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Abstract
Objective Both obesity and insulin resistance are characterized by severe long-term changes in the expression of many genes
of importance in the regulation of metabolism. Because these changes occur throughout life, as a result of external factors,
the disorders of gene expression could be epigenetically regulated.
Materials/methods We analyzed the relationship between obesity and insulin resistance in enrolled patients by means of
evaluation of the expression rate of numerous genes involved in the regulation of adipocyte metabolism and energy
homeostasis in subcutaneous and visceral adipose tissue depots. We also investigated global and site-specific DNA
methylation as one of the main regulators of gene expression. Visceral and subcutaneous adipose tissue biopsies were
collected from 45 patients during abdominal surgery in an age range of 40–60 years.
Results We demonstrated hypermethylation of PPARG, INSR, SLC2A4, and ADIPOQ promoters in obese patients with
insulin resistance. Moreover, the methylation rate showed a negative correlation with the expression of the investigated
genes. More, we showed a correlation between the expression of PPARG and the expression of numerous genes important
for proper insulin action. Given the impact of PPARγ on the regulation of the cell insulin sensitivity through modulation of
insulin pathway genes expression, hypermethylation in the PPARG promoter region may constitute one of the epigenetic
pathways in the development of insulin resistance in obesity.
Conclusions Our research shows that epigenetic regulation through excessive methylation may constitute a link between
obesity and subsequent insulin resistance.

Introduction

Obesity is considered a strong risk factor in insulin resis-
tance (IR) [1]. Excessive accumulation of adipose tissue,
both visceral (VAT) and subcutaneous (SAT), is associated
with metabolic, psychological, endocrine, and genetic fac-
tors [2]. Obesity causes changes in cell metabolism, which
can lead to IR.

Metabolic disorders induced by obesity and IR are char-
acterized by severe long-term changes in the expression of
many genes important in metabolism regulation. Because
these changes occur throughout life as a result of external
factors (high-fat diet, sedentary lifestyle, stress), gene
expression disorders have been regarded as being influenced
by epigenetic modifications [3]. Epigenetics is defined as the
heritable and reversible modification of gene expression
without changes in the DNA sequence, maintained over a
generation. One of the basic manifestations of epigenetics is
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tissue-specific gene regulation, which is mainly connected
with the presence of methylation within DNA [4, 5].

The relationship between obesity and DNA methylation
within both nuclear and mitochondrial DNA has been
shown in numerous scientific reports [6–9]. An increased
global methylation level was observed in the DNA of B
cells from obese and type 2 diabetic patients, as compared
to lean subjects [10]. Increased site-specific methylation in
obese individuals was observed in the promoters of the
genes regulating insulin sensitivity and the insulin-signaling
pathway [7, 9, 11, 12].

In the present study, we analyzed the influence of obesity
and obesity with concomitant IR on global and site-specific
DNA methylation and the expression of genes involved in
the insulin-signaling pathway, adipogenesis, lipid metabo-
lism, inflammation, and the DNA methylation process in
human adipose tissue. Both types of adipose tissue, VAT
and SAT, were subjected to examination.

Materials and methods

The research protocols and all procedures were approved by
the Ethical Review Board of Wroclaw Medical University,
approval no. KB-124/2017.

Biological material

VAT and SAT biopsies were collected from 45 patients in
an age range of 40–60 years during abdominal surgery,
following written agreement. For each enrolled subject, the
following parameters were assessed: fasting glucose, lipids
panel, and body weight and height for calculation of BMI.
In addition, a questionnaire regarding other metabolic dis-
eases (type 2 diabetes, hypertension, sclerosis) and medi-
cations was completed.

Criteria for excluding patients from the study included
other IR-related diseases (PCOS, Cushing’s syndrome),
thyroid dysfunction, hepatitis, chronic inflammatory or
infectious diseases, tumors, heavy drinking or a positive
history thereof, and use of insulin or metformin.

Insulin level

Insulin levels were measured in plasma, using a Human
Insulin ELISA Kit (Sigma-Aldrich). Absorbance was read
using a Victor3 1420 Multilabel Counter.

DNA and RNA isolation

DNA was isolated using a commercial column spin method
kit, the QIAamp DNA Mini Kit (QIAGEN) according to
protocol. Total RNA was isolated using a combination of the

trizol method and commercial spin column kits (Promega).
The tissues samples (10–20mg) were homogenized in 1 ml
of Trizol, after extraction, RNA was precipitated with iso-
propanol and applied on the silica membrane column. Fur-
ther extraction was carried out according to protocol.

Reverse transcription reaction and gene expression
level

Reverse transcription was performed with the use of a High
Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems), using 200 ng of total RNA. Gene expression was
done using Real-Time PCR based on a SYBR Green assay
(Applied Biosystems). Primers were manually designed to
flank two exons of mRNA (Supplementary Table 1). The
specificity of primers was checked using Primer-BLAST;
secondary structures were analyzed using OligoAnalyzer.
Prior to real-time PCR, the efficiency of the primers was
analyzed using the standard curve method; specificity was
checked based on the denaturation curve. Only primers
characterized by efficiency values higher than R2 > 0.95 were
used for gene expression studies. A relative gene expression
level, normalized to the housekeeping gene β-actin, was
calculated using the delta-delta Ct (ΔΔCt) model.

Global DNA methylation analysis

The global methylation of DNA was measured using a
commercial ELISA-based MethylFlash Methylated DNA
Quantification Kit (Epigentek) in accordance with the
manufacturer’s protocol. Absorbance was read using a
Victor3 1420 Multilabel Counter.

Site-specific DNA methylation analysis and
prediction of CpG islands

Prediction of CpG islands in the promoter region was
accomplished using a USCS (University of California Santa
Cruz) Genome Browser and MethPrimer software (UCSF).
The prediction criteria: CG content >55% (region 500 bp in
length), ObsCpG/ExpCpG >0.65.

Site-specific DNA methylation within the promoter
region of the analyzed genes was carried out via methylated
DNA precipitation (meDIP) using a MagMeDIP qPCR Kit
(Diagenode) followed by a percentage of input measure-
ments in real-time PCR according to the algorithm provided
by the manufacturer. Primers were designed to amplify
representative CG clusters located in the promoter regions
of the analyzed genes (Supplementary Table 2). The results
of the meDIP analysis were confirmed by the bisulfite
sequencing technique. Bisulfite treatment of genomic DNA
(500 ng) was performed using an EpiJET Bisulfite Con-
version Kit (Thermo Fisher Scientific). Amplification of the
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CpG islands for the appropriate gene was done using a
QIAGEN Multiplex PCR Kit (QIAGEN). The primers for
PCR were selected based on data obtained during the pre-
diction of the CpG islands using MethPrimer software
(UCSF). Prior to the actual experiments, the temperature
condition of PCR for each CpG island was determined. The
amplification results were checked by means of gel elec-
trophoresis. The amplified CpG islands were sequenced
using the Sanger method. The results of sequencing were
analyzed using QUMA (a quantification tool for methyla-
tion analysis) (Riken).

Assessment of IR and obesity

BMI was calculated as weight in kilograms divided by
squared of height in meters [kg/m2]. IR rate was assessed
using IR ratios calculated according to the following formulas:

(1) HOMA-IR [(glucose [mmol/l] × insulin [μU/ml])/22.5],
(2) QUICKI [1/(log glucose [mg/dl]+ log insulin [μU/ml])].

Statistical analysis

Statistical analysis was performed using STATISTICA 13.1
and Microsoft Office Excel 2007. ANOVA and a post-hoc
test (the NIR-Fisher test) were used to assess the difference
between studied groups. The correlation between numerical
values was made using a correlation coefficient. Statistical
significance was set at p < 0.05.

Results

The enrolled patients were divided into three study groups
(LH—lean healthy, OH—obese healthy, with normal values

of IR ratios, OR—obese with IR) depending on the BMI,
HOMA-IR and QUICKI parameters. Patients with BMI >
25 were classified in the obese group. IR was diagnosed
based on HOMA-IR > 2.5 and QUICKI < 0.321. We per-
formed all analysis for both VAT and SAT tissues. We
treated LH group as a control group and compared the other
groups to it.

Study cohort characterization

The groups were characterized according to obesity level,
IR ratios, lipid metabolism, age, and sex. The results are
presented in Table 1.

Gene expression in IR and obesity

We measured the expression of genes important in adipo-
cyte metabolism, i.e.: (1) insulin pathways: INSR, IRS1,
IRS2, PIK3R1, AKT, SLC2A4; (2) lipid metabolism: LPL,
ACACA, FASN, ACSS2, SCD1; (3) inflammation: IL10,
IL1B; (4) adipokines: LEP, ADIPOQ, retinol-binding pro-
tein 4 (RBP4); (5) transcription factors: CEBPA, CEBPB,
PPARG, IGF2, PPARGC1A, TNFA. We assessed the
expression level of genes in all three study groups.

In the VAT samples of OR patients, we observed a sta-
tistically significant reduction in the expression rate of the
following genes: INSR (p= 0.001), IRS1 (p= 0.012), IRS2
(p= 0.050), PIK3R1 (p= 0.009), SLC2A4 (p= 0.018),
ACSS2 (p= 0.014), ACACA (p= 0.019), LPL (p= 0.030),
FASN (p= 0.002), PPARG (p= 0.001), ADIPOQ (p=
0.031), RBP4 (p= 0.001). Contrastingly, we observed a
significant increase of IL10 expression level in OR group
(p= 0.017).

A similar profile of gene expression was noticed in VAT
depots in OH group. Among others, reduction in expression

Table 1 Study cohort
characterization.

LH OH OR p value

N [female/male] 3/12 2/10 4/14 –

BMI [kg/m2] 21.80 ± 0.71 27.38 ± 0.77 29.50 ± 0.63 0.000

Glucose [mg/dl] 87.63 ± 7.72 88.71 ± 8.63 106.06 ± 7.25 n.s.

Insulin [mg/dl] 8.60 ± 4.42 9.24 ± 5.32 32.73 ± 5.04 0.002

HOMA-IR 1.83 ± 1.41 2.06 ± 1.69 8.32 ± 1.61 0.010

QUICKI 0.350 ± 0.005 0.343 ± 0.006 0.297 ± 0.006 0.000

Triglycerides [mg/dl] 86.90 ± 26.37 174.50 ± 26.37 203.08 ± 23.13 0.008

Cholesterol [mg/dl] 211.67 ± 11.97 199.57 ± 13.57 219.91 ± 10.82 n.s.

LDL [mg/dl] 132.70 ± 9.81 131.40 ± 9.81 148.18 ± 9.36 n.s.

HDL [mg/dl] 60.70 ± 4.83 43.60 ± 4.83 43.00 ± 4.23 0.019

Age 48 ± 3 49 ± 3 51 ± 3 n.s.

The p value is related to the analysis of variance between all study groups.

LH lean healthy, OH obese healthy, with normal values of insulin resistance ratios, OR obese with insulin
resistance.
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rate was diagnosed mainly for INSR (p= 0.008), IRS1 (p=
0.025), PIK3R1 (p= 0.014), FASN (p= 0.069), PPARG
(p= 0.057), ADIPOQ (p= 0.091) and RBP4 (p= 0.022).

In SAT samples in OR group, we observed statistically
significant reductions in expression rate for the following
genes: INSR (p= 0.001), SLC2A4 (p= 0.013), IRS1 (p=
0.062), IRS2 (p= 0.015), LPL (p= 0.039), FASN (p=
0.036), and PPARG (p= 0.017). Moreover, IL10 gene was
overexpressed in the OR group (p= 0.034). The only genes
that were downregulated in the SAT depots of the OH
group were INSR (p= 0.008), SLC2A4 (p= 0.053), and
IRS1 (p= 0.021).

Next, we analyzed the correlation between the expression
of all genes and BMI, HOMA-IR, and QUICKI values. The
observed correlation between patients’ BMI and expression
of numerous genes are presented in Fig. 1.

A negative correlation was observed between QUICKI
value and expression of IL10 (VAT: R= 0.410; p= 0.022,
SAT: R= 0.435; p= 0.016). On the other hand, a positive
correlation was seen between QUICKI and expression of
PPARG (VAT: R= 0.312; p= 0.082, SAT: R= 0.353; p=
0.048), INSR (SAT: R= 0.306; p= 0.088), LPL (SAT:
R= 0.308; p= 0.087), and ADIPOQ (SAT: R= 0.376; p=
0.034). In the case of HOMA-IR, we did not observe sta-
tistically significant correlations.

Global DNA methylation

We found differences in global DNA methylation between
studied groups. We observed the highest level of DNA

methylation in OR group in both fat depots (VAT: p=
0.000, SAT: p= 0.007). DNA methylation was also higher
in the OH compared to the LH group, without, however,
being significant (Fig. 2).

Furthermore, in both VAT and SAT samples, we
observed a positive correlation between the global DNA
methylation level and BMI (VAT: R= 0.591; p= 0.000;
SAT: R= 0.574; p= 0.000) as well as between the global
DNA methylation level and HOMA-IR value (VAT: R=
0.380; p= 0.061; SAT: R= 0.431; p= 0.032). A negative
correlation was observed between the global DNA methy-
lation level and QUICKI value (VAT: R=−0.360; p=
0.077; SAT: R=−0.509; p= 0.009).

We also assessed the expression level of gene encoding
DNA methyltransferases (DNMT1, DNMT3a, and
DNMT3b). In the case of DNMT3a and DNMT3b, we did not
observe significant differences in gene expression between
the study groups (data not shown). We showed that DNMT1
was overexpressed in OR patients in both fat depots (VAT:
p= 0.039, SAT: p= 0.045; Fig. 2). Furthermore, we
observed a positive correlation between the DNA methyla-
tion rate and the expression level of DNMT1 in both fat
depots (VAT: R= 0.380; p= 0.029; SAT: R= 0.298; p=
0.087). We observed a similar relationship in the case of the
expression level of DNMT1 and BMI (VAT: R= 0.346; p=
0.031; SAT: R= 0.372; p= 0.015). Moreover, the expres-
sion rate of DNMT1 correlated positively with IR assessed
based on HOMA-IR value (VAT: R= 0.647; p= 0.000;
SAT: R= 0.598; p= 0.000) and QUICKI (VAT:
R=−0.441; p= 0.013; SAT: R=−0.487; p= 0.005).

Fig. 1 A correlation between
BMI and the expression level
of genes with a p value. The
results of correlation between
BMI and the expression level of
genes in visceral adipose tissue
(VAT) and subcutaneous (SAT)
adipose tissue, respectively.
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Methylation of gene promoter region

Next, the site-specific methylation pattern within the pro-
moter region of the selected genes was analyzed.

In VAT samples, we noted a significant increase in the
methylation level of PPARG promoter in OR compared to
the LH group (p= 0.009). What is more, the methylation
rate of the PPARG promoter negatively correlated with the
expression rate in this fat depot (R=−0.4702; p= 0.049).
In both VAT and SAT samples, we observed an increased
methylation rate of SLC2A4 (VAT: p= 0.041; SAT: p=
0.078) and ADIPOQ (VAT: p= 0.080; SAT: p= 0.013)
promoter in the OR group. On the other hand, methylation
of INSR increased in both obese groups in both VAT (OH:
p= 0.002, OR—no statistical significance) and SAT (OH
p= 0.016, OR—no statistical significance), which corre-
sponded to expression rate of this gene. In SAT, we also
observed a negative correlation between the INSR promoter
methylation level and the expression of INSR (R= –0.3967;
p= 0.068). The results are presented in Fig. 3A.

We also wished to correlate the site-specific methylation
pattern with clinical parameters of enrolled patients, such as
BMI, HOMA-IR, QUICKI, and lipids panel.

In the case of VAT samples, we observed a negative
correlation between the QUICKI value and level of pro-
moter methylation of SLC2A4 (R=−0.4239; p= 0.055)
and IL10 (R=−0.5010; p= 0.021). A positive correlation
was seen between the HOMA-IR value and level of pro-
moter methylation of SLC2A4 (R= 0.4841; p= 0.026) and
IL10 (R= 0.5265; p= 0.014).

In SAT samples, we observed a positive correlation
between BMI and the level of methylation of the promoters
of the following genes: INSR (R= 0.5781; p= 0.006),
ADIPOQ (R= 0.4784; p= 0.028), and IL6 (R= 0.8387;

p= 0.000). The methylation rate of the promoter of INSR
(R= 0.8341; p= 0.000) and IL6 (R= 0.8436; p= 0.001)
correlated positively with triglyceride level in serum, simi-
lar to methylation of ADIPOQ promoter that correlated
positively with the LDL cholesterol level in serum (R=
0.5697; p= 0.027).

To confirm the results of differentially methylated pro-
moters, we performed a bisulfite sequencing study of
representative samples from three investigated groups. In
samples from both fat depots, VAT and SAT, we observed
an increased site-specific methylation level within the pro-
moter region of PPARG in OR compared to the LH group
(Fig. 3B).

Gene expression and transcription factor

The nuclear peroxisome proliferator-activated receptor
gamma (PPARγ) is a crucial transcription factor regulating
adipocyte development and normal metabolism. Thus we
were interested as to whether PPARγ could regulate the
expression of genes necessary for normal adipocyte func-
tion. In both types of tissue, we observed a correlation
between PPARG gene expression and several genes. The
results are presented in Fig. 4.

Discussion

In the present study, we analyzed the influence of obesity on
global and site-specific DNA methylation as well as the
potential influence of these epigenetic modifications on the
expression of genes involved in the insulin-signaling path-
way, adipogenesis, lipid metabolism, inflammation, and
DNA methylation process in human adipose tissue. The link

Fig. 2 The results of the comparative analysis regarding the
expression of DNMT1 gene and global DNA methylation level
between three groups (LH, OH, and OR). The results of DNMT1
gene expression are compared with the results of global DNA
methylation in visceral (VAT) and subcutaneous (SAT) adipose tissue,

respectively. Statistical significance in the comparative analysis was
demonstrated for the OR group both in the analysis of DNMT1 gene
expression (VAT: p= 0.039; SAT: p= 0.046) and global methylation
(VAT: p= 0.001; SAT: p= 0.007).
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between obesity and IR, which is reflected in disorders in
the expression of genes relevant to the insulin-signaling
pathway, is well described. Indeed, in the present study, we

demonstrated a strong negative correlation between BMI
and expression of genes important for the insulin pathway
(INSR, IRS1, IRS2, PIK3R1, AKT, SLC2A4). The normal

Fig. 4 A correlation between
the expression of PPARG and
the expression of other genes
with a p value. The results of
correaltion between PPARG
expresiion and the expression of
other genes in visceral (VAT)
and subcutaneous (SAT) adipose
tissue, respectively.

Fig. 3 The results of the analysis regarding to the site-specific
methylation of the promoter region of the selected genes. The
results of the comparative analysis regarding the expression of INSR,
SLC2A4, PPARG, and ADIPOQ and level of methylation of this gene

promoter between three groups (LH, OH, and OR) in visceral (VAT)
and subcutaneous (SAT) adipose tissue, respectively (A). The site-
specific DNA methylation within the promoter region of PPARG gene in
VAT and SAT—the results of the bisulfite sequencing technique (B).

DNA methylation in adipocytes from visceral and subcutaneous adipose tissue influences. . . 655



expression of all of these genes is extremely important for
correct insulin signaling [13].

Numerous factors may be responsible for aberrant gene
expression, ranging from intracellular to extracellular fac-
tors such as nutrition, age, or physical activity. Considering
that obesity and IR have genetic and environmental back-
grounds, we hypothesized that epigenetic modification
might also be involved. In the present study, we showed the
association between global DNA methylation level and
obesity, which had also been confirmed previously
[7, 9, 14, 15]. The observed increased level of methylation
with increased BMI suggests a link between epigenetic
modifications and obesity. What is more, we also demon-
strated positive correlations between global DNA methy-
lation and DNMT1 expression and between BMI and
DNMT1 expression, which would explain the potential role
of this enzyme in creating epigenetic modification in
adipocyte DNA.

We observed a similar relationship between DNA
methylation and IR (a positive correlation between DNA
methylation and HOMA-IR value and a negative correlation
between DNA methylation and QUICKI value). Moreover,
comparative analysis between the groups showed that in
both tissues the level of DNA methylation was significantly
higher in the group of obese people with IR compared to
lean, healthy people, which may suggest the role of epige-
netic regulation in insulin sensitivity disorders in obese
patients.

The detected relationships between increased global
DNA methylation level in adipocytes and obesity and IR led
us to take a closer look at site-specific methylation, espe-
cially within the promoter region of genes important for the
insulin pathway or genes connected with the regulation of
this pathway. We showed increased methylation levels
within the promoter region of the INSR and SLC2A4 genes
in the group of obese patients with IR compared to the lean
group, in both VAT and SAT. The insulin receptor encoded
by the INSR gene constitutes the first stage of the insulin
pathway, but SLC2A4 encodes the glucose transporter 4, the
major insulin-regulated glucose intercellular transporter,
which is the last stage of this pathway. The expression level
of these genes was also significantly reduced in the OR
group, which may explain the silencing role of DNA
methylation on gene expression. This is also confirmed by
the demonstrated a significant negative correlation between
methylation of the INSR promoter region and expression of
this gene in SAT. Interestingly, in SAT we also observed a
positive correlation between the methylation promoter level
of INSR and BMI, suggesting that epigenetic modifications
are connected with obesity, and in the next step lead to IR
development via methylation of the promoter region of the
genes, which are important for the insulin pathway, such
as INSR.

PPARγ is considered a transcriptional regulator of adi-
pogenesis and lipid and glucose metabolism. The PPARG
gene is expressed especially in both white and brown adi-
pose tissue [16, 17]. What is more, its synthetic ligands,
such as glitazones, are used in the treatment of diabetes, as
they improve insulin and glucose parameters and increase
insulin sensitivity [18, 19]. Dysregulation of PPARγ can
lead to the development of obesity, IR, and type 2 diabetes
[17]. Studies have shown that changes in PPARG expres-
sion, e.g., gene knockout, cause IR and dysregulation of
adipogenesis in mice [20, 21]. In our research, we also
observed a relationship, in both VAT and SAT, between
PPARγ and obesity and IR, which is shown by a negative
correlation between PPARG expression and BMI as well as
by a positive correlation between PPARG expression and
QUICKI value. Moreover, our comparative analysis also
confirms the association of both diseases with PPARγ. The
expression of PPARG was significantly reduced in the OR
group. Interestingly, we also demonstrated that changes in
PPARG expression are based on epigenetic regulation,
which confirms the very high level of methylation within
the promoter region of this gene. The level of methylation
was at least several times (in VAT about 5.5 times, in SAT
2.5 times) higher in the OR group compared to the LH
group. What is more, with an increase of methylation within
the promoter region of PPARG, we observed decreased
expression of this gene (a negative correlation between the
level of methylation and expression of PPARG), which
confirms that PPARG is subject to epigenetic regulation.
PPARγ as a transcription factor can influence regulation of
the expression of other genes important for the insulin
pathway or adipogenesis. In order to better elucidate the
regulation of its role, we performed correlation analysis. We
observed a strong positive correlation between the expres-
sion of PPARγ and numerous genes. It has been shown that
PPARγ takes part in the regulation of INSR, IRS1, IRS2,
PIK3R1, and SLC2A4, which make up a significant part of
the genes involved in the transmission of the insulin path-
way signal, and also in the regulation of genes involved in
lipid metabolism, namely LPL, ACACA, ACSS2, SCD1, and
FASN, and a gene coding, a transcriptional factor important
for adipogenesis, CEBPA. These results show the important
role of PPARγ in regulating metabolic pathways and in
potential disorders. Changes in PPARG expression caused
by epigenetic modifications can significantly interfere with
the expression of other genes relevant for the insulin path-
way, lipogenesis, or adipogenesis.

In addition, we examined the effect of epigenetic reg-
ulation on adiponectin, because PPARγ directly regulates
expression of the ADIPOQ gene, as we have shown in this
study (a strong positive correlation between the expression
of PPARG and of ADIPOQ) as was proved earlier [22].
Adiponectin, one of the adipokines produced by adipocytes
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of white adipose tissue, is involved in insulin sensitivity,
glucose uptake, and lipid metabolism. Some studies have
shown that adiponectin improves insulin sensitivity by
reducing the amount of intercellular fat and enhancing the
insulin receptor substrate [23–25]. Other studies have
shown that adiponectin gene expression is downregulated in
IR and obesity [26–29]. We also demonstrated an associa-
tion between BMI and ADIPOQ expression (negative cor-
relation) and between QUICKI value and ADIPOQ
expression (positive correlation). What is more, we showed
that the expression level of the adiponectin gene is strongly
downregulated in the OR and OH group compared to LH
group, however only in VAT depots. Interestingly, we also
demonstrated that changes in ADIPOQ expression are based
on epigenetic regulation, which confirms the very high level
of methylation within the promoter region of ADIPOQ. The
level of methylation was at least several times (in VAT
about 4.5 times, in SAT 4 times) higher in the OR group
compared to the LH group. A published study also
demonstrated a decrease in ADIPOQ expression in mice
with hypermethylation of the promoter region of the ADI-
POQ gene [30].

We also took a closer look at another potential regulatory
factor of insulin sensitivity in obesity. RBP4 has been
identified as an adipokine with potential involvement in the
development of impaired glucose metabolism. It has been
shown that the serum level of RBP4 positively correlates
with obesity and IR, and induces IR through preventing
insulin-initiated phosphorylation of insulin receptor sub-
strate 1 [31–33]. Interestingly, in the present study, we
demonstrated completely different relationships, namely, a
negative correlation in VAT samples between BMI and
RBP4 expression. More significantly, the downregulation of
the expression of this gene in OR compared to LH group
indicates that RBP4 may play an important role in reg-
ulating insulin sensitivity in obese patients with IR. More-
over, we showed an association between the expression of
PPARG and RBP4. The strong positive correlation between
these genes could suggest that RBP4, similar to adiponectin,
may be under the control of PPARγ, which is considered a
positive regulator of insulin sensitivity. It is, therefore,
possible that the nature of the effect of RBP4 on the
development of IR should be investigated further.

Noteworthy are also the slight differences we observed in
the expression of genes relevant to the insulin pathway
between the group of obese patients with normal glucose
tolerance and the obese group with IR. These small differ-
ences may indicate that obesity itself generates disorders in
the insulin pathway at the molecular level that are visible in
gene expression but are not yet visible in metabolic para-
meters such as QUICKI and HOMA-IR. We suggest that a
very important role in this process may be played by epi-
genetic regulation, as we observed a higher level of

site-specific methylation in the INSR gene in OH compared
to OR. Thus obese patients may experience disorders in the
insulin pathway long before their clinical manifestation and
complete development of IR.

The value and strength of presented expression results
would be increased by the western blot analysis of the
protein; however, the limited amount of biological material
made it impossible to perform the research. In the future, we
plan to take care of the increased amount of collected bio-
logical material to extend the research to protein analysis
while enhancing the power of the results.

Summarizing, our research shows that epigenetic reg-
ulation through excessive methylation may constitute a link
between obesity and subsequent IR. Moreover, our research
confirms that, in obese patients with co-existing IR, the
expression of genes relevant to the insulin pathway is sig-
nificantly reduced compared to lean healthy patients, and
the expression was shown to be epigenetically regulated.
Interestingly, the differences in gene expression between the
group of obese patients (with normal insulin sensitivity and
with IR) were not very large except in the case of the
SLC2A4 gene. This observation shows how obesity
adversely affects the insulin pathway, creating the necessary
conditions for the development of cells’ resistance to insulin
through disorder in gene expression, even where IR has not
yet been diagnosed.
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