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ABSTRACT

Background. Although the WW-domain-containing oxidoreductase
(WWOX)/Hypoxia-inducible factor 1 (HIF1) pathway is a well-known regulator
of cellular glucose and energy metabolism in pathophysiological processes, its role
in gestational diabetes mellitus (GDM), remains elusive. We undertook this study
to determine the effect of WWOX/HIF1A signaling on the expression of glucose
metabolism genes in GDM patients.

Methods. Leukocytes were obtained from 135 pregnant women with (n =98) or
without (n=37) GDM and, in turn, 3 months (n =8) and 1 year (n = 12) post-
partum. Quantitative RT-PCR was performed to determine gene expression profiles
of the WWOX/HIF1A-related genes, including those involved in glucose transport
(SLC2A1, SLC2A4), glycolytic pathway (HK2, PKM2, PFK, LDHA), Wnt pathway
(DVL2, CTNNBI), and inflammatory response (NFKBI).

Results. GDM patients displayed a significant downregulation of WWOX with simul-
taneous upregulation of HIFIA which resulted in approximately six times reduction
in WWOX/HIFIA ratio. As a consequence, HIF1A induced genes (SLC2A1, HK2, PFK,
PKM ) were found to be overexpressed in GDM compared to normal pregnancy and
negative correlate with WWOX/HIFIA ratio. The postpartum WWOX expression was
higher than during GDM, but its level was comparable to that observed in normal
pregnancy.

Conclusions. The obtained results suggest a significant contribution of the WWOX
gene to glucose metabolism in patients with gestational diabetes. Decreased WWOX
expression in GDM compared to normal pregnancy, and in particular reduction of
WWOX/HIFIA ratio, indicate that WWOX modulates HIF1a activity in normal tissues
as described in the tumor. The effect of HIF1a excessive activation is to increase the
expression of genes encoding proteins directly involved in the glycolysis which may
lead to pathological changes in glucose metabolism observed in gestational diabetes.
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INTRODUCTION

Gestational Diabetes Mellitus (GDM) is a carbohydrate intolerance with onset or first
recognition during pregnancy that complicates 1-22% of all pregnancies, depending on
the ethnic background of the study population and the diagnostic criteria used (Coustan
et al., 20105 Jenum et al., 2012). As per worldwide trend, the incidence of GDM in Poland
is rising, from 4.67% in 2010 to 7.45% in 2012, becoming an important health issue
(Wierzba et al., 2017). Importantly, the presence of GDM not only increases the risk of
serious maternal and perinatal complications, but also the subsequent development of
diabetes mellitus type 2 (T2DM), metabolic syndrome, and cardiovascular disease in
the mother and her child (Metzger, 2007; Shah, Retnakaran & Booth, 2008; Bellamy et al.,
2009). It has recently been also reported that a history of GDM is associated with the
development of endometrial cancer (Wartko et al., 2017). GDM has a complex pathology
that is characterized by glucose intolerance and insulin resistance. Despite this, there is
no consensus in the underlying pathophysiology events during diabetic pregnancy. In this
context, the pro-inflammatory state and exaggerated oxidative stress have been proposed
as important pathological contributors (Lappas et al., 2011; Gomes et al., 2013).

Hypoxia is a derangement of oxygen homeostasis which plays an important role
in metabolism and survival. Hypoxia-inducible factor la (HIF-1a), encoded by the
HIFIA gene, is a key mediator of cellular adaptive responses to hypoxia that regulates a
transcriptional activity of numerous target genes, including those involved in glucose
transport and metabolism, among others. It is now well-recognized that HIFla
upregulation has a beneficial effect on a normal placental differentiation and embryonic
development in early pregnancy, thus, when the feto-placental unit is developing under
hypoxic conditions (Caniggia et al., 2000; Wakeland et al., 2017), whereas activation of
this transcription factor during late pregnancy may contribute to adverse pregnancy
outcomes (Li, Chen & Li, 2013; Albers et al., 2019). HIF1a expression associated with
VEGF activation is related both with placenta formation and obesity (Messineo et al., 2016)
that may contribute to prolonged HIF1A high expression in GDM patients. In the context
diabetes, the role of hyperglycemia in the regulation of the HIF1a signaling is controversial
and remains the subject to much debate. On the one hand, high glucose concentration
has been shown to impair hypoxia-induced stabilization and the transcriptional activation
function of HIF-1a in cultured human dermal fibroblasts and human dermal microvascular
endothelial cells, suggesting that hyperglycemia results in the loss of cellular adaptation to
low oxygen in diabetes (Catrina et al., 2004). Additionally, lower HIF-1a protein levels were
found in biopsies obtained from foot ulcers of diabetic patients (Catrina et al., 2004). On
the other hand, high glucose-induced upregulation of HIF-1 « and its target genes in human
mesangial cells has been proposed as an important mechanism underlying the development
of diabetic glomerulopathy (Isoe et al., 2010). Despite these advances, knowledge of the
importance of the HIF-1a pathway in diabetic pregnancy is still limited. In this regard,
the association of GDM with an excessive chronic hypoxia stress accompanied by the
inflammatory response has been documented in murine placentas (Li, Chen ¢ Li, 2013).
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The WW domain-containing oxidoreductase (WWOX) gene is located on 16q23.3—
24.1, it spans the FRA16D, one of the most common fragile sites (Ludes-Meyers et al.,
2003). WWOX has been identified as a tumor suppressor (Bednarek et al., 2001) with a
reduced expression in numerous human tumors (Bednarek et al., 2000; Nunez et al., 2005;
Phuciennik et al., 2006; Qin et al., 2006; Paige et al., 2010). Mounting evidence points to an
important role of WWOX in metabolic homeostasis. Indeed, it has been shown that Wwox-
knockout (KO) mice display hypoglycemic, hypotriglyceridemic, and hypercholesterolemic
phenotypes (Ageilan et al., 2008). Furthermore, in cellular and animal models, WWOX
has been proved to be able to regulate glucose metabolism through suppression of aerobic
glycolysis, as a result of its inhibitory action on HIFla (Abu-Remaileh ¢ Ageilan, 2014).
More recently, skeletal muscle-specific deletion of Wwox has been reported to impair
mitochondrial glucose oxidation and stimulate lactate production, leading to disruption
of whole-body glucose homeostasis. Importantly, Wwox deficiency was accompanied by
enhanced expression of HIF1a and its target genes, including those encoding key glycolytic
enzymes (Abu-Remaileh et al., 2019).

To date, there is a paucity of data available examining the effect of GDM on the
WWOX/HIF1 signaling pathway in human leukocytes. Therefore, the main purpose of
this study was to investigate whether there is transcriptional dysregulation of the selected
WWOX/HIF1-related genes in leukocyte obtained from clinically well-characterized
diabetic patients at the time of GDM diagnosis and the postpartum period (3 months and
one year after delivery). Out of numerous genes related to the WWOX/HIF1 axis, we chose
those involved in glucose transport [glucose transporters 1 (SLC2A1) and 4 (SLC2A4)];
glycolytic pathway [hexokinase 2 (HK2), phosphofructokinase (PFK ), pyruvate kinase
muscle isozyme M2 (PKM2), and lactate dehydrogenase A(LDHA)]; the Wnt signaling
pathway [dishevelled segment polarity protein 2 (DVL2) and catenin beta 1 (CTNNBI)];
and inflammatory response [nuclear factor kappa B subunit 1 (NFKBI)]. We also looked for
potential gene-gene expression correlations as well as associations between the expression
of the aforementioned genes and clinical phenotypes of the patients. In this study, we
used leukocytes as the experimental model since these cells are a well-known drivers
of the inflammatory process that is closely linked to diabetic pregnancy as well as the
WWOX/HIF signaling pathway. In addition, the ability of leukocytes to reflect pathological
changes elsewhere in the body have been suggested in the literature (Liew et al., 2006). In
support of this concept, leukocyte gene expression profiling has been successfully applied
to GDM to understand the molecular aspects of this disease (Mac-Marcjanek et al., 2018).
It is noteworthy that the peripheral blood is a convenient source of leukocytes for this
study, allowing circumvent ethical concerns linked to the invasive procedures needed to
take other types of tissue samples from pregnant women.

MATERIALS & METHODS

Study participants
A total of 135 Caucasian pregnant women consisted of 37 women with normal glucose
tolerance (NGT) and 98 women with GDM were enrolled and studied at the Outpatient
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Diabetological Clinic in Lodz, Poland. There were three visits of the patients to the clinic:
the first during the third trimester of pregnancy (at 24-28 weeks’ gestation or later if it was
not possible during this period) when the patients were diagnosed for GDM, followed by the
postpartum second and third visits at 3 months and one year, respectively. During the first
visit, a one-step 75 g oral glucose tolerance test (OGTT) was performed among all pregnant
women. GDM was diagnosed according to the Polish Diabetes Association (PDA)/WHO
criteria when at least one value of the venous plasma glucose concentrations was equal or
exceeded the thresholds of 92 mg/dL (5.1 mmol/L) for fasting, 180 mg/dL (10.0 mmol/L)
for 1 h post-glucose load, or 153 mg/dL (8.5 mmol/L) for 2 h post-glucose load (Zalecenia
kliniczne dotycz ace post gpowania u chorych na cukrzycg 2014). The pregnant NGT women
had a negative screen. The inclusion criteria were: Caucasian ethnic background and age
>18 years. None of the participants had family history of diabetes in first-degree relatives,
GDM in a previous pregnancy, diabetes diagnosed prior pregnancy, systemic infectious,
and took any drugs known to affect carbohydrate metabolism.

After delivery, only a small group of women with prior GDM returned for the second (3
month) and third (1 year) study visits, where they were screened for prediabetes with the
OGTT, according to the PDA criteria. Prediabetes was recognized either through fasting
plasma glucose (FPG) between 100 and 125 mg/dl (i.e., impaired fasting glucose, IFG)
or through the blood glucose level between 140 and 199 mg/dl (i.e., impaired glucose
tolerance, IGT) at 2-h OGTT (Zalecenia kliniczne dotyczace post gpowania u chorych na
cukrzycg 2014). The women at 3 months and 1 year postpartum were assigned to the group
B and group C, respectively. The procedure for assigning patients to the appropriate study
groups is shown in the Fig. 1.

Of note, because GDM women had not been in receipt of any therapy at the time of
inclusion into the study, changes in their metabolic parameters are a result of solely the
disease.

All clinical investigations were conducted in accordance with the guidelines of The
Declaration of Helsinki, and approved by the Ethical Committee of the Medical University
of Lodz (No. RNN/186/11/KE from 20.09.2011 with changes KE/596/15 from 21.04.2015
and RNN/676/14/KB from 23.09.2014). Informed written consent was obtained from all
participants.

Clinical and biochemical data collection

The patients underwent clinical and laboratory assessment at GDM diagnosis (n = 135) and
3 months (group B; n=_8) and 1 year (group C; n = 12) postpartum. Maternal age and pre-
pregnancy weight were self-reported by all participants. Pregnancy height and weight were
measured at the first visit using standardized procedures and calibrated equipment. Body
mass index (BMI) was calculated by dividing the weight in kilograms by the height in meters
squared. Gestational age was established based on the last menstrual period. Systolic (SBP)
and diastolic (DBP) blood pressures were measured after 10 min of rest in a sitting position
using an electronic monitor. For biochemical analysis, venous blood samples were collected
from the patients during pregnancy and postpartum, in all cases following a 12 h overnight
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Pregnant women

1stvisit
One-step OGTT
NGT GDM
(n=37) (n=98)

postpartum 3 months | postpartum 1year

2nd visit 3nd visit
One-step OGTT One-step OGTT

Al B C A2
(n=8) (n=8) (n=12) (n=12)

Figure 1 The classification of subjects to the study groups during diabetic pregnancy and the postpar-
tum period based on the OGTT results.

Full-size Gal DOI: 10.7717/peer;j.10604/fig-1

fast. Plasma glucose concentration was analyzed by the glucose oxidase method. Plasma
triglycerides (TGs), and HDL- and LDL-cholesterol (HDL-C and LDL-C) concentrations
were determined by enzymatic colorimetric methods with triglyceride GPO-PAP and the
total cholesterol CHOD-PAP kits (Roche Diagnostics GmbH, Germany). The glycosylated
hemoglobin A1C (HbA1C) was measured by a latex enhanced turbidimetric immunoassay
using specific monoclonal antibodies. The concentration of C-reactive protein (CRP) was
determined by turbidimetric assay using the cassette COBAS INTEGRA C-Reactive Protein
(Latex, Roche Diagnostics GmbH, Germany). The biochemical assays were carried out
on COBAS INTEGRA analyzer (Roche, SA). Plasma insulin was quantified using Elecsys
insulin assay (Roche Diagnostics GmbH, Germany).

Insulin resistance/sensitivity and insulin secretion indices
The homeostasis model assessment of insulin resistance (HOMA-IR; Eq. (1)) and p-cell
function (HOMA-B; Eq. (2)) were calculated, respectively (Matthews et al., 1985):

HOMA — IR = [fasting insulin (WU/mL) x fasting glucose (mg/dL)]/405 (1)
HOMA — B =[360 x fasting insulin (WU/mL)]/[fasting glucose(mg/dL) — 63]. (2)

The quantitative insulin sensitivity check index (QUICKI-IS) was calculated from the
Eq. (3) (Katz et al., 2000):

QUICKI —1IS = 1/{log[fasting insulin (WU/mL)]+ log[fasting glucose (mg/dL)]}. (3)

Leukocytes separation and RNA extraction

Leukocytes were separated from fresh anticoagulated blood samples (10 mL) of each patient
as described elsewhere (Wojcik et al., 2016; Wojcik et al., 2014). In brief, blood samples
were centrifuged at 3,000 rpm for 10 min at 4 °C, and then the plasma supernatants were
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discarded. After adding red blood cell lysis buffer (0.5 M NH4Cl, 10 mM KHCO3, 10 mM
EDTA, pH 8.0) and 30 min incubation on ice, the samples were centrifuged at 4,000 rpm for
10 min at 4 °C. The pellets containing leukocytes were washed with the phosphate-buffered
saline (PBS). Total RNA was isolated from leukocytes using a commercially available TRI
Reagent (Sigma-Aldrich, USA). After filtering on clean-up columns (Syngen, Poland), RNA
quantity and quality were assessed with a BioDrop UV/VIS Spectrophotometer (SERVA,

Germany) at UV, and UV260/280, respectively.

Quantitative RT-PCR

Quantitative RT-PCR (RT-qPCR) was performed for all the studied genes (WWOX,
HIF1A, NFKBI, SLC2A1, SLC2A4, HK2, PKM?2, PFK, LDHA, DVL2, and CTNNBI) at the
time of GDM diagnosis (the first visit) and 3 months and one years after delivery (the
second and third visits, respectively). For this purpose, cDNA was produced from 5 pg of
each high-quality total RNA sample using the ImProm-IT"™ Reverse Transcription System
(Promega, USA). The resulting cDNA was subjected to RT-qPCR using forward and reverse
primers and GoTaq qPCR master mix (Promega, USA). For each gene analyzed, a specific
primers pair was designed using PrimerQuest®Tool. The sequences of primers, size of the
product, and GeneBank accession number are given in Table 1. Reactions were performed
in duplicate on a LightCycler 480 II (Roche Diagnostics GmbH, Germany) with initial
denaturation at 95 °C for 2 min, followed by 40 cycles of 95 °C for 30 s and proper
annealing temperature for 30 s. The amplification of specific transcript was confirmed
by melting curve at the end of each PCR. The Ribosomal Protein Lateral Stalk Subunit
PO (RPLPO), 40S ribosomal protein S17 (RPS17), and H3 Histone Family Member 3A
(H3F3A) were used as the housekeeping genes for internal normalization. The Universal
Human Reference RNA (Agilent, USA) was used as a calibrator. The relative expression
of the target genes was calculated using the CT value according to the Pfaffl method
(Pfaffl, 2001) with the geometric mean of Ct values for three reference genes was used as a
normalization factor.

Statistical analysis

Variables are presented as median values with 25-75% interquartile range. The distribution
of analyzed biochemical and expression data was checked by the Shapiro—-Wilk test.
Differences between variables were calculated using the Mann—Whitney U test. The
Wilcoxon matched-pairs signed rank test was used to assess differences in the matched
pairs data of the patients at different time intervals during the research. The Spearman
rank correlation was applied to investigate correlations. A p-value <0.05 was considered as
significant. Statistical analyses were performed using GraphPad Prism 5.1 software and R
Studio.

RESULTS

Clinical and biochemical characteristics of the groups studied during
pregnancy and postparum

Table 2 shown clinical characteristics of the different experimental groups both during
and after pregnancy. At the first visit, the patients diagnosed as having GDM were slightly
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Table 1 RT-PCR primer sequences.

Gene Description ID gene Sequence (5" —3') Product Annealing
length temperature
(bp) (°C)
I step
WW domain NM. F: TGCAACATCCTCTTCTCCAACGAGCTGCAC 17 63
WWOX containing oxi- 016373. R: TCCCTGTTGCATGGACTTGGTGAAAGGC
doreductase 3 [T step
F: GAGCTGCACCGTCGCCTCTCCCCAC 150 63
R: TCCCTGTTGCATGGACTTGGTGAAAGGC
HIFIA Hypoxia in- NM_001530.3 F: CCGGCGGCGCGAACGACAAG 148 58
ducible factor 1 R: TGCGAACTCACATTATGTGG
subunit alpha
SLC2A1 Solute carrier NM_006516.3 F: CTTCACTGTCGTGTCGCTGT 95 58
family 2 mem- R: TGAGTATGGCACAACCCGC
ber 1
SLC2A4 Solute carrier NM_001042.2 F: CCTGCCAGAAAGAGTCTGAA 85 60
family 2 mem- R: GCTTCCGCTTCTCATCCTT
ber 4
HK2 Hexokinase 2 NM_000189.4 F: AACAGCCTGGACGAGAGCA 135 58
R: AGCAACCACATCCAGGTCAAA
PKM2 Pyruvate kinase NM_002654.5 F: CGCATGCAGCACCTGATTG 75 58
M1/2 R: GCGGCGGAGTTCCTCAAATA
PFK Phosphofructokinase NM_001166686.2 F: CCTCCCCCAGCTTCCCG 150 58
R: CATGGCTGCCTCCTAGCG
LDHA Lactate dehy- NM_005566.3 F: GATTCAGCCCGATTCCGTTA 107 56
drogenase A R: CATACAGGCACACTGGAATCT
DVL2 Dishevelled seg- NM_004422.2 F: CTCCATCCTTCCACCCTAATG 76 58
ment polarity R: GACACTACTGACTCGGTTTCTG
protein 2
CTNNBI Catenin beta 1 NM_001904.3 F: CAGGTGGTGGTTAATAAGGCT 90 60
R: CATCTGAGGAGAACGCATGATAG
NFKBI1 Nuclear factor NM_003998.3 F: GGAAGTACAGGTCCAGGGTATAG 107 58
kappa B subunit R: CCATGCTTCATCCCAGCATTAG
1
RPLPO Ribosomal pro- NM_001002.3 F: ACGGATTACACCTTC- 69 65
tein lateral stalk CCACTTGCTGAAAAGGT
subunit PO R: AGCCACAAAGGCAGATGGATCAGCCAAG
RPS17 Ribosomal pro- NM_001021.6 F: AAGCGCGTGTGCGAGGAGATCG 87 65
tein S17 R: TCGCTTCATCAGATGCGTGACATAACCTG
H3F3A H3 histone fam- NM_002107.4 F: AGGACTTTAAAACA- 76 65
ily member 3A GATCTGCGCTTCCAGAG

R: ACCAGATAGGCCTCACTTGCCTCCTGC

but significantly older than the NGT subjects and displayed significantly higher fasting
and post-load glucose levels, insulin and HOMA-IR and lower QUICKI-IS compared to
control subjects (p < 0.05). Additionally, maternal HbA1c level was significantly lower in

the GDM group than NGT controls, although these values were within the normal range
in both groups (<6%) (p < 0.05). No difference was noted between the NGT and GDM
groups in the remaining clinical parameters.
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Table 2 Clinical characteristics of the study participants at GDM diagnosis (the first visit) and postpartum at 3 months (the second visit) and at one year (the third

visit).
1st visit 2nd visit 3rd visit

Variable NGT GDM P oup Al roup B P roup A2 roup C P
(n=37) (n=98) %;:8) §n=8) §n= 12) %n: 12)

Age (year) 29.0 31.0 0.02* 33.5 NA 31.0 NA
(26.0-31.8) (28.0-34.3) (29.0-36.5) (27.5-35.8)

Pre-pregnancy BMI (kg/m?) 23.0 25.5 0.163 222 NA 22.3 NA
(21.2-27.4) (21.7-29.8) (20.3-30.9) (20.6-29.6)

Pregnancy BMI [kg/m?] 26.9 28.5 0.412 25.8 NA 28.0 NA
(25.2-31.3) (24.5-32.8) (21.8-31.8) (23.6-33.2)

Body weight gain (kg) 8.5 7.7 (4.5-10.5) 0.051 11.0 NA 9.3 NA
(7.0-12.0) (4.3-13.0) (4.8-12.4)

SBP ([mmHg) 127.0 123.5 0.690 129.0 130.0 0.999 129.0 ND NA
(114.0-134.0) (114.5-132.3) (121.5-131.0) (116.0 -135.0) (123.0-132.5)

DBP ([mmHg) 73.0 76.0 0.230 79.0 77.0 0.474 78.0 ND NA
(70.0-78.0) (69.8-83.0) (69.0-85.0) (76.0-90.0) (70.5-83.5)

TGs (mg/dL) 207.5 208.2 0.467 216.2 95.5 0.016* 202.1 96.2 0.156
(161.7-239.3) (170.5-252.0) (188.5-269.9) (75.0-155.8) (134.3-260.8) (51.3-130.6)

TC (mg/dL) 265.3 255.4 0.600 252.6 198.5 0.016* 239.1 194.0 0.156
(229.6-293.5) (231.2-290.3) (229.5-272.5) (175.9-226.4) (183.6-261.1) (159.3-203.8)

HDL-C (mg/dL) 80.1 78.3 0.641 64.2 53.2 0.375 63.8 53.0 0.094
(64.3-95.0) (66.9-89.5) (58.9-71.9) (40.1-75.3) (56.8-74.5) (42.5-75.3)

LDL-C (mg/dL) 143.0 139.0 0.569 138.5 116.0 0.297 124.0 102.0 0.563
(126.0-174.0) (114.0-175.0) (118.3 -168.5) (106.8 -134.3) (103.0-154.3) (90.0-133.8)

HbAIC [%] 53 5.0 0.0002*** 4.9 5.3 0.156 5.1 5.1 0.787
(5.1-5.5) (4.8-5.3) (4.6-5.9) (5.0-5.7) (4.8-5.3) (5.0-5.3)

FPG (mg/dL) 80.0 86.0 0.0009*** 81.0 83.0 0.441 87.5 92.0 0.916
(74.5 - 85.5) (80.8-91.0) (77.0-90.3) (77.0-83.0) (78.0-92.9) (86.0-102.5)

OGTT 1-h glucose (mg/dL) 163.5 175.0 0.005** 186.0 ND NA 167.0 ND NA
(144.8-174.0) (151.0-188.0) (165.0-191.5) (151.0-184.0)

OGTT 2-h glucose (mg/dL) 132.0 162.0 <0.0001*** 153.0 104.0 0.050* 157.0 107.0 0.031*
(110.5-144.0) (151.8-170.3) (145.0 -174.0) (83.8-133.5) (146.3-172.3) (92.8-111.8)

Insulin [JLIU/mL] 8.0 10.7 0.007** 9.9 6.4 0.219 12.9 10.3 0.563
(4.5-11.7) (7.7-16.2) (6.8-13.5) (4.3-12.9) (6.7-15.3) (4.7-18.8)

HOMA-IR 1.5 2.2 0.0003*** 2.1 1.3 0.547 2.6 2.6 0.563
(0.8-1.8) (1.6-3.6) (1.2-2.9) (0.9-2.9) (1.3-3.6) (1.0-4.9)

HOMA- B [%] 144.0 171.5 0.078 180.9 106.8 0.313 180.9 99.3 0.438
(87.0-245.0) (121.0-249.3) (128.2-290.1) (94.4-182.1) (150.6-261.8) (77.4-183.0)

QUICKI-IS 0.36 0.3 0.003** 0.3 0.4 0.383 0.3 0.3 0.563
(0.34-0.39) (0.3-0.4) (0.3-0.4) (0.3-0.4) (0.3-0.4) (0.3-0.4)

CRP (mg/dL) 2.8 3.9 0.251 3.3 1.1 0.016% 3.9 1.7 0.156
(1.8-9.3) (2.2-6.4) (2.1-5.1) (0.7-2.2) (2.0-5.1) (0.5-2.3)

Notes.
Data are presented as median values with 25-75% interquartile range.
*p <0.05.
“p<0.01.
p <0.001.

NGT vs. GDM as assessed by the Mann-Whitney U test and group Al and A2 at the first visit vs. group B at the postpartum second visit or group C at the postpartum third visit as assessed by Paired Sam-

ples Wilcoxon Test.

NA, not applicable; ND, not determined.
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When clinical parameters of the postpartum women at the second (the group B,
n =8) and third (the group C; n=12) visits were compared to the same women with
diagnosed GDM at the first study visit (the corresponding groups Al and A2), there were
significantly lower 2 h post-load glucose concentrations in both postpartum groups versus
the corresponding diabetic groups (Table 2). In addition, the postpartum group B displayed
significantly lower plasma TC, TGs, and CRP concentrations than the corresponding group
Al (Table 2).

Gene expression studies during and after pregnancy

At the first visit, the relative mRNA expression of the 11 individual genes involved in the
WWOX/HIF1A axis was investigated in leukocytes obtained from the patients with and
without GDM. Quantitative RT-PCR expression data showed that leukocyte HIFIA, PFK,
PKM2, DVL2, NFKBI ( all p <0.0001 ), SLC2A1 (p = 0.0004), LDHA (p =0.0015), and
CTNNBI (p=0.002) mRNA levels were significantly higher, whereas leukocyte SLC2A4
expression was significantly lower (p =0.0134) in the patients with GDM in comparison
with the subjects with NGT (Fig. 2). There was also a tendency for lower leukocyte WWOX
expression in the women with GDM vs the controls with NGT (p = 0.0406). As HIFI1A
and WWOX displayed opposing patterns of expression and their functional acting is
known to be closely interrelated, we employed the WWOX/HIFIA expression ratio as an
indicator of leukocyte transcriptional response of the two related genes to GDM. As shown
in Fig. 2, the WWOX/HIFIA index was decreased by approximately 6.5-fold (p <0.0001)
in the GDM group compared to the NGT group; thus it appears to be a better indicator of
leukocyte transcriptional response of the two related genes to GDM than each of these two
genes separately, as evidenced by an 1.4- fold decrease for WWOX and a 3.8-fold increase
for HIFIA in the diabetic patients. Of note, the leukocyte HK2 transcript level remained
unchanged between the two groups (p > 0.05).

Subsequently, the leukocyte expression pattern of all the aforementioned genes was
compared between patients from the postpartum groups B (at the second visit; n=8) and
C (at the third visit, n = 12) versus the corresponding control groups Al and A2 (the same
patients diagnosed as having GDM at the first study visit). As shown in Fig. 3. the patients
from the postpartum groups B and C exhibited a 2-fold increase in leukocyte WWOX
gene expression compared to the same women from the corresponding groups Al and
A2, respectively (p < 0.05), with no significant difference in WWOX expression between
groups Al, A2 and GDM (all patients complicated by GDM included in the study; n = 98;
p >0.05). Of note, leukocyte WWOX expression in the postpartum groups B and C was
comparable with that found in the NGT group (control) at the first visit.

Gene expression correlations

To investigate relationships between the leukocyte expression profiles of the 11
WWOX/HIF1-response genes among the GDM and NGT participants, the Spearman’s
correlation analyses were made, and numerous significant positive and negative correlations
between genes (p < 0.05) were identified in the two group studied (Figs. 4 and 5). In general,
these analyses revealed that transcript levels for each of the genes in the WWOX/HIF1
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Figure 2 The gene expression profiles of WWOX, HIF1IA and WWOX/HIF1A-related genes. Boxplots
showing the relative leukocyte mRNA expression (the ratio of the target gene relative to the reference
genes RPS17, RPLPO, H3F3A) of WWOX (A), HIFIA (B) and all WWOX/HIF-related genes including
those involved in glucose transport (SLC2A1 (C), SLC2A4 (D)), glycolytic pathway (HK2 (E), PKM2 (F),
PFK (G), LDHA (H)), Wnt pathway (DVL2 (I), CTNNBI (J)), and inflammatory response (NFKBI (K)),
along with the WWOX/HIFIA ratio (L) in the patients with GDM (n = 98) vs the subjects with NGT (n =
37). Data are expressed as median (indicated by horizontal bars) & interquartile range (25-75%), *p <
0.05, *p < 0.01, **p < 0.001 as assessed by the Mann—Whitney U-test. NS, not significant.

Full-size Gl DOI: 10.7717/peerj.10604/fig-2
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Figure 3 Postpartum leukocyte WWOX mRNA expression in the study groups. The relative leukocyte
WWOX mRNA expression in the group B (at the second visit) and group C (at the third visit) vs corre-
sponding diabetic groups Al and A2 (pregnant women diagnosed as having GDM at the first study visit;

n = 8and n = 12, respectively) vs pregnant subjects who were classified as NGT (#n = 37) and GDM
(n=98) at the first visit. Data are expressed as median (indicated by horizontal bars) & interquartile range
(25-75%), *p < 0.05, **p < 0.01, as assessed by the Wilcoxon Matched-Pairs Signed Rank Test for paired

results and the Mann—Whitney U test for unpaired.
Full-size &l DOI: 10.7717/peerj.10604/fig-3

pathway share correlation with at least three other genes in the pathway in diabetic
pregnancy, suggesting highly connected and co-regulated pathway. In the patients with
GDM, many correlations were found between WWOX/HIFIA ratio and other genes:
positively with SLC2A4 (R=0.27; p < 0.01) and CTNNBI ( R=0.38; p < 0.001) and
negatively with NFKBI ( R=—0.21; p <0.05) and DVL2 ( R=—0.21; p=0.05), SLC2A1
(R=—0.31; p=0.01), HK2 (R= —0.41), PFK ( R=—0.45) and PKM2 (R = —0.42; all
p < 0.001). Additionally, there were weak but significant positive associations of WWOX
with CTNNBI ( R=0.25) and SLC2A4 (R =0.17) and negative with PFK (R= —0.23)
and NFKBI (R=—0.22; all p < 0.05) and (ii) HIF1A associated negatively with CTNNBI
(R=—-0.26; p < 0.05) and SLC2A4 (R=—0.19; p < 0.05) and positively with SLC2A1
(R=10.45; p <0.0001), DVL2 (R=0.19; p < 0.05) as well as several glycolytic genes,
including HK2 (R =0.48), PFK (R=0.40), and PKM2 (R=0.51; all p <0.0001).

In patients with NGT, the WWOX/HIFIA ratio is inversely correlated with NFKBI
(r =—0.54; p < 0.001) and DVL2 (R = —0.43; p < 0.01), whereas HIFIA transcript
strongly associated with NFKBI and DVL2 (R =0.66 and R = 0.60, respectively; p < 0.001
for both). Furthermore, weak positive associations of PFK, LDHA, and CTNNBI were
found for WWOX transcript (R =0.30, R=0.32, and R = 0.30, respectively; all p < 0.05).

Baryla et al. (2021), PeerdJ, DOI 10.7717/peerj.10604 11/29


https://peerj.com
https://doi.org/10.7717/peerj.10604/fig-3
http://dx.doi.org/10.7717/peerj.10604

Peer

CTNNB1 .
**%
DVL2 0.27

Spearman T

031 016
S

-10 05 00 05 1.0 oh
LDHA 0.39 -0.14 0.15

NFKB1

*kk EX 3

PKM2 0.07 0.36 0.35 -0.04
£ £

PFK . 0.43 -0.14 0.16 0.37 -0.1

*kk *¥kk £ T T *

HK2 . 0.57 0.37 -0.35 0.12 0.46 -0.23

*%k £ *

SLC2A4 .—0.32 -0.41 -0.04 0.14 -0.17 -0.13 0.24
Fkk *Ek *kk *% *

SLC2A1 --0.15 0.62 043 043 -0.28 0.04 0.21 -0.03

*k F% EE ok ko * * F¥%

WWOX.HIF1A -0.31 0.27 -0.41 -0.45 -0.42 -0.1 -0.21 -0.21 0.38

Fkk *kk EE EE 2 * *k

HIF1A 044 -019 048 04 051 0.03 011 0.19 -0.26

*Ek*k * * *
WWOX .-0.05 0.61 0.04 0.17 -0.07 -0.22 -0.06 -0.12 -0.22 -0.14 0.25

Vg v VR oW >
& q,?‘ q?‘ \2\*‘ Q<< @‘ SRS Q\/ Q
§ Q\\ IRIR S 3<<"~‘ ,\v@

Figure 4 The Spearman’s correlation analysis of genes expression in the GDM group. The Spearman’s
multiply correlation plot with R representing correlation coefficient and p the statistical significance (*p <
0.05, ™p < 0.01, and **p < 0.001) for the transcripts of interest in the GDM group. R was presented in
different colors; the legend is the color range of different R values.

Full-size Bal DOI: 10.7717/peer;j.10604/fig-4

The Spearman correlation coefficients for the remaining genes analyzed in the GDM
and NGT groups are shown in the Figs. 4 and 5, respectively.

Correlations between maternal metabolic parameters and the
expression of WWOX/HIF-related genes
To establish whether clinical characteristics of the patients given in Table 2 is associated
with the expression of WWOX/HIF -related genes, correlation analyses were made in the
GDM and NGT groups at the time of GDM diagnosis and the postpartum period (3 months
and 1 year).

In the GDM group, of the clinical measurements, only HbA1C correlated significantly
and positively with HIFIA (R=10.33;p=0.001), HK2 (R=0.35; p = 0.004), PFK (R=0.31;
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Figure 5 The Spearman’s correlation analysis of genes expression in the NGT group. The Spearman’s
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Full-size ] DOI: 10.7717/peerj.10604/fig-5

p=0.002), and SLC2AI (R =0.34; p=0.001) transcripts and negatively with LDHA
transcript (R=—0.27; p=0.010) (Fig. 6).

In the NGT group, insulin and HOMA-IR index positively associated with WWOX
expression (R=0.52 and R =0.53, respectively; p=0.001 for both) and negatively with
the WWOX/HIFIA ratio (R = —0.47; p =0.004 for insulin and R = —0.44; p = 0.008
for HOMA-IR index). By contrast, QUICKI-IS index negatively correlated with WWOX
expression (R= —0.52; p=0.001) and positively with the WWOX/HIF ratio (R = 0.45;
p=0.007). There was also a weak inverse correlation between insulin and HK2 (R = —0.34;
p=0.045) and PFK (R= —0.36; p=0.034) expression (Table S1).

In the postpartum groups, no correlation was evident between metabolic phenotype of
subjects and the expression of the genes studied (p > 0.05; data not shown).
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DISCUSSION

This study primary examined the GDM associated gene expression profiles of major
components of the glucose metabolism as a consequence of differentiated HIFIA/WWOX
pathway in peripheral blood leukocytes obtained from a clinically well-characterized
Caucasian women with GDM at the time of GDM diagnosis and the postpartum period
(3 and 12 months). Our results reported (i) the linkage of WWOX/HIF1A-driven
transcriptional regulation of the glycolytic phenotype in leukocytes of GDM patients,
(ii) a significant correlation between glycemic control and leukocyte gene expression of
HIFIA and WWOX modulated expression of its target genes HK2, PFK, and SLC2A1
that are involved in glycolysis, (iii) an important contribution of the WWOX gene to the
pathogenesis of GDM by modulation HIF1a activity (Fig. 7).
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Figure 7 Proposed model of molecular connections between the components of the WWOX/HIF axis
and the upregulation of glycolytic energy metabolism in leukocytes of diabetic patients. Based on free
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image/channel-119/”) from Servier Medical Art (2020a) and Servier Medical Art (2020b); CC BY 3.0.
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Lactate

Consistent with other studies (Czech et al., 2014), our GDM patients were characterized
by hyperglycemia and insulin resistance, as reflected by greater HOMA-IR and lower
QUICKI-IS indices compared to the control subjects. Several factors have been recognized
to affect insulin resistance/sensitivity, including overweight or obesity, anti-hyperglycemic
medications, diet, and physical activity (Genova et al., 2014); however, since parameters of
obesity such as pre-pregnancy BMI (women diagnosed with GDM were slightly heavier
than NGT women, but this difference was not statistically significant) and body weight
gain were comparable between women with and without GDM in the present study,
and furthermore, since our newly diagnosed GDM patients had not been in receipt of
any the above-mentioned pharmacological and non-pharmacological treatment at the
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time of inclusion into the study, we may exclude their possible effect on the insulin
resistance/sensitivity parameters in GDM women.

Although the molecular aspects of diet are not part of this work, it is worth mentioning
that as was recently reported there is association between dietary patterns and gene
expression features shown in, peripheral blood mononuclear cells (Christensen et al.,
2020). What is more, HIF1a protein was shown increased in visceral adipose tissue (VAT)
from the high fat diet mouse model and in VAT obtained from obese patients compared
to those of normal-weight controls (Arcidiacono et al., 2020), and then hypoxia in obese
adipose tissue may play a critical role in the impairment of peripheral insulin action
and development of systemic insulin resistance. Unexpectedly, maternal HbA1c levels,
reflecting glycemic status over the preceding 2-3 months, were significantly lower in
the GDM than NGT group, although their values were within the normal range in both
groups with an A1C<6.5%, based on the WHO and American Diabetes Association (ADA)
guidelines for the diagnosis of diabetes in non-pregnant individuals (Gillett, 2009); Use
of Glycated Haemoglobin (HbAIc) in the Diagnosis of Diabetes Mellitus, 2011; Standards
of medical care in diabetes, 2018). Currently, no diagnostic threshold of HbAlc is not
defined for GDM, and the reference values for HbAlc in different ethnic populations
during pregnancy are still debated. This is because HbAlc may be influenced by different
factors, especially variation in the life span of erythrocyte and iron deficiency. This latter
disturbance in iron homeostasis, for reasons not yet understood, may increase the blood
HbAlc level, independent of glycemia, even when anemia is absent (Brooks et al., 1980;
Kim et al., 2010). This might explain higher maternal HbA1c levels in non-diabetic subjects
versus GDM patients observed in our study. Unfortunately, no measurements of iron status
were done in the pregnancies enrolled in this study. On the other hand, we cannot exclude
the possibility that high glucose concentration in our GDM patients might shorten the
life span of erythrocyte, which falsely lower HbAlc levels, as hyperglycemia itself has been
shown to reduce erythrocyte survival through the mechanism that is still unknown (Virtue
et al., 2004).

There is compelling evidence that hypoxia is strongly linked to human physiology and
pathophysiology, with a particular role of HIF1a in these processes (Semenza, 2001). It
is now widely accepted that HIF1a and its responsive genes encoding glycolytic enzymes
and glucose transporters, among others, are upregulated in cancer cells as the consequence
of metabolic shift of glucose metabolism from the more energetic efficient mitochondrial
oxidative phosphorylation (OXPHOS) pathway to the less energetic efficient glycolytic
pathway, even when oxygen level is adequate (the Warburg effect) (Xie ¢ Simon, 2017).
In the case of diabetes, which like cancer is characterized by a dysregulation of glucose
metabolism, there are mixed results showing impaired (Catrina et al., 2004) or enhanced
(Xiao et al., 20065 Isoe et al., 2010) HIF-1 pathway under high glucose conditions.

In the present study, we found a significantly higher leukocyte mRNA expression of
both HIFIA and its target genes, including glucose transporter SLC2A1 and the rate
limiting glycolytic enzymes such as PFK, PKM2, and LDHA in the patients with GDM
compared to the subjects with NGT, suggesting a transcriptional up-regulation of the
glycolytic phenotype in leukocytes of the diabetic patients. This finding is in line with a
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previous study showing that hyperglycemia can induce the HIF1a-signaling pathway in
the mesangial cells under in vitro conditions, with the increased expression of the HIF
target genes SLC2A1 and HK2 in these cells (Isoe et al., 2010). The HK2 converts glucose
into glucose 6-phosphate during the first rate limiting step of glycolysis, and its elevated
expression has been implicated in promoting tumor growth and invasion (Anderson et
al., 2017) as well as developing diabetic glomerulopathy (Isoe et al., 2010). In the present
study, no significant change was found in leukocyte HK2 gene expression profile between
the GDM and NGT groups. In contrast to mentioned literature reports, Machado et al.
stated a 50% reduction in HK2 mRNA and HK2 protein in skeletal muscle of diabetic
rats (Esteves et al., 2018). Authors suggest miRNAs participation in the HK2 repression
in skeletal muscle of diabetic rats. What is more, Myatt (Muralimanoharan, Maloyan

& Myatt, 2016) et al. research of SLC2A1, HK2, PFK and LDHA expression in placenta
after cesarean section showed statistically significant upregulation only in GDM women
treated with glyburide or insulin in comparison to NGT, no in GDM treated with diet
alone. Nonetheless, our gene-gene Spearman correlations analysis revealed that both
HK2 and PFK, PKM2, and SLC2A1 positively associated with HIFIA, but only in the
GDM group, not the NGT group. Such correlation was stronger with WWOX/HIF1A
suggesting that WWOX modulates HIF1A function similarly to cancer cells. This unique
gene expression correlation pattern further supports the conception that glycolytic energy
metabolism is upregulated in the diabetic patients. In the current study, the expression
of HIFIA, HK2, and PFK transcripts was also found to display a positive correlation
with maternal HbA1C in the GDM group, suggesting the enhanced HIFIA response in
patients with a poor glycemic control. These results raised the question of how the late
phase of maternal hyperglycemia might upregulate HIFIA, HK2, and PFK. Although the
molecular mechanism(s) that underlies this association remain understood, we cannot rule
out the possibility that hyperglycemia might regulate HIF1A expression through altering
cellular redox status since high glucose has been proposed to increase the cytosolic ratio
of free NADH/NAD+ in diabetic patients (the phenomenon defined as pseudohypoxia)
(Williamson et al., 1993; Caniggia et al., 2000; Song, Yang ¢» Yan, 2019). An increase in basal
HIF-1a mRNA expression has also been observed in hearts of diabetic rats as well as in
isolated non-diabetic rat hearts perfused with high glucose under non-hypoxic condition,
confirming a pseudohypoxic state caused by hyperglycemia (Marfella et al., 2002). In
this context, contrary to what was expected, LDHA transcript inversely correlated with
maternal HbAI1C level as well as SLC2AI and HK?2 transcripts. The protein encoded by
LDHA [lactate dehydrogenase A] is a pivotal enzyme converting pyruvate into lactate in
the final step in aerobic glycolysis, and its catalytic activity directly correlates with lactate
production (Arriardn et al., 2015). Thus, our results stand in contrast to a previous study
demonstrating the increased blood lactate concentration and lactate dehydrogenase activity
in GDM patients that positively correlated with the HbAlc level (Nagalakshmi et al., 2016;
Nadimi Barforoushi, Qujeq ¢ Roudi, 2017). It should be kept in mind that the blood lactate
level measured in the previous study reflects the whole body response to hyperglycemia,
while our study concentrated on the transcriptional changes only in leukocytes.

Baryla et al. (2021), PeerdJ, DOI 10.7717/peerj.10604 17/29


https://peerj.com
http://dx.doi.org/10.7717/peerj.10604

Peer

Evidence has accumulated in recent years indicating that GDM is strongly linked
to the impaired insulin signaling pathway and glucose uptake alterations mediated by
GLUT4 transporter, which is known to act as an insulin-responsive glucose transporter.
In the present study, a significant decrease in leukocyte SLC2A4 mRNA expression was
detected in hyperglycemic and insulin resistant women with GDM in compared with NGT
controls. Similarly, previous studies demonstrated GLUT4 downregulation in skeletal
muscle, adipose tissue, and placenta of pregnant women complicated by GDM, as the
consequence of the dysfunction of insulin signaling (Colomiere et al., 2009; Colomiere,
Permezel & Lappas, 2010). Thus, this may partially account for the insulin resistance
occurring in our GDM patients. On the other hand, we cannot rule out the possibility that
SLC2A1 overexpression which is accompanied by SLC2A4 downregulation in the patients
with GDM might be a compensatory process to maintain glucose influx despite of elevated
blood glucose in these subjects.

The tumor suppressor WWOX has been implicated in glucose homeostasis through
regulating HIF1a and its target genes (Abu-Remaileh & Aqgeilan, 2014). More recently, the
importance of functional crosstalk between WWOX and HIF1a has also been reported in
mice with Wwox-specific ablation in skeletal muscle, that is an animal model associated
to the phenotype resembling metabolic syndrome (Abu-Remaileh et al., 2019). We also
showed a linkage of WWOX to HIFla at their transcriptional levels in leukocytes of
the patients with GDM. In contrast to the significant upregulation of HIFIA leukocyte
WWOX expression was downregulated in diabetic pregnancy versus normal controls,
and it inversely associated with leukocyte PFK1 transcript in these patients. The PFK
gene encodes phosphofructokinase 1 (PFK1), a key rate-limiting enzyme of glycolysis,
which catalyzes the irreversible conversion of fructose-6-phosphate (F-6-P) and ATP into
fructose-1,6-bisphosphate (F-1,6-BP) and ADP. Thus, these findings, along with negative
correlations observed in the GDM group between the WWOX/HIFIA ratio and several
glycolytic genes driven by HIF-1a (SLC2A1, HK2, PFK, and PKM?2) support an important
contribution of WWOX downregulation toward enhanced glycolysis. It should be noted
that although neither WWOX expression nor the WWOX/HIFIA ratio correlated with
metabolic phenotypes of diabetic patients, they associated with insulin resistance/sensitivity
parameters of pregnancies with NGT, suggesting a plausible role of WWOX in progressive
insulin resistance, which is the hallmark of normal glucose regulation during pregnancy.
In fact, pregnancy is normally accompanied by progressive insulin resistance that begins
near mid-pregnancy and progresses through the third trimester, predominantly as the
result of increasing production of placental hormones. In this state, most pregnant women
maintain normal glucose tolerance through a compensatory increase in insulin secretion
by pancreatic 3 cells.

The limitation of our research is the fact that it was not possible to investigate the reason
for the decrease in WWOX expression in GDM patients. It is known that increasing evidence
implicate altered DNA methylation in the pathophysiology of gestational diabetes mellitus
(GDM) (El Hajj et al., 2013; Reichetzeder et al., 2016; Dias et al., 2019) and a possible general
defect in DNA methylation in diabetes is suggested (Maier ¢ Olek, 2002; Enquobahrie et
al., 2015). WWOX gene is classified among the differentially methylated T2D susceptibility
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genes in adipose tissue (Nilsson et al., 2014) and one of the targets of DNA methylation
affecting the Warburg effect (Zhu et al., 2020). Recent reports point to an important role
of WWOX as one of the differentially expressed genes (DEGs) in pancreatic, muscle, and
adipose tissue in type 2 diabetics, simultaneously overlapping with the subnetwork of
genes responsible for insulin secretion and insulin activity, measured by HOMA- 3 and
HOMA-IR, respectively. The authors suggest that these genes, including WWOX, which
are significantly associated with the intermediate glycemic traits of HOMA-IR and HOMA-
B are likely to be help to identify the subnetworks of T2D protein-protein interaction that
can be targeted for understanding pathogenic mechanisms that lead to disease (Saxena et
al., 2020).

Strikingly, we found significantly higher postpartum WWOX expression in women with
prior GDM compared to that displayed by the same women with diagnosed GDM, but
its level was comparable to that observed in normal pregnancy. Hence, leukocyte WWOX
downregulation seen in our GDM patients may be a unique feature of diabetic pregnancy,
implicating WWOX in the pathogenesis of GDM. However, there was a relatively small
population size of postpartum patients with prior GDM (n =8 and n = 12 at 3 months
and 1 year postdelivery, respectively) compared to the number of GDM women who
participated in the study (n = 98), limiting our statistical significance. Although all GDM
women participating in this study were recommended for postpartum glucose testing, only
a very small number of diabetic patients came to the OGTT in the postpartum period. It
is in line with a common global trend in extremely low the follow-up rate of postpartum
glucose testing in women with a history of GDM (Koning et al., 2016; Pastore et al., 2018).
Many factors contribute to this phenomenon, including lack of time, difficulties with child
care, less risk awareness to develop diabetes in the future, or transport difficulties, among
others (Bernstein et al., 2016; Van Ryswyk et al., 2016). Thus, developing more satisfactory
strategies are required for improving women’s participation in postpartum screening.

It is now widely accepted that exaggerated inflammation is closely associated with the
development and course of GDM, and numerous inflammatory mediators participating in
these processes have been recognized so far (Zhao et al., 2011; Gomes et al., 2013). Among
them, the nuclear factor-xB (NFkB) is thought to be a crucial regulator of the immune
and inflammatory responses since it is involved in inducible expression of a variety of
cellular genes encoding pro-inflammatory cytokines, chemokines, and adhesion molecule
(Kuzmicki et al., 2013). In agreement with previously published data (Feng et al., 2016), we
found the increased NFKBI mRNA level in hyperglycemic and insulin resistant patients with
GDM, suggesting that this change may be related to the pathophysiology of hyperglycemia
and insulin resistance that are evident in women with GDM. Further, we observed that
NFKBI expression correlated inversely with the expression WWOX and SLC2A4 as well
as the WWOX/HIFIA ratio and positively with the expression of HIF-1a-responsive
genes such as PKM2 and LDHA in the GDM women, clearly pointing to a crosstalk
between NFKBI upregulation, WWOX downregulation, impaired GLUT4-mediated
intracellular transport of glucose, and enhanced glycolytic pathway in the condition of
diabetic pregnancy; however, whether these associations have functional relevance for
the development of GDM remains to be determined. It is noteworthy that although our
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gene correlation analyses failed to demonstrate the existence of an relationship of NFKBI
with HIFIA in the women with GDM, both genes were significantly upregulated in these
patients, implying their relevance in the setting of human diabetic pregnancy. In support
of this hypothesis, a previous study revealed a close relationship between the placental
HIF-1o and NF-kB upregulation in a mouse model of GDM, which leads to an excessive
inflammatory response (Li, Chen ¢ Li, 2013). In this context, a strong positive correlation
between the expression of HIFIA and NFKBI found in our healthy pregnant women is
surprising, thereby the explanation for this association remains not resolved and warrants
further studies.

The Wnt/B-catenin signaling has been implicated in numerous physiological and
pathophysiological processes, and its importance in glucose homeostasis through regulating
pancreatic beta cell proliferation and mass as well as insulin secretion has been described
in transgenic mouse models (Rulifson et al., 2007). Several lines evidence also point to the
occurrence of polymorphisms in the gene encoding TCF7L2, an important downstream
target of the canonical Wnt signaling pathway, that associate with an increased risk of the
development of T2DM (Grant et al., 2006; Florez, 2007). Numerous studies in cultured
cells and animal models suggest that the exposure to high glucose may activate the Wnt/p3-
catenin signaling pathway, but the regulation of some components of this pathway is still
poorly understood (Liu, Liang ¢ Yang, 2015). In our study, the expression of the CTNNBI
and DVL2 genes, encoding 3-catenin and dishevelled 2 (DVL-2) protein, respectively, was
significantly increased in leukocytes of hyperglycemic and insulin resistant patients with
GDM compared to that noted in normal controls, thereby suggesting that the activation of
the Wnt signaling pathway may be linked with the metabolic phenotype of diabetic patients.
Further, in patients with GDM, DVL2 correlated positively with HIFIA and its target genes,
including HK2, PFK, PKM2, and SLC2A1, and negatively with the WWOX/HIFIA index,
whereas there were inverse correlations in the expression between CTNNBI and HIF1A and
HK2. Known is interaction between WWOX and DVL2 in the cytoplasmic compartment
and its role as inhibitor of the Wnt/B-catenin pathway by sequestering DVL proteins in the
cytoplasmic compartment to inhibition B-catenin stabilization and transcription activation
(Bouteille et al., 2009), which confirms the increased expression of DVL2 and CTNNBI with
reduced WWOX expression in the leukocytes of GDM patients with a simultaneous negative
correlation of WWOX/HIF1A with DVL2. Therefore, increased CTNNBI expression and
a positive correlation with WWOX/HIFIA may be a compensatory effect as a reaction to
inhibitory influence of WWOX.

Any discrepancies in our results in relation to the literature data may also result from
the fact that leukocytes are examined as a whole population of different cells. Probably
the analysis of the expression differences in leukocytes subsets would explain the observed
variability, as the literature data indicate statistically significant differences in the number
of individual fractions of white blood cells between the GDM and NGT groups (Hope,
Ifeanyi ¢ Braxton, 2019; Sargin et al., 2016).
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CONCLUSIONS

In conclusion, this study demonstrated that WWOX downregulation was accompanied
by a transcriptional up-regulation of the glycolytic phenotype in leukocytes of diabetic
patients, which positively associated with glycemic control in these subjects. In addition,
the WWOX gene is proposed as an important contributor to the pathogenesis of GDM.
However, the validity of these findings need to be confirmed in larger studies with more
statistical power and with the analysis of protein expression of the components of the
WWOX/HIF1A axis in leukocytes of GDM subjects.

ACKNOWLEDGEMENTS

Part of these data were presented in abstract form at the 25th Biennial Congress of the
EACR (European Association for Cancer Research) in June 2018, Amsterdam, Netherlands
and 20th Gliwice Scientific Meetings in November 2016, Gliwice, Poland.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

The study was supported by grant from the National Science Centre,

Poland nr 2015/17/N/NZ4/02805 and Medical University of Lodz grant nr 503/0-
078-02/503-01-003 (Molecular Carcinogenesis Department) and Medical University

of Lodz grant nr 503/0-160-01/503-01-002 and 503/0-160-01/503-01-005 (Department of
Structural Biology). The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

The National Science Centre, Poland nr: 2015/17/N/NZ4/02805.

Medical University of Lodz grant nr (Molecular Carcinogenesis Department): 503/0-078-
02/503-01-003.

Medical University of Lodz grant nr (Department of Structural Biology): 503/0-160-
01/503-01-002, 503/0-160-01/503-01-005.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Izabela Baryla conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
paper, and approved the final draft.

e Elzbieta Pluciennik and Katarzyna Kosla conceived and designed the experiments,
analyzed the data, authored or reviewed drafts of the paper, and approved the final draft.

e Marzena Wojcik analyzed the data, authored or reviewed drafts of the paper, and
approved the final draft.

Baryla et al. (2021), PeerdJ, DOI 10.7717/peerj.10604 21/29


https://peerj.com
http://dx.doi.org/10.7717/peerj.10604

Peer

e Andrzej Zieleniak performed the experiments, analyzed the data, authored or reviewed
drafts of the paper, and approved the final draft.

e Monika Zurawska performed the experiments, authored or reviewed drafts of the paper,
and approved the final draft.

e Katarzyna Cypryk and Lucyna Alicja Wozniak conceived and designed the experiments,
authored or reviewed drafts of the paper, and approved the final draft.

e Andrzej Bednarek conceived and designed the experiments, analyzed the data, authored
or reviewed drafts of the paper, and approved the final draft.

Human Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

The Ethical Committee of the Medical University of Lodz provided approval to carry
out the study within its facilities (No. RNN/186/11/KE from 20.09.2011 with changes
KE/596/15 from 21.04.2015 and RNN/676/14/KB from 23.09.2014).

Data Availability
The following information was supplied regarding data availability:
The raw data are available in the Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.10604#supplemental-information.

REFERENCES

Abu-Remaileh M, Abu-Remaileh M, Akkawi R, Knani I, Udi S, Pacold ME, Tam
J, Ageilan RI. 2019. WWOX somatic ablation in skeletal muscles alters glucose
metabolism. Molecular Metabolism 22:132—-140 DOI 10.1016/j.molmet.2019.01.010.

Abu-Remaileh M, Ageilan RI. 2014. Tumor suppressor WWOX regulates glucose
metabolism via HIF1a modulation. Cell Death and Differentiation 21:1805-1814
DOI 10.1038/cdd.2014.95.

Albers RE, Kaufman MR, Natale BV, Keoni C, Kulkarni-Datar K, Min S, Williams CR,
Natale DRC, Brown TL. 2019. Trophoblast-specific expression of Hif-1a results in
preeclampsia-like symptoms and fetal growth restriction. Scientific Reports 9:2742
DOI 10.1038/541598-019-39426-5.

Anderson M, Marayati R, Moffitt R, Yeh JJ. 2017. Hexokinase 2 promotes tumor growth
and metastasis by regulating lactate production in pancreatic cancer. Oncotarget
8:56081-56094 DOI 10.18632/oncotarget.9760.

Ageilan RI, Hassan MQ, De Bruin A, Hagan JP, Volinia S, Palumbo T, Hussain S, Lee
S-H, Gaur T, Stein GS, Lian JB, Croce CM. 2008. The WWOX tumor suppressor
is essential for postnatal survival and normal bone metabolism. The Journal of
Biological Chemistry 283:21629-21639 DOI 10.1074/jbc.M800855200.

Baryla et al. (2021), PeerdJ, DOI 10.7717/peerj.10604 22/29


https://peerj.com
http://dx.doi.org/10.7717/peerj.10604#supplemental-information
http://dx.doi.org/10.7717/peerj.10604#supplemental-information
http://dx.doi.org/10.7717/peerj.10604#supplemental-information
http://dx.doi.org/10.1016/j.molmet.2019.01.010
http://dx.doi.org/10.1038/cdd.2014.95
http://dx.doi.org/10.1038/s41598-019-39426-5
http://dx.doi.org/10.18632/oncotarget.9760
http://dx.doi.org/10.1074/jbc.M800855200
http://dx.doi.org/10.7717/peerj.10604

Peer

Arcidiacono B, Chiefari E, Foryst-Ludwig A, Curro G, Navarra G, Brunetti FS,
Mirabelli M, Corigliano DM, Kintscher U, Britti D, Mollace V, Foti DP, Goldfine
ID, Brunetti A. 2020. Obesity-related hypoxia via miR-128 decreases insulin-
receptor expression in human and mouse adipose tissue promoting systemic insulin
resistance. EBioMedicine 59:102912 DOI 10.1016/j.ebiom.2020.102912.

Arriaran S, Agnelli S, Sabater D, Remesar X, Fernandez-Lépez JA, Alemany M.

2015. Evidences of basal lactate production in the main white adipose tis-
sue sites of rats. Effects of sex and a cafeteria diet. PLOS ONE 10:e0119572
DOI 10.1371/journal.pone.0119572.

Bednarek AK, Keck-Waggoner CL, Daniel RL, Laflin KJ, Bergsagel PL, Kiguchi K,
Brenner AJ, Aldaz CM. 2001. WWOX, the FRA16D gene, behaves as a suppressor
of tumor growth. Cancer Research 61:8068—8073.

Bednarek AK, Laflin KJ, Daniel RL, Liao Q, Hawkins KA, Aldaz CM. 2000. WWOX, a
novel WW domain-containing protein mapping to human chromosome 16q23.3-
24.1, aregion frequently affected in breast cancer. Cancer Research 60:2140-2145.

Bellamy L, Casas J-P, Hingorani AD, Williams D. 2009. Type 2 diabetes mellitus after
gestational diabetes: a systematic review and meta-analysis. Lancet 373:1773-1779
DOI 10.1016/S0140-6736(09)60731-5.

Bernstein JA, McCloskey L, Gebel CM, Iverson RE, Lee-Parritz A. 2016. Lost op-
portunities to prevent early onset type 2 diabetes mellitus after a pregnancy com-
plicated by gestational diabetes. BMJ Open Diabetes Research ¢ Care 4:¢€000250
DOI 10.1136/bmjdrc-2016-000250.

Bouteille N, Driouch K, Hage PE, Sin S, Formstecher E, Camonis J, Lidereau R,
Lallemand F. 2009. Inhibition of the Wnt/beta-catenin pathway by the WWOX
tumor suppressor protein. Oncogene 28:2569-2580 DOI 10.1038/0nc.2009.120.

Brooks AP, Metcalfe J, Day JL, Edwards MS. 1980. Iron deficiency and glycosylated
haemoglobin A. Lancet 2:141 DOI 10.1016/s0140-6736(80)90019-7.

Caniggia I, Mostachfi H, Winter J, Gassmann M, Lye SJ, Kuliszewski M, Post M. 2000.
Hypoxia-inducible factor-1 mediates the biological effects of oxygen on human
trophoblast differentiation through TGFbeta(3). The Journal of Clinical Investigation
105:577-587 DOI 10.1172/]CI8316.

Catrina S-B, Okamoto K, Pereira T, Brismar K, Poellinger L. 2004. Hyperglycemia
regulates hypoxia-inducible factor-1alpha protein stability and function. Diabetes
53:3226-3232 DOI 10.2337/diabetes.53.12.3226.

Christensen JJ, Ulven SM, Thoresen M, Westerman K, Holven KB, Andersen LF. 2020.
Associations between dietary patterns and gene expression pattern in peripheral
blood mononuclear cells: a cross-sectional study. Nutrition, Metabolism and
Cardiovascular Diseases 30:P2111-P2122 DOI 10.1016/j.numecd.2020.06.018.

Colomiere M, Permezel M, Lappas M. 2010. Diabetes and obesity during pregnancy alter
insulin signalling and glucose transporter expression in maternal skeletal muscle
and subcutaneous adipose tissue. Journal of Molecular Endocrinology 44:213-223
DOI 10.1677/JME-09-0091.

Baryla et al. (2021), PeerdJ, DOI 10.7717/peerj.10604 23/29


https://peerj.com
http://dx.doi.org/10.1016/j.ebiom.2020.102912
http://dx.doi.org/10.1371/journal.pone.0119572
http://dx.doi.org/10.1016/S0140-6736(09)60731-5
http://dx.doi.org/10.1136/bmjdrc-2016-000250
http://dx.doi.org/10.1038/onc.2009.120
http://dx.doi.org/10.1016/s0140-6736(80)90019-7
http://dx.doi.org/10.1172/JCI8316
http://dx.doi.org/10.2337/diabetes.53.12.3226
http://dx.doi.org/10.1016/j.numecd.2020.06.018
http://dx.doi.org/10.1677/JME-09-0091
http://dx.doi.org/10.7717/peerj.10604

Peer

Colomiere M, Permezel M, Riley C, Desoye G, Lappas M. 2009. Defective insulin
signaling in placenta from pregnancies complicated by gestational diabetes mellitus.
European Journal of Endocrinology 160:567—578 DOI 10.1530/EJE-09-0031.

Coustan DR, Lowe LP, Metzger BE, Dyer AR. 2010. The Hyperglycemia and Adverse
Pregnancy Outcome (HAPO) study: paving the way for new diagnostic criteria
for gestational diabetes mellitus. American Journal of Obstetrics and Gynecology
202:654.e1-654.e6 DOI 10.1016/j.2j0g.2010.04.006.

Czech A, Cypryk K, Czupryniak L, Gajewska D, Grzeszczak W, Gumprecht J, Idzior-
Walus B, Jarosz-Chobot P, Kalarus Z, Karnafel W, Kokoszka A, Koblik T, Korzon-
Burakowska A, Kowalska I, Loba J, Majkowska L, Malecki M, Mamcarz A,
Mirkiewicz-Sieradzka B, Mlynarski W, Noczynska A, Raczynska K, Sieradzki J,
Slowik A, Solnica B, Stankiewicz A, Strojek K, Szadkowska A, Szelachowska M,
Wender-Ozegowska E, Wierusz-Wysocka B, Zozulinska-Ziélkiewicz D. 2014.
Guidelines on the management of diabetic patients. A position of Diabetes Poland.
[Zalecenia kliniczne dotyczace postepowania u chorych na cukrzyce 2014 Stanowisko
Polskiego Towarzystwa Diabetologicznego]. Clinical Diabetology 3:1-81.

Dias S, Adam S, Rheeder P, Louw J, Pheiffer C. 2019. Altered genome-wide DNA methy-
lation in peripheral blood of South African women with gestational diabetes mellitus.
International Journal of Molecular Sciences 20:5828 DOI 10.3390/1jms20235828.

El Hajj N, Pliushch G, Schneider E, Dittrich M, Muller T, Korenkov M, Aretz M,
Zechner U, Lehnen H, Haaf T. 2013. Metabolic programming of MEST DNA
methylation by intrauterine exposure to gestational diabetes mellitus. Diabetes
62:1320-1328 DOI 10.2337/db12-0289.

Enquobahrie DA, Moore A, Muhie S, Tadesse MG, Lin S, Williams MA. 2015. Early
pregnancy maternal Blood DNA methylation in repeat pregnancies and change in
gestational diabetes mellitus status—a pilot study. Reproductive Sciences 22:904—910
DOI10.1177/1933719115570903.

Esteves JV, Yonamine CY, Pinto-Junior DC, Gerlinger-Romero F, Enguita FJ, Machado
UF. 2018. Diabetes modulates MicroRNAs 29b-3p, 29¢-3p, 199a-5p and 532-3p
expression in muscle: possible role in GLUT4 and HK2 repression. Frontiers in
Endocrinology 9:536 DOI 10.3389/fendo.2018.00536.

Feng H, SuR, Song Y, Wang C, Lin L, Ma J, Yang H. 2016. Positive correlation
between enhanced expression of TLR4/MyD88/NF-xB with insulin resis-
tance in placentae of gestational diabetes mellitus. PLOS ONE 11:e0157185
DOI 10.1371/journal.pone.0157185.

Florez JC. 2007. The new type 2 diabetes gene TCF7L2. Current Opinion in Clinical
Nutrition and Metabolic Care 10:391-396 DOI 10.1097/MCO.0b013e3281e2c9be.

Genova MP, Todorova-Ananieva K, Atanasova B, Tzatchev K. 2014. Assessment of
beta-cell function during pregnancy and after delivery. Acta Medica Bulgarica
41:5-12 DOI 10.2478/amb-2014-0001.

Gillett MJ. 2009. International expert committee report on the role of the Alc assay
in the diagnosis of diabetes: diabetes Care 32 (7) (2009) 1327-1334. The Clinical
Biochemist. Reviews 30:197-200.

Baryla et al. (2021), PeerdJ, DOI 10.7717/peerj.10604 24/29


https://peerj.com
http://dx.doi.org/10.1530/EJE-09-0031
http://dx.doi.org/10.1016/j.ajog.2010.04.006
http://dx.doi.org/10.3390/ijms20235828
http://dx.doi.org/10.2337/db12-0289
http://dx.doi.org/10.1177/1933719115570903
http://dx.doi.org/10.3389/fendo.2018.00536
http://dx.doi.org/10.1371/journal.pone.0157185
http://dx.doi.org/10.1097/MCO.0b013e3281e2c9be
http://dx.doi.org/10.2478/amb-2014-0001
http://dx.doi.org/10.7717/peerj.10604

Peer

Gomes CP, Torloni MR, Gueuvoghlanian-Silva BY, Alexandre SM, Mattar R, Daher
S. 2013. Cytokine levels in gestational diabetes mellitus: a systematic review of the
literature. American Journal of Reproductive Immunology (New York, N.Y.: 1989)
69:545-557 DOI 10.1111/2j1.12088.

Grant SFA, Thorleifsson G, Reynisdottir I, Benediktsson R, Manolescu A, Sainz J,
Helgason A, Stefansson H, Emilsson V, Helgadottir A, Styrkarsdottir U, Magnus-
son KP, Walters GB, Palsdottir E, Jonsdottir T, Gudmundsdottir T, Gylfason A,
Saemundsdottir J, Wilensky RL, Reilly MP, Rader DJ, Bagger Y, Christiansen C,
Gudnason V, Sigurdsson G, Thorsteinsdottir U, Gulcher JR, Kong A, Stefansson
K. 2006. Variant of transcription factor 7-like 2 (TCF7L2) gene confers risk of type 2
diabetes. Nature Genetics 38:320-323 DOI 10.1038/ng1732.

Isoe T, Makino Y, Mizumoto K, Sakagami H, Fujita Y, Honjo J, Takiyama Y, Itoh
H, Haneda M. 2010. High glucose activates HIF-1-mediated signal transduction
in glomerular mesangial cells through a carbohydrate response element binding
protein. Kidney International 78:48-59 DOI 10.1038/ki.2010.99.

Jenum AK, Morkrid K, Sletner L, Vangen S, Vange S, Torper JL, Nakstad B, Voldner
N, Rognerud-Jensen OH, Berntsen S, Mosdel A, Skrivarhaug T, Virdal MH,
Holme I, Yajnik CS, Birkeland KI. 2012. Impact of ethnicity on gestational diabetes
identified with the WHO and the modified International Association of Diabetes and
Pregnancy Study Groups criteria: a population-based cohort study. European Journal
of Endocrinology 166:317-324 DOI 10.1530/EJE-11-0866.

Katz A, Nambi SS, Mather K, Baron AD, Follmann DA, Sullivan G, Quon M]J. 2000.
Quantitative insulin sensitivity check index: a simple, accurate method for assessing
insulin sensitivity in humans. The Journal of Clinical Endocrinology and Metabolism
85:2402-2410 DOI 10.1210/jcem.85.7.6661.

Kim C, Bullard KM, Herman WH, Beckles GL. 2010. Association between iron de-
ficiency and A1C Levels among adults without diabetes in the National Health
and Nutrition Examination Survey, 1999-2006. Diabetes Care 33:780-785
DOI 10.2337/dc09-0836.

Koning SH, Lutgers HL, Hoogenberg K, Trompert CA, Van den Berg PP, Wolffenbuttel
BHR. 2016. Postpartum glucose follow-up and lifestyle management after gestational
diabetes mellitus: general practitioner and patient perspectives. Journal of Diabetes
and Metabolic Disorders 15:56 DOI 10.1186/s40200-016-0282-2.

Kuzmicki M, Telejko B, Wawrusiewicz-Kurylonek N, Lipinska D, Pliszka J, Wilk J,
Zielinska A, Skibicka J, Szamatowicz J, Kretowski A, Gorska M. 2013. The expres-
sion of genes involved in NF-kB activation in peripheral blood mononuclear cells of
patients with gestational diabetes. European Journal of Endocrinology 168:419-427
DOI 10.1530/EJE-12-0654.

Lappas M, Hiden U, Desoye G, Froehlich J, Hauguel-de Mouzon S, Jawerbaum A. 2011.
The role of oxidative stress in the pathophysiology of gestational diabetes mellitus.
Antioxidants & Redox Signaling 15:3061-3100 DOI 10.1089/ars.2010.3765.

Baryla et al. (2021), PeerdJ, DOI 10.7717/peerj.10604 25/29


https://peerj.com
http://dx.doi.org/10.1111/aji.12088
http://dx.doi.org/10.1038/ng1732
http://dx.doi.org/10.1038/ki.2010.99
http://dx.doi.org/10.1530/EJE-11-0866
http://dx.doi.org/10.1210/jcem.85.7.6661
http://dx.doi.org/10.2337/dc09-0836
http://dx.doi.org/10.1186/s40200-016-0282-2
http://dx.doi.org/10.1530/EJE-12-0654
http://dx.doi.org/10.1089/ars.2010.3765
http://dx.doi.org/10.7717/peerj.10604

Peer

Li H-P, Chen X, Li M-Q. 2013. Gestational diabetes induces chronic hypoxia stress and
excessive inflammatory response in murine placenta. International Journal of Clinical
and Experimental Pathology 6:650—659.

Liew C-C, Ma ], Tang H-C, Zheng R, Dempsey AA. 2006. The peripheral blood
transcriptome dynamically reflects system wide biology: a potential diag-
nostic tool. The Journal of Laboratory and Clinical Medicine 147:126—132
DOI 10.1016/j.1ab.2005.10.005.

Liu W, Liang X, Yang D. 2015. The effects of chinese medicine on activation of Wnt/ -
catenin signal pathway under high glucose condition. Evidence-Based Complementary
and Alternative Medicine 2015:295135 DOI 10.1155/2015/295135.

Ludes-Meyers JH, Bednarek AK, Popescu NC, Bedford M, Aldaz CM. 2003. WWOX,
the common chromosomal fragile site, FRA16D, cancer gene. Cytogenetic and
Genome Research 100:101-110 DOI 10.1159/000072844.

Mac-Marcjanek K, Zieleniak A, Zurawska-Klis M, Cypryk K, Wozniak L, Wojcik M.
2018. Expression profile of diabetes-related genes associated with leukocyte sirtuin
1 overexpression in gestational diabetes. International Journal of Molecular Sciences
19:3826 DOI 10.3390/ijms19123826.

Maier S, Olek A. 2002. Diabetes: a candidate disease for efficient DNA methylation
profiling. The Journal of Nutrition 132:24405-2443S DOI 10.1093/jn/132.8.24408.

Marfella R, D’Amico M, Di Filippo C, Piegari E, Nappo F, Esposito K, Berrino L, Rossi
F, Giugliano D. 2002. Myocardial infarction in diabetic rats: role of hyperglycaemia
on infarct size and early expression of hypoxia-inducible factor 1. Diabetologia
45:1172-1181 DOI 10.1007/s00125-002-0882-x.

Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. 1985.
Homeostasis model assessment: insulin resistance and beta-cell function from
fasting plasma glucose and insulin concentrations in man. Diabetologia 28:412—419
DOI 10.1007/BF00280883.

Messineo S, Laria AE, Arcidiacono B, Chiefari E, Luque Huertas RM, Foti DP, Brunetti
A. 2016. Cooperation between HMGAL1 and HIF-1 contributes to hypoxia-induced
VEGEF and visfatin gene expression in 3T3-L1 adipocytes. Frontiers in Endocrinology
7:73 DOI 10.3389/fend0.2016.00073.

Metzger BE. 2007. Long-term outcomes in mothers diagnosed with gestational dia-
betes mellitus and their offspring. Clinical Obstetrics and Gynecology 50:972-979
DOI 10.1097/GRF.0b013e31815a61d6.

Muralimanoharan S, Maloyan A, Myatt L. 2016. Mitochondrial function and glucose
metabolism in the placenta with gestational diabetes mellitus: role of miR-143.
Clinical Science 130:931-941 DOI 10.1042/CS20160076.

Nadimi Barforoushi M, Qujeq D, Roudi B. 2017. Profiling glycated hemoglobin level,
lactate dehydrogenase and alkaline phosphatase activity in gestational diabetes
mellitus obese women and compare them with each other. ssu-ijml 4:135-141.

Nagalakshmi CS, Santhosh NU, Krishnamurthy N, Chethan C, Shilpashree MK.

2016. Role of altered venous blood lactate and HbA1lc in women with gestational

Baryla et al. (2021), PeerdJ, DOI 10.7717/peerj.10604 26/29


https://peerj.com
http://dx.doi.org/10.1016/j.lab.2005.10.005
http://dx.doi.org/10.1155/2015/295135
http://dx.doi.org/10.1159/000072844
http://dx.doi.org/10.3390/ijms19123826
http://dx.doi.org/10.1093/jn/132.8.2440S
http://dx.doi.org/10.1007/s00125-002-0882-x
http://dx.doi.org/10.1007/BF00280883
http://dx.doi.org/10.3389/fendo.2016.00073
http://dx.doi.org/10.1097/GRF.0b013e31815a61d6
http://dx.doi.org/10.1042/CS20160076
http://dx.doi.org/10.7717/peerj.10604

Peer

diabetes mellitus. Journal of Clinical and Diagnostic Research 10:BC18-BC20
DOI 10.7860/JCDR/2016/23342.9095.

Nilsson E, Jansson PA, Perfilyev A, Volkov P, Pedersen M, Svensson MK, Poulsen P,
Ribel-Madsen R, Pedersen NL, Almgren P, Fadista J, Ronn T, Klarlund Pedersen
B, Scheele C, Vaag A, Ling C. 2014. Altered DNA methylation and differential
expression of genes influencing metabolism and inflammation in adipose tissue from
subjects with type 2 diabetes. Diabetes 63:2962-2976 DOI 10.2337/db13-1459.

Nunez MI, Ludes-Meyers J, Abba MC, Kil H, Abbey NW, Page RE, Sahin A, Klein-
Szanto AJP, Aldaz CM. 2005. Frequent loss of WWOX expression in breast cancer:
correlation with estrogen receptor status. Breast Cancer Research and Treatment
89:99-105 DOI 10.1007/s10549-004-1474-x.

Hope O, Ifeanyi OE, Braxton AQ. 2019. Investigation of some Haematological Param-
eters in Pregnant Women with Gestational Diabetes at Federal Medical Center,
Owerri, Imo State, Nigeria. Annals of Clinical and Laboratory Research 2:305
DOI 10.21767/2386-5180.100305.

Paige AJW, Zucknick M, Janczar S, Paul J, Mein CA, Taylor KJ, Stewart M, Gourley
G, Richardson S, Perren T, Ganesan TS, Smyth JF, Brown R, Gabra H. 2010.
WWOX tumour suppressor gene polymorphisms and ovarian cancer pathology and
prognosis. European Journal of Cancer 46:818-825 DOI 10.1016/j.ejca.2009.12.021.

Pastore I, Chiefari E, Vero R, Brunetti A. 2018. Postpartum glucose intolerance: an
updated overview. Endocrine 59:481-494 DOI 10.1007/s12020-017-1388-0.

Pfaffl MW. 2001. A new mathematical model for relative quantification in real-time RT-
PCR. Nucleic Acids Research 29:e45 DOI 10.1093/nar/29.9.e45.

Phluciennik E, Kusiniska R, Potemski P, Kubiak R, Kordek R, Bednarek AK. 2006.
WWOX-the FRA16D cancer gene: expression correlation with breast cancer
progression and prognosis. European Journal of Surgical Oncology 32:153-157
DOI10.1016/j.ejs0.2005.11.002.

Qin HR, Iliopoulos D, Semba S, Fabbri M, Druck T, Volinia S, Croce CM, Morrison
CD, Klein RD, Huebner K. 2006. A role for the WWOX gene in prostate cancer.
Cancer Research 66:6477—-6481 DOI 10.1158/0008-5472.CAN-06-0956.

Reichetzeder C, Dwi Putra SE, Pfab T, Slowinski T, Neuber C, Kleuser B, Hocher B.
2016. Increased global placental DNA methylation levels are associated with gesta-
tional diabetes. Clinical Epigenetics 8:Article 82 DOI 10.1186/s13148-016-0247-9.

Rulifson IC, Karnik SK, Heiser PW, Ten Berge D, Chen H, Gu X, Taketo MM, Nusse R,
Hebrok M, Kim SK. 2007. Wnt signaling regulates pancreatic beta cell proliferation.
Proceedings of the National Academy of Sciences of the United States of America
104:6247-6252 DOI 10.1073/pnas.0701509104.

Sargin MA, Yassa M, Taymur BD, Celik A, Ergun E, Tug N. 2016. Neutrophil-to-
lymphocyte and platelet-to-lymphocyte ratios: are they useful for predicting
gestational diabetes mellitus during pregnancy? Therapeutics and Clinical Risk
Management 2016:657-665 DOI 10.2147/TCRM.S104247.

Saxena A, Wahi N, Kumar A, Mathur SK. 2020. Functional interactomes of genes
showing association with type-2 diabetes and its intermediate phenotypic traits point

Baryla et al. (2021), PeerdJ, DOI 10.7717/peerj.10604 27/29


https://peerj.com
http://dx.doi.org/10.7860/JCDR/2016/23342.9095
http://dx.doi.org/10.2337/db13-1459
http://dx.doi.org/10.1007/s10549-004-1474-x
http://dx.doi.org/10.21767/2386-5180.100305
http://dx.doi.org/10.1016/j.ejca.2009.12.021
http://dx.doi.org/10.1007/s12020-017-1388-0
http://dx.doi.org/10.1093/nar/29.9.e45
http://dx.doi.org/10.1016/j.ejso.2005.11.002
http://dx.doi.org/10.1158/0008-5472.CAN-06-0956
http://dx.doi.org/10.1186/s13148-016-0247-9
http://dx.doi.org/10.1073/pnas.0701509104
http://dx.doi.org/10.2147/TCRM.S104247
http://dx.doi.org/10.7717/peerj.10604

Peer

towards adipo-centric mechanisms in its pathophysiology. Biomolecules 10:601
DOI 10.3390/biom10040601.

Semenza GL. 2001. Hypoxia-inducible factor 1: oxygen homeostasis and disease
pathophysiology. Trends in Molecular Medicine 7:345-350
DOI10.1016/S1471-4914(01)02090-1.

Servier Medical Art by Servier. 2020a. CELL MEMBRANE. Available at https://smart.
servier.com/smart_image/ cell-membrane-14/.

Servier Medical Art by Servier. 2020b. CHANNEL. Available at https://smart.servier.
com/smart_image/ channel-119/.

Shah BR, Retnakaran R, Booth GL. 2008. Increased risk of cardiovascular disease in
young women following gestational diabetes mellitus. Diabetes Care 31:1668—1669
DOI 10.2337/dc08-0706.

SongJ, Yang X, Yan L-J. 2019. Role of pseudohypoxia in the pathogenesis of type 2
diabetes. Hypoxia 7:33—40 DOI 10.2147/HP.S202775.

Standards of medical care in diabetes. 2018. Use of glycated haemoglobin (HbAIc) in
the diagnosis of diabetes mellitus: abbreviated report of a WHO Consultation. 2011.
Geneva: World Health Organization.

Van Ryswyk EM, Middleton PF, Hague WM, Crowther CA. 2016. Women’s views on
postpartum testing for type 2 diabetes after gestational diabetes: six month follow-
up to the DIAMIND randomised controlled trial. Primary Care Diabetes 10:91-102
DOI 10.1016/j.pcd.2015.07.003.

Virtue MA, Furne JK, Nuttall FQ, Levitt MD. 2004. Relationship between GHb
concentration and erythrocyte survival determined from breath carbon monoxide
concentration. Diabetes Care 27:931-935 DOI 10.2337/diacare.27.4.931.

Wakeland AK, Soncin F, Moretto-Zita M, Chang C-W, Horii M, Pizzo D, Nelson KK,
Laurent LC, Parast MM. 2017. Hypoxia directs human extravillous trophoblast
differentiation in a hypoxia-inducible factor-dependent manner. The American
Journal of Pathology 187:767-780 DOI 10.1016/j.ajpath.2016.11.018.

Wartko PD, Beck TL, Reed SD, Mueller BA, Hawes SE. 2017. Association of endometrial
hyperplasia and cancer with a history of gestational diabetes. Cancer Causes &
Control 28:819-828 DOI 10.1007/s10552-017-0908-9.

Wierzba W, Sliwczyﬁski A, Karnafel W, Bojar I, Pinkas J. 2017. Gestational diabetes
mellitus/hyperglycaemia during pregnancy in Poland in the years 2010-2012
based on the data from the National Health Fund. Ginekologia Polska 88:244—248
DOI 10.5603/GP.a2017.0046.

Williamson JR, Chang K, Frangos M, Hasan KS, Ido Y, Kawamura T, Nyengaard JR,
Van den Enden M, Kilo C, Tilton RG. 1993. Hyperglycemic pseudohypoxia and
diabetic complications. Diabetes 42:801-813 DOI 10.2337/diab.42.6.801.

Wojcik M, Zieleniak A, Mac-Marcjanek K, Wozniak LA, Cypryk K. 2014. The elevated
gene expression level of the A(2B) adenosine receptor is associated with hyper-
glycemia in women with gestational diabetes mellitus. Diabetes/Metabolism Research
and Reviews 30:42-53 DOI 10.1002/dmrr.2446.

Baryla et al. (2021), PeerdJ, DOI 10.7717/peerj.10604 28/29


https://peerj.com
http://dx.doi.org/10.3390/biom10040601
http://dx.doi.org/10.1016/S1471-4914(01)02090-1
https://smart.servier.com/smart_image/cell-membrane-14/
https://smart.servier.com/smart_image/cell-membrane-14/
https://smart.servier.com/smart_image/channel-119/
https://smart.servier.com/smart_image/channel-119/
http://dx.doi.org/10.2337/dc08-0706
http://dx.doi.org/10.2147/HP.S202775
http://dx.doi.org/10.1016/j.pcd.2015.07.003
http://dx.doi.org/10.2337/diacare.27.4.931
http://dx.doi.org/10.1016/j.ajpath.2016.11.018
http://dx.doi.org/10.1007/s10552-017-0908-9
http://dx.doi.org/10.5603/GP.a2017.0046
http://dx.doi.org/10.2337/diab.42.6.801
http://dx.doi.org/10.1002/dmrr.2446
http://dx.doi.org/10.7717/peerj.10604

Peer

Wojcik M, Zieleniak A, Zurawska-Klis M, Cypryk K, Wozniak LA. 2016. Increased
expression of immune-related genes in leukocytes of patients with diagnosed ges-
tational diabetes mellitus (GDM). Experimental Biology and Medicine 241:457—-465
DOI10.1177/1535370215615699.

Xiao Q, Zeng S, Ling S, Lv M. 2006. Up-regulation of HIF-1alpha and VEGF expression
by elevated glucose concentration and hypoxia in cultured human retinal pigment
epithelial cells. Journal of Huazhong University of Science and Technology. Medical Sci-
ences = Hua Zhong Ke Ji Da Xue Xue Bao. Yi Xue Ying De Wen Ban = Huazhong Keji
Daxue Xuebao. Yixue Yingdewen Ban 26:463—465 DOI 10.1007/s11596-006-0422-x.

Xie H, Simon MC. 2017. Oxygen availability and metabolic reprogramming in cancer.
The Journal of Biological Chemistry 292:16825-16832 DOI 10.1074/jbc.R117.799973.

Zalecenia kliniczne dotyczace postepowania u chorych na cukrzyce. 2014. Stanowisko
Polskiego Towarzystwa Diabetologicznego. Clinical Diabetology 3:1-81.

Zhao Y-H, Wang D-P, Zhang L-L, Zhang F, Wang D-M, Zhang W-Y. 2011. Genomic
expression profiles of blood and placenta reveal significant immune-related pathways
and categories in Chinese women with gestational diabetes mellitus. Diabetic
Medicine 28:237-246 DOI 10.1111/j.1464-5491.2010.03140.x.

Zhu X, Xuan Z, Chen J, Li Z, Zheng S, Song P. 2020. How DNA methylation affects
the Warburg effect. International Journal of Biological Sciences 16:2029-2041
DOI 10.7150/ijbs.45420.

Baryla et al. (2021), PeerdJ, DOI 10.7717/peerj.10604 29/29


https://peerj.com
http://dx.doi.org/10.1177/1535370215615699
http://dx.doi.org/10.1007/s11596-006-0422-x
http://dx.doi.org/10.1074/jbc.R117.799973
http://dx.doi.org/10.1111/j.1464-5491.2010.03140.x
http://dx.doi.org/10.7150/ijbs.45420
http://dx.doi.org/10.7717/peerj.10604

