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The need to reverse the growing incidence and burden of dia-
betes mellitus (DM) worldwide has led to more studies on the
causes of the disease. Scientists have long suspected genetic
and environmental factors in the pathogenesis of type 2 diabetes
mellitus (T2DM). However, recent studies suggest that epigenetic
changes may cause some ¢ of the di This review high-
lights the role of epigenetic modifications in the pathogenesis
and management of T2DM. Peer-reviewed studies on the sub-
ject were retrieved from electronic databases such as PubMed,
Google Scholar, SpringerLink, and Scopus. Most of the studies
implicated epigenetic modifications in the pathogenesis of some
cases of T2DM. DNA methylation, histone modification, and mi-
croRNAs mediated pathways are the main mechanisms of epi-
genetic changes. Certain environmental factors such as diets,
microbial and pollutant exposure, and lifestyles, among others,
may trigger these mechanisms prior to the onset of T2DM. Epige-
netic changes can modify the expressions and functions of some
genes involved in insulin biosynthesis and glucose metabolism,
leading to hyperglycemia and insulin resistance. Fortunately,
epigenetic changes can be reversed by blocking or activating
the modulating enzymes. Thus, epigenetic reprogramming can
improve some cases of T2DM. Medical practitioners are advised
to employ epigenetic therapies for diabetic conditions with epi-
genetic etiology.

\ DNA methylation \ epigenome | glucose metabolism \ hyper-
glycemia | insulin resistance |

ype 2 diabetes mellitus (T2DM) is a metabolic disorder often

associated with a raised blood glucose level, consequently of
the shortage of insulin production by the pancreatic beta cells. Over-
production of glucagon by the pancreatic alpha-cells and insulin re-
sistance in certain tissues, including skeletal muscle, adipose tissue,
and the liver may also cause the disorder (1, 2). Symptoms of T2DM
include abnormal thirst and hunger, repeated urination, weight loss,
weakness, poor vision, chronic sores, frequent infections, and dark
spots on the skin (3, 4). Long - term complications of T2DM de-
velop slowly over time and can devastate health (3). These com-
plications include cardiovascular diseases, diabetic polyneuropathy,
renal failure, eye defects, sores, hearing loss, skin problems, and
Alzheimer’s disease (3, 5). T2DM is hereditable, and mutations in
at least 100 genes or variants of the genes are linked with the disease
6, 7).

Diabetes mellitus (DM) is increasingly occurring worldwide as
time passes. For instance, in the U.S., the prevalence of diagnosed
DM increased from 0.93 % in 1958 to 7.40 % in 2015 (8). Of the re-
ported DM cases in adults, T2DM accounts for about 90 to 95 % (8).
The risk factors of the disease are the consumption of western diets,
pollutant and microbe exposures, and physical inactivity (9, 10, 11).
Recently, epigenetic changes are linked with the disease. Scientists
are of the opinion that though genetic predispositions could influ-
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ence the risk of T2DM, most of the candidate genes impair insulin
synthesis rather than insulin metabolism (12, 13). This suggests that
pancreatic islet developmental error might be the main mechanism
of T2DM pathogenesis (12, 14). The suspect genes do not account
for the full transmission of T2DM, meaning that more genetic as-
pect exists (12, 15). The search for this additional genetic factor led
to the discovery that modifications of the chemical tags above the
genome, often known as epigenetic change, may modulate T2DM

(D).

Epigenetic changes are heritable modifications in gene expres-
sion and function without affecting the nucleotide sequence (16,
17). Throughout life, epigenetic changes constantly influence chro-
matin structure and DNA accessibility, activating and deactivating
targeted parts of the genome at a specific time (18, 19, 20). Thus,
epigenome helps configure a person’s phenotype, including disease
pathogenesis (6). This study, therefore, reviewed and established
the role of epigenetic changes in the pathogenesis and etiology of
T2DM.

Methodology of the Review

Electronic databases, including: PubMed, Google Scholar,
SpringerLink, ResearchGate, Web of Science, and Scopus were
searched for relevant information on the topic.

Search Terms

The following keywords used to retrieve information include:
diabetes mellitus, hyperglycemia, insulin, epigenome, epigenetics,
and epigenetic modifications. Other search terms used are type 2
diabetes mellitus, epigenetic mechanisms, epigenetic drugs, DNA
methylation, histone modification, and insulin resistance.

Criteria for Inclusion of Studies

Research published in the English language.

Research that focused on the prevalence and pathogenesis of DM.
Research that focused on epigenetics of T2DM.

Studies that focused on epidrugs of T2DM.

Studies that were published between 1990 and 2018.

However, the bulk of the information came from studies published
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between 2011 and 2018.
Epigenetics in the T2DM

The articles collected were screened for eligibility according to
the PRISMA guidelines (21, 22). Criteria such as the study design,
affiliation of the authors, and reputation of the journal hosting the
articles, were considered in the article selection. Overall, none of
the studies included in the review had major flaws to disregard the
findings. Several studies agreed that epigenetic changes may ini-
tiate or contribute to the pathogenesis and burden of T2DM. DNA
methylation, histone modification, and microRNA-mediated path-
ways are the main mechanisms by which epigenetic changes mod-
ify phenotypes, including disease presentations. Prior to epigenetic
modification, environmental triggers interact with the genes through
certain chemicals on the DNA.

DNA Methylation in T2DM Pathogenesis

DNA methylation is one of the epigenetic mechanisms in which
a methyl group attaches to the DNA, causing a change of gene ex-
pression and function. Notable among DNA methylation processes
is the covalent addition of a methyl group to the 5-carbon of the cy-
tosine ring, resulting in 5-methylcytosine (5-mC) (23). After methy-
lation, the methyl group protrudes inside the DNA and disrupts the
transcriptional processes (24). 5-methylcytosine is present in about
1.5 % of human genomic DNA (24). In somatic cells, 5-mC re-
sides mostly near the CpG sites, except in the embryonic stem cells,
which contain some 5-mC near the non-CpG sites (24). In the germ
cells and around the promoters of normal somatic cells, the CpG
sites are un-methylated, allowing gene expression to take place (25).

A class of enzymes known as DNA methyltransferases (DN-
MTs) mediates the pairing of methyl groups to DNA (26). Three
DNMTs, namely DNMT1, DNMT3a, and DNMT?3b, are necessary
for the initiation and maintenance of DNA methylation processes
(25). Two more enzymes, DNMT2 and DNMT3L, are equally im-
portant but perform more specialized tasks (25). DNMT1 maintains
already methylated DNA, whereas DNMT3a and 3b modulate the
creation of new or de novo DNA methylation processes (25). How-
ever, in diseased cells, the three enzymes, DNMT1, DNMT3a, and
3b interact and cause DNA over-methylation (25). Equally impor-
tant as DNA methylation in epigenetic modification of organisms is
DNA demethylation. The cellular process is the removal of a methyl
group from DNA, which is necessary for reprogramming of methy-
lated DNA and reversing disrupted gene expression. Demethylation
can occur passively in which a DNMT1 inhibits the methylation of
newly synthesized DNA strands during the replication stages (27).
It can also occur actively wherein established patterns are demethy-
lated by enzymatic removal of 5-methylcytosine through an enzyme
called ten-eleven translocation (TET) (27).

In the last few decades, several studies have implicated DNA
epigenome reprogramming in the development and pathogenesis of
many chronic diseases, including T2DM. In one study, an examina-
tion of pancreatic beta cells of diabetics and non-diabetics showed
epigenetic changes in almost 850 genes, over 100 of which had
disrupted expression (16). In another study, 17 T2DM predispos-
ing genes, including TCF7L2, THADA, KCNQI, FTO, and IRSI,
showed varying degrees of methylation in the pancreatic islets of
individuals with T2DM (1). Increased expression and decreased
methylation of CDKN1A and PDE7B gene was also impaired in
glucose-stimulated insulin synthesis in the individuals with diabetes
(1). A gene called EXOC3L2, which is important in insulin trans-
port, was also repressed and over-methylated in the pancreatic islets
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of individuals with diabetes (1).

Studies have established that small changes in gene expression
over time may have an enormous effect on DM (28). The epigenome
depends on the cell or tissue type, and so does epigenetic modi-
fication processes leading to disease pathogenesis. In pancreatic
islets, the PPARGCI1A gene provides instruction for the synthesis of
a transcriptional co-activator that regulates mitochondrial oxidative
metabolism (29). The expression of this gene enhances glucose-
stimulated insulin release from human islet cells (30). However,
in the pancreatic islets of individuals with T2DM, the PPARGC1A
promoter is over-methylated, which repressed the PPARGC1A gene
compared with non-diabetic (31). Another gene called UNC13B, on
chromosome 9 and embedded in kidney cortical epithelial cells, has
also been reported to be over-methylated in diabetic patients (32).

Since obesity predisposes T2DM, methylation in adipose tissue
would ideally have a vital role to play in the disease’s pathogenesis
(33). Indeed, studies have proven the involvement of adipose tissue
methylation in the onset of T2DM. For example, DNA methylation
in the promoter of the ADRB3 gene in visceral adipose tissue causes
abnormal waist-to-hip ratio and blood pressure in obese men (34).
In addition, the PPARGC1A gene in subcutaneous adipose tissue
showed altered DNA methylation after a high-fat diet (35). This
finding again highlights the involvement of the PPARGCI1A in epi-
genetic modulation of metabolic processes in several tissues, includ-
ing adipose and skeletal muscle [36] and pancreatic islets (30). In a
study, the visceral adipose tissue of the obese showed 3, 258 methy-
lated genes, indicating the role of epigenetic changes in obesity
pathogenesis (37). A detailed genome-wide DNA methylation anal-
ysis of adipose tissue has also revealed evidence of over-methylation
of tissue-specific molecules that regulate gene expression and sus-
ceptibility to metabolic disorders (38). Adipose tissues particularly
showed altered DNA methylation in an enhancer molecule upstream
of ADCY3 (39).

Histone Modification in T2DM Pathogenesis

Histones are the protein building blocks of chromatin - a mass
of genetic material composed of DNA and protein - and form the
backbones of the helical structure of the DNA. Modification of
histones after being translated into protein can program the struc-
tural arrangement of chromatin (40). The resulting structure deter-
mines the transcriptional status of the associated DNA (40). Non-
condensed chromatin is active and results in DNA transcription,
whereas condensed chromatin (heterochromatin) is inactive and in-
capable of transcription (40).

Several mechanisms, namely acetylation, methylation, phos-
phorylation, and ubiquitylation, can modify histones; however,
acetylation and methylation are the most frequently occurring
mechanisms (41). Acetylation adds an acetyl group to the amino
acid lysine in the histone, while methylation involves the addition of
a methyl group (42). Acetylation typically occurs in non-condensed
chromatin, while deacetylation often occurs in condensed chromatin
(40). Histone methylation can occur in both forms of chromatin
(40). For instance, methylation of a particular lysine (K9) on a spe-
cific histone (H3) represents inactive chromatin, while methylation
of a different lysine (K4) on the same histone (H3) reveals active
chromatin (40). Histone modification involves several enzymes, no-
tably the histone deacetyltransferases (HDACs), which deacetylates
amino-terminal lysine residues on histone ends (41). Thus, allowing
the lysine residues to bind more tightly to the DNA (41). The genes
in the more tightly bound regions become repressed because of the
inaccessibility of the transcription factors into the promoters of the
genes (41).
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Studies have reported histone modifications in diabetic patients.
For instance, histone acetyltransferases (HATs) and HDACs are
linked to the altered expression of some genes in diabetics (43). One
example is the SIRT family of HDAC:s; specifically, SIRT1 regulates
several factors involved in metabolism, adipogenesis, and insulin
synthesis (43). In an experiment, a high glucose treatment of mono-
cytes in-vitro increased the production of the HATs CREB-binding
protein (CPB) and P300/CBP-associated factor (PCAF) (43). This
resulted in over-acetylation of histone lysine at the cyclooxygenase-
2 (COX-2) and TNF-inflammatory gene promoters, causing over-
expression of the genes (43). Similar over-acetylation of histone
lysine at these gene promoters occurs in patients with T2DM com-
pared with control (43).

MicroRNAs (miRNA) in T2DM Pathogenesis

Micro RNAs (miRNAs) are single-stranded transcribed RNAs
between 19 and 25 nucleotide chains (44). They are a class of small,
noncoding RNA molecules that modulate gene expression at the
translational level by disrupting the 3’ un-translated region of mes-
senger RNAs (44). MicroRNAs interact with transcriptional and
epigenetic modulators for the maintenance of lineage-specific gene
expression (45). Specifically, MicroRNAs regulate gene expression
at the post-transcriptional level by preventing the translation of tar-
get messenger RNA (46). However, in diseased individuals, the ex-
pression of microRNAs often changes, resulting in altered expres-
sion, mainly over-expression of the target genes (46). MicroRNAs
are important in the maintenance of several biological processes,
such as cell cycle control, cell differentiation, and apoptosis, among
others (44). Studies have confirmed functional impairment of miR-
NAs in several pathologies, including cancer, respiratory diseases,
heart diseases, and DM [44].

An experiment performed by Kameswaran et al. (47) investi-
gated the involvement of microRNAs in the pathogenesis of T2DM.
The scientists sequenced the microRNAs of islets obtained from in-
dividuals with T2DM and non-diabetics and found a mass of altered
microRNAs on chromosome 14q32 (47). The locus was strongly
and specifically expressed in beta-cells of non-diabetics but re-
pressed in the islets of individuals with T2DM (47). The downregu-
lation of this locus strongly correlates with the hyper-methylation of
its promoter (48). In another study, Martinez et al. (49) showed that
miR-375 is among the miRNAs embedded in the pancreatic islets,
and its altered expression may lead to T2DM. Over-expression of
this miRNA reduces glucose-induced insulin release, while its in-
hibition promotes insulin secretion (49). Studies have observed a
similar relationship between miRNA-192 and miRNA-9 hyperme-
thylation and insulin secretion, showing that miRNAs may play a
role in the onset of DM (49).

Triggers of Epigenetic Changes in T2DM

There are some environmental factors, which may trigger epi-
genetic changes prior to the onset of T2DM. These triggers induce
epigenetic changes by adding or removing epigenetic tags from
the DNA, histones, and miRNAs. These tags are chemicals or
molecules such as methyl and acetyl groups capable of changing
gene expression.

Aging

Mitochondrial metabolic activities in skeletal muscle decline
with age and degenerate faster in elderly with insulin resistance and
T2DM (50). Genetic and environmental factors were previously
considered the only links between mitochondrial decline and aging
(51). However, recent studies show epigenetic patterns also change
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with age, affecting the expression of some genes involved in glucose
metabolism in the respiratory chain (51). In particular, the COX7A1
gene is down-regulated in the skeletal muscle of elderly individuals
with T2DM (51). In a study, over-methylation and repression of
mRNA occurred in the promoter region of COX7A1 gene in the
skeletal muscle of elderly compared with middle-aged (51). These
findings showed that aging could influence DNA methylation, gene
expression, and metabolic activities. Decreased gene expression
with aging, resulting in reduced metabolic activities, was also ob-
served in the enhancer of other insulin-promoting genes, such as
NDUFB6 (52).

Aging may worsen insulin resistance in the liver, resulting in
T2DM (53). Glucokinase, an enzyme that stimulates the liver to
absorb glucose, is under-produced in the liver of diabetics (53).
In an experiment involving old and young rats, the livers of aged
rats showed decreased glucokinase expression in response to over-
methylation of the glucokinase promoter (54). Culturing of the hep-
atocytes of the aged rats and the demethylation of the DNA resulted
in a marked rise in glucokinase expression (54). This shows an
epigenetic modification of the hepatic glucokinase promoter may
represent a pathway for T2DM pathogenesis.

Physical Inactivity/Sedentary Life

Physical inactivity can influence the epigenome negatively, af-
fecting several generations (55). Human physical activity has re-
duced drastically since the invention of technologies in the 19th
century, resulting in the increasing overweight of people world-
wide. Increasing physical inactivity has contributed immensely to
the growing global burden of obesity, a risk factor of T2DM (56, 57,
58). Some mechanisms through which inactivity mediates diseases
include mitochondrial dysfunction, changes in the composition of
muscles, and insulin resistance, among others (59). Physical inac-
tivity can also program the health of the offspring across several
generations (60, 61, 62). Increased physical activity can help pre-
vent, lessen, or reverse several health conditions, including T2DM
(60, 61). Increased exercise was reported in the methylation of cer-
tain genes that predispose to some chronic diseases (63). For ex-
ample, exercise causes demethylation of certain genes that promote
the secretion of pro-inflammatory cytokines, reducing the risk of
chronic diseases, including DM (63).

Several studies report genome-wide changes in DNA methy-
lation in response to exercise. In one study, gene expression in
muscle tissues following an exercise changed the efficiency of glu-
cose metabolism by the muscle (63). Some studies which sought to
know the amount of exercise needed to accomplish changes in DNA
methylation of muscles reported it depended on exercise intensity
(63). In obese individuals, exercise can modify the absorption of
fats into the body. In a genome-wide adipose tissue methylation
study of sedentary men, changes in about 18,000 CpG sites (en-
compassing 7,663 genes) occurred in the individuals after 6-month
exercise (64).

The methylation occurred in obesity and T2DM predisposing
genes such as TCF7L2 and KCNQI, meaning that the exercise si-
lenced these genes (64). In a study of skeletal muscles, 2,817 genes
were methylated after 6-month exercise, but unlike the adipose tis-
sue, most of the genes showed decreased levels of DNA methylation
(65). Over-methylation of the skeletal muscle raised the expres-
sion of pro-inflammatory cytokines, which silenced some insulin-
promoting genes (66). Exercise induces the expression of several
genes, such as GLUT4 that regulate glucose uptake in skeletal mus-
cle (67).
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Exercise may also induce histone modifications. When a human
is at rest, MEF2 interacts with HDACS in the nucleus, leading to
deacetylation of the GLUT4 gene at the histone end (68). This cre-
ates condensed chromatin, repressing GLUT4 expression (68). Dur-
ing exercise, AMP-activated protein kinase phosphorylates HDACS,
splits from MEF2, and migrates to the cytosol from the nucleus (69).
MEF2 may then interact with PPARGC1A and HATS in the nucleus
(68). This leads to acetylation of the GLUT4 gene histone, which
enhances the expression and transcriptional activity of the gene (69).
Ca/calmodulin-dependent protein kinase (CaMK) may also modu-
late the MEF?2 activity through histone acetylation after exercising
for a short duration (70, 71).

Nutrition Choices

The epigenetic effects of diets are the most studied and under-
stood of all the environmental triggers of epigenetic changes. Nu-
trients undergo a series of metabolic reactions to become molecules
the body can use. One of these reactions creates methyl groups
(72). Nutrients that induce methyl-making include folic acid, B vi-
tamins, some drugs, etc. (73). Diets rich in these compounds can
alter gene expression, especially during early development, when
the epigenome is young (74). The diet of a mother during preg-
nancy and the baby’s diet can program the baby’s epigenome for
life (72).

Experiments in mice have demonstrated the role of a mother’s
diet in shaping the epigenome of offspring. For instance, when a
mammalian gene called agouti was completely un-methylated in
mouse, its skin turned yellow and became obese, predisposing it to
DM (72). When the agouti gene was methylated like normal mice,
the skin color turned brown and reduced its disease risk (72). Fat
yellow mice and skinny brown mice are genetically identical, but
modification exists in the epigenome of the fat yellow mice (72).
When the yellow mice ate a methyl-rich diet, most of their new-
borns were brown and were healthy throughout life. These results
show that the intrauterine environment can influence adult health
(72).

The diet of a dad can also influence his child’s epigenome.
Records showed that the amount of food consumed at ages 9 to
12 by some Swedish paternal grandfathers affected the lifespan of
their grandchildren (75). Shortage of food relates to the increased
lifespan of the grandchildren, while abundant food, mediated by ei-
ther DM or heart disease, shortens their lifespan (75). Epigenetic
mechanisms could have programmed the nutritional information of
the grandfathers and transmitted it to subsequent generations (75).

Energy-dense diets can also induce profound epigenetic modi-
fications. High-fat diets can influence the gut microbiota to increase
body accumulation of fat (76) and program the epigenome of a de-
veloping embryo. This implies that frequent consumption of fat-
laden diets such as western diets may cause multi-generational pro-
gramming of obesity (56). A paternal high-fat diet can cause trans-
generational metabolic traits such as weight and fat gain, glucose
intolerance, among others (77). These conditions are caused by ab-
normal methylation of certain regions and genes in the sperm cells,
such as adiponectin, leptin, IGF2, MEG3, SGCE/PEG10, MEG3-
IG and H19 DMRs (78, 79). Maternal high-fat diets also relate to
altered gene expression, DNA methylation, and obesity risk (80).
In a rat experiment, maternal high-fat diets increased obesity risk in
the high-fat-fed daughters, increasing their body weight, fat accu-
mulation, and serum levels of leptin as adults (80).

Apart from high-fat diets, adverse intrauterine environments
such as inflammation and endoplasmic reticulum stress may epi-
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genetically program for childhood obesity involving several genes.
The programming may even switch the preference of a child to
energy-dense foods, leading to over-nutrition and obesity (81, 82,
83). Childhood reduced DNA methylation of LINE1 and increased
methylation of some genes, including CASP10, CDKN1C, EPHAL,
HLADOB3, IRF, etc., occurred in individuals predisposed to child-
hood obesity (84, 85). Over-nutrition during childhood increases
the risk of developing obesity in childhood through to adulthood
(86).

The fruits and vegetables in a human’s diet may also influence
his/her epigenome with heritable effects. Eating too few fruits and
vegetables may cause low serum levels of methyl-donating miner-
als and vitamins, which are important regulators of the epigenome
during intrauterine life (56). For example, folate, choline, and be-
taine metabolism generate S-adenosyl methionine, which can influ-
ence DNA and histone methylation by supplying methyl groups to
DNA and histone methyltransferases (87). A deficiency of these
compounds may lead to widespread altered DNA methylation at 57
CpG loci in the offspring (88). About 4 % of the 1, 400 CpG islands
examined in a study had altered methylation status, 88 % of which
were hypo-methylated relative to controls (88).

Whole-grains (unrefined grains) reduce the risk of T2DM (89)
and metabolic syndrome (90). However, in the bid to make whole-
grains more tasteful, technological advancement has introduced a
lot of refined grains into the market with less fiber and nutritional
content. Refined grains are energy dense and have a high glycemic
index, thus causing higher glycemic and insulin responses following
consumption, with increased risks of developing T2DM (91). Rice,
in particular, is the staple food of half of the world population and
is increasingly being consumed worldwide (92). Some scientists
suspected ancestral epigenetic programming towards a preference
for rice consumption. However, refined white rice with character-
istics of high glycemic index and low fiber content contributes to
the global explosion of T2DM. In a study, feeding of white rice
to female rats for eight weeks prior to pregnancy and throughout
pregnancy and lactation showed significant differences in metabolic
indices compared with brown rice feeding (93). These indices relate
to insulin resistance and insulin signaling genes in hepatic, adipose,
and muscle cells (93).

Starvation around conception time and early gestation is an-
other factor that can influence the epigenome of humans. Starvation
during fetal development causes either hypo-methylation or hyper-
methylation of many genes, including the insulin receptor (INSR)
gene, which is important in insulin synthesis and metabolism dur-
ing adulthood. The placenta modulates the exchange of molecules,
including nutrients between the mother and fetus; thus, this func-
tion makes the placenta the target of epigenetic changes during
starvation (94). Starvation can modify placenta epigenome through
gene methylation or modification of miRNAs associated with genes
necessary for fetal development, nutrient transfer, and disease pre-
vention (94). In an experiment, mice short of food during preg-
nancy produced first-generation diabetic offspring and predisposed
second-generation offspring (95). Normally, the body removes most
of the methyl groups upon the formation of an embryo except for
methyl groups on a few genes (95). Nutrient starvation in the mother
may also alter normal methylation patterns in the sperm cells (95).
In an experiment, scientists observed reduced methylation of 111
genomic regions in the offspring of starved mothers compared with
the controls. In the study, over-methylated 55 regions also occurred
in the DNA of the offspring of the starved mothers (95). In an-
other study, children born to starved mothers showed differential
methylation of IGF2 and other T2DM-related genes, which further
proved epigenetics as a mechanism linking prenatal nutrition and
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adult-onset of T2DM (96).
Lifestyle and Chemical Exposure

Chemical exposure influences the epigenetic programming of
some diseases. For instance, smoking during pregnancy directly af-
fects the fetus, causing health conditions such as low birth weight
and increased risk for several diseases, such as T2DM (97). Mater-
nal cigarette smoking during pregnancy related with altered DNA
methylation and disrupted microRNA expression (98). These con-
ditions were thought to result from some toxic chemicals in to-
bacco, but some evidence points to the involvement of epigenetic
alterations (98). Thus, besides the direct effects of tobacco smok-
ing, epigenetic alterations induced by its chemicals can modulate
some smoking-related risks of developing many diseases, including
T2DM (98). Some of these epigenetic changes are heritable; thus
smokers may produce offspring with tobacco-smoke related prob-
lems lasting long until adulthood (56).

In a study, tobacco smoke induced long-term lymphocyte DNA
methylation changes in several CpG sites and genes, increasing the
risks of some diseases, including T2DM (99). These conditions
persisted for at least three decades, indicative of multi-generational
consequences of smoking (99). Findings suggest that there are
a variety of placental dysfunctions linked to prenatal exposure to
cigarette smoke, including alterations to the development and func-
tion of the placenta (100). In a research by Wilhelm-Benartzi et al.
(101), differential methylation of repetitive molecules on placenta
DNA relates to birth weight and maternal smoking during preg-
nancy (101). In another study, men who smoked around 11 years
of age showed massive epigenetic changes in the genes imprinted
on the Y chromosome (102). These men produced overweight male
offspring by age 9. This means the sons of men who smoke be-
fore puberty will be at higher risk for obesity and other health prob-
lems well into adulthood (102). Methylation of germline or placenta
may transmit these effects across many generations (96, 98). Thus,
widespread smoking and inhalation of second-hand smoke may af-
fect smokers and nonsmokers across many generations through epi-
genetic reprogramming (103). This underscores the involvement of
tobacco in the global upsurge of several chronic diseases beginning
from the 19th century (56). Similarly, alcohol addiction can cause
or worsen several health problems. If consumed in excess during
pregnancy, alcohol can cause fetal alcohol syndrome, such as low
birth weight, impaired cognitive and neuropsychological functions
(104). Alcohol interferes with folate metabolism and reduces over-
all methylation levels in mice exposed to alcohol in utero (105).
Alcohol can induce extensive DNA methylation of the germline of
a man and transmit the epigenetic changes to his offspring via con-
ception. Alcohol-induced placental epigenetic changes are also her-
itable via the female germline (104). Alcohol addiction by men
can increase the chances of alcoholism in male offspring (106).
Thus, children exposed to alcohol prenatally already have epige-
netically predetermined increased risks of some diseases, including
T2DM, subsequent consumption of alcohol only worsens the epige-
netic programming (56).

Pollutant exposure is another burden with serious effects on
the health of humans. Evidence abounds that prenatal exposure to
some toxic pollutants can increase the risk of multi-generational
transmission of some diseases (56). For example, maternal and pa-
ternal exposure to dichlorodiphenytrichloroethane (DDT) increases
the obesity risks of future generations through epigenetic alter-
ations in obesity-related genes in both male and female germ lines
(107). Some other chemicals, including bisphenol-A (BPA), bis
(2-ethylhexyl) phthalate (DEHP), and dibutyl phthalate (DBP) can
also increase the risk of epigenetic transgenerational inheritance of
adult metabolic diseases (108). Embryonic exposure to BPA gen-
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erates metabolic disturbances later in life, such as obesity and DM
(108). BPA and other endocrine disruptors can alter fat tissue de-
velopment and growth by disrupting the production of functional
adipocytes and their differentiation (108). Several studies showed
that BPA-induced multi-generational effects, such as obesity may
involve epigenetic mechanisms (108). Other pollutants, including
pesticides, agrochemicals, among others, can also induce transgen-
erational extensive epigenetic changes with a consequent increase
in the risk of adult diseases (109).

Epigenetic Therapies for T2DM

Several studies showed that epigenetic changes are reversible,
so its mechanism can be used to predict, prevent, reverse, or lessen
many diseases induced by epigenetic changes, including T2DM.
In fact, many drugs, tagged epigenetic drugs (or epidrugs), are in
use or under clinical evaluations for T2DM management. Epidrugs
work by inhibiting or activating the enzymes that mediate epigenetic
changes.

DNA Methylation Inhibiting Drugs

Many diseases caused by over-methylation of certain genes can
be reversed by blocking or inhibiting the methylating enzymes.
Several DNA methylation inhibitors, mostly nucleoside-like com-
pounds, have been formulated to manage some diseases (110). One
of the epidrugs, known as 5-Azacytidine has cytotoxic effects on
cancer cells (110). The most common T2DM drug known as met-
formin works by decreasing DNA methylation of metformin trans-
porter genes in the human liver (111). Hyper-methylation of met-
formin transporter genes causes high blood sugar and obesity (111),
which are hallmarks of T2DM. The discovery of another drug
named procainamide has further added to the growing number of
epidrugs with therapeutic effects on T2DM (112). Procainamide
boosts insulin secretion through DNA demethylation (112) of cer-
tain genes in the beta cells and, if taken with an oral hypoglycemic
agent such as metformin, its effects will increase (112).

Histone Acetyltransferase Inhibitors (HATIs)

Many HATIs such as garcinol, extracted from garcinia fruit
rinds have therapeutic effects on T2DM (113). Garcinol lessens
inflammation of retinal Muller cells in a high concentration of glu-
cose, which indicates that it can prevent diabetic retinopathy (114).
Anacardic acid is another epidrug obtained from cashew nuts and
enhances glucose assimilation by C2C12 muscle cells through epi-
genetic changes (115). In animal models, curcumin from turmeric
showed hypoglycemic and hypolipidemic effects (116). Curcumin
can also elevate postprandial serum insulin concentrations while
maintaining blood glucose levels in normal individuals (117).

Histone Deacetylase Inhibitors (HDAIs)

Histone deacetylases (HDACS) are enzymes that detach acetyl
group from lysine residues on the histones, disrupting the
epigenome and causing diseases (118), including T2DM. However,
some substances called histone deacetylase inhibitors (HDACIs)
can inhibit these enzymes, preventing or reversing deacetylation
and the associated diseases (118). HDACIs are small epigenet-
ically active molecules (119) and the first major one discovered
was n-butyrate, which causes hyperacetylation of histones in the
cells (120). Trichostatin A (TSA) and trapoxin A (TPX) are also
HDACISs, which are epidrugs capable of inhibiting HDAC activity
(121,122). Some HDACISs such as TSA and depsipeptide FK228 are
natural products from certain microbes (118). Some others, such
as suberoylanilide hydroxamic acid (SAHA) are synthesized us-
ing the structural information of some naturally occurring HDACIs
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(118). In addition, some dietary substances such as vegetables,
fruits, whole-grains, among others, have HDAC inhibiting proper-
ties comparable to pharmacological HDACIs without side-effects
(118).

In DM management, some HDACIs improve diabetic condi-
tions by reversing the cytokine-induced damage of pancreatic beta
cells (123, 124, 125). Other HDACIs promote insulin secretion and
performance and increase beta cell mass (126, 127, 128). However,
as a precautionary measure, high doses of HDACIs must be avoided
as they are cytotoxic (125).

MicroRNA (miRNA) Inhibitors

The maintenance of the normal functioning of the body is in
part regulated by certain miRNAs, which are often disrupted in dis-
eased individuals. Scientists have demonstrated that by restoring
affected miRNAs to the normal state, its associated diseases can
be prevented or reversed. MicroRNAs restoration can be achieved
either by normalizing the expression of repressed miRNAs using
miRNA mimics or disrupting the activity of overexpressed miRNAs
using miRNA inhibitors (129). MicroRNA inhibitors are antisense
oligonucleotides (129) designed based on the molecular properties
of the target miRNA to bind to it and activate the target gene. Some
proven miRNA inhibitors include locked nucleic acid (LNA) anti-
miRs, antagomirs, and morpholinos (130, 131). LNA anti-miRs
are exceptionally efficient, less toxic, and great therapeutic poten-
tial (132). LNA anti-miR-122 reduces plasma cholesterol with no
sign of toxicity in mice (133). The antisense oligonucleotide 2’-O-
methyl-miR-375 normalizes insulin secretion in-vitro by boosting
the expression of 3’-phosphoinositide-dependent protein kinase-1
(PDK-1) (122). Some epidrugs like Byetta, Victoza, Trulicity, Janu-
via, Onglyza, and Tradjenta modify over-expressed miR-204 in the
beta cells of diabetics (134). This activates glucagon-like peptide
1 receptor, or GLP1R, assisting the beta cell to synthesize more in-
sulin (134).

Conclusion

T2DM is a multifactorial disorder, and so its development in
an individual is multifaceted. However, several studies reviewed
showed that epigenetic changes, starting from intrauterine life to
adulthood, may play a critical role in the pathogenesis of some cases
of the disease. Some environmental factors such as diet choice, pol-
lutant, and microbial exposure, and lifestyles may trigger epigenetic

1. Dayeh T, Petr V, Sofia S, et al. (2014). Genome-Wide DNA Methylation Analysis of
Human Pancreatic Islets from Type 2 Diabetic and Non-Diabetic Donors Identi-
fies Candidate Genes That Influence Insulin Secretion. PLOS/Genetics 10: 1-20.
DOI: 10.1371/journal.pgen.1004160.

2. Alessio D. (2011). The role of dysregulated glucagon secretion in type 2 diabetes.
Diabetes Obes Metab 1:126-32. Doi: 10.1111/j.1463-1326.2011.01449.x.

3. Mayo Clinic. Type 2 Diabetes Mellitus Overview. Available Online at
https://www.mayoclinic.org/diseases-conditions/type-2-diabetes/symptoms-
causes/syc-20351193. (Accessed December 16 2018).

4. Ramachandran A. (2014). Know the signs and symptoms of diabetes. Indian J
Med Res 140 (5):579-81.

5. Papatheodorou K, Papanas N, Banach M, Papazoglou D, Edmonds M.
(2016). Comy 1s of Diat J Diab Res Article ID 6989453. Doi:
10.1155/2016/6989453

6. What is Epigenetics? Type 2 Diabetes Mellitus and Epigenetics. Avail-
able Online At https://www.whatisepigenetics.com/type-2-diabetes-mellitus-
and-epigenetics/. (Accessed December 17 2018).

7. Ali O. (2013). Genetics of type 2 diabetes. World J Diabetes 4 (4):114-23. Doi:
10.4239/wjd.v4.i4.114

8. Center for Disease Control and Prevention. Data and Statistics: What’s New
in Diabetes? Available Online at https://www.cdc.gov/diabetes/data/ (Accessed
December 18 2018)

Yahaya et al.

changes in individuals prior to the onset of T2DM. Fortunately, epi-
genetic changes are reversible, so health care providers can use epi-
genetic modifications to reverse or treat DM induced by epigenetic
changes. Several epigenetic drugs are in use; however, most of the
drugs need improvement to achieve the desired results.

Table 1. Reference numbers by subjects.

Reference number

Etiology
DNA Methylation and Demethylation 1, 16, 23-39
Histone modification 41,42,43

Functional impairment of miRNA

Triggers
Aging 51-54
Physical Inactivity
and Sedentary Lifestyles 55-69

Life styles and Chemical exposure 96-109
Therapies

DNA Methylation inhibitors 110, 111, 112

Histone Acetyltransferase Inhibitors (HATIs) 113- 117
Histone Deacetylase Inhibitors (HDAIs) 118-127
MicroRNA (miRNA) Inhibitors 122, 129-134
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