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Abstract: Although genetic, environmental, and lifestyle factors largely contribute to type 2 diabetes mellitus (T2DM) risk, the role
of epigenetics in its pathogenesis is now well established. The epigenetic mechanisms in T2DM mainly consist of DNA methylation,
histone modifications and regulation by noncoding RNAs (ncRNAs). For instance, DNA methylation at CpG islands in the promoter
regions of specific genes encoding insulin signaling and glucose metabolism suppresses these genes. Modulating the enzyme mediators
of these epigenetic marks aims to restore standard gene expression patterns and improve glycemic control. In targeting these epigenetic
marks, using epigenetic drugs such as DNA methyltransferase (DNAMT), histone deacetylase (HDAC) and histone acetyltransferase
(HAT) inhibitors has led to variable success in humans and experimental murine models. Specifically, the United States’ Food and
Drug Administration (US FDA) has approved DNAMT inhibitors like 5-azacytidine and 5-aza-2'-deoxycytidine for use in diabetic
retinopathy: a T2DM microvascular complication. These DNAMT inhibitors block the genes for methylation of mitochondrial
superoxide dismutase 2 (SOD2) and matrix metallopeptidase 9 (MMP-9): the epigenetic marks in diabetic retinopathy. Traditional
pharmacotherapy with metformin also have epigenetic effects in T2DM and positively alter disease outcomes when combined with
epigenetic drugs like DNAMT and HDAC inhibitors, raising the prospect of using epigenetic therapy as a valuable adjunct to
pharmacotherapy. However, introducing small interfering RNAs (siRNAs) in cells to silence specific target genes remains in the
exploratory phase. Future research should focus on regulating gene expression in T2DM using long noncoding RNA (IncRNA)
molecules, another type of ncRNA. This review discusses the epigenetics of T2DM and that of its macro- and microvascular
complications, and the potential benefits of combining epigenetic therapy with pharmacotherapy for optimal results.
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Introduction

In adulthood, type 2 diabetes mellitus (T2DM) is the prevalent form of diabetes, whereas type 1 diabetes mellitus
(T1DM) occurs predominantly in children. However, the incidence of T2DM has been increasing in the pediatric age
group within the past four decades because of the rising trend of childhood obesity." The disease results from reduced
insulin sensitivity at the target cells or decreased production by the pancreatic B-cells. The putative risk factors include
genetics, lifestyle factors, and environmental factors.”> More importantly, a synergy of these factors rather than a single
factor contributes to T2DM risk. Lifestyle and environmental factors are modifiable, while genetics and female sex
constitute non-modifiable risk factors.” Given the relationship between T2DM and body mass index, women are
reportedly more obese than men in some sub-Saharan African settings,’ underscoring the role of the female sex as
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a risk factor. Another possible risk factor is maternal nutritional status during fetal embryogenesis, which may play a role
through DNA methylation.* Poor maternal nutritional status is associated with intra-uterine growth retardation (TUGR)
and subsequent low birth weight. A study from the United Kingdom, three decades ago, reported that individuals with
a birth weight below 2.5 kg had high odds of developing T2DM later in life.’

Although the genetic mechanisms of T2DM remain unclear, single nucleotide polymorphism (SNP) is a recognized
mechanism that increases T2DM risk. Genome-wide association studies (GWAS) have unraveled sixty-five distinct
T2DM-associated genes and their positions on the chromosome.® Several genes linked to T2DM within the past decade
accounted for just 10% of its total genetic component.” For instance, SNP in the transcription factor 7-like 2 (TCF7L2)
gene is associated with T2DM risk in different racial groups.®”'" The gene modulates explicitly the expression of the pro-
glucagon gene and, thus, glucagon-like peptide-1 (GLP-1) release, besides its involvement in glycemic control and
insulin production.'? Nevertheless, genetic risk for T2DM appears dynamic with global migration, suggesting an
environmental influence on the disease’s genetic basis.'?

Recent developments in the field of genetics reveal this environmental influence on the complete set of genes in man
and their expression. Hence, epigenetics has gained prominence with the discovery of its role in malignancy and chronic
kidney disease (CKD).'*!'> Epigenetics’ definitions have evolved with time. Subsequently, scientists generally described
the epigenetic characteristic as “a stably heritable phenotype resulting from changes in a chromosome without alterations
in the DNA sequence”.'® Epigenetics involves chemical modifications that influence the regulation of gene expression
resulting from environmental factors and persist through mitosis or meiosis.!” The epigenetic marks often include DNA
methylation, histone modifications and regulation by noncoding RNAs (ncRNAs), each changing gene expression with
an unaltered DNA sequence. Recently, these epigenetic marks are widely reported as contributory factors in the
pathogenesis of T2DM and its macro- and microvascular complications, and now constitute novel therapeutic targets
in the disease.'®'? Interestingly, conventional pharmacotherapy with metformin is noted to produce epigenetic effects in
T2DM as mounting evidence suggests the drug’s impact on epigenomics, microRNA (miRNA) levels, and subsequent
gene expression.”” Also, inhibitors of DNA methyltransferase (DNAMT) and histone deacetylase (HDAC), which are
prototypes of epigenetic therapy, are reportedly effective in diabetic retinopathy.?'** More importantly, these discoveries
underscore the prospect of using epigenetic therapy as a valuable adjunct to pharmacotherapy.

In this review, we discuss the epigenetics of T2DM and that of its macro- and microvascular complications and the
potential benefits of combining epigenetic therapy with pharmacotherapy for optimal results.

Literature Search Strategy

We retrieved the relevant information for this narrative review by using the following medical database search engines:
Google, PubMed, MEDLINE, Embase, Cochrane Library, Scopus and Web of Science. Using appropriate descriptors like
“Type 2 diabetes mellitus”, “epigenetics”, “epigenetic mechanisms”, “epigenetic therapy”, “risk factors” and “pharma-
cotherapy”, we searched the databases for primary data (research articles and clinical trials) and secondary data
(systematic reviews/meta-analyses, narrative reviews, conference proceedings and book chapters) on related papers
published in or translated into the English Language. Selection criteria for these papers also included publication within

the past three decades. We excluded study protocols, opinions and letters to the editor.

Some Risk Factors of T2DM: Recent Perspectives

Obesity

Obesity contributes to approximately 55% of T2DM cases.”® The rising incidence of obesity in children within the last
forty years may have contributed to the concomitant increase in the incidence of T2DM in childhood and adolescence.**
Obesity is identified as the most prominent risk factor for the development and progression of T2DM in all age
categories.”” Obesity and T2DM form a nexus in their pathogenesis and molecular mechanisms, driven by several
factors such as adipose tissue, body fat distribution, inflammation, free fatty acids (FFAs), gut microbiome, dyslipidemia
and homeostatic variables like adiponectin.”® The mechanistic link between obesity and T2DM has revealed new insights
on the possibility of developing multi-targeted molecules that can treat both disorders. Chronic obesity is associated with
insulin resistance, a precursor of T2DM.?® Specifically, dysfunctional brown adipose tissue contributes to insulin
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resistance and hyperlipidemia. A variant of fibroblast growth factor 21 (FGF21), an activator of brown adipose tissue,
reportedly improved insulin sensitivity and reduced triglyceride levels in obese subjects with T2DM, making it
a potential therapeutic agent to induce “browning” of white adipose tissue.?’ Also, some authors noted that activating
brown adipose tissue in white adipose tissue-mediated thermogenesis inhibits insulin resistance and ameliorates meta-
bolic dysfunction.?® This observation is predicated on the role of macrophages in inducing metabolic inflammation and
their interactions with adipocytes. Brown adipose tissue appears to blunt the inflammatory capacity of macrophages
compared to white adipose tissue.”® Truncal adiposity, or visceral fat, secretes a group of hormones called adipokines.
These are cytokines (cell-signaling proteins) involved in obesity-associated inflammation, the evolution of metabolic
syndrome, and T2DM. The activity of adipokines impacts adipocyte hypoxia and macrophage chemotaxis in several
organs, resulting in a reduced adipose tissue production and adiponectin (an enhancer of insulin sensitivity) and an
increased number of macrophages and T-cells within adipocytes, among other sequelae.?’*° Other authors have
previously proposed that adipose tissue inflammation is the major propeller of insulin resistance in obesity.’' Besides,
a cascade of pathophysiologic processes eventually leads to the development of metabolic inflammation, a fundamental
factor involved in the pathogenesis of insulin resistance.*” Obesity triggers adenine nucleotide translocase 2 (ANT2), an
inner mitochondrial protein, leading to adipocyte hypoxia. This worsens adipocyte tissue dysfunction and inflammation
inducing activated macrophages and hypertrophied adipocytes to increase pro-inflammatory cytokine levels, such as
tumor necrosis factor-a (TNF-a), monocyte chemoattractant protein-1 (MCP-1) and interleukin-6 (IL-6); these cytokines
result in a chronic inflammatory state.”> On the other hand, some investigators recently demonstrated that reduced
macrophage recruitment in obesity potentially ameliorates insulin resistance in experimental animals.*> More impor-
tantly, this finding underscores the fact that adipose tissue macrophages also contribute to obesity-related insulin
resistance. Finally, TNF-o may activate the nuclear factor kappa-light-chain-enhancer of the activated B-cell (NF-kB)
pathway that is associated with insulin resistance.>* Altered levels of adipokines such as retinol-binding protein 4 (RBP4)
and adiponectin in obesity are documented risk factors for T2DM.?> RBP4 decreases insulin sensitivity in skeletal
muscles and the liver, whereas adiponectin enhances insulin sensitivity (as previously noted).*¢

Lifestyle Factors

Dietary composition (especially a calorie-dense westernized diet) and sedentary lifestyle are thought to be the primary
risk factors of T2DM.?”*® Findings from a recent mixed-methods study corroborated that lifestyle changes, particularly
with regard to dietary quality and physical activity, are essential in managing T2DM.? The concept of diabetes-
protective lifestyle factors is now supported by evidence from several studies and underlying molecular mechanisms.
However, T2DM-associated lifestyle factors do not appear to act alone, as an increased disease risk occurs in individuals
with a high genetic or epigenetic risk exposed to these lifestyle factors.*® Firstly, dietary types vary in their association
with the disease. Recent systematic reviews and meta-analyses show that unlike refined grains and sugar-sweetened
beverages that appear to increase T2DM risk, low calorie-dense plant food (such as vegetables and fruits) and fermented
dairy products are all associated with lower disease risk.*'* In contrast, nuts offer some protection against T2DM
although they represent a high calorie-density food.** Thus, the United States’ Department of Health and Human
Services now recommends Mediterranean or vegetarian diet for T2DM rather than an emphasis on limiting the quantity
of dietary carbohydrates, fat and protein.*> The underlying molecular mechanisms of diabetes-protective diets are now
well described. For instance, a westernized diet comprising refined sugars and saturated fat enhances the upregulation of
pro-inflammatory mediators: leading to sustained low-grade inflammation.*® Phytochemicals from plant food counteract
this process by activating the anti-inflammatory and cell-defense genes,*” whereas a fiber-rich diet enhances the
production of short-chain fatty acids (SFAs) by gut bacteria.*® These SFAs directly bind to free fatty acid receptor 2
on pancreatic B-cells, improving cellular growth and function and resulting in reduced T2DM risk.** Thus, the receptor is
speculated as a novel therapeutic target site for diabetes. Secondly, the influence of physical activity on disease risk has
been documented in several epidemiologic studies.>’%>* A comparative analysis of high versus low total physical
activity showed a reduction in relative diabetes risk by about 30% while these activities were negatively correlated with
disease risk.’”>° Also, other investigators showed that exercise positively affected insulin sensitivity and glycemic
control in non-diabetic subjects.’'>* Similarly, sedentary lifestyle is strongly linked to incident diabetes or obesity,
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irrespective of the degree of physical activity.”** The underlying molecular mechanism appears to be in tandem with
that of dietary factors as individuals with sedentary lifestyle reportedly have higher levels of circulating pro-inflammatory
mediators.> Importantly, physical activity has also been shown to reduce low-grade inflammation.>® Finally, sleep
deprivation and chronic stress increase susceptibility to T2DM because both lifestyle factors can affect insulin sensitivity
and lead to poor glucose tolerance. For instance, a meta-analytical study showed that a sleep duration of 7-8 hours
per day was associated with the lowest diabetes risk, whereas the risk increased by 9% for each one-hour shorter duration
of sleep.”” In contrast, longer sleep duration may also be a risk factor for future T2DM or metabolic syndrome although
these findings appear inconsistent.”®’ Nevertheless, some researchers demonstrated that a five-day sleep deprivation
resulted in a reduced whole-body insulin sensitivity,’’ as well as a decreased glucose excretion rate following a night of
four hour-sleep.®!

Gut Microbiota

New developments in diabetology show that gut microbiota may be involved in the development of T2DM. Patients with
T2DM have a different composition of gut bacteria than those without the disease.®* T2DM patients tend to harbor lower
colonies of beneficial bacteria and higher colonies of harmful bacteria. For instance, the genera of Bifidobacterium,
Bacteroides, Faecalibacterium, Akkermansia, and Roseburia were negatively associated with T2DM (ie, protective
against T2DM) whereas the genera of Ruminococcus, Fusobacterium, and Blautia were positively associated with the
disease (ie, predisposes to T2DM).*> Gut microbiota contributes to metabolic disease and T2DM through multiple
molecular mechanisms: regulation of inflammation, interaction with dietary constituents, and influence on gut perme-
ability, glucose and lipid metabolism, insulin sensitivity and overall energy homeostasis.®? Generally, T2DM is asso-
ciated with high levels of pro-inflammatory cytokines, chemokines and inflammatory proteins. Thus, Bacteroides and
Akkermansia reportedly suppress TNF-a while butyrate-producing bacteria like Roseburia and Faecalibacterium inhibit
the activity of NF-kB via the action of butyrate.®* Again, a species of Akkermansia has a strong a-glucosidase inhibitory
activity that prevents the breakdown of complex carbohydrates, thus decreasing post-prandial hyperglycemia. Although
the link between the gut bacterial microbiome and T2DM is still a subject of ongoing research, these findings suggest that
targeting the gut microbiota through probiotic supplementation may be a promising strategy for preventing and treating
the disease.

Epigenetic Effects of T2DM Risk Factors

Obesity potentially affects DNA methylation patterns (hypermethylation and hypomethylation) in several tissues,
including adipose tissue and skeletal muscle.”> These DNA methylation alterations can influence gene expression for
insulin signaling, glucose metabolism, and inflammation. Lifestyle factors such as diet and physical activity can also
impact the epigenetic regulation of T2DM. High-fat diets induce epigenetic mechanisms that disrupt insulin signaling, fat
metabolism, and inflammation.®* Inflammatory signaling plays a fundamental role in insulin resistance, as macrophages
activated in adipose tissue and the liver are associated with metabolic disorders and secretion of inflammatory mediators,
leading to systemic insulin resistance.®°® Thus, hypermethylation on pro-inflammatory genes potentially suppresses
these genes, attenuates the inflammatory response and increases insulin sensitivity.

On the other hand, hypomethylation and histone modification (hyperacetylation) are associated with the overexpres-
sion of candidate genes, leading to increased fat metabolism and inflammation; the resultant obesity precedes insulin
resistance.”” In contrast, regular exercise leads to beneficial epigenetic modifications like DNA demethylation or
hypomethylation that may enhance insulin sensitivity.*® Microbiota-sensitive epigenetic changes include DNA methyla-
tion, histone modifications, and ncRNA regulation. Epigenetic-modifying enzymes, DNAMT/histone methyltransferases
(HMTs), and histone acetyltransferase (HATs) depend on appropriate substrates (methyl and acetyl donors) to catalyze
changes to the chromatin.®” The microbiota can synthesize several epigenetic substrates, co-factors, or regulators of
epigenetic enzyme activity.”’ The gut microbiota can also produce metabolites that potentially affect epigenetic
mechanisms. For instance, SFAs derived from dietary fiber fermentation can inhibit HDAC, resulting in histone
hyperacetylation and increased expression of target genes.®
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Pathogenesis of T2DM and the Conventional Pharmacologic Options

Although our understanding of T2DM as a complex multifactorial disease is still evolving, dysregulated secretory
functions of pancreatic islets and insulin resistance at the target tissues are central in disease pathogenesis. It is believed
that an inadequate B-cell compensatory mechanism to counteract insulin resistance at these target sites is crucial to the
deranged glycemic levels and lipid metabolism. Individuals with T2DM vary in their phenotypic features of insulin
resistance or dysfunctional B-cells. In some patients, insulin resistance predominates over insulinopenia, and vice versa in
others, probably due to some reported determinants of insulin resistance such as obesity, high triglycerides, low high-
density lipoprotein-cholesterol (HDL-C) and alcohol intake.”® New concepts on the pathogenesis of T2DM are emerging.
Firstly, there is a focus on the role of the interplay between several metabolic pathways involving insulin’s major target
tissues, and an inter-organ crosstalk.”’ Apart from hormones and organokines such as hepatokines (eg, fetuin and
selenoprotein P), adipokines (eg, adiponectin), and myokines (eg, IL-6), dysglycemia is associated with metabolic
changes driven by tissue-derived metabolites (eg, FFAs and amino acids) which contribute to T2DM onset and play
important roles in the inter-organ crosstalk during the development of the disease.”’ Thus, diabetes is now seen as
multifactorial disease in which insulin resistance and elevated FFAs collaborate with hyperglycemia, hyperinsulinemia,
fat accumulation, oxidative stress, and inflammation in the liver and other tissues.”?

Secondly, unraveling the pathogenesis of T2DM has revealed other perspectives although aging-related visceral
adiposity, oxidative stress, and altered mitochondrial function are the recognized mechanistic propellers of insulin
resistance.”””’* According to the “portal hypothesis”, there is direct hepatic exposure to released FFAs and pro-
inflammatory adipokines into the portal vein in obesity, resulting in hepatic insulin resistance and T2DM.”> However,
more potential contributors to insulin resistance include the consequences of intracellular lipid metabolism and ATP
generation in the liver and skeletal muscle’® and the role of the hypothalamus.”’

Emerging evidence indicates that dual-specificity phosphatase 8 (Dusp8), encoded by the Dusp8 gene, controls
neuronal signaling in the hypothalamus.”” The Dusp8 gene is responsible for increased susceptibility to T2DM. Leptin
(one of the adipokines) activates the hypothalamic cells with leptin receptors to maintain normoglycemia. The funda-
mental role of leptin involves regulating long-term caloric balance as its circulating level correlates with the number of
caloric reserves stored in adipose tissue as triglycerides.”® Thus, leptin level influences appetite and satiety: the brain’s
adaptive mechanisms to regulate the body’s caloric reserves. The hypothalamic cells modulate glycemic levels through
autonomic interconnections as the autonomic innervation of the liver and skeletal muscles drives cellular glucose uptake.
In T2DM, this autonomic regulation of glycemic level appears abnormal.” Increasing age and dietary fats are associated
with leptin and insulin resistance. Neurons that mediate glucose regulation and leptin sensitivity become blunted to the
effect of leptin, highlighting the potential role of leptin in the pathogenesis of T2DM.* Dysfunctional hypothalamic
astrocytes that synthesize fatty-acid binding protein 7 (FABP7) are suggested as the contributory factor to leptin and
insulin resistance because these cells influence the function of contiguous leptin-sensitive neurons and regulate leptin
sensitivity.®' Interestingly, infusing a single dose of intra-hypothalamic fibroblast growth factor 1 (FGF1) in diabetic
animal models resulted in normoglycemia, an outcome attributed to the stimulation of the hypothalamic astrocytes which
are also targets of FGF1.5%%

The traditional pharmacotherapy for T2DM comprises the sulfonylureas (eg, chlorpropamide and glibenclamide),
biguanides (eg, metformin), inhibitors of dipeptidyl peptidase-4 (DPP-4) (eg, sitagliptin, vildagliptin, and linagliptin),
and inhibitors of sodium-glucose co-transporter 2 (SGLT2) or gliflozins (eg, canagliflozin). Among these classes of anti-
diabetic drugs, metformin stands out as the only drug that exert additional pleiotropic effects, mediated by several
epigenetic modifications.®* These modifications that have been reported in various organs, tissues and cellular compart-
ments are responsible for the effects of the drug on glycemic control, local and systemic inflammation, oxidative stress
and fibrosis.** The influence of metformin on T2DM epigenetics is subsequently discussed in details in this paper.

Epigenetic Marks in T2DM

Epigenetic marks are currently regarded as essential mediators of gene—environment interactions in T2DM, leading to
several disease variations. They contribute to the development of T2DM by changing gene expression in response to
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environmental and lifestyle factors related to diet, exercise, and stress. They may reveal possible targets for developing
new approaches to treat or prevent T2DM. Epigenetic therapy involves the application of medications or other
epigenome-influencing techniques for therapeutic purposes in diseases affected by epigenetic changes. Unlike gene
therapy, it is reversible, meaning it is “druggable” for targeted therapies.®® In other words, the chemical bonding of the
medication to a “druggable” target should be therapeutically beneficial to the patient by changing the function of the
target. Among the prominent epigenetic marks in T2DM, DNA methylation and histone modifications alter gene
expression at the transcription level, while ncRNAs affect the gene expression at the translation level. However, DNA
methylation and histone modifications play significant roles in the epigenetics of the disease (Table 1 and Figure 1).

DNA Methylation

It involves adding a methyl group to the cytosine-phosphate-guanine (CpG) islands at gene promoter regions. This
mechanism attracts proteins involved in chromatin folding and gene silencing.”” It is the most extensively studied
modification in T2DM, as genome-wide DNA methylation studies have identified differentially methylated regions
(DMRs) in affected patients, many of which are associated with genes responsible for insulin signaling (INS), glucose
metabolism, and inflammation. For instance, DNA methylation of CpG islands at the promoter regions of specific genes
in hepatocytes, adipocytes, and skeletal myocytes encoding insulin signaling and glucose metabolism suppresses these
genes. It contributes significantly to insulin resistance, inhibition of pancreatic B-cells, and, subsequently, the develop-
ment of T2DM.? The type of epigenetic mark, the degree of modification (mono-methylation [me], di-methylation
[me2], and tri-methylation [me3]), and the position of the modification determine the nature of the epigenetic effects.
Furthermore, gene expression depends on the modification site (ie, gene body and CpG islands at promoter regions),
combination, and modification pattern.”” Hypermethylation and hypomethylation at the promoter regions of specific
genes in pancreatic B-cells result in gene silencing and increased gene expression, respectively.”’ For instance, DNA
methylation occurs in the peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PPARGC1A) gene; it is
the energy metabolism-regulating gene as it interacts with other transcription factors and co-activates their functions, thus
influencing gene expression for energy metabolism, oxidative phosphorylation, and gluconeogenesis.”®** PPARGCIA,
the protein encoded by the PPARGCI1A gene (primarily expressed in the liver, skeletal muscles, heart, and brain), can
regulate glucose-dependent insulin production in the pancreatic islets by influencing ATP synthesis via oxidative
phosphorylation. The PPARGCI1A gene is downregulated in T2DM through DNA methylation with a marked reduction
in messenger RNA (mRNA) expression of this gene in the islets of T2DM donors compared to that of donors without the

Table | The Major Epigenetic Modifications Involved in Type 2 Diabetes Mellitus (T2DM)

Epigenetic Modifications/ Effects

Marks

Epigenetic Mechanisms

DNA methylation - Hypermethylation at the CpG islands at the promoter regions of - Reduced insulin secretion and

PPARGCI A gene resulting in gene downregulation at pancreatic islets and insulin resistance

8689

® Hypermethylation
insulin target tissues (hepatocytes, adipocytes and skeletal myocytes)

Histone modifications - Acetylation and di-methylation on the ninth lysine residue within the
N-terminus of histone H3 (H3K9me2) in B-cell leading to PDXI| gene

repression and reduced B-cell function®®

- Reduced glucose-dependent
® Acetylation insulin production

® Methylation (me, me2, me3)

91-93

Regulation by non-coding RNAs
® miRNAsT
® IncRNAsT

- Upregulation of miRNA-375 in pancreatic islets
- Downregulation of miRNA-375 in pancreatic islets’'
- Upregulation of IncRNA PLUTO & IncRNA HOTAIR in peripheral blood

mononuclear cells™

- Inhibits glucose-mediated
insulin production

- Enhances insulin production

- Impairs pancreatic B-cell

function and reduces insulin

secretion

Note: '"Regulates insulinotropic genes and glucose metabolism.

Abbreviations: CpG, cytosine-phosphate-guanine PPARGCIA, peroxisome proliferator-activated receptor gagmma coactivator |-alpha miRNA, micro RNA IncRNA, long
noncoding RNA PLUTO, pilus-long noncoding RNA HOTAIR, HOX transcript antisense RNA H3K9me?2, histone H3 lysine 9 di-methylation PDXI, Pancreatic and duodenal
homeobox | (insulin promoter factor).
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INS and Pdx1 genes Pdx1 gene

(Hepatocytes, Adipocytes, Skeletal myocytes) (Pancreatic R-cells)

PPARGC1A gene (pancreatic islets)]

/

DNA methylation

DNAMT

—_

Dnmt) HAT HMT

=

CpG islands of gene promoter region Ninth lysine residue at N-terminus of H3 (H3K9me2)
Gene silencing Gene silencing and |R-cell function
Insulin resistance lInsulin secretion lInsulin secretion

\ Hyperglycemia /

Figure | Schematic diagram indicating the primary epigenetic mechanisms in type 2 diabetes mellitus (T2DM).

Abbreviations: SOD2, superoxide dismutase 2 mmP-9, matrix metallopeptidase 9 SIRT |, Sirtuin | PTP IB, protein tyrosine phosphatase IB PPARy, peroxisome
proliferator-activated receptor gamma; INS, insulin signaling Pdx |, pancreatic and duodenal homeobox | PPARGCIA, peroxisome proliferator-activated receptor gamma
coactivator |-alpha DNAMT, DNA methyltransferase DNA, deoxyribonucleic acid CpG, cytosine-phosphate-guanine HAT, histone acetyltransferase HMT, histone
methyltransferase.

disease.®® The data showed that PPARGCIA gene expression in pancreatic B-cells was reduced in human and experi-
mental animal models of T2DM and was associated with reduced insulin secretion.®® The vital role of this epigenetic
mark in sustaining dysfunctional islets is also well reported.'® For instance, genes involved in islet function, such as
pancreatic islet-specific transcription factor (Pdx1), PPARGCIA, INS, and glucagon-like peptide-1 receptor (GLPIR),
were hypermethylated in T2DM.*” % Also, hypermethylation drives the suppression of defined genes in the pancreatic
islets of T2DM patients, leading to elevated HbA1C due to B-cell’s functional distortion. The hyperglycemic state, in
turn, results in DNA hypermethylation at Pdx1 and INS genes.®”*

Histone Modifications

Histones are proteins that mediate chromatin folding and compaction. Their chemical changes can occur through several
mechanisms involving the main types: H2A, H2B, H3, and H4.°” Besides other chemical modifications such as
phosphorylation, ubiquitination, and sumoylation, the primary histone modifications are methylation and acetylation at
the lysine residue of the histone proteins’ amino-terminus (or the N-terminus).'®" These histone proteins’ positively
charged amino acids naturally interact with the negatively charged DNA phosphate groups. Acetylation of histone tails
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weakens these interactions between the histone proteins and the DNA involved in gene expression. For instance, there is
a reduction in histone acetylation at the promoter region of the peroxisome proliferator-activated receptor gamma
(PPARY) gene in the adipocytes and adipose tissue-resident immune cells of patients with T2DM. This gene encodes
for the nuclear protein PPARy, which plays a role in modulating gene expression. PPARY is expressed in adipocytes,
where it regulates adipocyte differentiation and functions as a transcription factor (ie, it can bind to specific DNA
sequences and influence gene expression). It governs the gene’s expression in insulin sensitivity, inflammation, and lipid
metabolism. Hyperacetylation at the N-terminus triggers increased transcription, while hypoacetylation results in
transcriptional gene silencing.”” Despite the fundamental concept regarding the alteration of chromatin structure via
modifications to histone tails, the exact mechanisms by which these changes to histone tails affect DNA-histone
interactions are yet to be fully understood.'*

Nevertheless, in the hyperglycemic milieu, insulin promoter factor or Pdx1 (Pancreatic and duodenal homeobox 1)
stimulates the expression of an insulin-coding gene by enlisting these coactivators or transcriptional co-activating
proteins viz HAT, p300, and SET Domain-containing protein 7 (SETD7), one of the HMTs; these coactivators
respectively result in hyperacetylation and di-methylation at the fourth lysine residue within the N-terminus of histone
H3, ie, histone H3 lysine 4 di-methylation (H3K4me?2) and the formation of euchromatin at the promoter region of the
insulin-coding gene.'®® Pdx1 also brings about the B-cell-related expression of the SETD7 gene, thus controlling the
genes that encode glucose-dependent insulin release.'®> Some investigators reported that the subsequent development of
T2DM after IUGR in experimental murine models led to gradual and sustained epigenetic silencing of the Pdx1 gene in
B-cells.”® Di-methylation and acetylation on the ninth lysine residue within the N-terminus of histone H3, ie, histone H3
lysine 9 di-methylation (H3K9me?2) in B-cell of these animal models resulted in Pdx1 gene repression and reduced 3-cell
function. These epigenetic mechanisms were associated with chemical attraction and upstream transcription factor 1
(USF1) binding to the Pdx1 promoter region.

Given that USF1 is essential for activating Pdx1 transcription, Pdx1 transcription silencing follows the reduced
binding of USF1 to Pdx1.'"%*'% Similarly, increased di-methylation on the ninth lysine residue within the N-terminus of
histone H3 (H3K9me?2) and decreased tri-methylation on the fourth lysine residue within the N-terminus of histone H3
(H3K4me3) are associated with increased and repressed transcription, respectively. Notably, the lysine residues of the
N-terminus of histone proteins may undergo various degrees of N-methylation (me, me2, and me3), thus amplifying the

level of gene regulation.'®®

Regulation by Non-Coding RNAs
The ncRNAs, such as miRNAs and long-noncoding RNAs (IncRNAs), have also been implicated in T2DM epigenetics.
The miRNAs are small, single-stranded, ncRNA molecules with twenty-one to twenty-three nucleotides.'®” They play
a role in silencing the mRNA (preventing their translation into proteins) and post-transcriptional gene regulation.'®®
Although there are myriads of miRNAs, the scale of their role in epigenetic regulation constitutes one of the current
research gaps in epigenetics.'® However, dysregulation of several miRNAs occurs in individuals with T2DM. Some
regulate insulinotropic genes and glucose homeostasis, while IncRNAs may be involved in developing insulin resistance.
Recent evidence shows that differentiation of the pancreatic cells and a hyperglycemic state frequently dysregulate
IncRNAs.”” Some authors suggest that the location of several T2DM-related SNPs within the IncRNA loci underscores
the role of IncRNA in T2DM and its complications.''® For instance, IncRNA-p3134 is linked to glucose metabolism and
insulin signaling in B-cells with a high expression in T2DM."'" Its high expression appears in tandem with the
upregulation of Pdx1, one of the transcription factors of insulin. A study shows that hyperglycemia stimulates the insulin
gene promoter by Pdx1, which eventually amplifies insulin production and release.''?

Furthermore, a fraction of miRNAs maintain normoglycemia and T2DM epigenetics.'*''* For instance, upregulation
of miR-375 in the pancreatic islets potentially inhibits glucose-mediated insulin production, whereas downregulation of
this miRNA enhances insulin production.”’ Another report suggests a different miRNA (miR-9) upregulation markedly

reduces glucose-induced insulin release.''?
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Role of microRNAs in T2DM Pathogenesis

Pancreatic B-cells and insulin target tissues express a specific set of miRNAs, ubiquitous in human tissues and not cell-
specific. However, miR-375 is highly concentrated in pancreatic islets, where it modulates the expression of target genes
involved in insulin secretion and B-cell hypertrophy in response to insulin resistance.”’ Dysregulated miRNAs are
involved in pancreatic B-cell function, insulin signaling, adipocyte differentiation, and inflammation, which play critical
roles in T2DM pathogenesis. The miRNA signature of B-cells and insulin target tissues is altered in T2DM, contributing
to their functional impairment under hyperglycemic states.''®'!"” Several miRNAs, such as miR-21, miR-34a, and miR-
146a, are highly expressed in the islets of diabetic murine models; these miRNAs disrupt the function of B-cells.''™®!"?
Similarly, expression of miR-29 and miR-34a is increased in insulin target tissues, possibly driving insulin resistance.'*
Additionally, dysregulated miR-143, miR-802, miR-103, and miR-107 occur in dietary murine models of obesity and
T2DM."?""'3 Interestingly, these miRNAs contribute to the development of insulin resistance in these animal models.
Biopsies of human skeletal muscle from T2DM patients revealed more than sixty differentially expressed miRNAs,
including the upregulation of miR-143 and downregulation of miR-206 and miR-133a.'** Besides the dysregulation in
insulin target tissues, T2DM leads to changes in vascular, cardiac, retinal, and renal expressions of miRNAs, suggesting
the role of these ncRNAs in long-term T2DM complications.'*® Given the stability of miRNAs in biological samples
(such as blood, saliva, and urine), they are becoming attractive diagnostic biomarkers in T2DM as they are easily
detectable with quantitative polymerase-chain reaction (QPCR). Following the first identification of T2DM-related blood
miRNA profile more than a decade ago,'?® other investigators detected an increase in the expression of other diabetes-
related miRNAs in T2DM patients compared to prediabetic subjects; these include miR-9, miR-29a, miR-30d, miR-34a,
miR-124a, miR-146a and miR-375.7% Subsequently, other researchers identified upregulation of miR-27a, miR-150, miR-
192, miR-320a, and miR-375 in T2DM patients and established a significant direct correlation between fasting blood
glucose and altered miR-27a and miR-320a levels.”?

Long Noncoding RNAs and T2DM Pathogenesis

Studies have identified several IncRNAs as potential regulators of pancreatic 3-cell function and insulin secretion central
to T2DM pathogenesis. Dysregulated IncRNA profiles play essential roles in the pathogenesis of metabolic diseases like
T2DM and obesity, as upregulated expression of several IncRNAs occurs in these disorders.'?” For instance, some
researchers observed that IncRNA profile in peripheral blood mononuclear cells of T2DM patients showed significantly
elevated levels of these IncRNAs: HOTAIR (HOX transcript antisense RNA), MEG3 (maternally expressed gene 3), LET
(low expression in tumor), MALAT1 (metastasis-associated lung adenocarcinoma transcript 1), MIAT (myocardial
infarction-associated transcript), GASS5 (growth arrest-specific transcript 5), PLUTO (pilus-long noncoding RNA),
NBR2 (neighbor of BRAC1 gene 2), Linc-p21 (long intergenic noncoding RNA p21), XIST (X—inactive-specific
transcript), PANDA (P-21-associated ncRNA DNA damage-activated), ENST00000550337.1 (Ensembl transcript
identifier00000550337.1), and CDKN2BASI (CDKN2B antisense RNA 1) compared to that of their non-diabetic
controls.”* Again, other researchers showed that the IncRNA NEAT1 (nuclear-enriched abundant transcript 1) regulated
insulin gene expression and B-cell function.'?” Its downregulation leads to impaired glucose-dependent insulin secretion
and reduced expression of genes responsible for the hormone’s synthesis and secretion.

The Role of Epigenetic Marks in T2DM Complications

Emerging evidence suggests that epigenetic marks contribute to the pathogenesis of several micro-and macrovascular
complications of T2DM.'?® Endothelial dysfunction appears crucial to developing these vascular complications, which are
associated with elevated endothelin 1 (EDN-1) production, a peptide that causes vasoconstriction and increased fibrosis, and is
abundant in T2DM vascular complications.'?’ The epigenetic changes reported in endothelial cells in T2DM, which lead to
endothelial dysfunction, include methylation defects (hypermethylation) in the CpG islands of the EDN 1 gene (resulting in its
overexpression), hypomethylation and hyperacetylation of histone proteins in the promoter region of the NF-«kB gene (leading
to its overexpression) and overexpression of miRNAs such as miR-126."2%'3%13! A macrovascular complication like T2DM-
related coronary artery disease is associated with two essential miRNAs: miR-1 and miR-133."3*!33 The epigenetic changes in
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the two common microvascular complications of T2DM (diabetic nephropathy and diabetic neuropathy) are well-
documented. GWAS indicates a direct correlation between DNA hypermethylation and the inflammatory process in diabetic
nephropathy.'**'?° For instance, hypermethylation of the promoter region of the Ras protein activator-like 1 (RASAL1) gene
occurred in animal models of this T2DM complication.'*® Other authors also reported that hypomethylation of the myo-
inositol oxygenase (MIOX) gene results in oxidative stress and fibrosis, which drive the progression of diabetic
nephropathy.'*” Also, miRNAs such as miR-192 and miR-215 are highly expressed in the urine of T2DM patients with
diabetic nephropathy.'** Similarly, diabetic neuropathy is associated with DNA methylation defects. Hypermethylation of the
NINJ2 gene in Schwann cells leads to decreased protein (ninjurin2) expression, vital for post-injury peripheral nerve

regeneration.139 In animal models of diabetic neuropathy, reduced expression of miR-25 and miR-146 also occurs.'4*'4!

Epigenetic Therapy and Drugs with Epigenetic Effects

Therapeutic strategies targeting epigenetic marks in T2DM are still in the early phase, but several promising approaches
now exist. Interestingly, the reversible nature of the disease’s epigenetic changes raises the prospects of novel treatments.
Several small molecules with epigenetic activity (epidrugs) are undergoing clinical trials.'** One potential therapeutic
target is modulating the enzyme mediators of epigenetic marks (eg, inhibiting DNAMTs, HATs, and HDAC) to restore
standard gene expression patterns and improve glycemic control (Figure 2).

HDAC Inhibitors

An established link exists between insulin signaling and the regulation of HAT and HDAC.'* For instance, hypergly-
cemia increases the binding of Pdx1 with HAT p300, resulting in hyperacetylation and increased insulin transcription. In
contrast, hypoglycemia enhances Pdx1 binding with HDAC, decreasing insulin transcription.'** Thus, this HDAC” role
in the epigenetics of T2DM makes it a novel therapeutic target and has led to the discovery of its inhibitors

(eg, trichostatin A, sodium butyrate, and givinostat) for the modulation of insulin signaling and B-cell function.**'**

DNAMT Inhibitors

DNAMT (Dnmt) inhibitors are another group of small molecules that can modify epigenetic marks in T2DM. Three
major types of DNAMTSs are biologically active: Dnmtl, Dnmt3a, and Dnmt3b.”” Pharmacologic therapeutic strategies
for certain malignancies now involve targeting DNAMTs to block DNA methylation. For instance, first-generation non-
selective DNAMT inhibitors (5-azacytidine and 5-aza-2'-deoxycytidine) are currently approved by the United States’
Food and Drug Administration (US FDA) for myeloid cancers and cutaneous T-cell lymphoma.'*® They block all the
three types of DNAMTs. In T2DM, hypermethylation of the genes responsible for B-cell function, such as INS, PDX1,
GLPIR, and PPARGCI1A, results in their suppression. Again, a common complication of T2DM, like diabetic retino-
pathy, is characterized by some epigenetic marks such as methylation of mitochondrial superoxide dismutase 2 (SOD2)
and matrix metallopeptidase 9 (MMP-9), increased transcription of lysine-specific histone demethylase 1(LSD1),
DNAMTs, highly expressed miRNAs and vascular endothelial growth factor (VEGF) in diabetic murine models.'*®
Defective retinal mitochondrial activity leads to progressive retinal damage in diabetic retinopathy. Micro-aneurysms,
vasculopathy, hemorrhages, neo-vascularization, and scarring characterize this diabetic microvascular complication. The
SOD2 gene encodes the enzyme (SOD2) that removes free radicals and circumvents cellular oxidative injury. Cellular
oxidative injury results from the action of LSD1 in diabetic retinopathy because of the SOD2 gene downregulation in
blood vessels. The MMP-9 gene is similarly downregulated with the involvement of MMP-9 in cellular apoptosis,
thereby worsening the effects of diabetic retinopathy.'*” Thus, its epigenetic therapy involves blocking the methylation of
SOD2 and MMP-9 genes. The therapeutic efficacy of DNAMT inhibitors like 5-azacytidine and 5-aza-2'-deoxycytidine
in this diabetic complication is promising as these epigenetic drugs successfully stopped the genes’ methylation, leading
to symptom reduction in both human and murine diabetic retina.?""'*”-'*® Interestingly, the US FDA has approved the use
of these drugs in diabetic retinopathy. However, another DNAMT inhibitor, such as zebularine, yielded inconclusive
results'*” (Table 2).
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Figure 2 Schematic diagram showing the target sites of some epigenetic drugs in type 2 diabetes mellitus.

Notes: DNAMT inhibitors: 5-azacytidine, 5-aza-2'-deoxycytidine. HAT inhibitors: Epigallocatechin-3-gallate, Vorinostat, Romidepsin. HDAC inhibitors: Trichostatin A,
Sodium butyrate, Givinostat.

Abbreviations: INS, insulin signaling Pdx|, pancreatic and duodenal homeobox | PPARGCIA, peroxisome proliferator-activated receptor gamma coactivator |-alpha
DNAMT, DNA methyltransferase HMT, histone methyltransferase HAT, histone acetyltransferase, HDAC, histone deacetylase SETD7, SET Domain-containing protein 7 Me,
methyl group Ac, acetyl group.

Targeting Methyl Donors for DNA Methylation

Given the role of folic acid as a dietary donor for DNA methylation'> and the role of vitamin B12 as a cofactor involved
in transferring the methyl group from folic acid to DNA,"*¢ it is not surprising that low folic acid levels may lead to
abnormal DNA methylation.'>%'>*> More importantly, low serum levels of folic acid and vitamin B12 can increase

diabetic retinopathy risk,'>” whereas their supplementation may reduce disease risk.'>

Sirtuin | (SIRT ) as a Therapeutic Target
SIRT 1 is an HDAC that regulates gene transcription, cell proliferation, and apoptosis.'>* Highly expressed SIRT 1 can prevent
the progression of diabetic retinopathy.'>* Hypermethylation of SIRT 1 promoter in T2DM results in transcription
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Table 2 Some Epigenetic Drugs and Drugs with Potential Epigenetic Effects in Type 2 Diabetes Mellitus (T2DM)

Therapeutic Agents Mode of Action Indications

- DNA methyltransferase (Dnmt) inhibitors | ® Inhibits DNA methylation ® Diabetic retinopathy

® S.azacytidinet'* ® |nhibits methylation of SOD2 and MMP-9 genes ® Mpyeloid cancer

® 5.aza-2'-deoxycytidinet'* ® Cutaneous T-cell lymphoma

® Zebularinet *'* ® [nhibits cytidine deaminase ® Epigenetic therapy for cancer

® [nhibits DNA methylation chemoprevention

- Histone acetyltransferase (HAT) ® [nhibits acetylation of histone ® Diabetic retinopathy§

inhibitors'>°

® Epigallocatechin-3-gallate
® Vorinostat

® Romidepsin

- Histone deacetylase (HDAC) ® [nhibits deacetylation of histone e T2DM
inhibitors*2>!#4

® Trichostatin A

® Sodium butyrate

® Givinostat

- Small interfering RNAs (siRNAs)'>' ® Introduced into cells to silence target genes’ ® T2DM
® Diabetic retinopathy
® Diabetic neuropathy

- Folic acid/vitamin B 12 supplement'>? ® Dietary donor/cofactor for DNA methylation ® Diabetic retinopathy***
- Thiazolidinediones (TZDs)'*? ® Activates PPARy (nuclear receptor protein) and improves | ® T2DM
® Rosiglitazone insulin sensitivity

® Pioglitazone

- Potential therapeutic/ drug targets ® Reduces the inflammatory process via the NF-kB signaling | ® Diabetic retinopathy****
® SIRT I+4'%* pathway* * T2DM
e PTP IB® ® Disrupts the tyrosine kinase receptor cascade and regu-

lates insulin action in the liver.

Notes: Approved by the United States FDA TNucleoside analog of cytidine *Inconclusive results in T2DM $Used with limited success TIstill at the exploratory phase
*Regulates insulin signaling and B-cell function ***Risk reduction in T2DM ta histone deacetylase Fpotentially improves insulin sensitivity and glucose metabolism
*Efpotentially prevents its progression.

silencing,'**'® leading to pathologic changes of diabetic retinopathy. Furthermore, some researchers suggest that the
deacetylation activity of SIRT 1 in adipocytes and macrophages reduces the inflammatory process via the NF-kB signaling
pathways, resulting in improved insulin sensitivity and glucose metabolism.'®'~'®* This modulatory role in insulin sensitivity
portrays SIRT 1 as a potential therapeutic target in T2DM.

Protein Tyrosine Phosphatase IB (PTP-1B) as a Drug Target

PTP-1B plays a role in the INS pathway (INS cascade), a cascade of molecular processes resulting from insulin binding to its
receptors. Activated insulin receptor (IR) then phosphorylates IR substrates (IRS) on tyrosine residues, which serve as docking
sites for activating downstream signaling molecules such as phosphoinositide 3-kinase (PI3K). The subsequent activation of
the Akt pathway, also known as the PI3K pathway, modulates several downstream signaling pathways involved in glucose
metabolism. For instance, Akt, also known as protein kinase B (PKB), promotes the translocation of GLUT4 (glucose
transporter 4) to the cell surface, ensuring cellular glucose uptake.'® Thus, dysregulation of the INS pathway potentially
results in insulin resistance. PTP-1B dephosphorylates the tyrosine residues, disrupting the tyrosine kinase receptor cascade.
Also, it regulates insulin action in the liver and several tissues by modulating the interplay between the two subunits of IRS
(IRS 1 and IRS 2), underscoring its vital role in insulin resistance and as a drug target in managing T2DM.”’
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Using Noncoding RNA (ncRNA)

An additional approach in epigenetic therapy is to use ncRNA molecules, such as miRNAs or IncRNAs, to regulate gene
expression. The strategy involves attempting to reduce the highly expressed miRNAs in diabetic retinopathy despite their
unresolved role in the disease. Again, it is possible to target cells using small interfering RNAs (siRNAs), a type of
ncRNA, even though no known methods exist to achieve this novel intervention.''> Worse still, the delivery of siRNAs to
the affected tissues is complex. Nevertheless, circular RNAs (circRNAs), another type of ncRNA molecule, now have
established roles in T2DM and diabetic retinopathy. CircRNAs represent a diverse class of ncRNAs with potential
regulatory functions within cells as they play critical regulatory roles in gene expression and contribute to several
pathological processes. For instance, a highly expressed circRNA-TFRC (transferring receptor, TFRC) potentially
increases T2DM risk because circRNA is generally linked with insulin resistance.”’ Again, a few circRNAs (such as
circRNA 0054633, circ-HIPK3, circANKRD36, and circRNA11783-2) play a significant role in the evolution of T2DM.
Some authors reported that circ-HIPK3 is significantly raised in diabetic retinopathy as it mediates retinal vascular
dysfunction in T2DM.'**> A previous observation showed that four circRNAs in human pancreatic islets (circCIRBP,
circZKSCAN, circRPH3AL, and circCAMSAP1) were explicitly associated with T2DM status.”’ For instance,
circCIRBP and circCAMSAPI played roles in insulin secretory index in isolated human pancreatic islets and T2DM
status in human peripheral blood, respectively.”’

Other Therapeutic Targets
The nuclear receptor protein PPARY is also a target for pharmacologic intervention in T2DM. Some authors reported that it was
highly expressed in insulin resistance.'®>'°® Synthetic medications called thiazolidinediones (TZDs) or glitazones potentially
activate PPARy by attaching to PPARY receptors and forming a complex with a transcription factor (retinoid-X receptor).'>* This
complex binds to a specific DNA motif at the target gene’s promoter region and increases insulin sensitivity and the expression of
GLUT4, which aids glucose uptake, thus improving glycemic control in T2DM."'%"'*® Common examples of these drugs include
rosiglitazone and pioglitazone. They are grouped as oral hypoglycemic drugs along with biguanides. Additionally, glitazones
help reduce blood pressure and improve lipid metabolism by increasing HDL-cholesterol levels. Adverse effects include edema,
congestive heart failure, weight gain, fractures, and hepatotoxicity.

Furthermore, HAT inhibitors such as epigallocatechin-3-gallate, vorinostat, and romidepsin hold prospects as possible
therapeutic agents, although the outcomes are still unsatisfactory.'>® However, therapies targeting specific genes of the
mammalian genome with methylation and acetylation inhibitors remain a subject of research and debate.

Combining Epigenetic Therapy with Other Treatment Modalities

Combining epigenetic therapy with other treatment modalities may be potentially helpful in managing T2DM. Firstly,
lifestyle interventions such as diet and exercise can influence epigenetic modifications, thus improving the effects of
epigenetic therapies. For example, a healthy diet and regular exercise can reduce DNA methylation and histone
modifications associated with T2DM. Interestingly, some authors in a recent review showed that complementing
phytochemicals (from the Mediterranean diet) with a DNA methylation-based epigenetic intervention can improve
glycemic control in T2DM patients.'®® Secondly, combining stem cell-based therapy with epigenetic therapy holds
prospects for managing the disease. Whereas the former regenerates pancreatic B-cells, the latter may improve stem cells’
therapeutic potential in T2DM by optimizing their differentiation into functional cells or enhancing their survival through
epigenetic modulation approaches.'’® Thirdly, given the chronic low-grade inflammation associated with the develop-
ment of T2DM, immunotherapy (such as targeting pro-inflammatory cytokines) is a possible treatment option. Because
epigenetic modifications modulate immune cell function and inflammation, combining immunotherapy with epigenetic
therapy potentially regulates these processes, enhancing insulin sensitivity and glycemic control in T2DM.'”!

Finally, mounting evidence suggests the impact of metformin on epigenomics, microRNA levels, and subsequent
gene expression. Adding metformin to DNAMT or HDAC inhibitors may synergistically modulate gene expression and
enhance insulin sensitivity, as metformin affects DNA methylation patterns and histone modifications.'”* For instance,
metformin leads to hypomethylation of specific genes responsible for glucose metabolism and insulin signaling path-
ways. Additionally, the drug can trigger changes in histone modifications, resulting in altered gene expression patterns
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associated with T2DM. It also activates adenosine monophosphate-activated protein kinase (AMPK), leading to the
modulation of epigenetic mechanisms by influencing the activity of DNAMTs, class II HDACs, and HATs that mediate
DNA and histone modifications. Metformin inhibits these enzymes by phosphorylation, although the action of HAT1 may
be increased. The drug also reduces the expression of multiple HMTs, increases the class III HDAC and SIRT1 activities,
and decreases the influence of DNAMT inhibitors.'”' These alterations influence the epigenome and gene expression and
may contribute to the antidiabetic properties of metformin. Furthermore, some investigators noted that metformin
significantly downregulated serum miR-21, miR-126, and miR-223 levels in T2DM patients, making them potential
biomarkers for disease diagnosis and providing a possible miRNA-based therapeutic strategy.'**'”* These findings derive
from the influence of metformin on miRNA expression, which is involved in insulin signaling pathways.

Conclusions

The epigenetic modifications involved in the pathogenesis of T2DM and its micro- and macrovascular complications are
now extensively documented in the literature. Generally, hypermethylation (mediated by DNAMTs) at specific sites of
candidate genes involved in insulin signaling and glucose metabolism results in gene silencing and reduced insulin
production, and insulin resistance. Similarly, acetylation (mediated by HATs) and di-methylation within the N-terminus
of histone 3 in B-cells leads to gene repression and reduced glucose-dependent insulin release. Additionally, upregulation
of specific miRNAs and IncRNAs in pancreatic islets (out of myriads of ncRNAs documented) also results in
insulinopenia. Although more studies are essential to understand the epigenetic changes contributing to disease patho-
genesis fully, there is mounting evidence that targeting the major epigenetic marks like DNA methylation, histone
modifications, and ncRNA regulation may provide novel approaches for preventing and treating the disease. Several
epigenetic drugs have been identified and used with variable success in humans and experimental animal models,
especially in T2DM macro- and microvascular complications. Inhibitors of DNAMT, HDAC, and HAT are thus
prototypes of the disease’s epigenetic therapy. Whereas HDAC and HAT inhibitors are yet to be universally applied in
clinical practice, DNAMT inhibitors like 5-azacytidine and 5-aza-2'-deoxycytidine have been approved by the US FDA
for use in diabetic retinopathy. The traditional pharmacotherapy of T2DM with metformin is well reported to have
epigenetic effects and positively alter disease outcomes when combined with epigenetic therapy typified by epi-drugs like
DNAMT and HDAC inhibitors. These developments raise the prospect of using epigenetic therapy as a useful adjunct to
pharmacotherapy. Better still, giving a combination of the traditional anti-diabetic drugs and epi-drugs or drugs with
epigenetic effects may become the norm in managing T2DM and its micro- and macrovascular complications in the
future. However, utilizing ncRNAs by introducing siRNAs into cells to silence specific target genes holds promise as
a therapeutic tool for diabetes complications although this novel strategy remains in the exploratory phase.'”! Decoding
the role of IncRNA in T2DM pathogenesis and the underlying mechanisms is an essential area for further studies. Given
that the extent of miRNAs’ role (an example of ncRNA) in epigenetic regulation is one of the current research gaps in
T2DM epigenetics, we recommend that future research should focus on how to regulate gene expression in the disease
using IncRNA molecules, another example of ncRNA.
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