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Abstract

:

Diabetes mellitus (DM) is a glucose metabolism disorder characterized by chronic hyperglycemia resulting from a deficit of insulin production and/or action. DM affects more than 1 in 10 adults, and it is associated with an increased risk of cardiovascular morbidity and mortality. Cardiovascular disease (CVD) accounts for two thirds of the overall deaths in diabetic patients, with coronary artery disease (CAD) and ischemic cardiomyopathy as the main contributors. Hyperglycemic damage on vascular endothelial cells leading to endothelial dysfunction represents the main initiating factor in the pathogenesis of diabetic vascular complications; however, the underlying pathophysiological mechanisms are still not entirely understood. This review addresses the current knowledge on the pathophysiological links between DM and CAD with a focus on the role of epigenetic modifications, including DNA methylation, histone modifications and noncoding RNA control. Increased knowledge of epigenetic mechanisms has contributed to the development of new pharmacological treatments (“epidrugs”) with epigenetic targets, although these approaches present several challenges. Specific epigenetic biomarkers may also be used to predict or detect the development and progression of diabetes complications. Further studies on diabetes and CAD epigenetics are needed in order to identify possible new therapeutic targets and advance personalized medicine with the prediction of individual drug responses and minimization of adverse effects.
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1. Introduction


Diabetes mellitus (DM) is a glucose metabolism disorder characterized by chronic hyperglycemia resulting from a deficit of insulin production and/or action. DM affects 537 million adults between the age of 20–79 years worldwide (10.5% prevalence), and this number is predicted to rise to 783 million by 2045 (12.2% prevalence) [1]. Over 1.2 million children and adolescences have type 1 DM (T1DM). It is estimated that 240 million people are living with undiagnosed diabetes, mainly in low- and middle-income countries [2].



T1DM accounts for about 5–10% of all patients with DM, and it results from pancreatic beta cells dysfunction with reduced insulin secretion, while type 2 DM (T2DM) is related to insulin resistance and accounts for 90–95% of all diabetic patients [3]. Diabetes is a major driver of mortality worldwide. Approximately 6.7 million adults are estimated to have died globally from diabetes or its complications in 2021 (12.2% of all deaths) [2].



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) [4]. Hyperglycemia represents the main initiating factor in the pathogenesis of diabetic complications [5].



HbA1c is the index of mean glycemia over time, and it is widely used for the routine monitoring of long-term glycemic control in both T1DM and T2DM. The normal reference range for HbA1c is 20–40 mmol/mol (4–6%); however, the general target for the treatment of diabetic patients is <53 mmol/mol (<7%) [6]. Patients with DM and poor glycemic control have a cardiovascular mortality risk that is ten-fold higher in subjects with T1DM [7] and five-fold higher in patients with type 2 DM (T2DM) [8]. CVD accounts for two thirds of overall deaths in subjects with T2DM, with CAD and ischemic cardiomyopathy as the main contributors.



People living with DM are at risk of developing several debilitating complications, leading to an increased need for medical therapy and hospitalizations, reduced quality of life and increased health expenditures. Global diabetes-related health expenditures were estimated at 966 billion USD in 2021 and are predicted to reach 1054 billion USD by 2045 [1].



Diabetic heart disease includes CAD, cardiac autonomic neuropathy (CAN) and diabetic cardiomyopathy. CAD is a well-known cardiac complication of DM, while CAN and diabetic cardiomyopathy are often under-recognized and undiagnosed. CAN is characterized by structural and functional alterations in the myocardial innervation that result in damage to the cardiac autonomic nerves, leading to orthostatic hypotension, reduced exercise tolerance and non-dipping/reverse-dipping at night [9].



Diabetic cardiomyopathy is a DM-induced pathophysiological condition characterized by cardiac structural, functional and metabolic changes that can lead to HF in the absence of CAD, hypertension and valvular heart disease. Structural changes in diabetic cardiomyopathy are mainly represented by cardiac stiffness, hypertrophy and fibrosis that eventually lead to HF with preserved ejection fraction (EF) (HFpEF, restrictive phenotype) and/or HF with reduced EF (HFrEF, dilated phenotype) [10].



The phenotypes and underlying mechanisms of diabetic heart disease have been mostly investigated in animals and humans with T2DM. The impact of T1DM is less clear, because the results of human studies are controversial and the metabolic derangements and the phenotype may be attenuated or masked by insulin treatment, since glycemic control reduces the prevalence of diabetic cardiomyopathy and of CVD [10]. In T1DM, diabetic cardiomyopathy is characterized by preserved systolic function, the absence of cardiac hypertrophy [11] and increased cardiomyocyte autophagy compared to T2DM [12]. These phenotypic differences may be explained by differences in myocardial insulin action, since T1DM is characterized by insulin deficiency while T2DM by insulin resistance (IR) with hyperinsulinemia, and this could have effects on cell survival, cell growth and other cellular pathways [10].




2. Diabetes Mellitus and CAD


DM is a strong pro-atherogenic stimulus, as suggested by the frequent involvement of multiple vascular districts. The risk of advanced atherosclerosis is five-fold higher in T2DM patients than in nondiabetic subjects [13] with a several-fold increased risk of coronary heart disease, cerebrovascular disease and peripheral vascular disease [4]. Diabetes is associated with a marked increase (by a factor of two to four) [4] in the risk of coronary heart disease, and it is considered as a CAD risk equivalent. This means that diabetic patients without a previous myocardial infarction have a risk of myocardial infarction as high as nondiabetic patients with previous myocardial infarction [14]. In diabetic patients, CAD is usually characterized by multivessel involvement with rapid disease progression and lesions that often require revascularization [9].



Patients with CAD and diabetes undergoing revascularization with drug-eluting stents present double rates of MI, stent thrombosis and cardiovascular mortality compared to non-diabetic patients [15]; moreover, they present 86% higher rates of in-stent restenosis. Restenosis and DM are independently associated with higher likelihood of death after 4-years [16]. Coronary artery bypass grafting (CABG) has been considered to be the preferred revascularization strategy in patients with DM and multivessel or complex CAD. However, in patients with left main coronary artery (LMCA) disease, the 10-year rates of mortality and serious composite outcomes were similar between percutaneous coronary intervention and CABG in patients with or without DM, suggesting that DM should not penalize the specific LMCA revascularization strategy [17].



In diabetic patients, CAD lesions have more complex and vulnerable features (lipid-rich core, macrophage accumulation and thin fibrous-cap) [9]. At the time of their first acute coronary syndrome, T2DM patients showed more severe and extensive coronary atherosclerosis, and this may be due to enhanced collateral circulation and more calcific plaques with less lipid deposition in the culprit vessel [18].




3. 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 [19]. Most of the reversible risk factors for atherosclerosis are more prevalent among diabetic patients, including hypertension, obesity, dyslipidemia, hyperglycemia and hyperinsulinemia [20].



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 [21]. 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 [20]. 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 [22]. 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 [23]. 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 [24].



Jarrett in 1984 [25] and Stern, in 1995 [26], 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 [27].



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 [28] or Met-Leu 54 [29], 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) [30], the adiponectin pathway (adiponectin, polymorphism +276 G/T [31] and adiponectin receptor ADIPOR1, haplotypes rs7539542, rs10920531 and rs4950894 [32].



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 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) [33] but also cell cycle regulation (CDKN2A/2B, variant rs4977574) [34], cell growth, differentiation and glucose metabolism (HMGA1, variant rs146052672, which is associated with increased susceptibility to T2DM and acute MI) [35].



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 [36]. 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) [27]. In addition to biochemical mechanisms and genetic factors, epigenetic mechanisms play a key role in the physiopathology of DM-induced CAD.



3.1. 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 [37].



Hyperglycemia represents the main initiating factor in the pathogenesis of diabetic complications [5] (Figure 1). A causal relationship between levels of hyperglycemia and diabetic microvascular and macrovascular complications was found in both T1DM and T2DM patients [38]. 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 [39]. In T2DM patients, metabolic control (HbA1c < 7%) reduces the risk of coronary heart disease death and all coronary heart disease events [40]. Glycemic control is therefore of fundamental importance to reduce the progression of diabetes and its microvascular and macrovascular complications.



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 [41]. AGEs upregulate their receptors (RAGE) leading to the activation of transcription factors, such as nuclear factor-κB (NF-κB) and its target genes [41]. This results in the production of pro-inflammatory cytokines (IL-1β, IL-6, IL-18 and TNFα) [10], 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 oxide (that enhance vasoconstriction) [19] and increased macrophage expression of scavenger receptors (SR: CD36 and SR class A1, which promote macrophage phagocytosis) [9].



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 [42]. 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 [43].



Small, dense LDL are also more atherogenic because of their lower binding affinity to LDL receptors and lower resistance to oxidative stress [19]. 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 [9].



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 [44], 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 [5].



High intracellular glucose also results in increased hexosamine pathway flux, which leads to increased N-acetylglucosamine and upregulation of PAI-1 [45]. 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 [45].



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 [46].



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 [47].




3.2. 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 [48]. 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.



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 [49]. In detail, the methylation of H3K9 and H3K27 is transcriptionally repressive, while the methylation of H3K4 and H3K36 is transcriptionally permissive [50].



Histone phosphorylation and histone mono-ubiquitination can regulate transcriptional activity working in conjunction (“cross talk”) with other histone modifications, such as histone acetylation [49]. 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 [51].



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 [52]. 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) [50].



DNA methylation is catalyzed by DNA methyltransferases (DNMT) [53], whereas ten-eleven translocation (TET) enzymes are responsible for DNA demethylation [50]. 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) [49], 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 [53].




3.3. 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 [9].



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 [54]. 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 [55].



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 [56]. 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 [51]. Ubiquitin-proteasome system overactivity, by contributing to the increased inflammation process, may enhance the risk of complication during myocardial ischemia in diabetic patients [57].



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 [58]. 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 [58].



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 [54].



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) [59]. 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 [60]. These genomic regions with high amounts of H3K9/14 histone tail hyperacetylation represent 0.3% of the genome in cells cultured in hyperglycemic conditions [59].



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 [61]. 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” [62].



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 [63]. 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 [64].



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 [65]. H3K4 methylation of NF-κB p65 subunit also provides a mechanism for epigenetic memory in macrophages [66].



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” [67].



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 [68]. 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 [69].



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 [50]. 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 [5].



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 [70]. Adipose tissue from insulin-resistant subjects presents DNA hypermethylation of different genes, such as FTO (associated with increased risk of obesity and cardiovascular diseases) [71] and IGF2 (associated with a higher triglyceride/HDL ratio and increased metabolic risk in children) genes [72].



Low-grade chronic inflammation and insulin resistance induce histone deacetylase 3 (HDAC3) activity and expression in peripheral blood mononuclear cells [73]. 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, which causes macrophage recruitment and infiltration into adipose tissue [73]. 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) [74].




3.4. Micro-RNA, Long Non-Coding RNA and Circular RNA Impacts on Atherosclerosis and DM


Regulatory non-coding RNAs include small interfering RNAs (siRNAs), micro-RNAs (miRNAs), long-non-coding RNAs (lncRNAs) and circular RNAs (circRNAs). siRNAs and miRNAs are short (20–22 nucleotides length) fragments that regulate gene expression at a post-transcriptional level. siRNAs and miRNAs both target mRNA producing a gene silencing effect; however, siRNAs inhibit one specific target mRNA, while miRNAs regulate the expression of multiple mRNAs at the same time [75]. miRNAs mediate several cellular processes by inhibiting their targets through either translational repression or mRNA degradation.



LncRNAs are >200 nucleotides in length and are involved in the regulation of transcription, splicing and in the regulation of miRNAs [76]. CircRNAs are covalently closed circular molecules, formed by joining of the 3′ to the 5′ splice site, which can arise from any region of the genome, including exonic circRNAs (ecircRNAs), intronic circRNAs (ciRNAs) and exon–intron circRNAs (EIciRNAs). ecircRNAs mostly interact with miRNAs in the cytoplasm, while ciRNAs and EIciRNAs are involved in the regulation of gene transcription at the nuclear level [77].



Dysregulated expression of different miRNAs and lncRNAs is involved in various steps of atherosclerosis, including altered lipid metabolism, endothelial dysfunction, vascular smooth cell and macrophage phenotypic switching, platelet reactivity and cardiomyocyte differentiation and apoptosis [9]. More than 2500 miRNAs were identified in the human genome, and several of them were found to be involved in diabetes mellitus pathogenesis, insulin sensitivity, cardiomyocytes hypertrophy, fibrosis and diastolic dysfunction [19]. Different miRNAs were found to play important roles for both T2DM and CVD.



Hyperglycemia upregulates miRNA-185 with reduction of the GPx-1 gene, which encodes the glutathione peroxidase-1 enzyme, which is important in preventing oxidative stress and endothelial dysfunction [78]. The upregulation of miRNA-34a [79] and miRNA-204 [80], which impair SIRT1, and the reduction of miRNA-126, which plays a protective role in atherosclerosis, are involved in endothelial dysfunction in patients with DM and CAD [81]. SIRT-1-impaired expression contributes to endothelial cell senescence, while miR-126 reduction determines the loss of inhibition of TNFα, the ROS level and NADPH oxidase via HMGB1 [82] and the loss of stimulation on VEGF and fibroblast growth factor activities, with consequent pro-inflammatory and anti-angiogenetic effects [27].



Hyperglycemia also downregulates the expression of miRNA-130a and miRNA-134, altering endothelial cells apoptosis and motility. miRNA-130a expression inhibition leads to increased Runx3 and decreased VEGF, with consequent increased apoptosis and decreased proliferation, migration, differentiation, colony formation and angiogenic potential [83]. In the presence of hyperglycemia, miRNA-320 is upregulated and suppresses the VEGF-A, FGFs, IGF-1 and IGF-1 receptors, with reduced proliferation and migration and impaired angiogenesis [84].



Endothelial cells incubated in high glucose also present an increased expression of other miRNAs involved in impaired angiogenesis, such as miRNA-221, 222 and 503. miRNA-221 alters the expression of c-kit (CD117), the receptor for stem cell factors, impairing endothelial progenitor cell migration and homing [85]; in addition, both miRNA-221 and 222 directly inhibit cyclin-dependent kinase inhibitor proteins P27KIP1 and P57KIP2, inhibiting the cell cycle [86]. miRNA-503 determines the reduced expression of the cell cycle regulators cdc25A and cyclin E1 (CCNE1), determining an impaired cell cycle [87].



High glucose levels also determine miRNA-145 reduction and miRNA-24 and miRNA-504 increases, with the consequent VSMC acquisition of proliferative and migratory properties. In response to high glucose stimulation, VSMCs also present increased expression of miRNA-125b, which decreases H3K9 methylation at inflammatory gene promoters by targeting methyltransferase Suv39h1 mRNA, leading to increased IL-6 and MCP-1 gene expression [88]. This demonstrated the role of miRNA-125b in accelerating atherosclerosis.



There are also miRNAs involved in lipid metabolism dysregulation (increased miRNA-29 and miRNA-122 and reduced miRNA-26a levels determine abnormal cholesterol homeostasis and fatty acids synthesis) and platelet function alteration (downregulation of miRNA-223, 126 and 146a, associated with increased platelet reactivity and the upregulation of miRNA-103b) [89].



miRNAs serum levels have been shown to be stable, reproducible and consistent amongst healthy individuals; therefore, they have potential value as diagnostic and prognostic biomarkers of disease. For example, decreased miRNA-126 plasma levels were associated with a low ankle brachial pressure index and subsequent new-onset peripheral vascular disease [90].



Different lncRNAs have been implicated in various steps of atherosclerosis and insulin-resistance processes. lncRNAs influence DM-associated cardiovascular disease by regulating endothelial cell growth, migration and apoptosis. In hyperglycemic conditions, endothelial dysfunction is mediated by the upregulation of lcnRNA MALAT1 (which targets the proinflammatory ligand serum amyloid antigen 3, inducing the expression of IL-6 and TNFα and ROS production), lncRNA CDKN2B-AS1 (ANRIL, which affects CVD progression by inducing VSMCs proliferation and cell adhesion and reducing VSMCs apoptosis) and MIAT (retinal non-coding RNA, implicated in endothelial cells migration by targeting miRNA-150-5p, causing increased TNFα and VEGF expression) and downregulation of MEG3 (involved in endothelial cell proliferation, migration and tube formation via PI3K/Akt) [91].



Other lncRNAs play important roles in other cells involved in the process of atherosclerosis induced by hyperglycemia. In VSMCs, lncRNA H19 upregulation increases proliferation through its target IGF, while lncRNA-p21 downregulation stimulates proliferation and reduces apoptosis (via p53) [91]. In macrophages, lncRNA E330013P06 upregulation promotes foam cell formation through the expression of inflammatory genes, such as Nos2, IL6 and ptgs2 [92], while lncRNA-Lethe reduction determines an increased inflammation cascade removing the inhibition on the translocation of NF-κB transcription factors to the nucleus, with a consequent increase in NOX2 gene expression and ROS production [93]. MALAT1, lncRNA-GAS5 and lncRNA-p21 (via p53) are involved in macrophages apoptosis [91]. Finally, lncRNA H19 downregulation is associated with cardiomyocytes dysfunction (lncRNA H19 via miRNA-675 targets VDAC1, a mitochondrial porin involved in ATP transport, leading to cardiomyocyte apoptosis) [94].



CircRNAs are involved in physiopathologic processes as they can serve as miRNA sponges, regulate transcription or splicing and can also interact with RNA binding proteins (RBPs) [95]. CircRNAs play an important role in the initiation and development of atherosclerosis by regulating the activation of endothelial cells, VSMCs and macrophages by targeting miRNA [77].



Ox-LDL-treated vascular endothelial cells present upregulation of Circ-0003575, which is involved in endothelial cell proliferation and angiogenesis [96]. High glucose treated endothelial cells present downregulation of circHIPK3 that acts through the axis miRNA-30a-3p-VEGFC/WNT2/FZD4, with a consequent lack of inhibition of oxidative damage that causes cell apoptosis and of circDNMT3B that, via miRNA-20b-5p/BMP and the BAMBI axis, leads to increased angiogenesis. In addition, endothelial cells treated with high-glucose also present upregulation of circ-0054633 (which acts via miRNA-218/ROBO1 and HO-1) and of circ-0068087 (which acts through miRNA-197/TLR4/NF-κB/NLRP3), leading to increased angiogenesis and inflammation [77].



CircRNAs are also involved in VSMC proliferation and migration in conditions of elevated ox-LDL levels (circCHFR) and hyperglycemia (circWDR77- miRNA124-FGF2 pathway) [97], neointimal hyperplasia on endothelial and vascular smooth muscle cells (circDiaph3), atherosclerotic plaque calcification by increased release of hydroxyapatite (circSp140 and circVxs1), induction of the endothelial–mesenchymal transition process (circHECW2 and circDLGAP4) and macrophage differentiation and polarization in M1 pro-inflammatory type (circRNA-003780, circRNA-010056 and circRNA-010231) [77].



circRNA11783 -2 is closely related with both atherosclerosis and type 2 diabetes, and it acts as an miRNA sponge on miRNA-608 and miRNA-3907 [98]. CircRNAs are more stable than linear RNAs in plasma and body fluids; therefore, they could have a role not only as target therapy but also as early diagnostic and prognostic markers of atherosclerosis [77].





4. Role of Epidrugs in DM-Induced CAD


In patients with cardiometabolic diseases, such as DM, it is possible to restore the altered epigenetic landscape by the administration of compounds able to edit/erase specific biological signals. In the recent years, several drugs targeting epigenetic modifications have been developed and named “epidrugs”. The main classes of epigenetic modifiers include DNA methyltransferase inhibitors (DNMTi), histone demethylating inhibitors (HDMi), histone deacetylase activators (HDACa), sirtuin-activating compounds (STACs), histone deacetylase inhibitors (HDACi), histone acetyltransferase inhibitors (HATi) and bromodomain and extra-terminal domain inhibitors (BETi) (Figure 4).



4.1. Antidiabetic Drugs with Epigenetic Action


Interindividual variation to antidiabetic medication response can be only partially explained by genomic diversity, and epigenetics can help explain some of the variability in the dose requirements and adverse effects of oral antidiabetic drugs. Some beneficial effects of antidiabetic drugs to the endothelium can be attributed to the inhibition of diabetes-induced epigenetic changes [53]. Metformin, a biguanide compound, is a well-established antidiabetic drug in T2DM with proven effects of reducing rates of cardiovascular disease and death in diabetic patients. Metformin acts on hyperglycemia by decreasing hepatic gluconeogenesis and increasing insulin sensitivity.



The protective effect of metformin on vascular cells occurs in part via glucose lowering and in part via other pleiotropic effects, including DNA methylation. Metformin treatment leads to a combination of hyper-, hypo- and non-differentially methylated CpG sites, and this is due to a combination of direct and indirect effects [99].



Patients on low-dose metformin therapy were found to present several differentially methylated genes compared to healthy individuals, including CAMKK1 (a regulator of AMPK), BACE2 and ADAM8 (which regulates monocyte mobility and inflammation). Since this study compared regions with significant differences in methylation levels between healthy subjects and patients on metformin therapy, the observed DNA methylation changes induced by metformin were independent of diabetic status [100]. Metformin delays endothelial senescence enhancing mitochondrial biogenesis by AMPK-SIRT1-DOT1L-mediated H3K79 trimethylation of SIRT3 promoter, causing SIRT3 increased expression and reduced oxidative stress.



Chronic low-dose metformin treatment increases the mitochondrial oxygen consumption rate, significantly attenuates vascular aging and inhibits age-associated atherosclerotic plaque formation [101]. Metformin-mediated enhancement of SIRT1 signaling (SIRT1/p300/p53/p21) also provides protection against metabolic memory of cellular senescence [67]. Metformin also acts by upregulating miRNA let-7 through AMPK activation, leading to lncRNA H19 degradation, S-adenosylhomocysteine hydrolase activation, DNMT3B activation and DNA methylation of a subset of genes [102].



Modulation of epigenetic factors might be an additional mechanism by which glucagon-like peptide 1 (GLP-1) agonists and GLP-1 receptor agonists could prevent diabetic complications. GLP-1 agonists and exenatide (GLP-1 receptor agonist) prevent high glucose-induced DNA demethylation changes on NF-kB and SOD2 promoter regions by reducing the binding of TET2 to these regions. As a result, these drugs determine a reduction of NF-κB activation and NF-κB target genes (IL-6, TNFα, VCAM1) expression and an increase of SOD2 expression, with a favorable effect in terms of vascular inflammation [54].



Recently, a new class of anti-diabetic drugs, sodium-glucose cotransporter-2 inhibitors (SGLT2i), have been proposed by the most recent ESC guidelines as first-line therapy in patients with HF [103]. The efficacy of these drugs in the improvement of cardiac function is also through their epigenetic effects. Solini et al. suggested novel mechanisms of cardioprotection associated with dapaglifozin treatment. Dapaglifozin upregulates miRNA-30e-5p, which inhibits myocardiocyte autophagy and heart failure onset and reduces miRNA-199a-3p expression, which causes a reduction in cardiac PPARδ levels, thus, restoring mitochondrial fatty acid oxidation and leading to an improvement of cardiac function in patients with HF. Dapaglifozin also exerts nephroprotection by preserving renal vasodilating capacity through a reduction in miRNA-27b expression [104].




4.2. Phytochemicals with Epigenetic Mediated Effects on Diabetes-Induced CAD


Currently, there are approximately 200 pure bioactive compounds that can be found in medicinal plants with potent hypoglycemic effects [105] through DNA-methylation and histone modifications. Several of these compounds have already been approved by the FDA for the treatment of cancer and neurological diseases [106]. The applicability of major phytochemical groups, such as polyphenols, terpenoids, organosulfur and alkaloids as epidrugs in patients with diabetes was experimentally shown [107]. An extensive description of phytochemicals with epigenetic effects on diabetes goes beyond the scope of this review, but here we provide some examples.



Resveratrol is a natural compound (phytoalexin stilbene) that is highly concentrated in grapes, red wine, berries and peanuts. This phenolic molecule is a potent activator of NAD-dependent HDAC sirtuin 1 (SIRT-1) [108] and it is able to inhibit AGE-induced apoptosis in human vascular endothelial cells by decreasing the expression of apoptosis-associated signaling molecules, such as cytochrome c [68]. Resveratrol inhibits high glucose-induced metabolic memory of endothelial senescence (through the SIRT1/p300/p53/p21 pathway) [67]. Through SIRT1, resveratrol also reduces endothelial oxidative stress by the activation of Nrf2, decreased NF-κB expression, suppression of pro-oxidative genes (such as NADPH oxidase subunit Nox4) and induction of anti-oxidative enzymes (such as superoxide dismutase 1 and glutathione peroxidase 1) [109].



The resveratrol antioxidant effect improves insulin sensitivity (through the Akt pathway) and glucose control in T2DM patients [110]. Therefore, resveratrol may be an alternative therapy to treat T2DM-associated vascular complications [68,110]. Different clinical trials investigated the role of resveratrol in T2DM [111], diabetic microvascular complications [112], atherosclerosis, coronary artery disease and peripheral artery disease [113], and several studies are currently ongoing. RESPECT-ISR (NCT05093244) is a prospective, randomized multicenter study that will investigate a resveratrol excipient paclitaxel-coated balloon for the treatment of in-stent coronary artery restenosis.



Curcumin is the active ingredient of curcuma longa, a common spice used in curry dishes [114]. Curcumin supplementation was shown to exert beneficial effects through specific inhibition of histone acetyltransferase p300 with the consequent inhibition of p53, leading to the induction of angiogenesis and inhibition of NF-κB activation, with significant reduction in pro-inflammatory cytokines, TNFα, TGFβ1, ROS, MCP-1, increase in NO synthase and improvement of microangiopathy, endothelial senescence and hyperglycemic memory [114,115]. Curcumin also attenuates TNFα-mediated lipolysis and is associated with decreased levels of circulating free-fatty acids and improved insulin sensitivity [116]. Supplementation of curcumin reduced serum cholesterol in atherosclerotic patients [117], and a randomized clinical trial in T2DM patients showed that a 6-month curcumin intervention significantly reduced the atherogenic risk [118].



Apabetalone (RVX 208) is a selective bromodomain and extra-terminal (BET) protein inhibitor targeting bromodomain2 (BD2); it is involved in gene transcription regulation by interacting with acetylated histone residues, and it is therefore considered an epigenetic “reader”. BD2-selective BET inhibition by apabetalone suppresses TNFα-induced expression of vascular inflammation genes. Treatment with apabetalone through its epigenetic effects reduces mediators that drive endothelial activation, monocyte recruitment and plaque destabilization [119].



In phase II trials, Apabetalone reduced the relative risk of major adverse cardiac events (MACE) in diabetic coronary artery disease patients by 57% compared to placebo [120]. Recently published data of a phase III clinical trial (BETonMACE) on high-risk T2DM patients with coronary artery disease failed to clearly demonstrate a reduction in MACE but showed promising effects of Apabetalone on specific secondary endpoints, such as cardiovascular death and non-fatal MI and HF [121].




4.3. Non-Coding RNA-Based Therapeutics


An important family of developing epidrugs includes ncRNA-based therapeutics that are currently in preclinical development, some of which are entering assessment in clinical trials [122]. Although there is no direct evidence to utilize ncRNAs in clinical settings for the CVD complications in DM, many experimental studies suggest that ncRNAs might be used in the future as therapeutic agents for the treatment of vascular complications developing from DM [91]



Endogenous miRNAs and lncRNAs can be inhibited through the administration of antisense oligonucleotides that are complementary to their sequences. Smaller ncRNAs, such as siRNAs and miRNAs, can also be delivered through chemical vectors (such as lipid mixtures, lipid nanoparticles and dendrimers) and biological vehicles, including exosomes and minicells. RNA therapeutics can also be delivered through viral vectors [9]. miRNA therapeutics include miRNA mimics, miRNA sponges, anti-miRNA oligonucleotides and anti-sense oligonucleotides. miRNA mimics are able to mimic the function of an endogenous miRNA, while miRNA sponges bind to intracellular miRNAs, preventing its binding to targets. Anti-miRNA oligonucleotides (antagomiRs) form a stable, high-affinity bond with the miRNA, reducing the availability of the latter to bind its target [123].



Anti-sense oligonucleotides (ASOs) hybridize with the complementary mRNA in a sequence-specific manner via Watson–Crick base pairing; the ASO-mRNA heteroduplex can lead to mRNA degradation through RNase-H activity, translational arrest by steric hindrance of ribosomal activity, or downregulation of target protein expression by inhibiting splicing or destabilizing pre-mRNA in the nucleus [124].



A promising miRNA therapeutic approach in the cardiometabolic disorders field is testing the use of an anti-miRNA–33, since miRNA-33 suppresses the expression of the cholesterol transporter ABC transporter A1 (ABCA1) and lowers HDL levels. Rotllan et al. observed a reduction of aortic atherosclerotic lesion in mice after 8 weeks of anti–miRNA-33 treatment [125]. The targeted deletion of miRNA33 in Apoe–/– mice determines the reduced atherosclerotic plaque size, increased markers of plaque stability, decreased inflammatory gene expression and increased HDL plasma levels [126].



AntagomiR targeting miRNA-195 has entered the preclinical development stage for treating diabetic cardiomyopathy [127]. miRNA-195 silencing increases the levels of the antiapoptotic protein BCL-2 (preventing cardiomyocytes apoptosis) and of SIRT1 (regulating cardiomyocyte survival). miRNA-195 silencing attenuates diabetic cardiomyopathy also by reducing oxidative stress and mRNA levels of hypertrophic genes and by increasing coronary blood flow and myocardial capillary density [127].



Anti-miRNA21-coated drug-eluting stents have been shown to be highly effective in reducing VSMC proliferation and alleviating myointimal hyperplasia and in-stent restenosis in humanized animal models of obstructive artery disease, and this did not show any off-target side effects, in contrast to the systemic use of anti-miRNA 21. In addition, in contrast to currently employed DES, it did not delay vessel re-endothelization and did not inhibit endothelial cell proliferation in vitro, likely because of the low concentration of mi-RNA 21 in the endothelium compared to its expression in VSMCs in response to injury and stent deployment [128].



Mipomersen is an anti-sense oligonucleotide that inhibits the synthesis of ApoB mRNA in the liver and currently has approval for the treatment of familial hypercholesterolemia (FH). Phase 3 clinical trials documented that long term mipomersen treatment leads to a reduction in cardiovascular events in FH patients [129].



Another possible therapeutic strategy is represented by locked nucleic acids (LNA)-GapmeRs that bind lncRNAs and activate RNase H with the consequent cleavage and downregulation of specific lncRNAs that are over-expressed in pathological conditions. Kuespert S. et al. experimented in vitro with antisense oligonucleotides in an LNA-GapmeR-based technology that blocks TGFβ signaling by inhibiting TGFβ receptor II mRNA [130]. This suggests a promising future role of LNA-GapmeRs as regulators of lncRNA expression implicated in other signaling pathways in the contest of different pathologies, including diabetes and atherosclerosis.



Another kind of technology could be the use of nanoparticles to deliver into target cells specific lncRNAs that are downregulated in pathological conditions. Although the role of lncRNAs is promising in the therapeutic field, preclinical studies are limited: many lncRNAs are not conserved between species, and this reduces the possibility of translating the results of preclinical studies to clinical studies.




4.4. Challenges and Limitations of Drugs with Epigenetic Targets


The development of drugs with epigenetic targets presents different limitations, including the fact that epigenetics are tissue specific and environment- and time-dependent. In addition, it is difficult to prove a causal relationship between epigenetic changes and the disease phenotype. Therefore, epigenetic studies require much work before they can be translated into clinical practice, and this requires expensive laboratories and techniques where research can be performed [53]. Approaches that allow plaque- and cell-specific pharmacological targeting of chromatin regulators, such as a nanomedicine delivery strategies that use drug-loaded high-density lipoprotein nanoparticles, may help in developing greater precision epidrugs [131].



NcRNA therapeutic approaches face several challenges, ranging from ncRNA drug design and delivery to regulatory issues. In order to be of potential use, there should be a predominant pathomechanism addressed with no irreversible damage present, and the drug has to be efficient with very high safety [122]. NcRNAs can also be used as diagnostic tools for earlier disease detection and differentiation of disease subtypes and as prognostic markers. For example, a study from Meder et al. identified a unique 20-miRNA signature from the total peripheral blood that was able to predict AMI with high specificity and sensitivity values, when troponin was still negative [132]. More recently, the lncRNAs CoroMarker and PPARδ were reported as predictive biomarkers for CAD [133].



Research on ncRNAs as biomarkers faces several challenges that include the variability related to the choice of material, as ncRNA levels greatly vary among the different materials used, RNA-extraction methods and processing techniques. The results may be affected by the influence of other drugs (e.g., heparin has been shown to interfere with circulating ncRNAs levels [131]) and other non-cardiac diseases. Moreover, the current normalization methods for reporting ncRNA levels are not standardized.



Therefore, it is necessary to eliminate the variability of ncRNA data due to technical and analytical factors as standardization is needed to generate solid and reproducible results. This represents a major challenge to refine the search for ncRNAs as biomarkers [122]. LncRNA research is also challenging due to the fact that most lncRNAs, in contrast to miRNAs, are not conserved among species; therefore, the translation of animal findings to patients will be challenging [122].





5. Conclusions


Diabetic patients present an increased risk of coronary heart disease; however, the pathogenesis of CAD in diabetes mellitus is still not completely understood. Epigenetic modifications can help understand the pathophysiological link between diabetes and accelerated atherosclerosis; epigenetics also have a role in hyperglycemia-linked biological memory and can help clarify differences in antidiabetic drug responses among individuals of the same genotype group.



Increased knowledge of epigenetic mechanisms has opened new perspectives on the diagnostic, prognostic and therapeutic applications of epigenetics in cardiovascular diseases. New epigenetic biomarkers may help to predict and detect the development and progression of diabetes complications at an early stage, thus, allowing early intervention in order to delay severe complications. Further studies on diabetes and CAD epigenetics are needed to improve the clinical use of antidiabetic drugs in DM-induced CAD, to identify novel therapeutic targets and to predict patients who will benefit from therapy, thereby, maximizing the effective therapy and minimizing the incidence of adverse effects.







Author Contributions


Conceptualization, F.B. and F.R.P.; writing—original draft preparation, F.R.P., D.L., F.I., M.M., R.C.; writing—review and editing, F.R.P., D.L., F.I. and F.B.; figures: F.R.P., M.M., supervision, F.R., S.L. and F.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Acknowledgments


We would like to express our gratitude to all those who helped us during the writing of this manuscript.




Conflicts of Interest


The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Sun, H.; Saeedi, P.; Karuranga, S.; Pinkepank, M.; Ogurtsova, K.; Duncan, B.B.; Stein, C.; Basit, A.; Chan, J.C.; Mbanya, J.C.; et al. IDF Diabetes Atlas: Global, regional and country-level diabetes prevalence estimates for 2021 and projections for 2045. Diab. Res. Clin. Pract. 2021, 183, 109119. [Google Scholar] [CrossRef] [PubMed]

	



Magliano, D.J.; Boyko, E.J.; Balkau, B.; Barengo, N.; Barr, E.; Basit, A.; Bhata, D.; Bommer, C.; Booth, G.; Cariou, B.; et al. International Diabetes Federation Diabetes Atlas 10th edition. 2021. Available online: https://www.diabetesatlas.org/en (accessed on 15 April 2022).

	



American Diabetes Association. Diagnosis and Classification of Diabetes Mellitus. Diab. Care 2014, 37 (Suppl. 1), S81–S90. [Google Scholar] [CrossRef] [PubMed]

	



Kannel, W.B.; McGee, D.L. Diabetes and cardiovascular disease. The Framingham study. JAMA 1979, 241, 2035–2038. [Google Scholar] [CrossRef] [PubMed]

	



Nishikawa, T.; Edelstein, D.; Brownlee, M. The missing link: A single unifying mechanism for diabetic complications. Kidney Int. 2000, 58 (Suppl. 77), S26–S30. [Google Scholar] [CrossRef]

	



American Diabetes Association. Standards of medical care in diabetes–2011. Diabetes Care 2011, 34 (Suppl. 1), S11–S61. [Google Scholar] [CrossRef]

	



Tornese, G.; Tubaro, M.; Ventura, A.; Beck, R.W.; Lind, M.; Svensson, A.-M.; Rosengren, A.; Magliano, D.; Harding, J.L.; E Shaw, J. Glycemic Control and Excess Mortality in Type 1 Diabetes. N. Engl. J. Med. 2015, 372, 879–881. [Google Scholar] [CrossRef]

	



Tancredi, M.; Rosengren, A.; Svensson, A.-M.; Kosiborod, M.; Pivodic, A.; Gudbjörnsdottir, S.; Wedel, H.; Clements, M.; Dahlqvist, S.; Lind, M. Excess Mortality among Persons with Type 2 Diabetes. N. Engl. J. Med. 2015, 373, 1720–1732. [Google Scholar] [CrossRef]

	



Rajbhandari, J.; Fernandez, C.J.; Agarwal, M.; Yeap, B.X.Y.; Pappachan, J.M. Diabetic heart disease: A clinical update. World J. Diabetes 2021, 12, 383–406. [Google Scholar] [CrossRef]

	



Prandi, F.R.; Evangelista, I.; Sergi, D.; Palazzuoli, A.; Romeo, F. Mechanisms of cardiac dysfunction in diabetic cardiomyopathy: Molecular abnormalities and phenotypical variants. Heart Fail. Rev. 2022. Epub ahead of print. [Google Scholar] [CrossRef]

	



Bugger, H.; Boudina, S.; Hu, X.X.; Tuinei, J.; Zaha, V.G.; Theobald, H.A.; Yun, U.J.; McQueen, A.P.; Wayment, B.; Litwin, S.E.; et al. Type 1 diabetic akita mouse hearts are insulin sensitive but manifest structurally abnormal mitochondria that remain coupled despite increased uncoupling protein 3. Diabetes 2008, 57, 2924–2932. [Google Scholar] [CrossRef]

	



Kanamori, H.; Takemura, G.; Goto, K.; Tsujimoto, A.; Mikami, A.; Ogino, A.; Watanabe, T.; Morishita, K.; Okada, H.; Kawasaki, M.; et al. Autophagic adaptations in diabetic cardiomyopathy differ between type 1 and type 2 diabetes. Autophagy 2015, 11, 1146–1160. [Google Scholar] [CrossRef]

	



Bonora, E.; Formentini, G.; Calcaterra, F.; Lombardi, S.; Marini, F.; Zenari, L.; Saggiani, F.; Poli, M.; Perbellini, S.; Raffaelli, A.; et al. HOMA-estimated insulin resistance is an independent predictor of cardiovascular disease in type 2 diabetic subjects: Prospective data from the Verona Diabetes Complications Study. Diabetes Care 2002, 25, 1135–1141. [Google Scholar] [CrossRef]

	



Haffner, S.M.; Lehto, S.; Rönnemaa, T.; Pyörälä, K.; Laakso, M. Mortality from Coronary Heart Disease in Subjects with Type 2 Diabetes and in Nondiabetic Subjects with and without Prior Myocardial Infarction. N. Engl. J. Med. 1998, 339, 229–234. [Google Scholar] [CrossRef]

	



Jensen, L.O.; Thayssen, P.; Junker, A.; Maeng, M.; Tilsted, H.H.; Kaltoft, A.; Hansen, K.N.; Christiansen, E.H.; Kristensen, S.D.; Ravkilde, J.; et al. Comparison of outcomes in patients with versus without diabetes mellitus after revascularization with everolimus- and sirolimus-eluting stents (from the SORT OUT IV trial). Am. J. Cardiol. 2012, 110, 1585–1591. [Google Scholar] [CrossRef]

	



Cassese, S.; Byrne, R.A.; Schulz, S.; Hoppman, P.; Kreutzer, J.; Feuchtenberger, A.; Ibrahim, T.; Ott, I.; Fusaro, M.; Schunkert, H.; et al. Prognostic role of restenosis in 10 004 patients undergoing routine control angiography after coronary stenting. Eur. Heart J. 2015, 36, 94–99. [Google Scholar] [CrossRef]

	



Lee, K.; Ahn, J.; Yoon, Y.; Kang, D.; Park, S.; Ko, E.; Park, H.; Cho, S.; Park, S.; Kim, T.O.; et al. Long-Term (10-Year) Outcomes of Stenting or Bypass Surgery for Left Main Coronary Artery Disease in Patients With and Without Diabetes Mellitus. J. Am. Hear Assoc. 2020, 9, e015372. [Google Scholar] [CrossRef]

	



Niccoli, G.; Giubilato, S.; Di Vito, L.; Leo, A.; Cosentino, N.; Pitocco, D.; Marco, V.; Ghirlanda, G.; Prati, F.; Crea, F. Severity of coronary atherosclerosis in patients with a first acute coronary event: A diabetes paradox. Eur. Heart J. 2012, 34, 729–741. [Google Scholar] [CrossRef]

	



Poznyak, A.; Grechko, A.V.; Poggio, P.; Myasoedova, V.A.; Alfieri, V.; Orekhov, A.N. The Diabetes Mellitus Atherosclerosis Connection: The Role of Lipid and Glucose Metabolism and Chronic Inflammation. Int. J. Mol. Sci. 2020, 21, 1835. [Google Scholar] [CrossRef]

	



Bierman, E.L. George Lyman Duff Memorial Lecture. Atherogenesis in diabetes. Arter. Thromb. A J. Vasc. Biol. 1992, 12, 647–656. [Google Scholar] [CrossRef]

	



Pyorala, K.; Laakso, M.; Uusitupa, M. Diabetes and atherosclerosis: An epidemiologic view. Diab. Metab. Rev. 1987, 3, 463–524. [Google Scholar] [CrossRef]

	



Virchow, R. Cellular Pathology; John Churchill: London, UK, 1858. [Google Scholar]

	



Lee, H.M.; Kim, J.J.; Kim, H.J.; Shong, M.; Ku, B.J.; Jo, E.K. Upregulated NLRP3 inflammasome activation in patients with type 2 diabetes. Diabetes 2013, 62, 194–204. [Google Scholar] [CrossRef] [PubMed]

	



Hess, K.; Grant, P.J. Inflammation and thrombosis in diabetes. Thromb. Haemost. 2011, 105, S43–S54. [Google Scholar] [CrossRef]

	



Jarrett, R.J. Type 2 (non-insulin-dependent) diabetes mellitus and coronary heart disease: Chicken, egg, or neither? Diabetologia 1984, 26, 99–102. [Google Scholar] [CrossRef]

	



Stern, M.P. Diabetes and Cardiovascular Disease: The “Common Soil” Hypothesis. Diabetes 1995, 44, 369–374. [Google Scholar] [CrossRef]

	



De Rosa, S.; Arcidiacono, B.; Chiefari, E.; Brunetti, A.; Indolfi, C.; Foti, D.P. Type 2 Diabetes Mellitus and Cardiovascular Disease: Genetic and Epigenetic Links. Front. Endocrinol. 2018, 9, 2. [Google Scholar] [CrossRef]

	



Pfohl, M.; Koch, M.; Enderle, M.D.; Kühn, R.; Füllhase, J.; Karsch, K.R.; Häring, H.U. Paraoxonase 192 Gln/Arg gene polymorphism, coronary artery disease, and myocardial infarction in type 2 diabetes. Diabetes 1999, 48, 623–627. [Google Scholar] [CrossRef]

	



Garin, M.C.; James, R.W.; Dussoix, P.; Blanché, H.; Passa, P.; Froguel, P.; Ruiz, J. Paraoxonase polymorphism Met-Leu54 is associated with modified serum concentrations of the enzyme. A possible link between the paraoxonase gene and increased risk of cardiovascular disease in diabetes. J. Clin. Investig. 1997, 99, 62–66. [Google Scholar] [CrossRef]

	



Jones, D.; Prior, S.; Tang, T.; Bain, S.; Hurel, S.; E Humphries, S.; Stephens, J. Association between the rs4880 superoxide dismutase 2 (C>T) gene variant and coronary heart disease in diabetes mellitus. Diabetes Res. Clin. Pract. 2010, 90, 196–201. [Google Scholar] [CrossRef] [PubMed]

	



Bacci, S.; Menzaghi, C.; Ercolino, T.; Ma, X.; Rauseo, A.; Salvemini, L.; Vigna, C.; Fanelli, R.; Di Mario, U.; Doria, A.; et al. The +276 G/T Single Nucleotide Polymorphism of the Adiponectin Gene Is Associated with Coronary Artery Disease in Type 2 Diabetic Patients. Diabetes Care 2004, 27, 2015–2020. [Google Scholar] [CrossRef] [PubMed]

	



Soccio, T.; Zhang, Y.-Y.; Bacci, S.; Mlynarski, W.; Placha, G.; Raggio, G.; Di Paola, R.; Marucci, A.; Johnstone, M.T.; Gervino, E.V.; et al. Common Haplotypes at the Adiponectin Receptor 1 (ADIPOR1) Locus Are Associated with Increased Risk of Coronary Artery Disease in Type 2 Diabetes. Diabetes 2006, 55, 2763–2770. [Google Scholar] [CrossRef] [PubMed]

	



El-Lebedy, D.; Raslan, H.M.; Mohammed, A.M. Apolipoprotein E gene polymorphism and risk of type 2 diabetes and cardiovascular disease. Cardiovasc. Diabetol. 2016, 15, 12. [Google Scholar] [CrossRef]

	



Qi, L.; Parast, L.; Cai, T.; Powers, C.; Gervino, E.V.; Hauser, T.H.; Hu, F.B.; Doria, A. Genetic Susceptibility to Coronary Heart Disease in Type 2 Diabetes: 3 Independent Studies. J. Am. Coll. Cardiol. 2011, 58, 2675–2682. [Google Scholar] [CrossRef]

	



De Rosa, S.; Chiefari, E.; Salerno, N.; Ventura, V.; D’Ascoli, G.L.; Arcidiacono, B.; Ambrosio, G.; Bilotta, F.L.; Torella, D.; Foti, D.; et al. HMGA1 is a novel candidate gene for myocardial infarction susceptibility. Int. J. Cardiol. 2017, 227, 331–334. [Google Scholar] [CrossRef]

	



Ferrannini, G.; Manca, M.L.; Magnoni, M.; Andreotti, F.; Andreini, D.; Latini, R.; Maseri, A.; Maggioni, A.P.; Ostroff, R.M.; Williams, S.A.; et al. Coronary Artery Disease and Type 2 Diabetes: A Proteomic Study. Diabetes Care 2020, 43, 843–851. [Google Scholar] [CrossRef]

	



Kolluru, G.K.; Bir, S.C.; Kevil, C.G.; Calvert, J.W. Endothelial Dysfunction and Diabetes: Effects on Angiogenesis, Vascular Remodeling, and Wound Healing. Int. J. Vasc. Med. 2012, 2012, 918267. [Google Scholar] [CrossRef]

	



Weykamp, C. HbA1c: A Review of Analytical and Clinical Aspects. Ann. Lab. Med. 2013, 33, 393–400. [Google Scholar] [CrossRef]

	



Lachin, J.M.; Orchard, T.J.; Nathan, D.M.; for the DCCT/EDIC Research Group. Update on Cardiovascular Outcomes at 30 Years of the Diabetes Control and Complications Trial/Epidemiology of Diabetes Interventions and Complications Study. Diabetes Care 2013, 37, 39–43. [Google Scholar] [CrossRef]

	



Kuusisto, J.; Mykkanen, L.; Pyorala, K.; Laakso, M. NIDDM and its metabolic control predict heart disease in elderly subjects. Diabetes 1994, 43, 960–967. [Google Scholar] [CrossRef]

	



Goldin, A.; Beckman, J.A.; Schmidt, A.M.; Creager, M.A. Advanced glycation end products: Sparking the development of diabetic vascular injury. Circulation 2006, 114, 597–605. [Google Scholar] [CrossRef]

	



Aronson, D. Cross-linking of glycated collagen in the pathogenesis of arterial and myocardial stifening of aging and diabetes. J. Hypertens 2003, 21, 3–12. [Google Scholar] [CrossRef]

	



Maguire, E.M.; Pearce, S.W.A.; Xiao, Q. Foam cell formation: A new target for fighting atherosclerosis and cardiovascular disease. Vascul. Pharmacol. 2019, 112, 54–71. [Google Scholar] [CrossRef]

	



Zeadin, M.G.; Petlura, C.I.; Werstuck, G.H. Molecular mechanisms linking diabetes to the accelerated development of atherosclerosis. Can. J. Diabetes 2013, 37, 345–350. [Google Scholar] [CrossRef]

	



Brealey, D.; Singer, M. Hyperglycemia in Critical Illness: A Review. J. Diabetes Sci. Technol. 2009, 3, 1250–1260. [Google Scholar] [CrossRef]

	



Reaven, G.M.; Lithell, H.; Landsberg, L. Mechanisms of disease: Hypertension and associated metabolic abnormalities. The role of insulin resistance and the sympathoadrenal system. N. Engl. J. Med. 1996, 334, 374–381. [Google Scholar] [CrossRef]

	



Carey, D.G.; Jenkins, A.B.; Campbell, L.V.; Freund, J.; Chisholm, D.J. Abdominal fat and insulin resistance in normal and overweight women: Direct measurements reveal a strong relationship in subjects at both low and high risk of NIDDM. Diabetes 1996, 45, 633–638. [Google Scholar] [CrossRef]

	



Wu, C.; Morris, J.R. Genes, genetics, and epigenetics: A correspondence. Science 2001, 293, 1103–1105. [Google Scholar] [CrossRef]

	



Alaskhar Alhamwe, B.; Khalaila, R.; Wolf, J.; Von Bülow, V.; Harb, H.; Alhamdan, F.; Hii, C.S.; Prescott, S.L.; Ferrante, A.; Renz, H.; et al. Histone modifications and their role in epigenetics of atopy and allergic diseases. Allergy Asthma Clin. Immunol. 2018, 14, 39. [Google Scholar] [CrossRef]

	



Keating, S.; Plutzky, J.; El-Osta, A. Epigenetic Changes in Diabetes and Cardiovascular Risk. Circ. Res. 2016, 118, 1706–1722. [Google Scholar] [CrossRef]

	



Gao, C.; Huang, W.; Kanasaki, K.; Xu, Y. The Role of Ubiquitination and Sumoylation in Diabetic Nephropathy. BioMed Res. Int. 2014, 2014, 160692. [Google Scholar] [CrossRef]

	



Zhu, D.; Zhang, Y.; Wang, S. Histone citrullination: A new target for tumors. Mol. Cancer 2021, 20, 90. [Google Scholar] [CrossRef]

	



Manolopoulos, V.G.; Ragia, G.; Tavridou, A. Pharmacogenomics of oral antidiabetic medications: Current data and pharmacoepigenomic perspective. Pharmacogenomics 2011, 12, 1161–1191. [Google Scholar] [CrossRef] [PubMed]

	



Scisciola, L.; Rizzo, M.R.; Cataldo, V.; Fontanella, R.A.; Balestrieri, M.L.; D’Onofrio, N.; Marfella, R.; Paolisso, G.; Barbieri, M. Incretin drugs effect on epigenetic machinery: New potential therapeutic implications in preventing vascular diabetic complications. FASEB J. 2020, 34, 16489–16503. [Google Scholar] [CrossRef] [PubMed]

	



Brasacchio, D.; Okabe, J.; Tikellis, C.; Balcerczyk, A.; George, P.; Baker, E.K.; Calkin, A.C.; Brownlee, M.; Cooper, M.E.; El-Osta, A. Hyperglycemia Induces a Dynamic Cooperativity of Histone Methylase and Demethylase Enzymes Associated With Gene-Activating Epigenetic Marks That Coexist on the Lysine Tail. Diabetes 2009, 58, 1229–1236. [Google Scholar] [CrossRef] [PubMed]

	



Huang, W.; Xu, L.; Zhou, X.; Gao, C.; Yang, M.; Chen, G.; Zhu, J.; Jiang, L.; Gan, H.; Gou, F.; et al. High glucose induces activation of NF-κB inflammatory signaling through IκBα sumoylation in rat mesangial cells. Biochem. Biophys. Res. Commun. 2013, 438, 568–574. [Google Scholar] [CrossRef] [PubMed]

	



Marfella, R.; Di Filippo, C.; Portoghese, M.; Siniscalchi, M.; Martis, S.; Ferraraccio, F.; Guastafierro, S.; Nicoletti, G.; Barbieri, M.; Coppola, A.; et al. The ubiquitin–proteasome system contributes to the inflammatory injury in ischemic diabetic myocardium: The role of glycemic control. Cardiovasc. Pathol. 2009, 18, 332–345. [Google Scholar] [CrossRef]

	



Paneni, F.; Costantino, S.; Battista, R.; Castello, L.; Capretti, G.; Chiandotto, S.; Scavone, G.; Villano, A.; Pitocco, D.; Lanza, G.; et al. Adverse epigenetic signatures by histone methyltransferase Set7 contribute to vascular dysfunction in patients with type 2 diabetes mellitus. Circ. Cardiovasc. Genet. 2015, 8, 150–158. [Google Scholar] [CrossRef]

	



Pirola, L.; Balcerczyk, A.; Tothill, R.W.; Haviv, I.; Kaspi, A.; Lunke, S.; Ziemann, M.; Karagiannis, T.; Tonna, S.; Kowalczyk, A.; et al. Genome-wide analysis distinguishes hyperglycemia regulated epigenetic signatures of primary vascular cells. Genome Res. 2011, 21, 1601–1615. [Google Scholar] [CrossRef]

	



Miao, F.; Gonzalo, I.G.; Lanting, L.; Natarajan, R. In Vivo Chromatin Remodeling Events Leading to Inflammatory Gene Transcription under Diabetic Conditions. J. Biol. Chem. 2004, 279, 18091–18097. [Google Scholar] [CrossRef]

	



Liu, R.; Jin, Y.; Tang, W.H.; Qin, L.; Zhang, X.; Tellides, G.; Hwa, J.; Yu, J.; Martin, K.A. Ten-Eleven Translocation-2 (TET2) Is a Master Regulator of Smooth Muscle Cell Plasticity. Circulation 2013, 128, 2047–2057. [Google Scholar] [CrossRef]

	



Chalmers, J.; Cooper, M.E. UKPDS and the legacy effect. N. Engl. J. Med. 2008, 359, 1618–1620. [Google Scholar] [CrossRef]

	



Scisciola, L.; Rizzo, M.R.; Marfella, R.; Cataldo, V.; Fontanella, R.A.; Boccalone, E.; Paolisso, G.; Barbieri, M. New insight in molecular mechanisms regulating SIRT6 expression in diabetes: Hyperglycaemia effects on SIRT6 DNA methylation. J. Cell. Physiol. 2020, 236, 4604–4613. [Google Scholar] [CrossRef]

	



McCord, R.A.; Michishita, E.; Hong, T.; Berber, E.; Boxer, L.; Kusumoto, R.; Guan, S.; Shi, X.; Gozani, O.; Burlingame, A.L.; et al. SIRT6 stabilizes DNA-dependent Protein Kinase at chromatin for DNA double-strand break repair. Aging 2009, 1, 109–121. [Google Scholar] [CrossRef]

	



El-Osta, A.; Brasacchio, D.; Yao, D.; Pocai, A.; Jones, P.L.; Roeder, R.G.; Cooper, M.E.; Brownlee, M. Transient high glucose causes persistent epigenetic changes and altered gene expression during subsequent normoglycemia. J. Exp. Med. 2008, 205, 2409–2417. [Google Scholar] [CrossRef]

	



Ostuni, R.; Piccolo, V.; Barozzi, I.; Polletti, S.; Termanini, A.; Bonifacio, S.; Curina, A.; Prosperini, E.; Ghisletti, S.; Natoli, G. Latent Enhancers Activated by Stimulation in Differentiated Cells. Cell 2013, 152, 157–171. [Google Scholar] [CrossRef]

	



Zhang, E.; Guo, Q.; Gao, H.; Xu, R.; Teng, S.; Wu, Y. Metformin and Resveratrol Inhibited High Glucose-Induced Metabolic Memory of Endothelial Senescence through SIRT1/p300/p53/p21 Pathway. PLoS ONE 2015, 10, e0143814. [Google Scholar] [CrossRef]

	



Li, P.; Zhang, L.; Zhou, C.; Lin, N.; Liu, A. Sirt 1 activator inhibits the AGE-induced apoptosis and p53 acetylation in human vascular endothelial cells. J. Toxicol. Sci. 2015, 40, 615–624. [Google Scholar] [CrossRef]

	



Paneni, F.; Volpe, M.; Lüscher, T.F.; Cosentino, F. SIRT1, p66Shc, and Set7/9 in Vascular Hyperglycemic Memory. Diabetes 2013, 62, 1800–1807. [Google Scholar] [CrossRef]

	



Zhou, S.; Chen, H.-Z.; Wan, Y.-Z.; Zhang, Q.-J.; Wei, Y.-S.; Huang, S.; Liu, J.-J.; Lu, Y.-B.; Zhang, Z.-Q.; Yang, R.-F.; et al. Repression of P66Shc Expression by SIRT1 Contributes to the Prevention of Hyperglycemia-Induced Endothelial Dysfunction. Circ. Res. 2011, 109, 639–648. [Google Scholar] [CrossRef]

	



Bell, C.G.; Finer, S.; Lindgren, C.M.; Wilson, G.A.; Rakyan, V.K.; Teschendorff, A.E.; Akan, P.; Stupka, E.; Down, T.A.; Prokopenko, I.; et al. Integrated Genetic and Epigenetic Analysis Identifies Haplotype-Specific Methylation in the FTO Type 2 Diabetes and Obesity Susceptibility Locus. PLoS ONE 2010, 5, e14040. [Google Scholar] [CrossRef]

	



Deodati, A.; Inzaghi, E.; Liguori, A.; Puglianiello, A.; Germani, D.; Brufani, C.; Fintini, D.; Cappa, M.; Barbetti, F.; Cianfarani, S. IGF2Methylation Is Associated with Lipid Profile in Obese Children. Horm. Res. Paediatr. 2013, 79, 361–367. [Google Scholar] [CrossRef]

	



Sathishkumar, C.; Prabu, P.; Balakumar, M.; Lenin, R.; Prabhu, D.; Anjana, R.M.; Mohan, V.; Balasubramanyam, M. Augmentation of histone deacetylase 3 (HDAC3) epigenetic signature at the interface of proinflammation and insulin resistance in patients with type 2 diabetes. Clin. Epigenet. 2016, 8, 125. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.; Wang, X.; Liu, D.; Yu, L.; Xue, B.; Shi, H. Epigenetic Regulation of Macrophage Polarization by DNA Methyltransferase 3b. Mol. Endocrinol. 2014, 28, 565–574. [Google Scholar] [CrossRef] [PubMed]

	



Lam, J.K.W.; Chow, M.Y.T.; Zhang, Y.; Leung, S.W.S. siRNA Versus miRNA as Therapeutics for Gene Silencing. Mol. Ther. Nucleic Acids 2015, 4, e252. [Google Scholar] [CrossRef] [PubMed]

	



Fernandes, J.C.R.; Acuña, S.M.; Aoki, J.I.; Floeter-Winter, L.M.; Muxel, S.M. Long Non-Coding RNAs in the Regulation of Gene Expression: Physiology and Disease. Noncoding RNA 2019, 5, 17. [Google Scholar] [CrossRef]

	



Cao, Q.; Guo, Z.; Du, S.; Ling, H.; Song, C. Circular RNAs in the pathogenesis of atherosclerosis. Life Sci. 2020, 255, 117837. [Google Scholar] [CrossRef]

	



La Sala, L.; Cattaneo, M.; De Nigris, V.; Pujadas, G.; Testa, R.; Bonfigli, A.R.; Genovese, S.; Ceriello, A. Oscillating glucose induces microRNA-185 and impairs an efficient antioxidant response in human endothelial cells. Cardiovasc. Diabetol. 2016, 15, 71. [Google Scholar] [CrossRef]

	



Arunachalam, G.; Lakshmanan, A.P.; Samuel, S.M.; Triggle, C.; Ding, H. Molecular Interplay between microRNA-34a and Sirtuin1 in Hyperglycemia-Mediated Impaired Angiogenesis in Endothelial Cells: Effects of Metformin. J. Pharmacol. Exp. Ther. 2015, 356, 314–323. [Google Scholar] [CrossRef]

	



Vikram, A.; Kim, Y.R.; Kumar, S.; Li, Q.; Kassan, M.; Jacobs, J.S.; Irani, K. Vascular microRNA-204 is remotely governed by the microbiome and impairs endothelium-dependent vasorelaxation by downregulating Sirtuin1. Nat. Commun. 2016, 7, 12565. [Google Scholar] [CrossRef]

	



Wang, S.; Aurora, A.B.; Johnson, B.A.; Qi, X.; McAnally, J.; Hill, J.A.; Richardson, J.A.; Bassel-Duby, R.; Olson, E.N. The endothelial-specific microRNA miR-126 governs vascular integrity and angiogenesis. Dev. Cell. 2008, 15, 261–271. [Google Scholar] [CrossRef]

	



Tang, S.T.; Wang, F.; Shao, M.; Wang, Y.; Zhu, H.Q. MicroRNA-126 suppresses inflammation in endothelial cells under hyperglycemic condition by targeting HMGB1. Vascul. Pharmacol. 2017, 88, 48–55. [Google Scholar] [CrossRef]

	



Meng, S.; Cao, J.; Zhang, X.; Fan, Y.; Fang, L.; Wang, C.; Lv, Z.; Fu, D.; Li, Y. Downregulation of MicroRNA-130a Contributes to Endothelial Progenitor Cell Dysfunction in Diabetic Patients via Its Target Runx3. PLoS ONE 2013, 8, e68611. [Google Scholar] [CrossRef]

	



Rabinovsky, E.D.; Draghia-Akli, R. Insulin-like Growth Factor I Plasmid Therapy Promotes in Vivo Angiogenesis. Mol. Ther. 2004, 9, 46–55. [Google Scholar] [CrossRef]

	



Li, Y.; Song, Y.-H.; Li, F.; Yang, T.; Lu, Y.W.; Geng, Y.-J. microRNA-221 regulates high glucose-induced endothelial dysfunction. Biochem. Biophys. Res. Commun. 2009, 381, 81–83. [Google Scholar] [CrossRef]

	



Togliatto, G.; Trombetta, A.; Dentelli, P.; Rosso, A.; Brizzi, M.F. MIR221/MIR222-driven post-transcriptional regulation of P27KIP1 and P57KIP2 is crucial for high-glucose- and AGE-mediated vascular cell damage. Diabetologia 2011, 54, 1930. [Google Scholar] [CrossRef]

	



Caporali, A.; Meloni, M.; Völlenkle, C.; Bonci, D.; Sala-Newby, G.B.; Addis, R.; Spinetti, G.; Losa, S.; Masson, R.; Baker, A.H.; et al. Deregulation of microRNA-503 Contributes to Diabetes Mellitus–Induced Impairment of Endothelial Function and Reparative Angiogenesis After Limb Ischemia. Circulation 2011, 123, 282–291. [Google Scholar] [CrossRef]

	



Villeneuve, L.M.; Kato, M.; Reddy, M.A.; Wang, M.; Lanting, L.; Natarajan, R. Enhanced Levels of microRNA-125b in Vascular Smooth Muscle Cells of Diabetic db/db Mice Lead to Increased Inflammatory Gene Expression by Targeting the Histone Methyltransferase Suv39h1. Diabetes 2010, 59, 2904–2915. [Google Scholar] [CrossRef]

	



Shantikumar, S.; Caporali, A.; Emanueli, C. Role of microRNAs in diabetes and its cardiovascular complications. Cardiovasc. Res. 2011, 93, 583–593. [Google Scholar] [CrossRef]

	



Fish, J.E.; Santoro, M.M.; Morton, S.U.; Yu, S.; Yeh, R.F.; Wythe, J.D.; Ivey, K.N.; Bruneau, B.G.; Stainier, D.Y.; Srivastava, D. miR-126 regulates angiogenic signaling and vascular integrity. Dev. Cell 2008, 15, 272–284. [Google Scholar] [CrossRef]

	



Tang, N.; Jiang, S.; Yang, Y.; Liu, S.; Ponnusamy, M.; Xin, H.; Yu, T. Noncoding RNAs as therapeutic targets in atherosclerosis with diabetes mellitus. Cardiovasc. Ther. 2018, 36, e12436. [Google Scholar] [CrossRef]

	



Reddy, M.A.; Chen, Z.; Park, J.T.; Wang, M.; Lanting, L.; Zhang, Q.; Bhatt, K.; Leung, A.; Wu, X.; Putta, S.; et al. Regulation of Inflammatory Phenotype in Macrophages by a Diabetes-Induced Long Noncoding RNA. Diabetes 2014, 63, 4249–4261. [Google Scholar] [CrossRef]

	



Zgheib, C.; Hodges, M.M.; Hu, J.; Liechty, K.W.; Xu, J. Long non-coding RNA Lethe regulates hyperglycemia-induced reactive oxygen species production in macrophages. PLoS ONE 2017, 12, e0177453. [Google Scholar] [CrossRef]

	



Li, X.; Wang, H.; Yao, B.; Xu, W.; Chen, J.; Zhou, X. lncRNA H19/miR-675 axis regulates cardiomyocyte apoptosis by targeting VDAC1 in diabetic cardiomyopathy. Sci. Rep. 2016, 6, 36340. [Google Scholar] [CrossRef]

	



Qu, S.; Zhong, Y.; Shang, R.; Zhang, X.; Song, W.; Kjems, J.; Li, H. The emerging landscape of circular RNA in life processes. RNA Biol. 2016, 14, 992–999. [Google Scholar] [CrossRef]

	



Li, C.-Y.; Ma, L.; Yu, B. Circular RNA hsa_circ_0003575 regulates oxLDL induced vascular endothelial cells proliferation and angiogenesis. Biomed. Pharmacother. 2017, 95, 1514–1519. [Google Scholar] [CrossRef]

	



Chen, J.; Cui, L.; Yuan, J.; Zhang, Y.; Sang, H. Circular RNA WDR77 target FGF-2 to regulate vascular smooth muscle cells proliferation and migration by sponging miR-124. Biochem. Biophys. Res. Commun. 2017, 494, 126–132. [Google Scholar] [CrossRef]

	



Li, X.; Zhao, Z.; Jian, D.; Li, W.; Tang, H.; Li, M. Hsa-circRNA11783-2 in peripheral blood is correlated with coronary artery disease and type 2 diabetes mellitus. Diabetes Vasc. Dis. Res. 2017, 14, 510–515. [Google Scholar] [CrossRef]

	



Wang, C.; Chen, B.; Feng, Q.; Nie, C.; Li, T. Clinical perspectives and concerns of metformin as an anti-aging drug. Aging Med. 2020, 3, 266–275. [Google Scholar] [CrossRef]

	



Elbere, I.; Silamikelis, I.; Ustinova, M.; Kalnina, I.; Zaharenko, L.; Peculis, R.; Konrade, I.; Ciuculete, D.M.; Zhukovsky, C.; Gudra, D.; et al. Significantly altered peripheral blood cell DNA methylation profile as a result of immediate effect of metformin use in healthy individuals. Clin. Epigenet. 2018, 10, 156. [Google Scholar] [CrossRef]

	



Karnewar, S.; Neeli, P.K.; Panuganti, D.; Kotagiri, S.; Mallappa, S.; Jain, N.; Jerald, M.K.; Kotamraju, S. Metformin regulates mitochondrial biogenesis and senescence through AMPK mediated H3K79 methylation: Relevance in age-associated vascular dysfunction. Biochim. Biophys. Acta (BBA) Mol. Basis Dis. 2018, 1864, 1115–1128. [Google Scholar] [CrossRef]

	



Zhong, T.; Men, Y.; Lu, L.; Geng, T.; Zhou, J.; Mitsuhashi, A.; Shozu, M.; Maihle, N.J.; Carmichael, G.G.; Taylor, H.S.; et al. Metformin alters DNA methylation genome-wide via the H19/SAHH axis. Oncogene 2016, 36, 2345–2354. [Google Scholar] [CrossRef]

	



McDonagh, T.A.; Metra, M.; Adamo, M.; Gardner, R.S.; Baumbach, A.; Böhm, M.; Burri, H.; Butler, J.; Čelutkienė, J.; Chioncel, O.; et al. 2021 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure: Developed by the Task Force for the Diagnosis and Treatment of Acute and Chronic Heart Failure of the European Society of Cardiology (ESC) with the Special Contribution of the Heart Failure Association (HFA) of the ESC. Eur. Heart J. 2021, 42, 3599–3726. [Google Scholar] [CrossRef]

	



Solini, A.; Seghieri, M.; Giannini, L.; Biancalana, E.; Parolini, F.; Rossi, C.; Dardano, A.; Taddei, S.; Ghiadoni, L.; Bruno, R.M. The Effects of Dapagliflozin on Systemic and Renal Vascular Function Display an Epigenetic Signature. J. Clin. Endocrinol. Metab. 2019, 104, 4253–4263. [Google Scholar] [CrossRef]

	



Teoh, S.L.; Das, S. Phytochemicals and their effective role in the treatment of diabetes mellitus: A short review. Phytochem. Rev. 2018, 17, 1111–1128. [Google Scholar] [CrossRef]

	



Heerboth, S.; Lapinska, K.; Snyder, N.; Leary, M.; Rollinson, S.; Sarkar, S. Use of Epigenetic Drugs in Disease: An Overview. Genet. Epigenet. 2014, 6, GEG-S12270. [Google Scholar] [CrossRef] [PubMed]

	



Proshkina, E.; Shaposhnikov, M.; Moskalev, A. Genome-Protecting Compounds as Potential Geroprotectors. Int. J. Mol. Sci. 2020, 21, 4484. [Google Scholar] [CrossRef] [PubMed]

	



Mansur, A.P.; Roggerio, A.; Goes, M.F.; Avakian, S.D.; Leal, D.P.; Maranhão, R.C.; Strunz, C. Serum concentrations and gene expression of sirtuin 1 in healthy and slightly overweight subjects after caloric restriction or resveratrol supplementation: A randomized trial. Int. J. Cardiol. 2017, 227, 788–794. [Google Scholar] [CrossRef] [PubMed]

	



Spanier, G.; Xu, H.; Xia, N.; Tobias, S.; Deng, S.; Wojnowski, L.; Forstermann, U.; Li, H. Resveratrol reduces endothelial oxidative stress by modulating the gene expression of superoxide dismutase 1 (SOD1), glutathione peroxidase 1 (GPx1) and NADPH oxidase subunit (Nox4). J. Physiol. Pharmacol. Off. J. Pol. Physiol. Soc. 2009, 60 (Suppl. 4), 111–116. [Google Scholar]

	



Brasnyó, P.; Molnar, G.A.; Mohás, M.; Markó, L.; Laczy, B.; Cseh, J.; Mikolás, E.; Szijártó, I.A.; Mérei, A.; Halmai, R.; et al. Resveratrol improves insulin sensitivity, reduces oxidative stress and activates the Akt pathway in type 2 diabetic patients. Br. J. Nutr. 2011, 106, 383–389. [Google Scholar] [CrossRef]

	



Bo, S.; Togliatto, G.; Gambino, R.; Ponzo, V.; Lombardo, G.; Rosato, R.; Cassader, M.; Brizzi, M.F. Impact of sirtuin-1 expression on H3K56 acetylation and oxidative stress: A double-blind randomized controlled trial with resveratrol supplementation. Geol. Rundsch. 2018, 55, 331–340. [Google Scholar] [CrossRef]

	



Sattarinezhad, A.; Roozbeh, J.; Shiraziyeganeh, B.; Omrani, G.; Shams, M. Resveratrol reduces albuminuria in diabetic nephropathy: A randomized double-blind placebo-controlled clinical trial. Diabetes Metab. 2019, 45, 53–59. [Google Scholar] [CrossRef] [PubMed]

	



McDermott, M.M.; Leeuwenburgh, C.; Guralnik, J.M.; Tian, L.; Sufit, R.; Zhao, L.; Criqui, M.H.; Kibbe, M.R.; Stein, J.H.; Lloyd-Jones, D.; et al. Effect of Resveratrol on Walking Performance in Older People With Peripheral Artery Disease: The RESTORE Randomized Clinical Trial. JAMA Cardiol. 2017, 2, 902–907. [Google Scholar] [CrossRef]

	



Srivastava, G.; Mehta, J.L. Currying the heart: Curcumin and cardioprotection. J. Cardiovasc. Pharmacol. Ther. 2009, 14, 22–27. [Google Scholar] [CrossRef]

	



Morimoto, T.; Sunagawa, Y.; Kawamura, T.; Takaya, T.; Wada, H.; Nagasawa, A.; Komeda, M.; Fujita, M.; Shimatsu, A.; Kita, T.; et al. The dietary compound curcumin inhibits p300 histone acetyltransferase activity and prevents heart failure in rats. J. Clin. Investig. 2008, 118, 868–878. [Google Scholar] [CrossRef]

	



Xie, X.-Y.; Kong, P.-R.; Wu, J.-F.; Li, Y.; Li, Y.-X. Curcumin attenuates lipolysis stimulated by tumor necrosis factor-α or isoproterenol in 3T3-L1 adipocytes. Phytomedicine 2012, 20, 3–8. [Google Scholar] [CrossRef]

	



Soni, K.B.; Kuttan, R. Effect of oral curcumin administration on serum peroxides and cholesterol levels in human volunteers. Indian J. Physiol. Pharmacol. 1992, 36, 273–275. [Google Scholar]

	



Chuengsamarn, S.; Rattanamongkolgul, S.; Luechapudiporn, R.; Phisalaphong, C.; Jirawatnotai, S. Curcumin Extract for Prevention of Type 2 Diabetes. Diabetes Care 2012, 35, 2121–2127. [Google Scholar] [CrossRef]

	



Tsujikawa, L.M.; Fu, L.; Das, S.; Halliday, C.; Rakai, B.D.; Stotz, S.C.; Sarsons, C.D.; Gilham, D.; Daze, E.; Wasiak, S.; et al. Apabetalone (RVX-208) reduces vascular inflammation in vitro and in CVD patients by a BET-dependent epigenetic mechanism. Clin. Epigenet. 2019, 11, 102. [Google Scholar] [CrossRef]

	



Nicholls, S.J.; Ray, K.K.; Johansson, J.O.; Gordon, A.; Sweeney, M.; Halliday, C.; Kulikowski, E.; Wong, N.; Kim, S.W.; Schwartz, G.G. Selective BET Protein Inhibition with Apabetalone and Cardiovascular Events: A Pooled Analysis of Trials in Patients with Coronary Artery Disease. Am. J. Cardiovasc. Drugs 2017, 18, 109–115. [Google Scholar] [CrossRef]

	



Ray, K.K.; Nicholls, S.J.; Buhr, K.A.; Ginsberg, H.N.; Johansson, J.O.; Kalantar-Zadeh, K.; Kulikowski, E.; Toth, P.P.; Wong, N.; Sweeney, M.; et al. Effect of apabetalone added to standard therapy on major adverse cardiovascular events in patients with recent acute coronary syndrome and type 2 diabetes: A randomized clinical trial. JAMA 2020, 323, 1565–1573. [Google Scholar] [CrossRef]

	



Poller, W.; Dimmeler, S.; Heymans, S.; Zeller, T.; Haas, J.; Karakas, M.; Leistner, D.M.; Jakob, P.; Nakagawa, S.; Blankenberg, S.; et al. Non-coding RNAs in cardiovascular diseases: Diagnostic and therapeutic perspectives. Eur. Heart J. 2018, 39, 2704–2716. [Google Scholar] [CrossRef]

	



Voelter-Mahlknecht, S. Epigenetic associations in relation to cardiovascular prevention and therapeutics. Clin. Epigenet. 2016, 8, 4. [Google Scholar] [CrossRef] [PubMed]

	



Chan, J.H.P.; Lim, S.; Wong, W.S.F. ANTISENSE OLIGONUCLEOTIDES: FROM DESIGN TO THERAPEUTIC APPLICATION. Clin. Exp. Pharmacol. Physiol. 2006, 33, 533–540. [Google Scholar] [CrossRef] [PubMed]

	



Rotllan, N.; Ramírez, C.M.; Aryal, B.; Esau, C.C.; Fernández-Hernando, C. Therapeutic Silencing of MicroRNA-33 Inhibits the Progression of Atherosclerosis in Ldlr−/− Mice—Brief Report. Arter. Thromb. Vasc. Biol. 2013, 33, 1973–1977. [Google Scholar] [CrossRef] [PubMed]

	



Rayner, K.; Sheedy, F.; Esau, C.C.; Hussain, F.N.; Temel, R.E.; Parathath, S.; van Gils, J.; Rayner, A.J.; Chang, A.N.; Suarez, Y.; et al. Antagonism of miR-33 in mice promotes reverse cholesterol transport and regression of atherosclerosis. J. Clin. Investig. 2011, 121, 2921–2931. [Google Scholar] [CrossRef]

	



Zheng, D.; Ma, J.; Yu, Y.; Li, M.; Ni, R.; Wang, G.; Chen, R.; Li, J.; Fan, G.-C.; Lacefield, J.C.; et al. Silencing of miR-195 reduces diabetic cardiomyopathy in C57BL/6 mice. Diabetologia 2015, 58, 1949–1958. [Google Scholar] [CrossRef]

	



Wang, D.; Deuse, T.; Stubbendorff, M.; Chernogubova, E.; Erben, R.G.; Eken, S.M.; Jin, H.; Li, Y.; Busch, A.; Heeger, C.-H.; et al. Local MicroRNA Modulation Using a Novel Anti-miR-21–Eluting Stent Effectively Prevents Experimental In-Stent Restenosis. Arter. Thromb. Vasc. Biol. 2015, 35, 1945–1953. [Google Scholar] [CrossRef]

	



Duell, P.B.; Santos, R.D.; Kirwan, B.-A.; Witztum, J.L.; Tsimikas, S.; Kastelein, J.J.P. Long-term mipomersen treatment is associated with a reduction in cardiovascular events in patients with familial hypercholesterolemia. J. Clin. Lipidol. 2016, 10, 1011–1021. [Google Scholar] [CrossRef]

	



Kuespert, S.; Heydn, R.; Peters, S.; Wirkert, E.; Meyer, A.-L.; Siebörger, M.; Johannesen, S.; Aigner, L.; Bogdahn, U.; Bruun, T.-H. Antisense Oligonucleotide in LNA-Gapmer Design Targeting TGFBR2—A Key Single Gene Target for Safe and Effective Inhibition of TGFβ Signaling. Int. J. Mol. Sci. 2020, 21, 1952. [Google Scholar] [CrossRef]

	



Duivenvoorden, R.; Tang, J.; Cormode, D.P.; Mieszawska, A.J.; Izquierdo-Garcia, D.; Ozcan, C.; Otten, M.J.; Zaidi, N.; Lobatto, M.E.; van Rijs, S.M.; et al. A statin-loaded reconstituted high-density lipoprotein nanoparticle inhibits atherosclerotic plaque inflammation. Nat. Commun. 2014, 5, 3065. [Google Scholar] [CrossRef]

	



Meder, B.; Keller, A.; Vogel, B.; Haas, J.; Sedaghat-Hamedani, F.; Kayvanpour, E.; Just, S.; Borries, A.; Rudloff, J.; Leidinger, P.; et al. MicroRNA signatures in total peripheral blood as novel biomarkers for acute myocardial infarction. Basic. Res. Cardiol. 2011, 106, 13–23. [Google Scholar] [CrossRef]

	



Yang, Y.; Cai, Y.; Wu, G.; Chen, X.; Liu, Y.; Wang, X.; Yu, J.; Li, C.; Chen, X.; Jose, P.A.; et al. Plasma long non-coding RNA, CoroMarker, a novel biomarker for diagnosis of coronary artery disease. Clin. Sci. 2015, 129, 675–685. [Google Scholar] [CrossRef]








[image: Ijms 23 04589 g001 550] 





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. 
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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. 
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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. 
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Figure 4. Main classes and mechanisms of action of epidrugs. The main classes of epigenetic modifiers include DNA methyltransferase inhibitors (DNMTi), histone demethylating inhibitors (HDMi), histone deacetylase activators (and in particular class III, sirtuin-activating compounds, or STACs), histone deacetylase inhibitors (HDACi), histone acetyltransferase inhibitors (HATi) and bromodomain and extra-terminal domain inhibitors (BETi). DNMT, DNA methyltransferase; TET, ten-eleven translocation enzymes; HDM, histone demethylase; HAT, histone acetyltransferase; HDAC, histone deacetylase; SIRT, sirtuins; BRD2, bromodomain 2; and GLP 1, glucagon-like peptide 1. 
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