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Abstract: DNA methylation, a major regulator of epigenetic modifications has been shown 
to alter the expression of genes that are involved in aspects of glucose metabolism such as 
glucose intolerance, insulin resistance, β -cell dysfunction and other conditions, and it ulti-
mately leads to the pathogenesis of type 2 diabetes mellitus (T2DM). Current evidences 
indicate an association of DNA methylation with T2DM. This review provides an overview 
of how various factors play crucial roles in T2DM pathogenesis and how DNA methylation interacts with these 
factors. Additionally, an update on current techniques of DNA methylation analysis with their pros and cons is 
provided as a basis for the adoption of suitable techniques in future DNA methylation research towards better 
management of T2DM. To elucidate the mechanistic relationship between vital environmental factors and the 
development of T2DM, a better understanding of the changes in gene expression associated with DNA methyla-
tion at the molecular level is still needed. 
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1. INTRODUCTION 
 Type 2 diabetes mellitus (T2DM) is one of the major chronic 
metabolic disorders characterized by excessive levels of glucose in 
the blood. Worldwide, the incidence of diabetes is increasing each 
year, and T2DM is rapidly becoming one of the major world health 
issues. Among adults, the estimated global prevalence of diabetes 
was 6.4% (285 million people) among which ~256 million people 
were of T2DM [1]. The prevalence of T2DM is anticipated to in-
crease to 7.7% (~395 million people) by 2030 [2]. Globally, the 
prevalence of T2DM has shown an increasing tendency over the 
past few decades [3, 4] and has become one of the major public 
health crisis globally, especially for developing countries [5]. 
Therefore, T2DM represents an alarming health disorder as well as 
a profound social and economic burden in both developing and 
developed countries. 
 Although deficiencies in insulin secretion by pancreatic β-cells 
and insulin resistance are thought to be the main reasons for T2DM, 
the primary pathophysiological mechanism of the disease remains 
unclear [6]. T2DM is also known as a multifactorial disorder. Inter-
actions between environmental factors and multiple genetic loci 
influence the development of T2DM. In this regard, several lines of 
evidence supporting the involvement of epigenetics in the devel-
opment of T2DM indicate a strong association between diabetes-
related genes and the environment.  
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 Epigenetics is the study of control of gene expression that is 
somatically heritable. It constitutes three molecular processes; DNA 
methylation, histone modifications and chromatin remodeling. Epi-
genetics can be influenced by environmental factors; thus, it may 
provide insights into the mechanisms of many complex yet com-
mon diseases such as metabolic disorders and gastrointestinal, car-
diovascular, neurodegenerative and immunological diseases [7, 8]. 
 One of the extensively studied traits in the field of epigenetics 
is DNA methylation [9]. DNA methylation - an epigenetic altera-
tion involving the gene expression regulation, has become a center 
of attention in the sphere of common but intricate diseases [10]. 
Methylation levels are generally analyzed at clusters of CpG meth-
ylation sites within genes [11]. The association of age and environ-
mental factors with alterations in methylation status has been estab-
lished in recent studies [12, 13]. Genetic variation may also play a 
role in determining DNA methylation patterns. An association of 
genetic polymorphisms with differential DNA methylation was 
reported by Heijmans et al. [14]. Although genetic variation may 
influence local methylation patterns, the exact mechanisms of this 
effect are not yet clear [15, 16]. There is evidence to support the 
idea that the different genetic makeup of individuals is responsible 
for variation in DNA methylation patterns. These patterns are 
thought to be related to differential disease susceptibility and have 
been hypothesized to modify individual vulnerability to T2DM [17, 
18]. Moreover, in the case of T2DM, patterns of gene expression 
linked with insulin resistance are maintained by DNA methylation 
memory. 
 This review summarizes the contributions of epigenetics, pri-
marily DNA methylation and its association with environmental 
and genetic factors to the progressive development of T2DM in 
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humans and in animal models. An updated review of methylation 
detection and analysis techniques is also provided. 

2. DNA METHYLATION: AN ORCHESTRA OF EPIGENET-
ICS  
 Along with the modification of histones and noncoding RNAs, 
DNA methylation - a post-replication modification consisting of the 
addition of a methyl group to a cytosine residue followed by a gua-
nine residue in DNA (CpG), is a crucial epigenetic mechanism for 
regulating gene transcription that can take place without changing 
the underlying DNA sequence. DNA methylation is an essential 
process during cell development and differentiation, inactivation of 
the X chromosome, silencing of retrotransposons and imprinting of 
genes. It can occur in adult humans under various environmental 
influences, and patterns of DNA methylation are inherited meioti-
cally or mitotically through somatic or germline pathways [7, 19-
21]. In the mammalian genome, constitutive methylation of approx-
imately 70% of the CpG pairs was initially reported [22]. However, 
recent studies have indicated that the degree of DNA methylation is 
in fact much lower than 70% in some genomic regions [23, 24]. 
Regardless of how great a portion of the genome is susceptible to 
methylation, when it is done aberrantly, disease is prone to result 
[25].  
 Clustered CpG dinucleotides that form dense repeating se-
quences in the genome are known as CpG islands. These are locat-
ed especially at promoter regions [26] and are generally found with-
in intragenic regions and enhancer regions [27, 28]. 
 Methylation of cytosine at the 5′ position to form 5-methyl-
cytosine (5mC) is mediated by DNA methyltransferases (DNMTs) 
(Fig. 1). In mammals, a methyl group is donated by S-adenosyl-
methionine (SAM) during the cytosine methylation process. Two 
primary factors - (a) methyl intake through diet and (b) utilization 
of the methyl group, are responsible for methyl group supply during 
DNA methylation. Choline, betaine and methionine are considered 
to be the major dietary methyl group donors [29]. Dietary factors 
that influence the availability of SAM and are likely to have an 

impact on DNA methylation include vitamin B2 (riboflavin), vita-
min B12 (cobalamin), vitamin B6 (pyridoxine) and folate [30]. 
 As a consequence of diabetes, life expectancy is dramatically 
reduced due to the increased occurrence of vascular diseases such 
as peripheral vascular diseases (thrombosis of peripheral veins and 
arteries), cardiovascular disease (heart failure and heart attack), 
cerebrovascular disease (stroke), kidney disease (nephropathy) and 
delayed healing of diabetic wounds [31]. Although genetic factors 
along with environmental factors are known to contribute to the 
development of diabetes, the genetic basis of T2DM remains large-
ly obscure despite intensive research in this area that includes ge-
nome-wide association studies (GWAS). The risk variants identi-
fied to date explain only approximately 10% of the estimated herit-
ability of T2DM [32]. Researchers have therefore started to discov-
er the role of epigenetic alterations in the development of T2DM. 

3. PATHOPHYSIOLOGY OF T2DM 
 In T2DM, the development of hyperglycemia seems to be a 
very complicated process and has not been clearly explained. In 
theory, there are several possible reasons for persistent hypergly-
cemia, including (a) defects in the secretion, transport or action of 
insulin; (b) defects in glucose transport into tissues by the glucose 
transporters; and (c) abnormalities in enzymes associated with glu-
cose metabolism caused by gene mutations or metabolic disturb-
ances [33, 34]. 
 In T2DM patients, hyperglycemia occurs when insulin fails to 
inhibit glucose production through gluconeogenesis in the liver. 
During gluconeogenesis, phosphoenolpyruvate carboxykinase 
(PEPCK) catalyzes the rate-limiting step (conversion of oxaloace-
tate into phosphoenolpyruvate and carbon dioxide) of the reaction 
in which cells synthesize glucose from its metabolic precursors. In 
patients with T2DM, enhancement of PEPCK enzyme activity in-
creases hepatic glucose production through increased gluconeogen-
esis [35]. Dysfunction of β -cells in the pancreas has also been re-
ported to contribute to T2DM [36]. Several studies in animals and 
humans have also suggested an involvement of severe amyloidosis 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Schematic diagram showing how DNA methyltransferase catalyzes cytosine methylation. 
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in β-cell dysfunction during T2DM development [37] or advance-
ment of amyloidosis with β-cell loss in T2DM patients [38]. 
 Oxidative stress is another significant factor that results in dam-
age to pancreatic β-cells by reactive oxygen species (ROS). In a 
study conducted on rats (n=12), because of this activity, the expres-
sion of superoxide dismutase and the expression of both catalase 
and glutathione peroxidase enzymes (enzymes that inactivate hy-
drogen peroxide) was found to be 30% (low) and 5% (extremely 
low) respectively, in liver [39]. In the presence of ROS, pancreatic 
monomeric amyloid polypeptide rapidly polymerizes into mature 
islet amyloid, a species that is resistant to proteolysis [40, 41]. Hay-
den and Tyagi [40] reported that prevention of insulin release as 
well as destruction of insulin secreting islet cells occurs as a result 
of the aggregation and deposition of pancreatic amyloid. Thus, the 
formation of amyloid induced by ROS subsequently directs T2DM 
progression [42]. 
 Mutations are one of the leading factors in the etiology of dia-
betes. Fajans et al. [43] demonstrated that more than 150 mutations 
in human are associated with the gene that influences glucokinase 
enzyme, which catalyzes the phosphorylation of glucose to glucose-
6-phosphate; decreased activity of this enzyme results in impair-
ment of glycolysis.  
 Defects in the insulin receptor (IR) or in post-receptor signaling 
have also been considered as possible primary factors in the devel-
opment of T2DM. Due to defects in certain receptors, the transport 
of glucose into adipose and muscle tissues may be impaired [44]. 
 Insulin resistance, which is another possible cause of T2DM, 
can occur through several pathways. These include (1) interaction 
of ROS with cytokines and mediators linked with NF-κB (nuclear 
factor kappa-light-chain-enhancer of activated B cells), a pathway 
that can lead to insulin resistance [45-47]; (2) activation of ser-
ine/threonine kinase cascades by increased concentrations of ROS, 
which trigger the phosphorylation of insulin receptor substrate 
(IRS) proteins and the IR; phosphorylation of IRS further prevents 
it from undergoing tyrosine phosphorylation and promotes the deg-
radation of IRS-1, a phenomenon that promotes oxidative-stress-
induced insulin resistance [48]; (3) induction of insulin resistance in 
fat and muscle cells by the overexpression of tumor necrosis factor-
α (TNF-α), a growth factor that increases the phosphorylation of 
serine of IRS-1 and IRS-2 and consequently reduces the binding of 
IRS to its receptor, thus preventing interaction with downstream 
pathways [44]; (4) insulin resistance initiation in adipocytes by 
interleukin-6 (IL-6); chronic treatment of adipocytes with IL-6 
tends to reduce the expression of the β-subunit of IR, IRS-1 and 
glucose transporter-4 (GLUT-4), consequently reducing glucose 
transport [49]; (5) changes in the transcription of glucose transport-
ers, with increased GLUT-1 and decreased GLUT-4 levels, due to 
prolonged exposure to ROS; thus, oxidative stress is accepted as a 
likely causative element of developing insulin resistance [50]; and 
(6) insulin resistance also occurs due to decreased stimulation of 
glycogen synthesis in muscle by insulin [51]. 

4. DNA METHYLATION AND T2DM: RISK FACTORS 
 T2DM patients suffer from multiple physiological abnormali-
ties that include insulin resistance in adipose and muscle tissues and 
impaired insulin secretion due to β-cell dysfunction. Moreover, the 
hepatic glucose level in T2DM patents is increased, and there is 
irregular secretion and regulation of the hormone incretin, which 
results in the disruption of a major neurological regulatory pathway 
of food intake and energy expenditure. These diverse abnormalities 
lead to hyperglycemia and hyperlipidemia [52].  
 Diabetes has a very complex etiology. Although individual 
genetic makeup and mutations in specific genes proved to have 
linkage with the development of T2DM, the steady increase in the 
incidence of diabetes worldwide cannot be explained by gene muta-
tions alone. Environmental factors could provide a complementary 

explanation for diabetes etiology. Several risk factors for T2DM 
development include ethnicity, sex, birth weight, physical inactivi-
ty, aging, both prenatal and postnatal environmental factors such as 
intrauterine environment, maternal diet, breast-feeding, length of 
breast-feeding, gestational diabetes, oxidative stress, exposure to 
smoking and environmental toxins (such as arsenic) may influence 
the progression of the disease [53, 54].  
 There are several factors relating to affect DNA methylation or 
to cause T2DM in general but have not been proven yet to cause 
T2DM via DNA methylation, such as infection, length of gestation 
(pre or post-maturity), environmental exposures during preconcep-
tion, prenatal exposure to chemicals, postnatal weight and height, 
adult alcohol intake, early-life socioeconomic status, abuse, paren-
tal stress, exposure to traffic particles etc. [55-57]. 
 In T2DM, involvement of DNA methylation with its potential 
role in regulating gene expressions, especially the genes responsible 
for the stringent regulation of normal blood glucose homeostasis 
and its association with insulin resistance, has been investigated 
(Fig. 2). In this review, we will focus on DNA methylation, which 
can be environmentally and genetically altered at any stage of an 
individual’s life and could potentially lead to T2DM by modifying 
the expression of various genes. 

4.1. Age 
 Alteration of DNA methylation can occur with increasing age. 
Globally, alteration of DNA methylation and hypermethylation of 
promoter genes that play a dual role in suppression of tumors and 
progeria (a hereditary condition associated with premature aging) 
have been reported [58]. Animal studies involving liver and adipose 
tissues demonstrate that significant differences in DNA methylation 
and extensive tissue-specific epigenetic changes occur with aging 
[59]. Furthermore, methylation of genes that regulate metabolic 
pathways has been consistently found. Thus, epigenetic modifica-
tions are an integral part of the aging process. Increasing age is one 
of the significant risk factors for developing T2DM, and the inci-
dence of T2DM increases with age [60]. This might be because 
DNA methylation errors increase and accumulate with increasing 
age. These errors may thus mediate the development of T2DM by 
reducing or silencing the responsiveness of diabetes-related genes.  
 Studies of skeletal muscle prove that the expression of genes 
related to T2DM is altered by DNA methylation with age [61, 62]. 
These studies, which involved young and elderly twins, examined 
the genes regulating oxidative phosphorylation. It was shown that 
DNA methylation in the promoter region of NDUFB6, a gene en-
coding a subunit of complex 1 of the respiratory chain, is increased 
in elderly twins (n=86) compared with young twins (n=110) pos-
sessing the G/G genotype (rs629566). Interestingly, this single-
nucleotide polymorphism (SNP), which is a site of DNA methyla-
tion, was associated with higher NDUFB6 mRNA expression in 
young twins and lower mRNA expression in elderly twins [61]. 
Another study reported similar results in which DNA methylation at 
the promoter region of the COX7A1 (a gene associated with the 
respiratory chain) was increased 19.9±8.3% (p=0.035) in elderly 
twins (n=86) compared to 1.8±2.7% in young twins (n=110); ac-
cordingly, the mRNA expression of COX7A1 was found to decrease 
in elderly twins [62]. Several other singleton and twin studies iden-
tified different age-related variations of methylation in specific 
locus of multiple tissues showing time-related changes in methyla-
tion [63-65]. Table 1 lists a few recent studies that associate various 
age ranges with DNA methylation. 

4.2. Birth Weight 
 Birth weight is influenced by multiple factors and is one of the 
important predictors of health and disease in later life. There is a 
link between low birth weight and T2DM. An epidemiological 
follow-up study showed that adult patients with T2DM were of 
lower weight during infancy [66]. Another study in England 
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showed that individuals with lower-birth-weight have 6 times high-
er chance of developing T2DM at age 64 than higher-birth-weight 
individuals [66]. In compare with normal birth weight newborns, 
low or high birth weight infants showed lower level of long inter-
spersed nuclear element-1 (LINE-1) DNA methylation in their cord 
blood after adjustment with several factors like smoking, maternal 
age, sex and gestational age [67]. Another study with 12 neonates 
observed that there lies an inverse correlation between LINE-1 
DNA methylation and birth weight percentile [68]. The perturbation 
of DNA methylation was found for infants with low-birth-weight 
and gestational age after an investigation of the epigenetic patterns 
of human placenta [69, 70]. According to Filiberto et al. [69], DNA 
methylation in the promoter region of glucocorticoid receptor (GR) 
gene is vital in the regulation of GR gene expression which is 
linked with infant birth weight. Alteration of DNA methylation 
consequently dysregulated the expression of the GR (followed by 
dysfunctional glucocorticoid signaling) may lead to glucocorticoid 
resistance and increase the risk of T2DM [71, 72].  
 A genome-wide DNA methylation study of gene promoters in 
human placental tissue from first-trimester pregnancies revealed 
significant variations in DNA methylation that progressively in-
creased on average from the first to the third trimester [73]. These 
authors found that the most differentially methylated genes were 
involved in immune regulation. The findings indicate that highly 

variable methylation occurs in placental tissue as a consequence of 
the placental role at the fetal-maternal interface and in response to 
exposure to the intrauterine environment. In addition, the increment 
of the pattern of inter-individual variation of DNA methylation was 
observed from the first to the third trimester which supports the idea 
of environmental factors change DNA methylation patterns as 
pregnancy proceeds.  
 The influence of the environmental factors on birth weight and 
T2DM was firmly confirmed from different twin studies. A twin 
study revealed that twins with T2DM in their 60s had lower birth 
weights than their non-diabetic co-twins [74]. Similar results were 
obtained in an Italian twin study [75]. It has been assumed that even 
though monozygotic twins are identical genetically, differences in 
the birth weights of twin pairs can be attributed to the development 
of T2DM in their later life. Although some studies have revealed 
linkages between birth weight and epigenetic alterations and the 
subsequent development of T2DM, the mechanistic basis of this 
relationship remains elusive. There is continual debate concerning 
the interplay of metabolic defects, polymorphisms of susceptible 
genes and the possible roles of various environmental and genetic 
factors. More extensive genome-wide scans may help identify relat-
ed methylated genes, whereas functional assays may help research-
ers analyze the relations of these changes in methylation to birth 
weight and the occurrence of T2DM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Epigenetic alteration via DNA methylation towards the development of T2DM. 
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4.3. Effect of Breast-Feeding 
 Breast-feeding confers important health benefits to both women 
and their offspring. Lack of breast-feeding has been implicated as a 
risk factor for developing obesity and T2DM in later life [76, 77]. 
Several studies reported that due to the increased incidence of 
T2DM among young women [78-80], the overlapping frequency of 
T2DM and maternal-child health concerns such as breast-feeding is 
also increasing [81, 82]. It has been reported that breast-feeding 
mothers with T2DM have better glucose tolerance (GT) in compare 
with non-breast-feeding mothers.  
 Breast-feeding mother have lower levels of estradiol which 
might provide protective effect against GT [83]. Studies of both 
high and low-risk women also suggest that lactation may reduce 

mothers’ risk of subsequent development of T2DM [84]. Moreover, 
it is assumed that children who are breastfed have lower risk to 
develop T2DM in later life. A report by Young et al. [85] on prena-
tal and early infancy risk factors for T2DM in children found that 
breast-feeding may have a protective effect. The mechanism 
through which breast-feeding protects against diabetes is still un-
clear. Improved insulin sensitivity was found in breast-feeding 
women and even persisted 6 weeks to 3 months postpartum [86] or 
in another study [87], indicated that it was 12 to 18 months postpar-
tum although further research is needed to better understand the 
associations between breast-feeding and insulin sensitivity.  
 A study published in 2014 suggested that the longer the dura-
tion of breast feeding, the lower the risk to develop maternal T2DM 
[88]. In Pima Indians aging 40 years or less, lower incidence of 

Table 1. Association of different age ranges with DNA methylation as reported in a few recent studies. 

No. Types of study Subjects Age ranges Tissues Findings References 

Human studies 

1 
Human study on ovarian 

function 

Young oocyte 
donors (n=20) 

26±2.2 years 

Ovarian granulosa 
cells 

Significantly greater DNA methy-
lation was observed in the ovarian 

granulosa cells of aged women 
with increasing deterioration of 

ovarian functions 

[211] 
Older poor respon-

ders (n=20) 
40±2.3 years 

2 
Human study on sperm 

DNA methylation 

Young males 
(n=17) 

37.7±2.12 years 

Sperm cells 

With increasing age, significantly 
greater DNA methylation 

(p=0.0062) was consistently ob-
served in the promoters of 117 

genes in sperm DNA 

[210] 

Old males (n=17) 50.3±2.1 years 

3 
Genome-wide study of 
epigenomic dynamics 

Healthy females 
[n=31 (twin pairs) 
and n=31 (single-

ton)] 

49 to 75 years 
Peripheral blood 
CD4+ and CD14+ 

cells 

Increasing age is a predisposing 
factor for DNA hypermethylation 

at bivalent chromatin domain 
promoters that may cause cancers 

[63] 

4 Cancer study on Polycomb 
group proteins (PCGs) 

Postmenopausal 
women (n=261) 

50 to 80 years Stem cells 
The greater the age of the subjects, 
the greater the DNA methylation 

of PCGs 
[65] 

5 
Human study on prostate 

cancer 

Organ donors 

(n=45) 
17 to 68 years 

Prostate tissue 

Age-related hypermethylation was 
observed in normal prostate tissues 

(p<0.001) predisposed to full-
blown malignancy 

[5] 
Patients who un-

derwent cystopros-
tat-ectomy (n=45) 

39 to 84 years 

Healthy controls 

(n=90) 
- 

Animal studies 

1 
Genome-wide study of 

male Fischer 344 and BN 
F1 hybrid rats 

Young (n=6) rats 3.2±0.2 months Liver and visceral 
adipose 

tissues 

Hypermethylation was observed in 
a group of 75 metabolic genes that 
have potential roles in the patho-
genesis of age-related diseases 

 

[59] Old (n=6) rats 18 months 

2 
Ribosomal DNA study of 

adult male BN rats 

Young (n=NK) rats 6 months 
Liver, spermatozoa, 
and testicular germ 

cells 

With increasing age, a region of 
ribosomal DNA is preferentially 
hypermethylated in spermatozoa 

and liver 

[211] 
Old (n=NK) rats 21 to 24 months 

NK=Not known; BN=Brown Norway. 
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T2DM was observed when the mother breastfeed for at least 2 
months [89]. Another study reported that the risk of T2DM was 
lower among offspring who were breastfed longer than 12 months 
than in offspring who were not breast fed [85]. 
 According to some unpublished data of Relton et al. [90], a 
week correlation was found between LINE-1 DNA methylation and 
duration of breast feeding among mothers over 50 years of age. In 
another cohort, the authors observed an association between gene-
specific methylation in 7 year post-delivered women and the dura-
tion of breastfeeding. Clearly, further researches are warranted to 
characterize the influence of breastfeeding on the epigenome and its 
protective role in T2DM. 

4.4. Effect of Dietary Components 
 Dietary components such as vitamin B12, vitamin B6, betaine, 
methionine, folate and choline have been shown to be involved in 
DNA methylation changes and maintenance. These components 
affect one-carbon metabolic pathways that determine the amount of 
available SAM, the compound that provides methyl groups for 
DNA methylation. Homocysteine is an additional intermediate 
substance which is involved in maintaining methylation reactions in 
different vital biochemical processes. It can be re-methylated to 
form methionine (a key component of cysteine biosynthetic path-
way), or freed into the extracellular medium [91]. When there is a 
lack of sulfur in the diet, body uses methionine and coverts into 
cysteine (a sulfur-containing compound). This in turn puts the per-
son at risk of contracting T2DM in later life. The reason behind this 
is very simple: methionine directly uses methyl groups from SAM 
and decreases its level. When there is a lack of SAM, the canonical 
methylation patterns is disrupted which possibly leads to the devel-
opment of T2DM [92]. A study by Poirier et al. [93] reported de-
fects in DNA methylation in diabetes due to the decreased level of 
SAM in erythrocytes of diabetic patients. Additionally, decreased 
concentrations of SAM in erythrocytes, along with other changes, 
have been suggested to contribute to the progression of diabetes. 

4.5. Environmental Toxins 
 Exposure to toxins such as heavy metals (e.g., arsenic) has been 
proposed as an additional risk factor for the development of T2DM 
[94, 95]. Presence of such toxins was found in people who are de-
pendent on contaminated well water for drinking in Taiwan [96-98] 
and Bangladesh [99, 100] and in people working in copper smelters 
[101] or in the art glass industry [102] in Sweden. Several potential 
mechanisms for arsenic-induced T2DM have been proposed, in-
cluding (1) induction of oxidative stress [33]; (2) arsenic or its 
methylated metabolite-medicated interference on gene expression 
and signal transduction process [33]; (3) high affinity of the metal 
for sulfhydryl groups; and (4) phosphorus substitution [33, 36] 
through the induction of insulin resistance - an impaired response of 
tissues to insulin during β-cell dysfunction and early phase of de-
veloping T2DM. It is postulated that arsenic-induced pathophysiol-
ogy of diabetes mellitus is alike T2DM characterizing both insulin 
resistance and secretion deficiency [36]. 
 Arsenic exposure is believed to alter the expression of glucose 
homeostasis maintaining genes which consequentially leads to the 
pathogenesis of T2DM [103]. Exposure to arsenic during particular 
developmental stages is associated with global DNA hypomethyla-
tion of GC (guanine and cytosine) rich regions, as well as with al-
tered expression of genes in the insulin-like growth factor (IGF) 
signaling pathway such as Igf1, Igfr2 and Igfbp1 and the stress re-
sponse gene encoding metallothionein 1 in the livers of male C3H 
mice [104].  
 Despite the correlation between toxin exposure and pro-
grammed metabolic disease, little is known about the epigenomic 
alterations associated with this model. Arsenic is believed to dam-
age pancreatic β-cells via inducing oxidative stress [105] and reduc-
ing transcription and secretion of insulin [103]. Altered expression 

was observed in Pdx1 gene (previously known as Luf1) [103, 106, 
107] which encodes a vital transcription factor responsible for pan-
creas development, insulin production, glucose homeostasis [108] 
and regulation of insulin gene [109]. When rat pancreatic β-cells 
were treated (72 hours) with non-cytotoxic doses of sodium arsenite 
(5 μM), a significant reduction (40%) in mRNA levels of insulin 
was observed followed by a significant reduction of insulin secre-
tion [109]. When arsenic was exposed to human subjects, hyper-
methylation or hypomethylation in peripheral blood mononuclear 
cells (PBMCs) [110] and DNA hypermethylation of several genes, 
including CDKN2A [111], RASSF1A and PRSS3 [112] was ob-
served. 
 More appropriate researches on arsenic-induced T2DM animal 
models are warranted. Although the biological and biochemical 
effects of arsenic on glucose homeostasis have been investigated 
through in vitro studies and in animals treated with high doses of 
arsenic compounds and have been found to be significant, the ap-
propriateness of extrapolating these findings to humans is limited. 
The dosage, route of administration and arsenic exposed species 
used in these studies may differ from the occupational or environ-
mental exposure to humans; therefore, the studies should be inter-
preted with caution, as suggested by Tseng [33]. 

4.6. Influence of DNA Sequence Variations 
 Several studies have provided evidence on the influence of 
DNA sequence variations with epigenetics. For example, an indi-
vidual’s susceptibility to T2DM can be influenced by multiple loci. 
Coolen et al. [113] showed from a twin study that within individual 
twin pairs, gain or loss of methylation were more common in 
monozygotic than in dizygotic twins. The study indicated that con-
servation of DNA methylation was influenced by the underlying 
sequence of DNA. To date, the reason of undergoing DNA methyl-
ation aberrantly still remains a mystery. A study suggested that the 
reason behind aberrant DNA methylation is possibly the presence 
of certain signature DNA sequences [114]. A later study showed 
that the genetic background can be additive to the environmental 
contribution on DNA methylation [115]. In this study, exposure to 
famine at the time of conception and genetic variation were inde-
pendently associated with DNA methylation at the IGF2/H19 
DMRs within the INS (insulin gene) and the IGF2 transcribed re-
gion. Furthermore, it has been shown recently that the role of DNA 
methylation in gene regulation can be either active (i.e., a likely 
cause of gene expression variation levels) or passive (i.e., a conse-
quence of a change in gene expression as a result of genetic varia-
tion or an independent mark of gene expression levels when the 
SNP independently affects gene expression and DNA methylation) 
[116]. These relationships can be tissue-specific and dependent on 
the genomic region involved. Different studies involving the explo-
ration of motifs also identified different types of sequence elements 
which are predicted to induce precise epigenetic states [117, 118].  
 Several other studies have suggested that genetic polymor-
phisms can affect epigenetics. For example, DZ co-twins showed 
greater differences than MZ co-twins in an epigenetic state that 
included DNA methylation at different methylated regions of 
IGF2/AH19 locus [14, 119, 120]. Gertz et al. [121] reported the 
presence of allele-specific DNA methylation associated with poly-
morphic nucleotides situated near the DNA methylation site and 
was absent in the parental DNA. 

3.7. Intrauterine Growth Retardation (IUGR) 
 IUGR is one of the most common complications of pregnancy, 
is an adverse factor that is associated with the development of 
T2DM in adulthood. The development of the fetus can be adversely 
affected by the intrauterine milieu through alterations in gene ex-
pression. Rapidly replicating pluripotent cells and poorly replicat-
ing terminally differentiated cells are the main targets. During ex-
posure of these cells undergoing differentiation, proliferation and 
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functional maturation; the effect(s) of exposure to the transformed 
intrauterine environment will further extend into adulthood [122]. 
 To elucidate the underlying epigenetic modifications that con-
tribute to the development of adult diabetes following IUGR, Park 
et al. [123] used a rodent model of IUGR that develops diabetes in 
adulthood. This strain expressed lower levels of Pdx1 (a key gene 
in β-cell function and development) via epigenetic modifications 
throughout development. Another study by Thamotharan et al. 
[124] reported that IUGR caused by prenatal nutrient restriction 
results in permanent alterations in Glut4, an insulin-regulated glu-
cose transporter gene, in muscle. Insulin unresponsiveness of skele-
tal muscle induced by alterations in Glut4 affects fetal development 
and subsequently leads to T2DM in adulthood.  
 According to another study, during early development of rats, 
when they were exposed to a suboptimal nutritional environment, 
the enhancer region of Hnf4α (a pancreatic transcription factor) was 
observed to be silenced epigenetically. As a consequence, there was 
a lack of interactions between P2 promoter and enhancer resulting 
towards permanent reduction in Hnf4α expression [12]. Simmons et 
al. [125] observed intrauterine growth retardation when pregnant 
rats were given low calorie, protein diet or high glucocorticoids. All 
of the above treatments consequently impair the glucose homeosta-
sis leading to the alteration of gene expressions that can provide 
insight into the development of T2DM via intrauterine growth re-
tardation. 

4.8. Effect of Gestational Diabetes Mellitus (GDM) 
 GDM is defined as glucose intolerance that first appears or is 
first detected during pregnancy [126]. GDM is characterized by 
insulin resistance combined with β-cell dysfunction [127]. During 
pregnancy, the placenta supplies nutrients to the developing fetus, 
in addition to producing hormones (placental lactogen, cortisol and 
estrogen) to maintain the pregnancy [128, 129]. In GDM, while 
glucose can freely travel from the mother to the fetus, maternal 
insulin transfer to the fetus is blocked by the placental hormones, a 
condition called insulin resistance. This situation exposes the fetus 
to abnormally high concentrations of glucose from the mother, 
forcing the fetus to increase its own insulin production to overcome 
insulin resistance [130].  
 Because intrauterine environmental and nutritional status is 
involved in fetal developmental programming [127], the increased 
need of the fetus for insulin to deal with the unfavorable metabolic 
intrauterine environment affects the development of the fetus in that 
early stage of life by turning on or turning off some crucial genes. 
These modifications can be regarded as epigenetic effects. They 
may lead to metabolic imprinting, that is, the permanent upregula-
tion or downregulation of key genes responsible for the develop-
ment of pancreas, function of β-cells, uptake of peripheral glucose 
and insulin resistance [122, 131, 132]. Although the mechanisms 
underlying this remain unclear, the adverse effects of GDM on the 
offspring of diabetic mothers can be passed on to the next genera-
tion. Epigenetics is believed to play a key role in this process [133].  
 It has been observed that the insulin resistance phenotype which 
is induced by epigenetic changes in key genes is transgenerationally 
persistent and it predisposes the offspring of GDM mothers to de-
veloping T2DM in the later stages of life. In animal and human 
models, some epigenetic signatures have been shown to be inherit-
ed, suggesting the transmission of epigenotypes to the next genera-
tion [134]. A recent study reported that altered DNA methylation of 
several imprinted genes in the spermatozoa of offspring from obese 
and/or diabetic mothers may play a role in causing adverse effects 
in the next generation [133]. However, the mechanism behind epi-
genetic alterations transmitted to subsequent generations by oocytes 
is poorly understood [135]. Several lines of evidence support a role 
of maternal GDM in predisposing offspring to the development of 
diabetes in adulthood, and epigenetics may be involved in transfer-

ring the adverse effects from diabetic mothers to succeeding gen-
erations.  
 A study of Pima siblings discordant for intrauterine exposure to 
diabetes showed that the risk of developing diabetes is mediated by 
the intrauterine environment in addition to the inherited risk of 
diabetes susceptibility alleles [136]. Later studies of Pima Indians 
provide evidence that if mothers have gestational diabetes during 
pregnancy, children are at much greater risk of developing diabetes 
[137, 138] or of developing fasting hyperglycemia with high rates 
of abnormal GT [139] compared with individuals whose mothers 
were non-diabetic during pregnancy. Metabolic studies of offspring 
that were exposed to the intrauterine environments of diabetic 
mothers has shown that these offspring exhibit impaired insulin 
secretion [140] and that they are at risk of developing T2DM due to 
the effects of epigenetic changes on β-cell function [141]. One 
study reported that GDM is one of the vital epigenetic factors which 
can affect genes that are primarily responsible for glucose-related 
disorders. Multiple genome-wide DNA methylation variations were 
identified in fetal tissues [142]. Altered DNA methylation was re-
ported at the LEP and ADIPOQ genes (placental tissue) with re-
duced expression [143, 144]. At maternally imprinted MEST gene, 
altered DNA methylation was also detected, along with significant-
ly lower expression of this gene in cord blood tissues and placenta 
of GDM mothers [145]. Therefore, it is postulated that during GDM 
due to the impairment of glucose metabolism, DNA methylation is 
observed in genes involved with energy and glucose metabolism. 
Thus, DNA methylation plays a role in metabolic disease pro-
gramming through interaction of the uterine environment with gene 
function. 
 During gestation, alterations in the epigenome occur frequently 
due to the higher rate of DNA synthesis during tissue development 
and growth in embryogenesis [132, 146]. During this period, the 
outline of required DNA methylation for normal tissue develop-
ment is established [132]. Thus, changes in epigenetic mechanism 
due to adverse intrauterine exposure may be an early event in path-
ogenesis and may result in the progression of metabolic disease in 
humans. To what extent GDM contributes to the global rise in 
T2DM is still to be revealed, however there is no denying fact that 
it is contributing significantly. Future research can take the initia-
tive of conducting longitudinal cohort studies to discover the mech-
anisms by which uterine environment influences the development 
of metabolic abnormalities and causes epigenetic modifications 
leading to T2DM. 

4.9. Overnutrition 
 Epigenetic mechanisms can potentially alter an individual’s 
health status towards diabetes due to the consumption of overnutri-
tious food during pregnancy and early postnatal life. This phenom-
enon involves altered pattern of DNA methylation in the promoter 
regions of genes that are highly expressed in the hypothalamus and 
that maintain lifetime food intake and body weight programming. 
An experimental study carried out in Wistar rats showed that meta-
bolic abnormalities such as hyperleptinemia, hyperglycemia, and 
hyperinsulinemia, along with other metabolic effects, occur after 
exposure to neonatal overfeeding. DNA methylation profiling re-
vealed hypermethylation of the promoter of the gene encoding the 
main anorexigenic neurohormone proopiomelanocortin (POMC) in 
hypothalamic tissue [147]. Based on a similar model in rats, CpG 
dinucleotides of the hypothalamic insulin receptor promoter (IRP) 
were found to be hypermethylated after neonatal overfeeding, and 
this correlated with blood glucose concentration [148]. An early 
study by Waterland and Garza [149] also showed that epigenetic 
alterations could occur due to nutritional modulation during early 
stages of pre- and post-natal life. In rat offspring, these authors 
reported epigenetic alterations in the genes expressed in pancreas, 
and these alterations were found to have association with decreased 
glucose-induced insulin release.  
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 The association of maternal diet with epigenetic alterations in 
phenotype was investigated by Cooney et al. [150] in the agouti 
mouse. The normally wild-type gene encoding the Agouti protein 
produces a brown coat color phenotype. For the experiment, an 
endogenous transposon sequence similar to a retrotransposon was 
inserted close to the gene. An unmethylated retrotransposon pro-
moter at this site results in a yellow coat color, whereas methylation 
of the retrotransposon promoter silences the gene and produces the 
wild-type brown coat color of the agouti mouse. The experiment 
confirmed that when pregnant female mice were fed with a methyl 
donor-rich diet rather than a standard diet, the methylation of the 
offspring’s retrotransposon promoter was increased. Thus, diet-
induced methylation silenced the transposon promoter, causing 
wild-type expression of the Agouti protein for brown coat color. 
These results demonstrate that expression of a wild-type gene in the 
offspring can be regulated or altered by epigenetic modifications 
resulting from changes in the maternal diet during pregnancy. 
 Another study in rats showed that consumption of a saturated 
fat-rich diet results in hypertension hyperinsulinemia, adiposity and 
endothelial dysfunction in offspring at 6 months of age [151]. The 
offspring of rats exposed to high-fat diets were observed to develop 
higher pancreatic β-cell mass, increased replication and neogenesis 
processes; which leads to T2DM in adulthood [152].  
 In humans, inadequate studies were found to correlate maternal 
diet with fetal overnutrition. Skeletal muscle biopsy of mothers 
having low and normal birth weight children revealed that over-
feeding with high-fat diet induced DNA methylation followed by 
alteration of PPARGC1A expression in skeletal muscle tissues 
[153]. Even though DNA methylation showed no correlation with 
gene expression, however, alteration of methylation pattern was 
observed epigenetically in normal birth weight individuals. Another 
study observed positive correlation of PPARGC1A gene (extracted 
from umbilical cord genomic DNA) with maternal body mass index 
and pattern of DNA methylation [154]. This study shows that DNA 
methylation transmitted from mother to fetus is influenced by diet. 
Various patterns of DNA methylation and expression of leptin gene 
was detected in placental tissues of women with impaired glucose 
tolerance (IGT) [143], which suggests that the adverse consequenc-
es of IGT might have influenced to the development of T2DM via 
epigenetic mechanisms. These observations clearly suggest towards 
the epigenetic alterations of the offspring influenced by diabetic 
mothers’ intrauterine environment. 
 Additional researches are warranted to understand the correla-
tion between maternal diet, precise high-energy nutrients during 
pregnancy and fetal metabolism, growth and development resulting 
new visions towards targeted interventions. A recent study reported 
that consumption of a high-fat diet induces intergenerational trans-
mission of epigenetic programming that can result in impaired glu-
cose-insulin homeostasis through the paternal lineage in female 
offspring. According to another study with male rats revealed that 
prolonged intake of high-fat diet results pancreatic β-cell dysfunc-
tion in female offspring which is positively correlated with hypo-
methylation of the Il13ra2 gene [155]. The functional implications 
of the epigenetic mechanism involved remain to be elucidated. 

4.10. Undernutrition 
 Diabetes is the ultimate outcome of inadequate nutrition during 
the most critical and vulnerable periods of fetal growth and infancy. 
Decreased insulin production due to poor nutrition is not considered 
a disadvantage until demand for insulin exceeds the capacity for its 
production. Inadequate production of insulin is harmful only in 
cases of overnutrition [66]. Ethiopian Jews experienced a subse-
quent increase in diabetes incidence along with changes from poor 
to abundant nutrition during their migration from Ethiopia to Israel 
[156]. During fetal life, long-term effects of inadequate nutrition 
depend on the timing, nature and intensity of nutritional deficiency 
which in turns develop specific impaired tissues. Simmons [157] 

has documented the harmful effects on offspring of dietary re-
striction during pregnancy. The consequences of undernutrition on 
β-cell development during early life predispose individuals to dia-
betes.  
 Exposure of young rats to protein-calorie malnutrition for only 
three weeks results in permanent impairment of the insulin response 
to glucose which suggests that early malnutrition might be a predic-
tive factor to develop T2DM [158]. An extensive experimental 
study with adult rats has shown that impaired pancreatic β-cell 
function and IGT can develop as a result of poor maternal nutrition 
during pregnancy and lactation [159]. A very recent study by Yo-
shida et al. [160] reported that the insulin signaling pathway is im-
paired in the pancreatic islets of βPDK1+/− mice exposed to fetal 
undernutrition. The finding clearly indicates that due to fetal under-
nutrition, the regulation of pancreatic β-cell is impaired through 
altered insulin signaling.  
 Sandovici et al. [12] reported how maternal diet in rats affects 
the epigenetic silencing of the Hnf4a gene in pancreatic islets of 
offspring. The researchers found that a maternal diet low in protein 
results in a permanent reduction in the expression of Hnf4a, a gene 
implicated in the etiology of T2DM, in the islets of the offspring. In 
primate model offspring, altered DNA methylation was observed in 
PEPCK1 gene (involved in gluconeogenesis) which is believed as a 
consequence of gestation nutrient restriction [161]. Altered DNA 
methylation in the PCK1 promoter gene involved in gluconeogene-
sis was found in offspring in a non-human primate model due to 
maternal nutrient restriction during gestation [161]. Epigenetic 
modifications were also observed in Igf1 gene in IUGR offspring 
using rodent uterine artery ligation model [162].  
 A group of scientists found a remarkable association between 
exposure to famine during early pregnancy and epigenetic variation 
in offspring even after six decades [13], even though there was a 
lack of phenotypic association. During late gestation, prenatal ex-
posure to famine was found to have association with decreased GT 
in adults [163]. According to the thrifty phenotype hypothesis 
[164], poor nutrition in utero may lead to enduring alterations in 
pancreatic β-cell function or impaired insulin insensitivity of tis-
sues, and these changes may manifest as T2DM in later life. These 
findings clearly show that undernutrition in early life affects epige-
netic regulation, leading to T2DM. 

4.11. Oxidative Stress 
 Oxidative stress is one of the root causes of insulin resistance, 
β-cell dysfunction, IGT and T2DM through the production of ROS 
[165]. ROS are synthesized and involved in various cellular pro-
cesses like cell signaling pathways, redox alterations, chromatin 
remodeling, immune responses, gene expressions [166] and have 
the potential to influence epigenetic mechanisms [167]. Exposure to 
various environmental conditions such as air pollution and tobacco 
smoke leads to the generation of ROS which is believed to alter 
epigenetic patterns via various mechanisms of oxidative stress. 
Enhanced oxidative damage can result in the conversion of guanine 
into 8-oxoguanine and of 5mC into 5-hydroxymethylcytosine 
(5hmC). Both 5mc and 5hmc profoundly reduce the activity of a 
critical epigenetic regulator - MeCP2 (methyl-CpG binding protein) 
which in turns recruits cytosine methyl transferases and histone 
deacetylases to DNA [168]. Mbd3 is another methyl-binding pro-
tein which binds to 5hmC in vitro [169].  
 Exposure to oxidative stress has a direct impact on DNA meth-
ylation, and this could be a mechanism through which aberrant 
epigenetic programming, especially aberrant DNA methylation, 
leads to T2DM [170-174]. Although in response to external stimuli, 
precise alterations of DNA methylation is a common phenomenon; 
during aging, due to increased oxidative stress, random alterations 
of DNA methylation are also observed in several types of tissues 
[171, 175]. These alteration of DNA methylation patterns regulate 
T2DM associated gene expressions [170]. In addition, when a gua-
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nine is replaced with an 8-hydroxyguanine (oxygen radical adduct), 
methylation level of adjacent cytosines is significantly altered 
which in turn affects the gene expression [176].  
 From animal studies, it has been observed that when female rats 
were restricted with low-protein diet in utero and during lactation, 
increased oxidative stress with age and deficiency of oxidative re-
sistance in their pancreatic islets exhibited [177, 178]. In high-fat 
diet-induced mice, oxidative stress-related genes have also been 
found to reveal early epigenetic alterations in pancreatic islets [179, 
180]. Importantly, a reduction of oxidative stress has been reported 
in multiple diabetic mouse models, in which improved β-cell func-
tion due to pharmacological intervention or genetic means has been 
demonstrated [181, 182]. 

4.12. Transgenerational Effect 
 Theoretically, increased risk of disease can be transgeneration-
ally inherited by non-genomic mechanisms. These mechanisms can 
be either (1) epigenetic [122, 183] or (2) associated indirectly with 
various parental physiological traits [184]. However, true epigenetic 
transgenerational inheritance requires the parents to possess the 
epigenetic change and then transmit the change into their offspring 
without direct exposure of the factors to the offspring. In the case of 
mammals, only epigenetic marks transmit to the F3 generation are 
truly transgenerational because the developing parental germ cells 
that give rise to the F2 generation are already present during em-
bryonic development of the F1 generation and thus could have been 
exposed to the triggering conditions [185].  
 Epigenetic modification of the fetus due to altered nutrition 
may develop with increasing age in relation with metabolic pheno-
types which was recently detected at Pdx1 and Glut4 genes in rats 
suffering from uteroplacental insufficiency (UPI) [123, 186]. The 
epigenetic alterations can be inherited via meiosis if they takes 
place in the germline [187] therefore are potential to be transmitted 
via either of the parental cell lines. Thus, epigenetic modifications 
can be transgenerationally inherited by succeeding generations. In 
addition, phenotype of subsequent generations can be influenced by 
the action of other indirect biological processes like physical limita-
tions may influence birth size through the maternal lineage [184]. 
 Several animal studies revealed that if there are episodes of 
undernutrition during fetal life, in adulthood the F2 generations 
develop impaired the glucose metabolism of F1 offspring in adult-
hood, and some studies have found transmission of altered glucose 
metabolism in the F2 and F3 offspring of fetally malnourished F1 
females, even when the F1 and F2 females were well nourished 
after weaning [188, 189]. When F0 female mothers were exposed to 
undernutrition, F1 males developed impaired glucose-stimulated 
insulin secretion, IGT and hyperglycemia with aging. Moreover, all 
the F2 offspring from F1 males or females exhibited glucose intol-
erance [190]. Therefore, both the parental lines contribute to the 
intergenerational progression of glucose intolerance.  
 Carone and colleagues [191] also reported a paternally induced 
transgenerational effect in mice. When male mice fed a low-protein 
diet were crossed with females reared on a control diet, alterations 
in DNA methylation at the Pparα locus in liver tissue of the off-
spring were correlated with downregulation of the gene. It is now 
clear that the transgenerational transmission of IGT, along with 
other epigenetic modifications, can occur through the paternal line-
age in addition to the more widely accepted maternal and grandma-
ternal inheritance of diabetes [189, 190, 192, 193]. Burdge et al. 
[194] reported the transmission of DNA hypomethylation of the 
hepatic PPARα and GR promoters from the F1 generation to the F2 
generation in a male Wistar rat model fed a low-protein diet, 
whereas according to Hoile et al. [195] a few of these epigenetic 
alterations were also transferred to the F3 generation. According to 
these researchers, gene expression in the adherens junction path-
way, DNA methylation of the PEPCK promoter and mRNA expres-

sion, along with increased fasting glycemia, were transmitted to the 
F3 generation. These experimental results reveal that altered epige-
netic changes associated with altered maternal intake of nutrients 
can be easily transmitted from F1 to F3 offspring; however, other 
environmental confounders may alter the signals received by the 
developing fetus.  

5. METHODS FOR DNA METHYLATION ANALYSIS IN 
T2DM STUDIES 
 No single technique of DNA methylation analysis is appropriate 
for every application. Before proceeding with any method of DNA 
methylation profiling for T2DM study, it is advisable to set the 
goals and expected outcomes of the study [196]. 
 In conducting gene-specific methylation analysis in T2DM 
studies, ‘candidate gene’ or ‘genome-wide’ approaches can be 
adopted as the method of choice. A candidate gene-based approach 
(site-specific DNA methylation) is useful when the aim is to target 
a specific gene whose biological, physiological, or functional rele-
vance to the disease in question or to the particular tissue in which 
it is being studied is already known [32]. However, this approach is 
restricted by its dependence on existing information or data on the 
known or theoretical biology of the disease. Sometimes one or more 
variants within the candidate gene are tested; the variants are cho-
sen based on their likely production of a protein with altered func-
tion. The identification of single nucleotide polymorphism (SNPs) 
within a gene can also be used to narrow the region of investigation. 
SNPs associated with T2DM can introduce or remove CpG sites 
(CpG-SNP) that are associated with DNA methylation and alterna-
tive splicing events in their respective genes in islet pancreatic cells. 
A number of methylated gene promoters, receptors and CpG-SNPs 
that are associated with T2DM have been investigated over the last 
7 years (2008-2014); these are listed in Table 2. 
 Candidate gene approaches can be directed towards either 
qualitative or quantitative methods. In the qualitative methods, 
methylated or unmethylated alleles are identified following bisulfite 
modification and amplification of target alleles by designed primers 
using methylation-sensitive PCR. In the quantitative methods, both 
methylated and unmethylated alleles are amplified by designed 
primers with equal effectiveness after modification of DNA by 
sodium bisulfate [196].  
 Allele-specific quantitative methods employ bisulfite sequenc-
ing (BS) as a gold standard. In this method, bisulfite treatment of 
DNA converts unmethylated cytosine bases to uracils but leaves 5-
methylated cytosine bases unaffected. The region of interest is then 
amplified from bisulfite-modified DNA using PCR primers that do 
not overlap CpG sites to amplify both methylated and unmethylated 
alleles. Following amplification, unmethylated cytosines are con-
verted to thymines (T), whereas methylated cytosines remain un-
changed. The PCR products are then cloned. The method provides 
quantitative, contiguous base-pair resolution of methylation at 
methylated CpG sites and non-CpG sites [24, 197]. Furthermore, 
PCR products can be cloned into a cloning vector (plasmid DNA), 
transfected into competent cells and grown in selective medium. 
Isolation of the resulting plasmid DNA from colonies followed by 
sequencing usually reveals that each clone represents a single allele. 
Thus, information about allele-specific methylation can be obtained 
[196]. However, despite the advances in BS-based sequencing, 
there are several drawbacks with this and other popular techniques 
(Table 3). 
 Various quantitative but non-allele-specific methods of DNA 
methylation analysis include the direct radioactive sequencing of 
post-bisulfite PCR products and quantitation by phosphor-imaging 
[198], bisulfite PCR followed by restriction analysis (COBRA) for 
quantitative methylation detection, bisulfite pyrosequencing [196], 
base-specific cleavage/MALDI-TOF [199], methylation-sensitive 
single-strand conformation analysis (MS-SSCA) [200] and
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Table 2. List of recent (2008-2014) human studies where DNA methylation associated with T2DM was investigated. 

No. Study Designs 

Subjects 

(n=total 
subjects) 

DNA 
Sources 

Methylated Gene/ 
PromoterΨΨ/CpG-
SNPΩ/ReceptorΔ 

Functions Findings 
Consequences after 

Methylation 
References 

1 
Case control 

 

T2DM sub-
jects (n=15); 

Non-diabetic 
subjects 
(n=34) 

Pancreatic 
islet 

Differential DNA 
methylation of 17 
T2DM candidate 
genes including 

ADAMTS9, 
ADCY5, FTO, 

HHEX, HNF1B, 
IRS1, JAZF1, 

KCNQ1, TCF7L2, 
THADA, VEGFA, 

EGF 

� Genes involved 
in cancer path-
ways, axon gui-
dance, MAPK 
signaling path-
ways, focal ad-
hesion and the 

actin cytoskele-
ton in T2DM 

islets. 

Functions in pan-
creatic islets, the 

exocytosis process 
and apoptosis 

Differential DNA methy-
lation in individual 1,649 

CpG sites with 853 unique 
genes was found where 

>5%, was absolute diffe-
rences in methylation, 

representing a fold-change 
between 6-59% in diabetic 
compared to non-diabetic 

islets. 

Effects on islet func-
tion and insulin 

secretion, signaling 
pathways, postnatal 
expansion of β-cell 

mass, and survival of 
β-cells during apopto-

sis 

[212] 

 

2 
Case control 

 

T2DM sub-
jects (n=152); 

Non-diabetic 
subjects 

(n=120) 

Peripheral 
blood 

PRKCZΨΨ 
Regulatory mole-
cule of the insulin 
signaling pathway 

PRKCZ gene promoter 
was hypermethylated in 

T2DM patients and 
PRKCZ protein expression 

level in the serum was 
decreased, suggesting a 

negative correlation 
between PRKCZ gene 

expression and the methy-
lation level of CpG is-

lands. 

 

Insulin signaling 
[213] 

3 Case control 

T2DM sub-
jects (n=164); 

Non-diabetic 
subjects 

(n=242) 

 

Peripheral 
blood 

IGFBP1 

Insulin-like growth 
factor binding 

protein-1 

DNA methylation of 
IGFBP1 was higher in 

both newly diagnosed and 
treated T2DM patients 

compared to normal GT 
subjects (19.8% and 

20.2% vs. 16.9%, p<0.001 
for both) 

Decreased IGFBP-1 
serum levels can 

cause hyperinsuline-
mia and subsequent 

overweight or obesity 

[214] 

4 

Case control 

 

 

 

T2DM sub-
jects (n=10); 

Non-diabetic 
subjects 
(n=55) 

Human 
pancreatic 
islets (α 

and β-cells) 

ΔGLP1R receptor 
gene 

� Receptor of 
glucagon-like 

peptide-1 (GLP-
1); insulin secre-
tion is enhanced 
upon binding of 

GLP-1 to 
GLP1R. 

� Receptor is ex-
pressed in the 

pancreas, lungs, 
heart, kidney, 
stomach, and 

brain. 

� BMI and HbA1c were 
positively associated 

with GLP1R DNA me-
thylation, whereas 

GLP1R expression was 
negatively associated 

with DNA methylation 
of the gene in human 

pancreatic islets. 

� GLP1R expression was 
reduced in pancreatic 
islets from donors dia-

gnosed with T2DM 
compared with non-

diabetic donors (type 2 
diabetic 213±76.6 vs. 

non-diabetic 
390.4±170.2, p=0.0006) 

Impairment of insulin 
secretion 

[215] 
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No. Study Designs 

Subjects 

(n=total 
subjects) 

DNA 
Sources 

Methylated Gene/ 
PromoterΨΨ/CpG-
SNPΩ/ReceptorΔ 

Functions Findings 
Consequences after 

Methylation 
References 

5 

Exercise (6 
months) inter-
vention study 

including 
control group 

 

Healthy men 
with FDFH of 
T2DM (n=15); 
Healthy men 

without FDFH 
of T2DM 

(n=16) 

Adipose 
tissue 

45 CpG sites of 21 
T2DM candidate 
genes with diffe-

rential DNA 
methylation 

Functions with metabo-
lic processes 

Global DNA methyla-
tion analysis revealed 
altered DNA methyla-
tion in 17,975 indivi-
dual CpG sites with 

7,663 genes after 
exercise intervention. 

Differential mRNA 
expression was pre-
sent in 1/3 of gene 

regions with altered 
DNA methylation, 
including RALBP1, 

HDAC4 and NCOR2. 

� Effect on adipocyte 
metabolism 

 

� Effect on metabolic 
process 

[216] 

6 

Comparative 
study of previ-
ously discove-
red 40 SNPs 

Non-diabetic 
subjects 
(n=84) 

Pancreatic 
islets 

ΩΩTCF7L2, KCNQ1, 
PPARG, HHEX, 

CDKN2A, 
SLC30A8, DUSP9, 
CDKAL1, ADCY5, 
SRR, WFS1, IRS1, 
DUSP8, HMGA2, 
TSPAN8, KCNJ11, 
ZBED3, CDC123 

and CHCHD9 

� Molecular function 
of most of the repor-
ted T2DM associated 

loci remains 
unknown. 

 

� ΩΩCpG-SNPs located 
in SLC30A8, WFS1, 

CDKAL1 and 
TCF7L2 were asso-
ciated with alternati-
ve splicing events in 
the respective genes 

in human islets. 

 

� ADCY5 and HHEX: 
insulin secretion. 

 

� ADCY5 and KCNQ1: 
glucagon secretion. 

 

� CDKN2A is associa-
ted with insulin con-
tent of human islets. 

 

� T2DM associated 
ΩCpG-SNPs were 

associated with alte-
red DNA methyla-
tion, gene expres-

sion, alternative spli-
cing events and hor-

mone secretion in 
human islets from 

non-diabetic donors. 

19 of 40 (48%) 
T2DM- associated 
SNPs introduce or 
remove a CpG site, 

and CpG-SNPs were 
associated with diffe-
rential DNA methyla-
tion of the CpG-SNP 
site in human islets. 

The introduction or 
removal of 

CpG dinucleotides, 
which are possible 

sites of DNA methy-
lation, can affect gene 
function via epigene-
tics and contributes to 
the phenotype of the 

disease. 

[217] 
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Functions Findings 
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Methylation 
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7 

Short-term 
randomized, 
controlled, 
crossover 

dietary inter-
vention study 

 

Healthy young 
men with 

HFO diet for 5 
days (n=10) or 
a control diet 

for 5 days 
(n=11) 

 

Skeletal 
muscle 

13 selected candi-
date genes of 

T2DM- ACAT2, 
ADAMTS9, AKT2, 
DNM2, DNMT1, 

DNMT3A, 
DNMT3B, ESRRG, 

LMNA, MGMT, 
MRC1, MYST4 and 

PPARGC1A 

- 

DNA methylation was 
measured in 27,578 
CpG sites/14,475 

genes. HFO- introduced 
widespread DNA 

methylation changes 
affected 6,508 genes 
(45%), with a ma-

ximum methylation 
change of 13.0 percen-

tage points. 

Genome-wide DNA 
methylation changes 

induced by short-term 
consumption of an 

HFO diet can contri-
bute to the deve-

lopment of metabolic 
disease 

[218] 

 

8 
Case control 

 

T2DM sub-
jects (n=9); 

Non-diabetic 
subjects 
(n=55) 

Pancreatic 
islets 

PDX-1ΨΨ 

� Transcription factor 
that plays a key role 
in pancreatic deve-
lopment and func-

tion 

� Glucose-dependent 
regulation of insulin 

gene expression 
after being expres-
sed in islet β-cells 
in mature pancreas 

Increased DNA methy-
lation of PDX-1 promo-
ter in T2DM patients’ 

islets compared to non-
diabetic donors was 
identified but DNA 

methylation was nega-
tively correlated with 
its gene expression in 

the human islets. 

� Epigenetic changes 
in early life cause 
reduced pancreatic 
PDX-1 expression 

and diabetes in pos-
tnatal life. 

� β-cell dysfunction 

� Detrimental effect 
on insulin secretion 

[219] 

9 
Case control 

 

T2DM sub-
jects (n=5); 

Non-diabetic 
subjects 
(n=11) 

Pancreatic 
islets 

Promoters of 254 
genes 

� Genes related to β-
cell dysfunction and 

death. 

� Genes potentially 
facilitating the 

adaptation of the 
pancreatic islets to 
the altered metabo-

lic situation in 
T2DM. 

� Genes whose roles 
in disease pathoge-
nesis remain to be 

determined. 

276 CpG sites associa-
ted with 254 gene 

promoters were identi-
fied in T2DM human 
islets and exhibited 

differential methylation 
in normal and diseased 

samples. Strikingly, 
266 of these 276 CpGs 
(96%) showed decre-

ased methylation levels, 
while only 10 were 
hypermethylated. 

Some genes can lead 
to β-cell dysfunction 
and cell death, whe-

reas some genes 
facilitate β-cell survi-
val and adaptation to 

the T2DM envi-
ronment. 

 

[220] 

10 

Monozygotic 
twin study 

 

Monozygotic 
twin pairs with 
T2DM (n=12) 

Skeletal 
muscle and 
subcutan-

eous adipo-
se tissue 

PPARGC1AΨ 

HNF4AΨ 

Mitochondrial functi-
on 

Variations in methyla-
tion were identified in 

the known T2DM-
related gene promoters, 
including PPARGC1A 
in muscle (13.9±6.2% 
vs. 9.0±4.5%, p=0.03) 
and HNF4A in adipose 
tissue (75.2±3.8% vs. 
70.5±3.7%, p<0.001); 

both of these genes 
exhibited increased 

methylation in type 2 
diabetic twins compa-

red to non-diabetic 
twins. 

Tissues may become 
nonresponsive to 

insulin. 
[221] 
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11 

Endurance 
exercise (6 

months) inter-
vention study 

Healthy men 
with FDFH of 
T2DM (n=15); 
Healthy men 

without FDFH 
of T2DM 

(n=13) 

Skeletal 
muscle 

ΨΨ  MGC10981, 

HOXC6, 
ZNFN1A2, ESD, 
SH2B, RANBP3, 
SCTR, HOXC5, 
EPC1, SYNE, 

MAPK1, MYO18B, 
HOXC6, PRKAB1 

Involved in various 
biological pa-

thways 

At baseline, 65 genes were 
identified, among which 5 
genes had increased DNA 

methylation in the FH+ 
men compared to FH- 

men. 

After exercise, 134 genes 
were identified in all men 
independent of FH status; 

only 19 genes showed 
increased methylation. 

Exercise can induce 
genome-wide epige-

netic changes in 
human muscle, and 
the response may 

differ in people with 
different genetic 

predispositions to 
metabolic disease. 

[222] 

 

12 Case control 

Diabetic 
subjects (n=9); 

Non-diabetic 
subjects 
(n=48) 

Pancreatic 
islets 

INSΨΨ 
Regulator of insu-

lin secretion in 
response to glucose 

DNA methylation of the 
insulin promoter increased 
in T2DM patients which 

negatively correlated with 
insulin gene expression in 
human pancreatic islets. 

Impaired insulin 
secretion 

[223] 

13 

Randomized 
crossover 

dietary inter-
vention study 

Young healthy 
men with low 
BW (n=20) 

and 

normal BW 
(n=26) 

Skeletal 
muscle 

PPARGC1A 

and co-regulated 
oxidative phos-

phorylation 
(OXPHOS) genes 

- 

PPARGC1A methylation 
was significantly higher in 

low BW subjects 
(p=0.0002) during the 
control diet. However, 

PPARGC1A methylation 
increased only in normal 
BW subjects after overfe-

eding, and the increase 
was reversible. 

- [153] 

14 Case control 

Subjects with 
normal GT 

(n=17), impai-
red GT (n=8), 

or T2DM 
(n=17) 

Skeletal 
muscle 

Ψ  PPARGC1A 

Transcriptional co-
activator that regula-
tes the genes invol-
ved in energy meta-

bolism. 

Hypermethylation of the 
promoter was associated 

with significant (p<0.001) 
reduction in PGC-1α 

mRNA and mitochondrial 
DNA in T2DM patients 

compared to normal-
glucose-tolerant subjects. 

Decreased mitochon-
drial 

content and mito-
chondrial dysfunction 

in T2DM 

[224] 

15 Case control 

Diabetic 
subjects 
(n=12); 

Non-diabetc 
subjects 
(n=48) 

Pancreatic 
islets 

Ψ  PPARGC1A 

Key regulator of 
mitochondrial 

genes 

� DNA methy-
lation of PPARGC1A 

promoter increased signi-
ficantly [2-fold (p<0.04)] 
in diabetic islets compa-
red to non-diabetic islets. 

� PPARGC1A 
mRNA expression was 

reduced by 90% 
(p<0.005) and correlated 

with the reduction in 
insulin secretion in islets 

from patients with 
T2DM. 

Reduction in insulin 

secretion 
[225] 

FDFH=First degree family history, FH=Family history, HFO=High-fat overfeeding, BW=Birth weight, GT=Glucose tolerance, BMI=Body mass index, HbA1c=Glycated haemoglo-
bin, T2DM=Type 2 diabetes mellitus. 
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Table 3. Advantages and disadvantages of popular techniques used in DNA methylation analysis. 

Techniques Advantages Disadvantages References 

Locus-specific candidate gene-based methods 

Methylation-sensitive PCR 
(MSP) 

• Rapid, highly sensitive and specific 
for methylation 

• Limited quantity and quality DNA 
samples require 

• Simple and requires less time than 
genomic sequencing 

• Cannot provide quantitative result 

 
[226] 

Methylation-sensitive 
restriction analysis by 

Southern blotting 

• Widely used for its robustness and re-
producibility 

• Straightforward technique 

• Relatively large amounts of genomic 
DNA are required 

• Not strictly quantitative 

• Limited to analysis of CGs that occur in 
a DNA sequence context that is recogni-
zed by a methyl-sensitive restriction 
enzyme 

 

[227] 

Allele-specific bisulfite 
sequencing 

• Quantitative 

• Information on allele specific methy-
lation 

• Labor-intensive and time-consuming 

• Costly for large sets of samples 

 

[196] 

Direct sequencing 

• More sensitive and quantitative as it 
averages across all alleles produced 
from the PCR step 

 

• Very labor-intensive method 

• Cumbersome to perform on a large num-
ber of samples 

[196] 

Bisulfite PCR followed by 
restriction analysis (CO-
BRA) 

• Quantitative accuracy 

• Ease of use 

• Require only small amounts of geno-
mic DNA 

• Compatibility with microdissected pa-
raffin-embedded tissue samples 

 

• Data only for specific restriction enzyme 
cutting sites 

• Relatively time-consuming compared 
with MSP 

• Laborious 

[228] 

Bisulfite pyrosequencing 

• Accurate quantitation of multiple 
CpG 

methylation sites 

• Single-nucleotide resolution 

• Simple technique 

 

• Costly 

• Only 25-30 base pairs can be sequenced 
in each reaction, limiting the number of 
CpG sites that can be assessed 

[196, 229] 

Bisulfite-PCR followed by 
MALDI-TOF MS 

• High-throughput method 

• Interrogate numerous CpG sites in 
multiple tissues in a cost-efficient 
manner 

• Technically challenging [199] 

MS-SSCA 

• 70–95% efficient at detecting single 
base changes in a fragment 

• Rapid and simple method 

• Screen large numbers of samples for 

methylation 

• Very low false negative rate 

• Can only be targeted to regions of parti-
cular importance within the island rather 
than scanning large regions 

 

[200] 
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Techniques Advantages Disadvantages References 

Ms-SNuPE 

• Rapid detection and quantitation of 
methylation at individual CpG sites 

• No need for restriction enzymes 

• A single primer extension reaction is 
sufficient for the analysis of methyla-
tion at multiple CpG sites 

• Relatively labor- intensive for screening 
applications 

[201] 

Locus-specific genome-wide approaches 

MeDIP 

 

• Independent of specific methylation-
sensitive restriction sites within the 
target sequence 

• Requires large amounts of genomic 
DNA and antibody 

• Lack of sensitivity 

• Low resolution 

• Dependent on CpG density 

[230] 

Oligonucleotide-based 
microarray 

• Interrogates multiple CpG sites within 
hundreds of genes at once 

• Both versatile and sensitive 

• Requires gene-specific PCR 

• Does not represent the entire genome 

• Primer design is challenging 

[231] 

Differential methylation 

hybridization (DMH) 
• Relatively simple and requires little 

DNA 

• Only CpGs within the restriction 
enzyme sites are analyzed 

• Incomplete digestion could lead to false 
positive results 

[232] 

Methylated CpG island 
amplification 

combined with microarray 
(MCA) 

• Genome amplification is limited to the 
target molecules (methylated DNA) 

• Dramatically reduces false positive re-
sults 

• Coverage is still limited to CpGs within 
methylation-sensitive restriction enzyme 
(SmaI) sites 

[233] 

Global DNA methylation analysis methods 

HPLC • Highly quantitative and reproducible 

• Require large amounts of high-quality 
genomic DNA 

• Not suitable for high-throughput analy-
ses 

[234] 

Bisulfite-based PCR of 
repetitive elements 

• Require very little DNA 

• Can be applied to 

paraffin-embedded tissue 

• Difficult to link methylation 

changes to functional outcomes 
[235] 

 
 methylation-sensitive single-nucleotide primer extension (MS-
SNuPE) [201]. These methods also have specific advantages and 
disadvantages (Table 3). 
 The complete impact of epigenetic alterations on the develop-
ment of T2DM can be better understood by taking advantage of 
genome-wide approaches. Currently, because of the technological 
advancement, researchers are able to identify locus-specific DNA 
methylation on a genome-wide scale in patients with T2DM. Mi-
croarray-based methods for genome-wide analysis include (1) 
methods using methylation-sensitive restriction enzymes that digest 
unmethylated DNA but leave methylated sites intact followed by 
hybridization to high-density microarrays [e.g., methylated CpG 
island amplification combined with a microarray (MCA) method]; 
(2) methylated DNA immunoprecipitation (MeDIP), which captures 
highly methylated regions of genomic DNA by immunoprecipita-
tion with anti-5mC antibody or methyl-binding proteins; and (3) the 
use of methods based on bisulfite-PCR and oligonucleotide arrays 
to quantify the bisulfite-induced C to T changes at target genomic 
positions [196]. These approaches can be used to measure genome-

wide methylation status in patients, however each of the techniques 
serve with limitations (Table 3). For genome-wide DNA methyla-
tion studies, measurement of LINE-1, Alu repetitive elements and 
satellite-repeat DNA methylation can be used as a marker of ge-
nome-wide methylation changes. Moreover, methylation of recur-
ring elements may offer a global image of genomic constancy 
[202].  
 In addition to locus-specific DNA methylation analysis, there 
are some methods that are usually used for global DNA methylation 
analysis. These include high-performance liquid chromatography 
(HPLC) and bisulfite sequencing of repetitive DNA elements. In 
HPLC, tissue-specific genomic DNA is extracted and digested with 
a nuclease to produce individual nucleotides. The nucleotides ob-
tained from the DNA sample are then analyzed by HPLC to deter-
mine the methylation level compared with a set of standard nucleo-
tides (known methylation level). The retention time and UV spec-
trum of each standard nucleotide are used to identify the unknown 
nucleotides in the sample DNA [203]. However, global DNA meth-
ylation analysis does not provide any information regarding the 
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precise genomic positions at which nucleotide the methylation oc-
curred. In this sense, locus-specific quantification of methylation, 
either by genome-wide or candidate-gene approaches, would be 
more informative [204]. 
 Currently, the next-generation genome-wide sequencing ap-
proach is considered a possible way to identify methylation at base-
nucleotide resolution [205]. Next- generation sequencing (NGS) 
technologies are currently being used as an integrated genomic 
platform in all aspects of genome-wide screening studies like DNA 
methylation, miRNA sequencing, transcription factor binding, his-
tone post-translational modifications (PTMs) (ChIP-Seq) and gene 
expression profiling (RNA-Seq) [206-209]. The use of NGS plat-
forms have facilitated to reveal the difference of DNA methylomes 
among different types of cells including pluripotent stem cells, 
embryonic stem cells and fully differentiated cells [11, 206]. 
 Fortunately, considering the high cost of using NGS techniques 
for genome-wide analysis, a robust, efficient and cost-effective 
technique called BisPCR2 (targeted bisulfite NGS) was described 
[210]. BisPCR2 is based on a basic targeted bisulfite sequencing 
method in which DNA sequencing libraries are prepared followed 
by the conversion into sodium bisulfite and two rounds of PCR for 
target enrichment and sample barcoding. This technique is very 
useful for detecting and quantifying DNA methylation modifica-
tions due to its higher depth of sequencing coverage compared to 
earlier array-based approaches [210].  
 Continuous improvements in techniques for DNA methylation 
analysis will make possible more accessible large-scale epigenomic 
studies of T2DM and provide new targets for drug intervention to 
combat diabetes. However, a single method of DNA methylation is 
inadequate and inappropriate for all types of applications. Combina-
tions of two or more techniques can be adopted for better results. 
Researchers should be concerned about the type of information 
generated by specific techniques as well as the limitations and bias 
of each method before selecting a specific method for the analysis 
of DNA methylation.  

CONCLUSION AND FUTURE DIRECTION 
 Although the exact mechanisms remain obscure, studies on 
relevant tissues such as adipose tissue, skeletal muscle and pancre-
atic β-cells have shown that changes in DNA methylation plays a 
role in T2DM pathogenesis. Changes in lifestyle that lower the risk 
of T2DM and those that reduce known risk factors for the disease 
may affect gene expression through modification of DNA methyla-
tion. Therefore, intervention studies to determine whether long-term 
lifestyle changes such as regular physical activity, weight reduction, 
and maintenance of a healthy diet (individually or in combination) 
have effects on the epigenome, especially on genes related to 
T2DM development, are important. 
 Current advances in genomic technologies make it possible to 
conduct genome-wide studies that provide a more comprehensive 
epigenomic mapping associated with T2DM development. DNA 
methylation profiling would help in the assessment of epigenetic 
dysregulation of potential candidate sites. Such profiling might also 
further the investigation of epigenetic effects on the response to 
anti-diabetic treatments, a potential application of pharmacoepige-
netics in T2DM. 
 More studies are needed to establish how epigenetic modifica-
tions of genes crucial to T2DM development in the germline are 
induced by environmental factors and how such modifications are 
protected from epigenetic reprogramming. 

LIST OF ABBREVIATIONS 
GDM = Gestational diabetes mellitus 
GLUT = Glucose transporter  
GR = Glucocorticoid receptor 

GT = Glucose tolerance 
HPLC = High-performance liquid chromatography 
IGF = Insulin-like growth factor 
IGT = Impaired glucose tolerance 
IR = Insulin receptor 
IRS = Insulin receptor substrate 
IUGR = Intrauterine growth retardation 
LINE-1 = Long interspersed nuclear element-1 
NGS = Next-generation sequencing 
PEPCK = Phosphoenolpyruvate carboxykinase 
ROS = Reactive oxygen species 
SAM = S-adenosylmethionine  
SNPs = Single nucleotide polymorphism 
T2DM = Type 2 diabetes mellitus 
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