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ABSTRACT

Epigenetic changes, in particular DNA meth-
ylation processes, play a role in the pathogenesis 
and progression of type 2 diabetes mellitus (T2DM) 
linking genetic and environmental factors. To clarify 
this role, we have analyzed in patients with different 
duration of T2DM: (i) expression levels of methyl-
CpG-binding domain protein 2 (MBD2) as marker 
of DNA methylation, and ii) methylation changes 
in 22 genes connected to cellular stress and toxicity. 
We have analyzed MBD2 mRNA expression levels 
in 16 patients and 12 controls and the methylation 
status of stress and toxicity genes in four DNA pools: 
(i) controls; (ii) newly-diagnosed T2DM patients; 
(iii) patients with T2DM duration of <5 years and 
(iv) of >5 years. The MBD2 expression levels were 

10.4-times increased on average in T2DM patients 
compared to controls. Consistent increase in DNA 
methylation fraction with the increase in T2DM dura-
tion was observed in Prdx2 and SCARA3 genes, con-
nected to oxidative stress protection and in BRCA1 
and Tp53 tumor-suppressor genes. In conclusion, 
increased MBD2 expression in patients indicated gen-
eral dysregulation of DNA methylation in T2DM. The 
elevated methylation of Prdx2 and SCARA3 genes 
suggests disturbance in oxidative stress protection 
in T2DM. The increased methylation of BRCA1 and 
Tp53 genes unraveled an epigenetic cause for T2DM 
related increase in cancer risk. 
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INTRODUCTION

Type 2 diabetes mellitus (T2DM) is character-
ized by hyperglycemia arising from insulin resis-
tance combined with relative insulin deficiency. As 
hyperglycemia becomes chronic, it leads to oxidative 
stress, which is one of the central mechanisms for 
glucose toxicity. It is the proximate cause of retinopa-
thy, kidney failure, neuropathies, and macrovascular 
disease in diabetes [1].

The genetic basis for developing T2DM has 
been recognized for a long time. The concordance 
of T2DM in monozygotic twins is ~70.0% compared 
with 20.0-30.0% in dizygotic twins and a sibling of an 



16

EPIGENETIC ALTERATIONS IN T2DM

affected individual has about three times higher risk 
for developing the disorder than the general popula-
tion [2].

The decades of research into the genetic causes 
of T2DM have culminated with a succession of large 
genome-wide association studies. Despite their power 
and cost, they have identified genetic variants that 
increase T2DM risk by only 10.0-30.0% [3-5].

The incidence of T2DM has increased dramati-
cally over the past decades [6], which is a too short 
period for accumulation of considerable alterations in 
the human genome. Therefore, it is likely that envi-
ronmental factors, such as diet and sedentary lifestyle, 
might play a significant role in the development of 
the disease.

The role of epigenetic factors in the gene en-
vironment interactions pointed to epigenetics as a 
possible molecular link between environmental fac-
tors and T2DM. Previous studies have shown that 
epigenetic mechanisms can predispose individuals 
to the diabetic phenotype. Conversely, the altered 
homeostasis in T2DM, such as prolonged hypergly-
cemia, dyslipidemia and increased oxidative stress 
could also cause epigenetic changes associated with 
the development of disease complications [7].

The operational definition of epigenetics pro-
poses three successive signals for the establishment of 
the epi-genetic state: an environmental signal (i) that 
triggers a second intracellular signal, (ii) to establish 
the exact chromatin location where the modifica-
tion will take place, and (iii) a third sustaining signal 
that helps maintain this modification. The epigen-
etic make-up changes during intrauter-ine and early 
postnatal development, as well as throughout adult 
life [8].

A classic example of epigenetic transcriptional 
regulation is the covalent post replicative methyla-
tion of DNA at the fifth position of the cytosine ring 
of CpG dinucleotides. DNA methylation is a highly 
dynamic process in development and disease. It is 
strongly associated with gene silencing and decreased 
gene expression [9]. The functional significance of 
DNA methylation alterations became apparent with 
their recognition as critical contributors to the patho-
genesis of cancer, acting by silencing of tumor sup-
pressor genes [10]. There is convincing evidence 
that DNA methylation is performed by DNA methyl-
transferases (DNMTs). DNMT1 is essential for main-
taining DNA methylation patterns in proliferating 

cells as it methylates CpG dinucleotides in the newly 
synthesized strand and DNMT3a and DNMT3b are 
necessary for de novo meth-ylation during embryonic 
development [11].

The biological consequences of DNA methyla-
tion are mediated by a family of methyl-CpG binding 
domain (MBD) proteins. Among these, only MBD2 
seems to be specific for methyl-CpG sites alone. It 
directs a multi subunit complex containing nucleo-
some remodeling and histone deacetylase activities to 
methylated DNA, thus leading to gene silencing [12].

Taking into account the role of epigenetics in 
the pathogenesis of type 2 diabetes mellitus, we have 
per-formed analysis of MBD2 expression levels in 
T2DM patients and controls. Considering also that 
altered metabolic homeostasis and increased oxida-
tive stress in T2DM can trigger epigenetic changes 
that can lead to disease complications, we calculated 
the fractions of DNA methylation of 22 genes related 
to stress and toxicity in groups of healthy controls 
and T2DM patients with different duration of the 
disease, newly-diagnosed and with disease duration 
of less and more than 5 years.

Based on the obtained results, we answered 
the following questions: i) are there any MBD2 ex-
pression-related changes in DNA methylation in the 
pathogenesis of T2DM; ii) what is the role of the 
epigenetic changes in 22 genes related to stress and 
toxicity in T2DM pathogenesis and progression; and 
iii) are these changes related to the increased risk of 
oncological disorders in T2DM patients.

MATERIALS AND METHODS

Subjects. We collected blood samples from 
healthy controls (n = 12) and T2DM patients (n = 27). 
The patients were subdivided according to diabetes 
duration: newly-diagnosed T2DM (n = 9); T2DM 
duration of <5 years (n = 9); and T2DM duration of 
>5 years (n = 9).

The participants were recruited at the Depart-
ment of Diabetology, Clinical Centre of Endocrinol-
ogy at the Medical University, Sofia, Bulgaria. All 
subjects provided written informed consent and were 
familiar with the aims, methods and risks of partici-
pating in the study in accordance with the Helsinki 
Declaration and rules of Good Clinical Practice. The 
study was approved by the Ethics Committee of the 
Medical University, Sofia, Bulgaria.
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Methods. The patients were interviewed for 
T2DM duration, presence of arterial hypertension 
and other chronic diseases. Body mass index (BMI) 
was calculated. Arterial blood pressure was mea-
sured in standard conditions. Laboratory parameters 
were measured in all participants at fasting: Hb A1c in 
whole blood by immuneturbidimetric method (Roche 
Diagnostics Deutschland GmbH, Mannheim, Ger-
many); total cholesterol, high density lipoprotein 
(HDL) cholesterol, and triglycerides by enzymatic 
colorimetric method (Roche Diagnostics); low den-
sity lipoprotein (LDL) cholesterol was calculated 
using Fridewald’s formula. The 2005 International 
Diabetes Federation (IDF) definition of the metabolic 
syndrome (MetS) was used. The main characteristics 
of the subgroups are summarized in Table 1.

A subset of the blood samples from the patients 
(n = 16) and controls (n = 12) were used for total 
RNA purification for the analysis of the MBD2 gene 
expression. The epigenetic changes in the 22 genes 
related to stress and cell cycle regulation were ana-
lyzed in DNA specimens extracted from all blood 
samples.

MBD2 mRNA Expression Analysis. RNA was 
purified using QIAamp® RNA Blood Kit (Qiagen 
GmbH, Hilden, Germany). An amount of 250 ng of 
each RNA sample was reverse transcribed to cDNA 
(QuantiTect Reverse Transcription kit; Qiagen). The 
cDNAs were further examined using the quantitative 
polymerase chain reaction (qPCR) Primer Assay for 
Human MBD2 (Cat. #PPH08621A-200; Qiagen). 
The real-time PCR (RT-PCR) amplification was per-
formed on an ABI PRISM® 7500 instrument and the 

results were analyzed with ABI PRISM® Sequence 
Detection Software, ver.1.4.0 (Applied Biosystems, 
Foster City, CA, USA). The total volume of each 
reaction was 50 µL with less than 100 ng cDNA per 
reaction. The amplification conditions of each RT-
PCR cycle were as follows: denaturation at 94 °C 
for 15 seconds, primer annealing at 55 °C for 30 
seconds, followed by primer extension at 72 °C for 
30 seconds. The expression levels of MBD2 were 
normalized to glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) using the ∆∆CT method. In order 
to avoid contamination, we included an internal non 
template control in each run.

DNA Methylation Analysis of 22 Stress and 
Toxicity Genes. Whole genome DNA was extracted 
using DNeasy Blood & Tissue Kit (Qiagen). The 
DNA samples were combined into four DNA pools 
each of nine healthy controls, newly-diagnosed 
T2DM patients, patients with T2DM duration of 
less and more than 5 years. DNA in each pool was 
adjusted to a final concentration of 50 ng/µL. Each 
DNA pool was analyzed for the promoter methyla-
tion status of 22 genes included in the Human Stress 
& Toxicity PathwayFinder EpiTect Methyl II Sig-
nature PCR Array (Qiagen Sciences Inc., German-
town, MD, USA) (Table 2). The method is based on 
detection of remaining input DNA after cleavage 
with a methylation-sensitive and/or a methylation-
dependent restriction enzyme. These enzymes will 
digest unmethylated and methylated DNA, respec-
tively. Following digestion, the remaining DNA in 
each individual enzyme reaction is quantified by 
RT-PCR using primers that flank a promoter (gene) 

Table 1. Main characteristics (number, gender distribution, mean age, BMI, Hb A1c, diabetes duration, presence of MetS,  
arterial hypertension, chronic complications of diabetes of the participants in the subgroups according to diabetes duration: 
newly-diagnosed T2DM, T2DM duration of <5 years, and T2DM duration >5 years).  

Parameters Newly-Diagnosed
T2DM

T2DM Duration
<5 Years

T2DM Duration
>5 Years

Number 9 9 9
Sex 6 males; 3 females 5 males; 4 females 5 males; 4 females
Age (years) (mean + SD) 62.0 + 7.5 51.3 + 14.0 55.7 + 7.7
BMI (kg/m2) 34.8 + 8.4 38.1 + 13.7 34.0 + 2.7
Hb A1c (%)  7.9 + 2.3  8.8 + 1.8  8.7 + 2.1
Duration (years)  0.0  2.2 + 0.8  6.8 + 1.9
MetS (%) 7/9 (77.8) 6/9 (66.7)  9/9 (100.0)
Arterial hypertension (%) 6/9 (66.7) 8/9 (88.9) 8/9 (88.9)
Chronic complications of diabetes (%) 2/9 (22.2) 8/9 (88.9) 8/9 (88.9)

T2DM: type 2 diabetes mellitus; mean + SD: mean + standard deviation; BMI: body mass index; MetS: metabolic syndrome.
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region of interest. The relative fractions of methylated 
and unmethylated DNA are subsequently determined 
by comparing the amount in each digest with that 
of a mock (no enzymes added) digest using a ∆CT 
method. Unmethylated represents the fraction of in-
put genomic DNA containing no methylated CpG 
sites in the amplified region of a gene. Methylated 
represents fraction of input genomic DNA contain-
ing two or more methylated CpG sites in the targeted 
region of a gene. Data quality control parameters 
were strictly accomplished according to the protocol 
of the manufacturer.

RESULTS

Expression Profile of MBD2 in Patients with 
T2DM. The gene expression analysis of MBD2 per-
formed for each of the 12 controls and 16 T2DM 
patients revealed a 10.4-times increase on average 

in MBD2 mRNA levels in patients compared to 
controls (Figure 1a). The separate analysis in each 
patient group showed the highest increase in the 
newly-diagnosed (treatment-naïve) T2DM patients; 
12.9-times average increase, followed by 10.4-times 
average increase in patients with T2DM duration of 
less than 5 years and 6.1-times average increase in 
T2DM patients with duration of the disease of more 
than 5 years (Figure 1b to 1d).

Methylation Analysis of Genes Connected to 
Stress and Toxicity in Patients with T2DM. Us-
ing EpiTect Methyl II Signature PCR Array (Qiagen 
Sciences Inc.), the methylated and non methylated 
fraction of 11 genes, connected to cellular response 
to stress and toxicity, were successfully analyzed in 
all DNA pools. The methylation fraction of these 
genes is represented in Table 3.

In the healthy controls, the methylated fraction 
was 0% in six of the analyzed genes, ranged from 

Table 3. Methylated (M) fraction of the analyzed genes in four DNA pools.

Genes Controls
M Fraction (%)

Newly-Diagnosed T2DM
M Fraction (%)

T2DM Duration <5 Years
M Fraction (%)

T2DM Duration >5 Years
M Fraction (%)

BRCA1  0.0  5.9  0.5 47.8
CCND1  0.0 13.6 14.7 34.1
Gadd45A  0.0  0.0  0.7  0.0
Gadd45G  0.0  4.9  4.8  0.0
GDF15 98.5 98.4 97.7 95.9
Gpx3  1.4 23.6 13.1  9.5
Insig1  2.4 10.4  4.9 15.7
Prdx2  7.3 22.3 22.4 32.0
Rara  0.0 13.2  6.6  7.6
SCARA3  3.5  8.1 20.2 23.3
Tp53  0.0  5.9  6.4 10.2

Table 2. List of 22 analyzed genes and the processes they mediate.

Genes Processes Mediated by the Genes
Bnip3, Cyp1a1, Gpx3, Prdx2, Ptgs2 (Cox2) Oxidative stress
Atm, Brca1, Ccnd1, Gadd45a, Gadd45g, Mlh1, Msh2, Tp53 DNA damage
Insig1, Ube2g2 Unfolded protein response
Cstb, Rara Hypoxia
Dnajc15 Heat shock protein
Atm, Cdkn1a (P21cip1/Waf1), Gadd45a (Plab), Msh2, Tp53 Growth arrest and senescence
Prdx2, Ptgs2 (Cox2) Inflammation
Bnip3, Cdkn1a (P21cip1/Waf1), Prdx2 Anti-apoptosis
Brca1, Ccnd1, Cdkn1a (P21cip1/Waf1), Cyp1a1, Prdx2 Proliferation and carcinogenesis
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1.4 to 7.3% in four genes and was 98.5% for the 
GDF15 gene. In newly-diagnosed T2DM patients, 
the methylated fraction was 0% only in one gene, 
98.4% in GDF15 and increased to values between 
4.9 and 23.6% for the remainder of the genes. In 
patients with T2DM duration of less than 5 years, 
the methylated fraction was 97.7% for GDF15 and 
varied between 0.5 and 22.4% for all other genes. 
Among T2DM patients with duration of more than 5 
years, the methylated fraction was 0% in two of the 
analyzed genes, 95.9% for GDF15 and ranged from 
7.6 to up to 47.8% for the rest of the genes.

The genes Gadd45G, Gpx3 and RARA showed 
the highest methylated fraction in newly-diagnosed 
T2DM patients, probably due to the poor glycemic 
control. Five genes were with consistently increased 
methylated fraction during the course of the disease: 
BRCA1, CCND1, Prdx2, SCARA3 and Tp53 (Figure 
2). There was a slight decrease in the methylated 
fraction of GDF15 with increase in the duration of 
T2DM.

DISCUSSION

The epigenetic status of certain genes in the hu-
man genome is affected by external environmental 
factors, pathological conditions, as well as during the 

normal processes of aging. Type 2 diabetes mellitus 
is a common disease, the pathogenesis of which in-
volves factors such as genetic susceptibility, obesity, 
decreased physical activity, imbalanced nutrition and 
age. Age is an important factor that increases the 
risk of T2DM and furthermore, increasing age and 
T2DM both lead to decreased oxidation capacity and 
mitochondrial dysfunction. The mechanisms of these 
processes can be influenced by both genetic factors 
and by epigenetic processes. Literature data suggest 
that aging of the individual changes the epigenetic 
status of the respiratory chain genes [1,5,6,13].

Methylation of CpG dinucleotides is an impor-
tant epigenetic mechanism used by vertebrate cells 
to repress transcription of many tissue-specific genes 
[14]. DNA methylation is the major modification of 
eukaryotic genomes and plays an essential function 
in mammalian progression. Methyl-CpG binding 
domain proteins are capable of binding specifically 
to methylated DNA and MBD1 and MBD2 can in 
addition repress transcription from methylated gene 
promoters [15]. In light of the functional significance 
of MBD proteins in the epigenomic landscape, we 
aimed to provide knowledge about the expression 
of the MBD2 gene in blood samples of patients with 
T2DM and hence to test it as a distinct epigenetic 
biomarker for disease development.

Figure 1. MBD2 expression levels in patients with T2DM compared to control subjects: a) in all patients; b)  
in patients with newly-diagnosed T2DM; c) in patients with T2DM duration of less than 5 years; d) in patients  
with T2DM duration of more than 5 years.
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In the present study, we detected a 10.4-times av-
erage increase in mRNA expression levels of MBD2 
in patients with T2DM compared to controls. When 
patients were stratified according to the duration 
of the disease, this increase was highest in patients 
with newly-diagnosed treatment naïve diabetes and 
it decreased with the increase in the duration of the 
disease still keeping the overexpressed levels. These 
findings are in accordance with previous data pointing 
out that high glucose levels induce DNA methylation 
by up-regulating DNMT3a and MBD2 [16]. A prob-
able explanation for the decrease in MBD2 expres-
sion in T2DM with a duration of more than 5 years 
was the improved glycemic control of the treated 
patients. Nevertheless, the expression was still high 
when compared to the controls, indicating continuing 
dysregulation of methylation processes as a result of 
the disease, despite treatment.

The present study also involved analysis of the 
methyl-ation status of 22 genes, connected to cellular 

stress and toxicity, in four DNA pools of patients 
with newly-diagnosed T2DM, patients with T2DM 
duration of less or more than 5 years and in healthy 
controls. Eleven of these genes were successfully 
analyzed in all DNA pools. We were able to evalu-
ate the average methylated fraction for every gene 
in each DNA pool. Notably, most of the analyzed 
genes lacked methylated fractions in healthy indi-
viduals, thus indicating an active transcriptional state. 
The only exception was GDF15, which was almost 
totally methylated in healthy controls. It is an ex-
tracellular secretory protein, which is expressed at 
high levels in placenta during development. Its role 
in the early stages of endochondrial bone formation, 
hematopoietic develop-ment, embryonic implanta-
tion and placental function has been reported. Obvi-
ously, the gene expression is silenced during adult 
life by DNA methylation. In our patients, however, 
this methylation was slightly decreased, indicating 
some transcriptional activation. Recently, GDF15 

Figure 2. Increase in the methylated fraction of BRCA1, CCND1, Prdx2, SCARA3 
and Tp53 during the course of T2DM.
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was identified as one of the important plasma mark-
ers that correlates with the cardiometabolic syndrome 
[17]. Higher levels of GDF15 are associated with in-
creased cardiovascular and non cardiovascular mor-
tality as it plays a pivotal role in the development and 
progression of cardiovascular diseases such as heart 
failure, coronary artery disease, atrial fibrillation, 
diabetes, cancer and cognitive impairment [18,19]. 
The decreasing methylation of GDF15 in the course 
of T2DM is in line with the cardiovascular complica-
tions of the disease.

Five genes: BRCA1, CCND1, Prdx2, SCARA3 
and Tp53, showed consistent increase in DNA meth-
ylated fraction in the course of T2DM. The methyl-
ated fraction of the BRCA1 gene is increased over 
40-times in T2DM. BRCA1 is a tumor suppressor 
gene and its protein product is part of a complex 
involved in the repair of DNA double-strand breaks. 
This DNA reparation is performed by homologous 
recombination in which the homologous intact se-
quence from the sister chromatid is used to recover 
the broken segment. It is considered that there is 
a strong link between aberrant methylation of the 
BRCA1 in white blood cells and breast cancer-related 
molecular changes, which indicate the potential pre-
disposition of BRCA1 dysmethylation carriers for 
developing breast cancer [20].

In the course of T2DM, the methylated fraction 
of the CCND1 gene increases over 30-times. This 
gene is a regulator of the cell cycle (cyclin-dependent 
kinase). Together with CDK4 and CDK6, its protein 
product is involved in a complex in the G1/S transi-
tion. It has been reported that the methylation status 
of CCND1 is not associated with its expression [21].

The methylated fraction of Prdx2 increases by 
more than 30-times in the course of T2DM. This gene 
encodes a member of the peroxiredoxin family of 
antioxidant enzymes, which reduces hydrogen perox-
ide and alkyl hydro-peroxides. The encoded protein 
plays an antioxidant protective role in cells. Previ-
ous studies have shown that the deletion of Prdx2 
leads to increased expression of vascular cell adhe-
sion molecule-1, intracellular adhesion molecule-1 
and monocyte chemo-attractant protein-1, which are 
markers of endothelial dysfunction and also inducers 
of atherosclerotic plaques [22,23]. This shows that 
the increased methylation of Prdx2 in T2DM leads 
to loss of its antioxidant protective and antiathero-
sclerotic role.

The methylated fraction of SCARA3 shows a 
more than 20-fold increase in the course of T2DM. 
The SCARA3 gene encodes a macrophage scaven-
ger receptor-like protein. Its protein discharges reac-
tive oxygen radicals and plays an important role in 
the protection against oxidative stress. It has been 
shown that oxidative stress induces the expression of 
SCARA3 [24]. The increased methylation of SCARA3 
in T2DM patients is another epigenetic hint for the 
loss of oxidative protection in the pathogenesis and 
course of the disorder.

The methylated fraction of the universal tu-
mor suppressor gene Tp53 increases 10-times in 
the course of T2DM. The p53 protein regulates key 
cellular processes, including cell-cycle arrest, DNA 
repair, apoptosis, and senescence in response to stress 
signals. It becomes stabilized and activated in short 
time in response to DNA damage, hypoxia, hyper-
proliferation, and other types of cellular stress [25]. 
It is the most commonly inactivated gene in human 
cancers. Taking into account that increased meth-
ylation is one of the mechanisms for gene silencing, 
the observed epigenetic pattern of Tp53 in our study 
points to a possible molecular pathway in the eventual 
cancer development in T2DM.

The increasing methylated fraction of BRCA1 
and Tp53 observed in the present study was in line 
with several meta-analyses, which show that T2DM 
patients are at increased risk from cancer, as follows: 
liver cancer 2.5-times higher [26]; endometrial 2.1 
[27]; pancreatic 1.82 [28]; urinary bladder 1.43 [29]; 
kidney 1.42 [30]; colorectal 1.3 [31] and breast cancer 
1.2-times higher risk [32].

In conclusion, the detected higher expression of 
MBD2 in patients at different stage of T2DM indi-
cated general dysregulation of the DNA methylation 
processes as a result of the disease. In line with this 
result, of the analyzed stress and cell cycle regulation 
genes, five showed consistenly increasing methyl-
ated fraction with the increase in T2DM duration: 
BRCA1, CCND1, Prdx2, SCARA3 and Tp53. The 
elevated methylation of genes Prdx2 and SCARA3 
showed that their role in oxidative stress protection 
decreases due to elevated methylation and may cause 
T2DM compli-cations. Genes BRCA1, CCND1 and 
Tp53 are related to tumorigenesis. We refrain from 
premature conclusion for CCND1 as its methylation 
does not reflect its expression. On the other hand, 
the increased methylation of BRCA1 and Tp53 was 



22

EPIGENETIC ALTERATIONS IN T2DM

associated with cancer development, which was re-
ally more common in T2DM patients [26-32]. This 
finding unravels a possible epigenetic link between 
T2DM and cancer development.

The results from the present study require 
broadening of the set of genes analyzed for epigen-
etic changes in T2DM. Furthermore, the results for 
the genes with consistently increasing methylation 
in T2DM should be further validated via expres-
sion analysis. In case these results are confirmed, 
the implementation of antioxidant protection in the 
therapeutic approach for T2DM seems completely 
justified from an epigenetic point of view.
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