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Abstract
Purpose To investigate DNA methylation changes in peripheral blood from patients with gestational diabetes mellitus (GDM)
and preeclampsia (PE) due to poorly treated GDM.
Methods Eighteen pregnant women participated in the study: 6 with GDM, 6 with PE, and 6 healthy controls. The promoter
methylation status of genes was profiled using the Human Inflammatory Response and Autoimmunity EpiTect Methyl II
Signature PCR Array profiles. The results were validated with quantitative real-time polymerase chain reaction (qRT-PCR).
Results Fewer inflammation-related genes were significantly hypomethylated in PE cases compared to healthy subjects than in
GDM cases. Some of the examined genes show different methylation patterns between GDM and PE.
Conclusions The epigenetic changes observed in this study indicate that GDM and PE exhibit specific DNAmethylation profiles,
with possible clinical applications.
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Introduction

Gestational diabetes mellitus (GDM) is a state of glucose in-
tolerance with onset or first recognition during pregnancy [1].
GDM, when poorly treated, increases the risk of adverse preg-
nancy outcomes, such as preeclampsia (PE), a multisystem
disorder characterized by new onset of hypertension and pro-
teinuria or end-organ dysfunction [2, 3]. Although most af-
fected pregnancies proceed to term or near term with good

maternal and fetal outcomes, these pregnancies are neverthe-
less at increased risk for maternal and/or fetal mortality or
serious morbidity [4, 5]. The incidences of hypertension and
PE are increased in pregnant women with diabetes [6].
However, it has been observed that insulin resistance appears
to augment the risk of developing PE [7, 8], while impaired
endothelium-dependent vasodilation seems to be related to the
duration of diabetes [9].

Hence, insulin resistance is the main component in the path-
ophysiology of PE, with enough evidence suggesting inflam-
mation as the central feature. Overexpression of this inflamma-
tory response leads to vascular disease which is the basis in
immunobiology of PE [10]. Additionally, many investigators
[11, 12] have pointed to the role of the maternal immune sys-
tem in the pathogenesis of PE. Proinflammatory cytokines,
neutrophil activation, and endothelial dysfunction are related
to the pathophysiology of PE [13]. Perez-Sepulveda et al.
[14] reported that Th1/Th2/Th17 and regulatory T cells and
the dendritic cells could play a basic role in PE pathogenesis.

Given the numerous processes through which methylation
plays a part in the development of this condition, researchers
have also linked DNA methylation errors to a number of sig-
nificant consequences, including several diseases. Regarding
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PE and GDM, Ching et al. [15] reported that the patterns of
genome-wide hypermethylation in promoters are common in
the chorioamniotic membranes of early onset PE, while Lash
et al. [16], performing DNA methylome profiling of maternal
peripheral blood and placentas, revealed potential fetal DNA
markers. Liu et al. [17] suggested that DNA methylation pat-
terns in human placentas are significantly associated with PE
and GDM.

Since PE has been described as an immune imbalance pro-
moting an inflammatory state [14], we decided to investigate
epigenetic mechanisms, including alteration of promoter
DNA methylation status of genes involved in inflammation
and thus modulation of gene expression during gestation, as
causative factors for PE progression in pregnant women with
poorly treated GDM.

Materials and methods

Human samples

After being informed and having given their written consent,
18 pregnant women participated in the study: 6 with GDM, 6
with GDM who developed PE, and 6 healthy volunteers/
controls (HV), with similar BMI (pre-pregnancy) levels and
age. All 18 women participating in the study were below
40 years old and had no positive history of alcohol and/or drug
abuse during the current pregnancy. Finally, pregnant women
suffering from malignancies or infectious or chronic diseases
were excluded so as to exclude or control potential confound-
ing factors. Diagnosis of preeclampsia was based on the fol-
lowing criteria: systolic blood pressure (SBP) ≥ 40 or diastolic
blood pressure (DBP) ≥ 90 on two occasions at least 4 h apart,
and proteinuria on dipstick ≥ 1 or ≥ 30 mg/24 h after 20 gesta-
tional weeks. Healthy controls were selected among pregnant
women without any history of autoimmunity, malignancy, or
family history for GDM and PE. Homeostatic model assess-
ment (HOMA) index was calculated as glucose multiplied by
insulin divided by 405 [18]. The study was approved by the
Institutional Ethic Committee, and all participants signed in-
formed consent to their participation in the study. All proce-
dures were conducted in accordance with the ethical principles
of the World Medical Association Declaration of Helsinki.

Methylation PCR analysis

DNA from whole blood samples was isolated using the
NucleoSpin Tissue kit (Macherey-Nagel GmbH & Co.,
Düren, Germany). The restriction digestions were performed
using the EpiTect Methyl II DNA Restriction Kit provided by
Qiagen (Chatsworth, CA, USA) as previously described [19].
The digested DNA samples were then analyzed using the
Human Inflammatory Response and Autoimmunity EpiTect

Methyl II Signature PCR Array Profiles (Qiagen), as previ-
ously described [19]. The Human Inflammatory Response and
Autoimmunity EpiTectMethyl II Signature PCRArray profile
the promoter methylation status of a panel of 22 genes. The
real-time PCR assay was performed in an ABI PRISM 7000
Sequence Detection System (Applied Biosystems, Foster
City, CA, USA). The data were analyzed using the EpiTect
Methyl II PCR Array System. The minimum level of hyper-
methylation considered to be positive is set at 20%. All exper-
iments were performed in duplicates.

Validation of the microarray finding by qRT-PCR

mRNA expression levels of selected methylated genes were
analyzed by qRT-PCR (Quantitative Real-Time Polymerase
Chain Reaction) using the Applied Biosystems ABI PRISM
7000 Sequence Detection System. RNA was extracted from
whole blood using TRIzol, and RNAwas converted to cDNA
using a high-capacity reverse transcription kit (Applied
Biosystems) according to the manufacturer’s instructions.
Samples were analyzed in three independent experiments per-
formed in triplicate. Expression levels were calculated using the
2−ΔΔCt formula, relative to the housekeeping gene GAPDH.

Statistical analyses

Statistical analysis was performed using the Statistical
Package for Social Sciences, version 20.0 (SPSS Inc.,
Chicago, USA). Methylation was considered to be
hypermethylated if > 20%, according to the instructions of
the manufacturer. Kruskal-Wallis using Bonferroni correc-
tions for multiple comparisons test analyses was used to detect
the existence of any possible statistical significant difference
among the groups. Differences in methylation levels between
two groups were evaluated using the non-parametric Mann-
Whitney test. The p values were two tailed and p < 0.05 was
considered to be significant.

Results

The clinical characteristics of the women with GDM and PE,
and the HVare presented in Table 1. HOMA index and blood
pressure were different, indicating case-control status: specif-
ically, higher HOMA index and blood pressure, both systolic
(SBP) and diastolic (DBP), in womenwith GDM and in wom-
en who had developed PE due to poor treatment of GDM as
compared with HV pregnant women.

Clustering results on paired differences of our sample set
showed significant methylation changes between GDM, PE,
and HV (p < 0.001) for the CpGs analyzed. The differential
gene methylation for each of the above comparisons is shown
in Table 2.
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Regarding GDM, only the ATF2 showed significantly
higher methylation compared to HV (p < 0.001). All the other
genes examined demonstrated no methylation or hypomethy-
lation as compared to controls (Table 2). As concerns PE, genes
IL15 and IL17RA were found to be significantly
hypermethylated in PE compared to HV (p < 0.001).
Similarly to the GDM cases, all the other genes showed lower
methylation in the PE cases. Despite the relatively limited num-
ber of cases, based on these results, it was possible to identify
distinctive methylation patterns for GDM vs PE (Table 3).
Specifically, the ATF2, CCL25, IL12B, and IL6ST genes were
hypermethylated in GDM compared to PE. In addition, the
genes which did not differ significantly between PE and con-
trols appeared hypomethylated compared to GDM.

Having obtained indications of the presence of differential
methylation between the GDM and PE cases, and HV, crucial
questions are raised concerning the functional impact of such

signals on gene transcription. This issue was addressed by
undertaking qRT-PCR for selected gene targets that have
shown evidence of noticeable differential methylation on the
array experiment. IL13 as a highly methylated gene in all
cases, IL6STas a hypomethylated gene in GDM and PE cases,
and GATA3 as a non-affected gene were selected from the
above-mentioned genes and studied, with relative quantifica-
tion data revealing changes between cases and controls. As
illustrated in Fig. 1, increased expression of mRNA levels was
observed in cases with reduced methylation.

Discussion

Due to the increasing prevalence of obesity and excess gesta-
tional weight gain, women are more likely to develop preg-
nancy complications such as GDM, leading to adverse

Table 1 Clinical characteristics of preeclampsia (PE), gestational diabetes mellitus (GDM) cases, and healthy controls (HV)

HV median (min–max) GDM median (min–max) p value vs HV PE median (min–max) p value vs HV

Age (year) 31.5 (25–38) 32 (25–38) 0.952 33 (27–39) 0.830

BMI 31.54 (28.6–34.2) 29.3 (25.5–31) 0.085 29 (25–31) 0.033

HOMA 0.97 (0.87–1.10) 2.78 (2.69–3.23) < 0.001 2.54 (2.16–3.12) < 0.001

gHbA1c 4.93 (4.16–5.40)% 5.25 (4.75–6.4)% 0.379 5.55 (4.96–7.30)% 0.209

SBP (mmHg) 110 (90–130) 115 (95–149) 0.191 165 (150–250) < 0.001

DBP (mmHg) 70 (50–80) 70 (56–90) 0.074 100 (70–150) < 0.001

The statistical test was Mann-Whitney

Table 2 Genemethylation status as median of the percentage methylated (M) fraction of input genomic DNA containing two or more methylated CpG
sites in the targeted region of a gene. Only genes that reached in at least one group the threshold of 20% are presented

Genes GDM median (min–max) PE median (min–max) HV median (min–max) p values*

ATF2 52.16 (46.32–53.29) 10.41 (8.18–12.10) 7.17 (6.8–8.4) < 0.001

CCL25 44.8 (37.16–48.80) 0.07 (0.06–0.08) 50.25 (46.56–52.12) < 0.001

CXCL14 3.14 (2.88–3.99) 17.08 (15.88–17.12) 35.64 (33.96–37.25) < 0.001

CXCL3 0.4 (0.36–0.55) 3.14 (2.45–3.43) 22.08 (21.38–22.98) < 0.001

CXCL5 3.4 (2.99–4.20) 8.6 (8.04–9.08) 26.66 (24.71–28.70) < 0.001

CXCL6 0.88 (0.73–1.92) 5.86 (4.87–6.80) 27.53 (25.71–28.70) < 0.001

IL10RA 22.93 (21.38–24.23) 50.50 (45.10–56.10) 50.25 (46.50–51.32) < 0.001

IL12A 26.49 (24.32–27.38) 47.49 (43.0–50) 49.01(42.0–50) < 0.001

IL12B 33.58 (29.76–35.25) 5.72 (4.58–6.89) 51.13 (47.99–54.60) < 0.001

IL13 59.09 (56.68–62) 79.70 (74.22–83.10) 71.55 (68.72–73.20) 0.001

IL13RA1 49.24 (47.2–52) 50.6 (48.22–51.14) 75.8 (65.35–80.10) < 0.001

IL17C 48.72 (465.0–57.19) 55.21(51.2–58.62) 71.3 (67.12–73.28) < 0.001

IL6ST 4.79 (3.45–6.20) 1.23 (0.89–1.40) 25.22 (24.86–26.30) < 0.001

IL17RA 13.5 (13.2–15.88) 33.26 (29.85–34.72) 18.84 (16.62–20.78) < 0.001

IL4R 14.42 (13.62–16.20) 51.14 (46.88–53.29) 50.23 (47.52–52) < 0.001

TYK2 18.61 (17.65–19.2) 41.21 (35.24–45.10) 40.25 (33.24–44.10) < 0.001

IL7 0.57 (0.46–0.64) 0.44 (0.36–0.51) 20.24 (18.77–22.69) < 0.001

*The statistical test was Kruskal-Wallis using Bonferroni corrections for multiple comparisons
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pregnancy outcomes, such as PE [20, 21]. Besides insulin
resistance, pregnant women with GDM and PE share a com-
mon hemodynamic profile [22, 23]. Several studies on GDM
have demonstrated that a proinflammatory endothelial envi-
ronment is induced in diabetic pregnancies, which present
high levels of endothelial inflammatory markers. As men-
tioned before, since PE is characterized by exaggerated ma-
ternal inflammatory response, placental DNA released into the
maternal circulation could play a role in driving the systemic
inflammatory response of PE via placental necrosis and apo-
ptosis [24–26]. Recent evidence suggests that changes to the
epigenomic landscape involved in the pathogenesis of GDM
[27], as well as untreated GDM, can induce epigenetic mod-
ifications modulating gene regulation [28]. Additionally, it is
hypothesized that epigenetic alteration may play a role in me-
diating pregnancy-related complications such as PE [15].
White et al. [29] compared methylation profiles between nor-
motensive and pregnant women with PE at delivery and pro-
posed that differential methylation of certain neuronal genes
may explain the risk for eclampsia.

Our results show that fewer inflammation-related genes
were significantly hypomethylated in PE cases compared to
healthy subjects than in GDM cases. Out of 22 genes studied,
ATF2, GATA3, IL0RA, IL12A, IL13, IL4R, IL6R, and TYK2
displayed no statistically significant differences among PE
and HV, whereas only CCL25 and IL15 showed no statistical-
ly significant differences among GDM and HV.
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Fig. 1 Quantitative RT-PCR data. Comparison of mRNA expression
levels between GDM, PE, and HV samples. Data are expressed as
mean ± SD from three independent experiments performed in triplicate.

Asterisk represents statistically significant changes in expression
compared with HV. The differences between groups were compared
with the Mann-Whitney test

Table 3 Genes showing statistically significant evidence of
hypermethylation, hypomethylation, and differential methylation among
GDM, PE, and HV

Genes GDM vs HV PE vs HV GDM vs PE

ATF2 HyperM NS HyperM

CCL25 NS HypoM HyperM

CXCL14 HypoM HypoM HypoM

CXCL3 HypoM HypoM HypoM

CXCL5 HypoM HypoM HypoM

CXCL6 HypoM HypoM HypoM

IL10RA HypoM NS HypoM

IL12A HypoM NS HypoM

IL12B HypoM HypoM HyperM

IL13 HypoM NS HypoM

IL13RA1 HypoM HypoM NS

IL17C HypoM HypoM NS

IL6ST HypoM HypoM HyperM

IL17RA HypoM HyperM HypoM

IL4R HypoM NS HypoM

IL6R HypoM NS HypoM

INHA HypoM HypoM HypoM

IL7 HypoM HypoM NS

HyperM, hypermethylation; HypoM, hypomethylation; NS, not
significant
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Regarding GDM, only one gene, ATF2, demonstrated sta-
tistically higher methylation than PE and healthy controls. It is
known that ATF2 responds to stress-related stimuli and has
been characterized as the promoter of key genes involved in a
variety of cellular processes, such as inflammatory signaling,
cell cycle control, and glycosylation [30].

The CXCL14, CXCL3, CXCL5, and CXCL6 genes were
found to be hypomethylated in both GDM and PE, though
they are not hypomethylated according to the 20% threshold
set for the specific experiment. However, chemokines are
known to be basic mediators of angiogenesis and immunity,
and are involved in the pathogenesis of various conditions,
including chronic inflammation, myocardial ischemia, and
atherosclerosis. Additionally, it has been suggested that wom-
en with a history of GDM and PE are at increased risk of
cardiovascular disease because they had a dysregulated CXC
chemokine ligand 16 during pregnancy [31]. Thus, our results
agree with previous studies indicating that CXC chemokine
expression levels are altered in GDM and PE cases [32].

GATA3 and FADD, in both GDM and PE cases as com-
pared to controls, did not reach the threshold to be classified as
hypomethylated, a finding that is verified for GATA3 by ex-
amining its expression by real-time PCR.

IL10RA, IL12A, IL13, IL17RA, IL4R, and IL6R were
found to be significantly hypomethylated only in GDM cases.
It is well accepted that cytokines are upregulated in women with
GDM [33–35]. Our findings indicated that one possible mech-
anism of these alterations could be the methylation status of the
corresponding interleukin genes. Interestingly, even though
IL13 was observed as significantly hypomethylated in GDM
cases, in PE cases, we did not find any difference in methylation
levels compared to controls. Our results were confirmed by
measuring the IL13 mRNA levels and agree with the findings
by Jonsson et al. [36], who reported that they did not note any
difference in IL13 levels between PE and normal pregnancies.

Regarding IL13RA1 and IL17C, they were found to be
significantly hypomethylated in GDM and PE compared to
HV. Although the role of IL13RA1 is not well known in these
conditions, partially in agreement with our findings, Molvarec
et al. [37] reported increased circulating IL17 levels in pre-
eclampsia, while the IL17 family has been associated with the
development of type 2 diabetes [38].

Our results reveal a significant hypermethylation of the
IL17RA gene only in PE cases, which accords with previous
studies that have suggested an important role for the IL-17
family, mainly secreted by Th17 cells, in the development of
systemic inflammation in PE [39].

As regards INHA, TYK2, IL7, and IL15, which were dif-
ferentially methylated in the healthy controls, their levels did
not reach the 20% threshold set for the specific experiment.

Another interesting observation was that despite the exis-
tence of a similar trend, there is a different level of methylation
of specific genes between GDM and PE. Liu et al. [17] have

also proposed that there are distinct DNA methylomes of hu-
man placentas between PE and GDM. It thus appears likely
that some genes show significantly different levels of methyl-
ation; however, the fact that these differences can be identified
in peripheral blood samples opens up the perspective for the
use of methylation as a biomarker, and especially as a tool to
diagnose GDM and PE.

While the sample size of the present study is a potential lim-
itation, it is important to note that the study was conducted in a
homogeneous population of European descent, which is an asset
to epigenetic studies, although additional work is needed to un-
derstand the significance of DNA methylation in GDM and PE.

In conclusion, since a significant number of genes in mater-
nal blood with GDM were differentially methylated between
samples, exposed or not to PE, it is suggested that GDM has
epigenetic effects on genes that are preferentially involved in
the inflammatory pathway, thereby providing supportive evi-
dence that DNA methylation is involved in the condition by
exerting effects that contribute to progression to PE.
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