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Abstract
Background. Obesity has been shown to play a key role in the development of  insulin resistance (IR). 
Abundant data implicate obesity in DNA hypermethylation at global and site-specific levels, including genes 
regulating insulin sensitivity. Deregulation of epigenetic marks implicates gene expression and changes 
in cell metabolism.

Objectives. Our previous reports demonstrated that the strongest risk factor in the development of IR 
is BMI; accordingly, the objective of this study was to investigate the effect of obesity on DNA methylation 
and insulin sensitivity.

Material and methods. A study was carried out on lymphocytes (N-34) and visceral adipose tissue (VAT; 
N-35) of  insulin-resistant subjects and healthy controls. Genetic material (DNA and RNA) was extracted 
from cells. Global and site-specific DNA methylation was analyzed with the use of restriction enzymes fol-
lowed by real-time polymerase chain reaction (PCR). Gene expression was analyzed as relative mRNA level 
normalized to a housekeeping gene.

Results. Global DNA methylation increased in both types of tissue in obese and insulin-resistant individu-
als and correlated positively with IR. Two of the 3 investigated promoters of insulin pathway genes were 
hypermethylated, which correlated negatively with gene expression and positively with IR. The DNMT3a 
gene was upregulated in obese insulin-resistant individuals in both types of tissues and correlated positively 
with global DNA methylation.

Conclusions. DNA methylation profile changed depending on body mass index (BMI) and influenced glucose 
metabolism and insulin sensitivity in VAT.
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Introduction

Overweight and obesity are among the leading problems 
of modern civilization. Obesity plays a key role in the de-
velopment of insulin resistance (IR), leading to other meta-
bolic disorders along with the consequent development 
of type 2 diabetes (T2D).1 Insulin resistance is defined 
as a state in which a standard amount of insulin is insuf-
ficient to develop the physiological response of the cell, i.e., 
increasing glucose uptake, storage and oxidation.2

Population and family studies confirmed the genetic 
background of both obesity and IR, suggesting suscep-
tible loci as one of the causes of both conditions. However, 
the impact of the genetic background on the induction 
of obesity and obesity-related disorders turned out to be 
relatively modest. In both conditions (obesity and IR), 
the key role is played by gene–environment interaction; 
accordingly, epigenetic changes in chromatin structures 
and gene function may be responsible for genetic suscepti-
bility.3 Epigenetic markers are believed to explain the link 
between gene–lifestyle interactions and the pathogenesis 
of numerous metabolic disorders and have even been pro-
posed as specific biomarkers of metabolic disorders and 
possible therapeutic targets.4

Epigenetic modification is defined as the heritable and 
reversible modification of gene expression without changes 
in the DNA sequence, maintained over generations.5 Epi-
genetic modifications include DNA methylation, the po-
sitioning of nucleosomes, and modifications in histones. 
All of these modifications are involved in establishing and 
maintaining the 2 major forms of chromosomal structure: 
the inactive heterochromatin and the transcriptionally 
active euchromatin.6‒10

Indeed, abundant data implicate obesity in DNA hyper-
methylation at both global and site-specific levels, includ-
ing genes regulating insulin sensitivity, such as ADIPOQ, 
LPL, or PPARγ.11‒13 Zheng et al. reported a link between 
obesity and methylation of mtDNA (mitochondrial DNA).14 
Analysis of DNA methylation carried out before and af-
ter weight loss revealed a differentially methylated region 
of the genome correlated with numerous genes, including 
21 genes regulating insulin sensitivity.15 A genome-wide 
DNA methylation study showed the differentially meth-
ylated profiles of numerous CpG sites in visceral adipose 
tissue (VAT) of insulin-resistant vs insulin-sensitive obese 
individuals.16 On the other hand, caloric restriction was 
demonstrated to modulate chromatin function and in-
crease genome stability mainly by reversing DNA methyla-
tion, which correlated with improving insulin sensitivity 
and whole-body weight reduction.17,18

The exact mechanism by means of which obesity influ-
ences insulin sensitivity via DNA methylation remains 
unclear. Some reports indicate the role of inflammatory 
cytokines.19 Our report, along with others, demonstrat-
ed that the greatest risk factor in the development of IR 
is body mass index (BMI).20,21 Accordingly, the effect 

of obesity on DNA methylation and its influence on in-
sulin sensitivity was investigated in the present study.

Material and methods

The research protocols were approved by the ethical 
review board of Wroclaw Medical University, Poland (ap-
proval No. KB-556/2008).

Population characterization

All participants were informed about the purposes of 
the study and all subjects gave written consent for their 
participation in the study. The T2D patients were selected 
based on a diagnosis of T2D. Additionally, fasting glucose 
and insulin level, BMI, IR ratios (homeostatic model as-
sessment of insulin resistance (HOMA-IR) or quantita-
tive insulin sensitivity check index (QUICKI)), and lipid 
metabolism were assessed. Type 2 diabetic patients being 
treated with insulin were excluded. Lymphocytes (L) were 
collected from whole blood obtained from 13 types 2 dia-
betic patients (8 men and 5 women). The type 2 diabetic 
patients were inpatients of the Department of Angiology, 
Hypertension, and Diabetology, Wroclaw Medical Uni-
versity. Control lymphocytes were obtained from healthy 
subjects (11 men and 10 women) of similar age based 
on a fasting glucose level below 100 mg/dL, the absence 
of diabetes in family history, and, for women, no history 
of gestational diabetes.

Visceral adipose tissue biopsies were collected during 
abdominal surgeries from 9 patients with T2D (3 men and 
6 women) and from 26 controls (17 men and 9 women) 
of  similar age. Adipose tissue donors were inpatients 
of the First Department and Clinic of General, Gastroenter-
ological, and Endocrinological Surgery, Wroclaw Medical 
University, and of the 1st Department and Clinic of Gynae-
cology and Obstetrics, Wroclaw Medical University. Con-
trols were selected from patients without T2D undergoing 
abdominal surgery, based on a fasting glucose level below 
100 mg/dL, the absence of diabetes in family history, and, 
for women, no history of gestational diabetes. The aims 
of abdominal surgeries were mainly cholecystectomy, surgi-
cal repair of an abdominal hernia, or gastric surgery.

Additional excluding criteria for all subjects were as fol-
lows: other systemic diseases such as sclerosis, thyroid 
dysfunction, hepatitis, chronic inflammatory or infective 
diseases, neurological diseases, and tumors. Heavy drink-
ers or those with a positive history were also excluded.

Body mass index and insulin  
resistance ratios

Body mass index was calculated as the patient’s weight 
in kilograms divided by the square of their height in me-
ters [kg/m2]. Overweight was defined as BMI > 25 kg/m2, 
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obesity as BMI > 30 kg/m2. Insulin resistance rate was as-
sessed using IR ratios calculated as follows22:
1) HOMA-IR [(glucose [mmol/L] * insulin [µU/mL])/22.5],
2) QUICKI [1/(log glucose [mg/dL] + log insulin [µU/mL])].

Insulin resistance was diagnosed on the basis of HOMA-
IR > 2.5 and QUICKI < 0.321.

Lymphocyte preparation and visceral 
adipose tissue biopsy collection

Lymphocytes were isolated from whole blood collected 
on anticoagulant using centrifugation on Grandison L 
(AquaLab, Warszawa, Poland). Five milliliters of the whole 
blood was placed on 2 mL of Grandison L and centrifuged 
at 2,000 rpm for 20 min at 4°C. The lymphocytes ring 
was collected and washed twice with phosphate-buffered 
saline (PBS); the red blood cells were removed using a lysis 
buffer (HH4Cl, KHCO3, EDTA-Na2). Lymphocytes were 
suspended in PBS and centrifuged at maximum speed for 
2 min at 4°C; PBS was discarded and the pellet was frozen 
at –80°C pending analysis.

Visceral adipose tissue biopsies taken from patients 
undergoing abdominal surgery were immediately placed 
in  RNALater (Ambion), incubated at  4°C for 24  h. 
The RNALater was discarded and the adipose tissue bi-
opsies froze at –80°C pending analysis.

RNA extraction and gene  
expression study

RNA was isolated from peripheral lymphocytes us-
ing a mirVana miRNA Isolation Kit (Ambion, Carlsbad, 
USA) according to the manufacturers’ protocol for to-
tal RNA. RNA from VAT biopsies was isolated using 
TriPure Isolation Reagent (Roche, Basel, Switzerland) 

according to the manufacturers’ protocol. The tissues 
were homogenized using 2.0 mm zirconia beads (BioSpec 
Products, Inc., Bartlesville, USA). Following homogeniza-
tion, the tissues were centrifuged at maximum speed for 
2 min at 4°C in order to collect the fatty deposit at the top 
of the tube, which was then discarded. The homogenate 
was extracted with 200 μL of chloroform and centri-
fuged for 15 min at maximum speed at 4°C. The aque-
ous phase was collected and the RNA precipitated with 
500 μL of isopropanol, centrifuged for 10 min at maxi-
mum speed, and washed with 1  mL of  70% ethanol. 
The RNA pellet was dissolved in RNase-Free Water and 
stored at ‒80°C.

Reverse transcription was performed with the  use 
of a High-Capacity cDNA Reverse Transcription Kit (Ap-
plied Biosystems, Foster City, USA). INSR, PIK3R1, and 
SLC2A4 gene expression levels were analyzed with real-
time polymerase chain reaction (RT-PCR) with the use 
of TaqMan Gene Expression Assays (Applied Biosystems) 
and Real-Time PCR Universal Master Mix (Applied Biosys-
tems). The following TaqMan Gene Expression Assays were 
used: INSR, Hs00961557_m1; PIK3R1, Hs00381459_m1; 
SLC2A4, Hs00168966_m1; β-actin, Hs00181698_m1.

The DNA methyltransferase (DNMT1, DNMT3a, and 
DNMT3b) expression rate was assessed via Real-Time PCR 
using a SensiFast SYBR Hi-ROX Kit (Bioline, London, UK). 
Primers were designed manually to span the exon-exon 
junction; specificity was checked using Primer-BLAST 
(NCBI); the  secondary structures were analyzed using 
OligoAnalyzer 3.1 (IDT, Coralville, USA). Prior to Real-
Time PCR, the efficiency of primers was analyzed using 
the standard curve method; specificity was checked based 
on the denaturation curve. The primer sequences used 
for measurements of DNMT expression are presented 
in Table 1.

Table 1. Primers sequences used for gene expression analysis (DNMTs) and promoters methylation analysis (insulin pathway genes)

Gene Primer Sequence (5’→3’) Size (bp1) Location in gene R2

DNMT1
forward AGGCGGCTCAAAGATTTG

57 1-2 exon 97.5%
reverse CTCCTTCACACATTCCTT

DNMT3a
forward CAGGATAGCCAAGTTCAGC

120 17-18 exon 97.0%
reverse GTGCACCATAAGATGTCCTC

DNMT3b
forward ATGCTCTGGAGAAAGCTAG

94 8-9 exon 95.8%
reverse CACTCCAACATGGGCTTCA

β-actin
forward GAGAAGATGACCCAGATCA

72 2-3 exon 99.9%
reverse TAGCACAGCCTGGATAGCAA

PIK3R1
forward AGACACTCGGATTAGAGACG

135
295-299

upstream TSS2 97.6%
reverse AGTGCTCTGGCTCTACACG

INSR
forward GGTAGAGAAAGGATCTGTG

73
628-632

upstream TSS
99.2%

reverse GAGTCTCCTCCAGTTTCAG

SLC2A4
forward TGAAAGACAGGACCAAGCAG

57
646-650

upstream TSS
97.4%

reverse CAGGAAATTCCGTTCCCAC

1base pairs; 2transcription start site; 3efficiency assessed based on standard curve method.
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DNA extraction and global  
and site-specific DNA methylation

The VAT was dissected and digested with Collagenase A 
(Roche) overnight at 37°C. DNA was then extracted with the 
use of a High Pure PCR Template Preparation Kit (Roche). 
DNA from lymphocytes was extracted using the same kit. 
The DNA concentration was assessed using NanoDrop 
ND1000 (Thermo Fisher Scientific, Waltham, USA).

Global DNA methylation in VAT and lymphocytes was 
measured using an EpiJET DNA Methylation Analysis Kit 
(Thermo Fisher Scientific) according to the manufactur-
ers’ protocol. Briefly, genomic DNA (500 ng from VAT and 
200 ng from lymphocytes) was digested with 2 restric-
tion enzymes: HpaII and MspI. Both enzymes recognized 
the same DNA sequence (5′-CCGG-3′); however, when 
the internal C within the recognized sequence was methyl-
ated, cleavage with HpaII was blocked, although unaffected 
with MspI. After digestion, the DNA treated with HpaII, 
MspI, and non-digested DNA was separated using 1.2% 
agarose gel stained with ethidium bromide. The bands 
of DNA digested with HpaII and non-digested DNA were 
analyzed using ImageJ (National Institutes of  Health, 
Bethesda, USA). Global methylation was calculated 
as a percentage of non-digested DNA. Site-specific DNA 
methylation was analyzed using an EpiJET DNA Meth-
ylation Analysis Kit (Thermo Scientific). Real-time PCR 
was run following the digestion of enzymes using a Sensi-
Fast SYBR Hi-ROX Kit (Bioline). Primers were designed 
manually to hybridize within promoters of investigated 
genes flanking the  recognition sequence (5′-CCGG-3′). 
Designed primers were analyzed according to specificity 
(Primer-BLAST, NCBI) and secondary structure forma-
tion (OligoAnalyzer 3.1; IDT). A CpG islands prediction 
was done using MethPrimer with CG content > 60% and 
an Obs/Exp ratio > 0.6. Ct values were used to calculate 
the promoter methylation rate using the formula

% of 5 – mC = 100/(1+E)Cq2‒Cq1

[E – PCR efficiency; Cq1 – threshold cycle of undigested 
DNA; Cq2 – threshold cycle of HpaII-digested DNA]

The sequences of primers used for promoters methyla-
tion analysis are presented in Table 1.

Cytokine levels measurements

Two inflammatory cytokine levels were measured 
in the plasma of the investigated subjects using commer-
cial enzyme-linked immunosorbent assay (ELISA) kits: 
the PeliKine human IL-6 ELISA and PeliKine human TNF-
alpha ELISA Kits (Sanquin, Amsterdam, the Netherlands).

Statistical analyses

Statistical analyses were performed with the use of STA-
TISTICA (StatSoft, Inc., Tulsa, USA). Statistical significance 

was set at p < 0.05. Differences between the clinical fea-
tures of tested groups were assessed using Student’s t-test. 
Correlation between gene expression level and biochemical 
parameters was done using Pearson’s coefficient of correla-
tion. The power of the study was assessed using STATIS-
TICA. The gene expression level was analyzed as relative 
gene expression normalized to β-actin using the ∆∆Ct 
quantification model.23

Results

Characterization of study groups

The characterization of enrolled patients was carried 
out according to the type of biological material (patients 
from whom lymphocytes or adipose tissues samples were 
collected). Type 2 diabetic patients in both analyses were 
characterized by increased BMI and glucose and insu-
lin levels, as well as by IR resistance ratios (HOMA-IR 
and QUICKI). Moreover, an increase in adiponectin and 
HDL levels were observed in control patients. However, 
when dividing enrolled patients according to BMI as lean 
(<25 kg/m2) or obese (≥25 kg/m2), in addition to the above 
changes, increased TG and IL-6 levels were observed, while 
HDL and adiponectin levels were decreased in obese sub-
jects. A detailed characterization of the study cohort is pre-
sented in Table 2.

Global DNA methylation

Global DNA methylation was measured in the L and 
VAT of healthy subjects and T2D patients over a wide 
range of BMI. Global DNA methylation was increased 
in both types of tissue in T2D patients (VAT, p = 0.1940; L, 
p = 0.0297; Fig. 1A and 1F, respectively). The increase in VAT 
was not statistically significant. However, when categoriz-
ing enrolled subjects according to BMI (lean <25 kg/m2, 
or overweight and obese ≥25 kg/m2), a greater difference 
in global DNA methylation was observed (VAT, p = 0.0026; 
L, p = 0.0001; Fig. 1B and 1G, respectively), with higher 
global DNA methylation in overweight and obese subjects. 
What is more, a strong positive correlation was observed 
between global DNA methylation values measured in both 
types of tissue and BMI (VAT, R = 0.53, p = 0.0143; L, 
R = 0.54, p = 0.0122; Fig. 1C and 1H, respectively). These 
results suggest the strong influence of BMI on global DNA 
methylation.

Next, we were interested if global DNA methylation 
is  changed between insulin-resistant vs insulin sensi-
tive patients, Indeed, the global DNA methylation rate 
correlated positively with IR measured based on 2 IR ra-
tios, HOMA-IR and QUICKI. A strong positive correla-
tion was observed between global DNA methylation and 
HOMA-IR measured in VAT (R = 0.61, p = 0.0048, Fig. 1D) 
and in L (R = 0.51, p = 0.0183, Fig. 1I). On the other hand, 
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a negative correlation was observed between global DNA 
methylation and QUICKI measured in VAT (R = ‒0.41, 
p = 0.0475, Fig. 1E) and in L (R = ‒0.51, p = 0.0191, Fig. 1J).

DNA methyltransferase expression

Faced with differentially methylated DNA within the in-
vestigated groups, the expression rate of 3 main DNA 
methyltransferases was analyzed in both types of tissue 

in order to determine which DNA methyltransferase is re-
sponsible for various profiles of global DNA methylation. 
In both types of tissue, DNMT3a was upregulated in obese 
T2D patients compared to controls, with no differences 
in the expression rate of the other 2 methyltransferases, 
DNMT1 and DNMT3b. In VAT the expression rate of 
DMNT3a was 1.92 times higher (p = 0.0204) in T2D pa-
tients compared to controls (Fig. 2A). In L the expres-
sion rate of DNMT3a was 1.59 times higher (p = 0.0052) 

Table 2. Characterization of clinical and biochemical features enrolled between (A – visceral adipose tissue; B – lymphocytes)

A

Biochemical feature Control group
(mean ±SD)

T2DM
(mean ±SD)

p-value
(t-test)

Lean (<25 kg/m2) 
(mean ±SD)

Obese
(≥25 kg/m2) 
(mean ±SD)

p-value
(t-test)

Sex [F/M]1 9/17 6/3 – 6/8 9/12 –

Age [years] 47 ±15 52 ±10 NS 47 ±17 51 ±10 NS

BMI [kg/m2] 24.4 ±5.1 31.8 ±6.2 0.0012 22.5 ±2.4 30.2 ±3.4 <0.0000

Glucose [mg/dL] 95 ±14 146 ±33 <0.0001 105 ±31 122 ±64 NS

Insulin [uU/mL] 7.2 ±8 25.7 ±22 0.0295 10 ±19 42.5 ±27 0.0368

CHOL [mg/dL] 173 ±38 169 ±81 NS 209 ±22 222 ±32 NS

TG [mg/dL] 160 ±48 174 ±59 NS 104 ±50 228 ±103 0.0126

LDL [mg/dL] 120 ±33 81 ±40 NS 122 ±14 146 ±30 NS

HDL [mg/dL] 46 ±11 41 ±11 NS 62.5 ±26 43.3 ±12 0.0382

HOMA-IR 1.6 ±1.8 8.9 ±11.7 0.0236 1.03 ±1 5.05 ±7 0.0500

QIUCKI 0.382 ±0.04 0.318 ±0.03 0.0019 0.399 ±0.04 0.336 ±0.05 0.0029

IL-6 [pg/uL] 18.18 ±10.5 22.23 ±16 NS 19.9 ±6.7 29.5 ±27 0.0426

TNF-α [pg/uL] 2.5 ±0.67 1.7 ±1.15 NS 2.4 ±0.8 2.11 ±0.99 NS

Adiponectin [pg/uL] 16.5 ±7.3 11.5 ±6.9 0.0299 16.2 ±5.3 10.5 ±3.6 0.0276

B

Biochemical feature Control group
(mean ±SD)

T2DM
(mean ±SD)

p-value
(t-test)

Lean (<25 kg/m2) 
(mean ±SD)

Obese
(≥25 kg/m2) 
(mean ±SD)

p-value
(t-test)

Sex [F/M] 10/11 5/8 – 6/5 11/12 –

Age [years] 50 ±7 50 ±6 NS 46 ±3.7 51 ±6.8 NS

BMI [kg/m2] 27.6 ±3.8 31.7 ±3.4 0.0261 23 ±1.1 31 ±3.2 0.0008

Glucose [mg/dL] 89 ±7.9 182 ±70 0.0019 92 ±6.8 151 ±72 NS

Insulin [uU/mL] 4.0 ±0.8 8.2 ±2.3 0.0009 5.3 ±2.8 6,22 ±3.15 NS

CHOL [mg/dL] 200 ±38 190 ±49 NS 214 ±62 222 ±112 NS

TG [mg/dL] 111 ±45 202 ±130 NS 65 ±35 175 ±112 NS

LDL [mg/dL] 143 ±42 120 ±54 NS 114 ±57 135 ±48 NS

HDL [mg/dL] 68 ±18 43 ±7 0.0009 86 ±12 49 ±13 0.0003

HOMA-IR 1.3 ±1.4 3.6 ±1.3 0.0012 1.9 ±1.99 2.5 ±1.82 NS

QIUCKI 0.395 ±0.04 0.318 ±0.01 <0.0000 0.372 ±0.04 0.346 ±0.05 NS

IL-6 [pg/uL] 16.2 ±5.6 22.2 ±3.1 NS 8.0 ±1.6 16.1 ±3.1 NS

TNF-α [pg/uL] 2.8 ±0.35 3.6 ±0.6 NS 2.7 ±0.3 2.7 ±0.6 NS

Adiponectin [pg/uL] 11.4 ±5 11.5 ±4.9 NS 13.9 ±9.4 12.8 ±3.8 NS

F – female; M – male; BMI – body mass index; CHOL – cholesterol; TG – triglicerydes; LDL – low-density lipoprotein; HDL – high-density lipoprotein; 
HOMA-IR – homeostatic insulin resistance; QIUCKI – quantitative insulin sensitivity check index; IL-6 – interleukin 6; TNF-α – tumor necrosis factor α; 
NS – statistically not important; bold text – statistically significant.
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in T2D patients compared to controls (Fig. 2B), again with 
no changes detected in the gene expression of the other 
2 DNA methyltransferases. Moreover, DNMT3a showed 
a positive correlation with BMI within investigated indi-
viduals in both types of tissue (VAT, R = 0.62, p = 0.0041, 
Fig. 2A; L, R = 0.47, p = 0.0406, Fig. 2B). Furthermore, 
the DNMT3a expression rate correlated positively with 
global DNA methylation in VAT (R = 0.65, p = 0.0022, 
Fig. 2C); however, a relatively weak positive correlation 
was observed in L.

In order to evaluate the influence of increased DNMT3a 
on insulin sensitivity, we  investigated the  correlation 
the mRNA level of DNMT3a measured in both VAT and 
L with IR ratios. The mRNA level of DNMT3a correlated 
positively with HOMA-IR (VAT, R = 0.59; L, R = 0.52) and 
negatively with QUICKI (VAT, R = ‒0.48; L, R = ‒0.46); 
however, correlations were close to being significant with 
the  p-value slightly exceeding the  limit value of  0.05. 
No correlation between IR ratios and other DNMTs were 
observed.

These results link obesity with overexpression of DNMT3a 
as a possible reason for global DNA hypermethylation in 
obesity and a possible reason for IR development.

Insulin pathway gene expression 
and promoter methylation

Global DNA methylation was shown to strongly corre-
late with IR in both types of tissues; accordingly, the gene 
expression rate and promoter methylation status of 3 
main genes belonging to the insulin signaling pathway 
were investigated, namely the INSR (insulin receptor), 

Fig. 2. The expression rate of DNMT3a methyltransferase

The expression of DNMT3a gene in VAT (A) and in L (B) of enrolled patients 
and its correlation with BMI. Correlation between expression of DNMT3a 
gene and global DNA methylation observed in VAT (C).

Fig. 1. Effect of global DNA methylation on insulin sensitivity

Comparison of global DNA methylation in VAT (A and B) and in L (F and G) between T2D and controls and between lean and obese patients. Correlation 
between global DNA methylation in VAT and BMI (C), HOMA-IR (D) and QUICKI (E); global DNA methylation in L and BMI (H), HOMA-IR (I) and QUICKI (J).
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PIK3R1 (phosphoinositide-3-kinase regulatory subunit 
1), and SLC2A4 genes (solute carrier family 2, facilitated 
glucose transporter, member 4). First, the gene expres-
sion rate was analyzed in both the L and VAT of the en-
rolled individuals. There was no difference in  the ex-
pression rate of analyzed genes in L between the studied 
groups. SLC2A4 gene expression was slightly reduced 
and PIK3R1 gene expression slightly increased in T2D 
patients, though without statistical significance. Nor were 
there any statistically significant differences in promoter 
methylation between study groups of analyzed genes in L, 
although the global DNA methylation rate in L was in-
creased in T2D patients.

All 3 examined genes displayed a reduced expression 
rate in the VAT of T2D patients when compared to control 
subjects.

The INSR gene was downregulated in the VAT of T2D 
patients (p = 0.0355, Fig. 3A); on the other hand, the pro-
moter methylation rate of  this gene was increased 
(p = 0.0206). What is more, the promoter methylation 
rate negatively correlated with INSR gene expression 
(R = ‒0.39, p = 0.0591, Fig. 3A); however without sta-
tistical significance. An interesting positive correlation 
was observed between INSR promoter methylation and 
the BMI of the investigated subjects (R = 0.45, p = 0.05, 
Fig. 3A). Subjects with BMIs under 30 kg/m2 were char-
acterized by a relatively low INSR promoter methylation 
rate, as opposed to subjects with BMIs over 30 kg/m2, 
characterized by a significantly increased INSR promoter 
methylation rate. Furthermore, INSR promoter methyla-
tion correlated with IR in investigated individuals. A posi-
tive correlation between the methylation of  INSR pro-
moter and HOMA-IR (R = 0.48, p = 0.0386, Fig. 3A) and 
a negative correlation between the methylation of INSR 

promoter and QUICKI (R = –0.46, p = 0.0483, Fig. 3A) 
were observed.

The PIK3R1 gene also showed decreased expression rate 
in T2D patients when compared to healthy individuals 
(p = 0.0199), along with a slightly increased rate of PIK3R1 
promoter methylation measured in this group (p = 0.0581). 
However, no correlation was observed between PIK3R1 
promoter methylation and gene expression, BMI or IR.

The SLC2A4 gene encoding glucose transporter type 4 
(GLUT4) was downregulated (p = 0.0569, Fig. 3B) and 
SLC2A4 promoter methylation upregulated (p = 0.0158) 
in the VAT of T2D patients compared to controls. Fur-
thermore, the expression rate was negatively correlated 
with promoter methylation (R = ‒0.46, p = 0.0460, Fig. 3B). 
Interestingly, the promoter methylation of the SLC2A4 
gene positively correlated with BMI within investigated 
individuals (R = 0.55, p = 0.012, Fig. 3B). What is more, 
SLC2A4 promoter methylation displayed a positive cor-
relation with HOMA-IR (R = 0.58, p = 0.0082, Fig. 3B) and 
a negative correlation with QUICKI (R = ‒0.67, p = 0.0012, 
Fig. 3B) in investigated subjects.

Discussion

In  the  present study, we  investigated the  influence 
of obesity on IR development through epigenetic mecha-
nisms. We have shown that global DNA methylation in-
creased in cases of obesity and correlated positively with 
IR. It was found that in obese individuals the expression 
of DNMT3a was increased, which could be the reason for 
the subsequent increase in global and site-specific DNA 
methylation, including promoters of main genes belonging 
to the insulin pathway (INSR, SLC2A4).

Fig. 3. Promoter methylation of insulin pathway genes

The differences in expression and methylation profile of promoters of 2 genes belonging to insulin signaling pathway: INSR gene (A) ad SLC2A4 gene (B) 
in VAT along with correlation of promoter methylation with gene expression, BMI and IR.
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The  global DNA methylation rate is  tissue-specific; 
therefore, 2 different types of  tissue were investigated 
in the present study in order to better assess their asso-
ciation with obesity and IR. Peripheral lymphocytes have 
been widely studied by many researchers, with various 
outcomes. In some studies, there was no association be-
tween BMI and global DNA methylation24‒26, while others 
showed results contradictory to ours, in which global DNA 
methylation negatively correlated with BMI.27 In the pres-
ent study, we showed increased global DNA methylation 
in  the  lymphocytes of obese individuals, which corre-
sponds to other studies.28,29 What is more, global DNA 
methylation measured in lymphocytes showed associations 
with IR (assessed based on HOMA-IR and QUICKI). Simi-
lar results were obtained by others who showed a positive 
association between global DNA methylation and fasting 
glucose levels30,31 or HOMA-IR32 in those cells. Although 
a positive correlation between global DNA methylation 
and IR has been shown in the present study, no signifi-
cant changes, either in gene expression or in the promoter 
methylation profile of  insulin pathway genes, were ob-
served. Further research needs to be done in order to draw 
specific conclusions, especially on a larger number of in-
vestigated subjects. It is also possible that different pat-
terns of DNA methylation in insulin-resistant subjects 
influence other pathways or genes important for proper 
lymphocytes metabolisms, like cytokine or inflammatory 
markers secretion, which might as well influence insulin 
sensitivity. Indeed, an inverse relationship between meth-
ylation of leptin and adiponectin promoters in peripheral 
blood samples and IR was observed by García-Cardona 
et al.33 Similarly, a GWAS study performed by Su et al.34 
also showed a correlation between the methylation status 
of the lymphocyte antigen 86 (LY86) gene and obesity, 
IR, and inflammatory markers, which provides further 
evidence of the influence of epigenetic regulation on IR 
and obesity-related disorders.

Peripheral blood lymphocytes constitute relatively good 
study material with respect to their easy collection and 
isolation methods; however, the proper cells for the evalua-
tion of IR are adipocytes or skeletal muscles, because these 
tissues utilize the greatest amount of glucose provided 
along with food in an insulin-dependent manner. There-
fore, global DNA methylation and associations with IR 
were investigated in VAT samples collected from patients 
undergoing abdominal surgery. Similarly to lymphocytes, 
positive associations between DNA methylation, BMI and 
IR were shown. We have shown that, in both types of inves-
tigated tissue, global DNA methylation differed between 
lean and obese subjects, despite a relatively low number 
of investigated subjects. Furthermore, we observed a posi-
tive association between global DNA methylation and IR 
among enrolled subjects. The implication of epigenetic 
regulation in IR pathogenesis was also confirmed when 
analyzing the DNMT3a expression rate within enrolled 
individuals. DNMT3a correlated positively with BMI and 

IR ratios. The correlation with IR ratios (HOMA-IR and 
QUICKI) did not reach significance; however, the overall 
relationship was noticed. For sure, by increasing the num-
ber of  investigated subjects we would obtain statistical 
significance.

Taking everything together, obesity influences glob-
al DNA methylation level in VAT and in  lymphocytes 
by stimulating the expression rate of DNA methyltrans-
ferases, mainly DNMT3a. We have concluded that if there 
is a positive correlation between DNA methylation and IR, 
some insulin pathway genes must be epigenetically regu-
lated by promoter methylation. Indeed, 2 of the 3 inves-
tigated genes were shown to be differentially methylated 
at the promoter sites; moreover, the methylation status 
correlated positively with BMI and IR ratios and negatively 
with gene expression. Other researchers, such as Barajas-
Olmos et al.,35 provided further evidence that an altered 
DNA methylation rate of numerous genes (mainly glucose 
metabolism, lipid metabolism and cell-cycle regulation 
genes) is a mechanism that may be involved in the patho-
genesis of obesity-related disorders, including T2D.

To the best of the author’s knowledge, there are only 
a few reports concerning the epigenetic regulation of insu-
lin pathway genes. Jones et al.36 demonstrated a decreased 
INSR expression rate in  the subcutaneous adipose tis-
sue of women with the influence of obesity, not of PCOS, 
on the expression of the INSR gene. The IRS1 and SLC2A4 
genes exhibited a decreased expression rate, which corre-
lated with an increase in promoter methylation in the skel-
etal muscle of adult rats which had been undernourished 
during the fetal stage.37 The greatest difference in gene 
expression and promoter methylation of both genes was 
seen in the 20th week of postnatal life, which correlated 
with increased body weight and IR in those rats.

The relationship between DNA methylation and IR has 
been shown by other researchers, who described promoter 
methylation of other genes regulating IR, such as the adi-
ponectin19, leptin and PPARγ genes, etc.11‒13 The potential 
mechanism regulating the methylation status of the adipo-
nectin gene was related to increased expression of DNMT1, 
stimulated by TNF-α.19 In our study, we have shown altered 
expression of DNMT3a in both types of tissues, as the po-
tential reason for differently methylated global and site-
specific DNA methylation, especially insulin signaling 
pathway genes. DNMT3a was previously implicated with 
obesity-induced IR development, as Dnmt3a knock-out 
mice are protected from diet-induced IR.38 Our results 
confirm the implication of DNMT3a with epigenetic regu-
lation of IR in humans. There was no association between 
2 other DNA methyltransferases (DNMT1 and DNMT3b) 
and insulin resistance; therefore, DNMT3a was selectively 
shown to play a key role in obesity-related IR pathogenesis.

Summarizing all of the data described above (ours and 
others19,11‒13,33‒35), we suggest that IR is epigenetically regu-
lated and thus potentially could be reversed. However, this 
statement has not been confirmed to date.
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