκB-p65 gene (RELA) activation, induced by DNA demethylation of the NF-κB

promoter at CpGs islands through TET2 upregulation. Hyperglycemia activates the NF-κB-p65 gene in endothelial cells

also by mono-methylation of lysine 4 on histone 3 (H3K4m1) through histone methyltransferase Set7 and demethylation

of H3K9 on the p65 promoter by lysine-specific demethylase 1. Hyperglycemia also influences the SUMOylation of I𝜅B𝛼,

which is the main inhibitor of NF-κB dimers: when IκBα is SUMOylated, it is resistant to ubiquitin-induced degradation, and

it inhibits NF-κB; in high glucose conditions, SUMOylation of I𝜅B𝛼 is decreased, with consequent activation of the NF-κB

pathway. NF-κB upregulation leads to increasing its gene targets, causing vascular inflammation and atherosclerosis. NF-

kB, Nuclear Factor κB; TET2, Ten-eleven translocation 2; IκBα, nuclear factor of kappa light polypeptide gene enhancer in

B-cells inhibitor alpha; HMT, Histone lysine methyltransferase; H3K9 demethylation, Demethylation of Histone H3 at

Lysine 9; and H3K4m1, Monomethylation on lysine 4 of histone H3.

The activation process of Set7 takes also place in circulating monocytes, determining the methylation of H3K4m1 on the

NFκB-p65 promoter, with activation of the transcription of genes responsible for the inflammatory process and for the

increased adhesion capacity of monocytes to the endothelium, leading to vascular dysfunction . Hyperglycemia is the

most potent driver of Set7 upregulation, and the expression of Set7 in circulating monocytes may represent a potential

marker of vascular damage. Targeting this chromatin-modifying enzyme may represent a novel therapeutic approach .

High glucose also induces DNA demethylation of the superoxide dismutase 2 (SOD2) promoter through TET2

upregulation, leading to reduced SOD2 expression, increased oxidative stress and vascular dysfunction .
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Hyperacetylation of histone H3 at lysine residues 9 and 14 (H3K9/K14) coexisting with DNA hypomethylation of CpG

islands was observed in response to hyperglycemia in human vascular cells on multiple gene promoters, including heme

oxygenase 1 (HMOX1), IL-8, matrix metalloproteinase 1 (MMP1) and 10 (MMP10) and cysteine/glutamate transporter

(SCL7A11) . Chromatin immunoprecipitation assays in monocytes demonstrated that diabetic patients present an

increased acetylation of histone H3 at lysine residues 9 and 14 and of histone H4 at lysine residues 5, 8 and 12 of

cyclooxygenase 2 (COX2), TNFα and MCP-1 gene promoters, causing enhanced inflammatory genes transcription and

monocyte activation . These genomic regions with high amounts of H3K9/14 histone tail hyperacetylation represent

0.3% of the genome in cells cultured in hyperglycemic conditions .

Hyperglycemia also induces TET-2 mediated DNA demethylation changes that are involved in the differentiation of the

vessel smooth muscle cells in a phenotype characterized by loss of contractility and increased proliferation and secretion

of extracellular matrix proteins that promote atherosclerosis. TET2 knockdown determines the reduced expression of

vascular smooth muscle cells (VSMCs) contractile genes (such as MYOCD, SRF and MYH11 genes), increased the

expression of synthetic phenotype markers, such as KLF4, KLF5 and OPN genes and the increased proliferation of

human coronary artery VSMCs . A U.K. Prospective Diabetes Study showed that end-organ effects continued to

operate >5 years after the patients had returned to their usual level of glycemic control because of the “hyperglycemic

memory” or “legacy effect” .

Transient hyperglycemia and the relative induced epigenetic modifications are able to determine a persistent activation of

genes harmful to the cardiovascular system, even when glycemic control is reached and maintained. Human aortic

endothelial cells exposed for 7 days to high glucose presented lower DNA methylation levels for the SIRT6 promoter with

increased expression of SIRT6 and TET2; these epigenetic changes persisted after 48 h of glucose normalization . The

increased SIRT6 expression following high-glucose exposure might be a compensatory response to hyperglycemia-

induced damage, since SIRT6 is involved in the DNA-damage repair system and protects against endothelial dysfunction

and vascular inflammation .

Epigenetic changes in the promoter of NF-κB subunit p65 (increased H3K4m1 by the histone methyltransferase Set7) in

aortic endothelial cells induced by transient hyperglycemia (16 h) persist for at least 6 days of subsequent normal

glycemia, as do NF-κB-induced increases in MCP-1 and VCAM-1 expression . H3K4 methylation of NF-κB p65 subunit

also provides a mechanism for epigenetic memory in macrophages .

Short-term (72 h) high glucose stimulation induces persistent downregulation of deacetylase SIRT1 as well as the

upregulation of acetyltransferase p300, leading to sustained hyperacetylation (at K382) and activation of p53 and

subsequent p53/p21-mediated senescent “memory” .

Hyperglycemia is not the only trigger of epigenetic modifications. AGEs directly reduce SIRT1 expression, leading to an

increased acetylation process and to the activation of p53, which is responsible for apoptosis and endothelial dysfunction

. Furthermore, the products of oxidative processes induced by hyperglycemia determine p66Shc promoter DNA

demethylation and GCN5-mediated histone 3 hyperacetylation. These epigenetic modifications lead to p66Shc

overexpression, which supports ROS production and antioxidant manganese superoxide dismutase downregulation,

resulting in unchallenged ROS accumulation in the vascular endothelium and endothelial dysfunction .

ROS production activates PKCβII, which in turn maintains elevated p66Shc levels, promoting sustained ROS-dependent

epigenetic changes. Hyperglycemia-mediated ROS overproduction is indeed considered the major driver of glycemic

memory in the vasculature . Some authors hypothesized a two-stage mechanism for hyperglycemic memory: an initial

induction phase due to hyperglycemia-induced increased ROS production and a perpetuation phase, since ROS induces

mutations in the mitochondrial DNA with the encoding of defective electron transport chain subunits that cause increased

ROS production by the electron transport chain also at physiologic concentrations of glucose and glucose-derived

reducing equivalents .

SIRT1 deacetylates H3 histones at the human endothelial p66Shc promoter to suppress the transcription of ROS and

promote transcription of SOD; therefore, SIRT1 prevents hyperglycemia-induced endothelial dysfunction and avoids

hyperglycemic memory . Adipose tissue from insulin-resistant subjects presents DNA hypermethylation of different

genes, such as FTO (associated with increased risk of obesity and cardiovascular diseases)  and IGF2 (associated

with a higher triglyceride/HDL ratio and increased metabolic risk in children) genes .

Low-grade chronic inflammation and insulin resistance induce histone deacetylase 3 (HDAC3) activity and expression in

peripheral blood mononuclear cells . A HDAC3 increase is associated with a decreased transcriptional level of DCB1,

which negatively regulates HDAC3. HDAC3 activity correlates with increased TNFα, IL-6, MCP-1 and reduced SIRT1,
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which causes macrophage recruitment and infiltration into adipose tissue . In obesity-induced insulin resistance/T2DM,

the elevated levels of saturated fatty acids (SFAs) enhance DNA methyltransferase 3b activity, leading to the methylation

of the PPRγ promoter and triggering the macrophage phenotype switch from anti-inflammatory (M2) to pro-inflammatory

(M1) .
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