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Abstract

Compelling evidence indicates that the immune system is linked to metabolism in gestational diabetes mellitus (GDM), but factors
participating in these processes still are awaiting identification. Inducible nitric oxide synthase, encoded by the NOS2 gene, and
surfactant protein D, encoded by the SFTPD gene, have been implicated in diabetes. We investigated NOS2 and SFTPD mRNA
levels in leukocytes obtained from 125 pregnant women with (n=87) or without (control group; n=38) GDM, and, in turn,
correlated their expression with clinical parameters of subjects. Leukocytes were isolated from the blood of pregnant women
and NOS2 and SFTPD expression in these cells was determined by quantitative real time PCR (QRT-PCR). Univariate correlation
analyses were performed to assess an association between leukocyte NOS2 and SFTPD expression and clinical characteristics of
patients. gqRT-PCR experiments disclosed significantly increased leukocyte NOS2 and SFTPD mRNA levels in hyperglycemic
GDM patients (P < 0.05). In the entire study group, there were significant positive associations of leukocyte NOS2 and SFTPD
mRNAs with C-reactive protein. Additionally, transcript level of SFTPD also correlated positively with fasting glycemia and insulin
resistance. This study demonstrates that an impaired glucose metabolism in GDM may be predominant predictor of leukocyte
NOS2 and SFTPD overexpression in diabetic patients. Furthermore, alterations in the expression of these genes are associated
with glucose metabolism dysfunction and/or inflammation during pregnancy. In addition, these findings support the utilization of
leukocytes as good experimental model to study a relationship between immune-related genes and metabolic changes in women
with GDM, as well as to assess the potential mechanisms underlying these alterations.
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and T2DM in the children during childhood and adoles-
cence.’” Although the precise mechanisms underlying
GDM are still not completely understood, a close
immune-metabolic relationship with inflammatory cyto-
kines regulating metabolic homeostasis has been found.®”
Additionally, recent performed placental and blood tran-
scriptome analysis in diabetic Chinese patients has shown
GDM-dependent alterations in the expression of numerous
immune-related genes, supporting the hypothesis of a link-
age of immune system to GDM.® Among a panel of known
immune-related genes, inducible nitric oxide (NO) synthase
(iNOS), also termed as NOS2, and surfactant protein D (SP-

Introduction

Gestational diabetes mellitus (GDM), defined as glucose
intolerance with onset or first recognition during pregnancy,
is the most prevalent metabolic disorder occurring during
pregnancy that affects from 3% to 17% of all pregnancies,
depending on racial and ethnic group, as well as the diag-
nostic and screening criteria.' GDM is associated with
increased risk of adverse maternal and perinatal outcomes,
including preeclampsia, preterm delivery, cesarean section,
macrosomia, and respiratory distress syndrome, among
other? There is also an increased risk of complications

after pregnancy such as the development of type 2 diabetes
mellitus (T2DM) and cardiovascular disease in the
mothers®* and developing obesity, metabolic syndrome,
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D), a collagenous calcium-dependent lectin (or collectin),
have drawn much attention as molecules not only related
to inflammation but also with glucose and lipid metabolism.
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NOS2, encoded by the NOS2 gene, is one of three differ-
ent isoforms of the enzyme NO synthase (EC 1.14.13.39)
that catalyzes the conversion of L-arginine to NO and
L-citrulline with the use of several cofactors, including
reduced nicotinamide-adenine-dinucleotide phosphate
(NADPH), flavin adenine dinucleotide (FAD), flavin mono-
nucleotide (FMN), and tetrahydrobiopterin (BH,).” NO is a
free radical implicated in modulating numerous physio-
logical functions such as vasodilation, learning, memory,
platelet aggregation, immune function, and angiogenesis.”
However, excessive NO production leads to peroxynitrite
(ONOQ™) formation as a result of its reaction with super-
oxide anion (O, °). Peroxynitrite can affect cell signaling by
mediating the oxidation and nitration of various biomol-
ecules.'®! Since iNOS is responsible for NO overproduc-
tion in response to inflammatory stimuli in metabolic
tissues, it is considered as an important pathogenic factor
in the development of disorders associated with a low
grade chronic state of inflammation, including obesity-
linked insulin resistance and B-cell failure.>* Indeed, it
has been shown that mice lacking iNOS are protected
from developing obesity-induced insulin resistance
and exhibit improved glucose tolerance.'? Furthermore,
selective iNOS expression in liver results in hepatic insulin
resistance, hyperglycemia, and hyperinsulinemia.'®
Additionally, NOS2 transgenic mice develop type 1 dia-
betes mellitus (T1DM) with B-cell DNA damages by NO
produced in these cells.'*

SP-D, encoded by the SFTPD gene, is an important regu-
lator of the innate immunity that mediates clearance of
pathogens and modulates the inflammatory response.’
Moreover, SP-D exhibits anti-inflammatory and antioxidant
properties through a decrease of the expression of some
pro-inflammatory cytokines and a reduction of lipid perox-
idation, respectively.'®!” More recently, SP-D has emerged
as a factor that appears to link to metabolic disorders. In
fact, decreased serum SP-D concentration has been reported
in subjects with obesity and T2DM and it negatively correl-
ates with fasting and postload serum glucose.”
Additionally, SFTPD gene polymorphisms have been
found to associate with insulin resistance and T2DM."

Although a great deal of information concerning the rela-
tionship between immune-related genes such as NOS2 and
SFTPD, and diabetes including TIDM and T2DM has been
gained in recent years, no progress has been made toward
understanding their significance in leukocytes obtained
from GDM patients. Therefore, the objective of the present
study was to investigate leukocyte NOS2 and SFTPD gene
expression in patients with GDM and normal glucose tol-
erant (NGT) pregnant women in the third trimester of ges-
tation. Subsequently, correlational analyses were used to
dissect whether and how any variability in the expression
of the aforementioned genes could be explained by the vari-
ability in clinical parameters of pregnant women. We
focused on leukocytes as an experimental cellular model
because these cells are well-known to be involved in regu-
lating inflammatory processes and their use allows to cir-
cumvent the invasive and non-ethical procedures involved
in taking metabolic tissue samples from pregnant women.

Materials and methods
Study population

A total of 125 Caucasian pregnant women (87 with GDM
and 38 with normal glucose tolerance, NGT) were recruited
and studied. All women underwent a 75-g, 2 h oral glucose
tolerance test (OGTT) at 24-28 weeks’ gestation or later if it
was not possible during this period at the Outpatient
Diabetological Clinic in Lodz, Poland. GDM was diagnosed
if one or more of plasma glucose levels were elevated
during OGTT, according to the criteria set by the Polish
Diabetes Association (the modified World Health
Organization [WHO] criteria).?’

None of the patients or the controls had family history of
diabetes in first-degree relatives, GDM in a previous preg-
nancy, diabetes diagnosed prior pregnancy, systemic infec-
tious, and took any drugs known to affect carbohydrate
metabolism.

All clinical investigations were conducted in accordance
with the guidelines in The Declaration of Helsinki and were
approved by the Bioethics Committee for Research on
Humans at the Medical University in Lodz (No. RNN/
154/09/KB from 21 April 2009). All participants were com-
prehensively instructed about the aims of the study and
written informed consent.

Anthropometric and biochemical measurements

The information on maternal age and pre-pregnancy
weight were collected from medical records, and the pre-
pregnancy body mass index (BMI; kg/m?) was calculated.

Serum triglycerides (TGs), HDL-, and LDL-cholesterol
(HDL-C and LDL-C) levels were determined by enzymatic
colorimetric methods using TG glycerol-3-phosphate-
phenol + aminophenazone (GPO-PAP) and the Total
Cholesterol CHOD-PAP kits (Roche Diagnostics GmbH,
Mannheim, Germany). Glycated hemoglobin (HbA;¢) was
measured by a latex enhanced turbidimetric immunoassay
using specific monoclonal antibodies. The C-reactive pro-
tein (CRP) concentration was determined by turbidimetric
assay with the use of the cassette COBAS INTEGRA C-
Reactive Protein (Latex) according to the manufacturer’s
instructions (Roche Diagnostics GmbH).

The biochemical assays were carried out with a COBAS
INTEGRA analyzer (Roche, SA). Plasma insulin level was
quantified using Elecsys insulin assay (Roche Diagnostics
GmbH). The homeostasis model assessment (HOMA) index
was used to calculate insulin resistance (HOMA-IR) and
beta-cell function (HOMA-B) as follow:*'

HOMA-IR = (fasting insulin [pU/mL]
x fasting glucose [mg/dL])/405 and,

HOMA-B = (360 x fasting insulin [pU/mL])
/(fasting glucose [mg/dL] — 63)

Leukocyte RNA extraction

Leukocytes were isolated from the heparinized venous
blood of the subjects (10mL), as previously described.?



In brief, after erythrocytes lysis with the use of red blood
cell lysis buffer (NH,Cl, KHCOj3;, EDTA), aliquots were cen-
trifuged and the pellets containing leukocytes were washed
twice with the phosphate-buffered saline (PBS). Total RNA
was extracted from leukocytes using commercially avail-
able acid-phenol reagent (TriReagent® Solution, Ambion,
United States) according to the manufacturer’s procedure.
RNA concentration and its purity were assessed by a
LAMBDA 25 UV spectrophotometer (PerkinElmer, UK) at
UVa60 and UVago/ 280, Tespectively. Samples were stored at
—80°C until use.

Gene expression assay

High-quality total RNA (4 pg) was reverse-transcribed with
the use of a (dT);g primer and RevertAid™ H Minus M-
MulLV reverse transcriptase (Fermentas, Lithuania), accord-
ing to the manufacturer’s recommendations. The levels of
NOS2 and SFTPD transcripts were analyzed by quantitative
real time PCR (qRT-PCR) with the use of Maxima™ SYBR
Green/ROX qPCR Master Mix (2x) (Thermo Scientific,
United States) and specific primers for NOS2, SFTPD, and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a
housekeeping gene. The primers were designed based on
the GenBank database sequences and are listed in Table 1.
Amplification was carried out on 7500 Real Time PCR
System (Applied Biosystems, United States) with initial
denaturation at 95°C for 10 min, followed by 40 cycles of
95°C for 155, 60°C for 60s. All samples were run in dupli-
cate. Amplification of specific transcripts was confirmed by
melting curve profiles at the end of each PCR. The specifi-
city of the PCR was further verified by subjecting the amp-
lification products to agarose gel electrophoresis.

The threshold cycle (Cy) of each target product was deter-
mined, and AC; between target and endogenous GAPDH
control was calculated as: AC, = C, (tarset gene) _ ¢ (GAPDH)
The expression changes between the GDM and the NGT
groups were expressed as AAC, and calculated in the fol-
lowing manner: AAC,= ACCEPM _ ACNED - The fold
change value between the two groups was determined as
2— AACE

Ingenuity pathway analysis (IPA)

To build a highly interconnected gene network and to deter-
mine pathways regulated by NOS2 and SFTPD in the con-
text of regulatory networks and pathways reported in the
literature, the IPA program (Ingenuity H Systems,
Redwood City, CA; http://www.ingenuity.com) was

Table 1 Real-time quantitative PCR primer sets
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used. In IPA, differentially expressed genes are mapped to
genetic networks available in the Ingenuity Pathway
Knowledge Base (IPKB) by Ingenuity Systems Inc. In net-
works, biomolecules are represented as nodes, whereas the
biological relationship between two nodes is represented as
an edge (line). All edges are supported by at least one ref-
erence from the literature stored in the IPKB.

Statistical analysis

The data are presented as the mean =+ standard deviation
(SD). The distribution of analyzed biochemical and expres-
sion data was checked by the Shapiro-Wilk test. Differences
between variables were calculated using the Student’s
t-test. The Pearson’s correlations were computed to assess
the relationship between variables. P value < 0.05 was con-
sidered significant. Statistical analyses were carried out
using a commercially available statistical software package
(Statistica version 8.0, StatSoft, Poland, license no
AXAP911E504325AR-K).

Results
Subject’s characteristics

Clinical characteristics of 87 GDM and 38 NGT patients are
given in Table 2. Fasting and post-load glucose concentra-
tions as well as the HbA;¢ levels were significantly higher
in the GDM women compared with the NGT controls
(P <0.05), as expected. No significant differences existed
in maternal age and the variables of maternal adiposity
(i.e. pre- and pregnancy BMI, body weight gain), lipid
metabolism (i.e. TGs, LDL-C, HDL-C, and total
cholesterol —TC), inflammation (CRP), insulin resistance
and secretion (i.e. insulin, HOMA-IR, and HOMA-B),
between the two groups (P > 0.05).

Leukocyte gene expression and correlations

qRT-PCR analyses indicated that leukocyte NOS2 and
SFTPD mRNA levels were significantly higher in the
GDM group compared to the control group (P <0.05 as
assessed by the Student’s t-test) with a 9.34- and 2.53-fold
up-regulation, respectively (Figure 1).

To examine whether leukocyte NOS2 and SFTPD expres-
sion is associated with clinical characteristics of the patients
given in Table 2, linear correlation analyses were performed
in the entire study group with the use of the Pearson cor-
relation coefficient (r). As shown in Table 3, there were sig-
nificant positive correlations of the expression of NOS2

Gene primer Accession number

Primer sequence 5 —3'

Amplicon size (bp)

NOS2 NM_000625 Forward: CCCAAATACGAGTGGTTTCG 133
Reverse: TCTCTGTGCCCATGTACCA

SFTPD NM_003019 Forward: TGCTTTCCTGAGCATGACTG 164
Reverse: AAGCCCTGTCATTCCACTTG

GAPDH NM_002046 Forward: GGTGGTCTCCTCTGACTTCAACA 127

Reverse

: GTTGCTGTAGCCAAATTCGTTGT
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Table 2 Clinical characteristics of subjects
NGT GDM
group group
Variables (n=38) (n=87) P
Age (years) 28.6+4.6 29.9+4.6 0.151
Pre-pregnancy 242+4.5 25.0+6.5 0.449
BMI (kg/m?)
Body weight gain (kg) 9.9+54 10.6+8.2 0.559
TGs (mg/dL) 224.1+63.2 245.1+79.6 0.242
TC (mg/dL) 259.7+41.8 265.5+52.8 0.628
HDL-C (mg/dL) 79.2+15.2 71.6+21.6 0.101
LDL-C (mg/dL) 145.0+63.4 152.5+56.1 0.625
HbA ¢ (%) 52+04 5.4+0.4 0.021*
Fasting plasma 77.5+7.8 89.9+18.6 <0.001*
glucose (mg/dL)
1h plasma glucose 152.3+36.1 187.3+£30.0 <0.001*
(mg/dL)
2 h plasma glucose 113.9+21.3 163.3+22.3 <0.001*
(mg/dL)
CRP (mg/L) 52+49 4.4+3.9 0.448
Insulin (nIU/mL) 8.1+9.4 9.0+10.7 0.645
HOMA-IR 1.6+1.8 23+29 0.164
HOMA-B 242.5+315.7 142.2+195.9 0.110

BMI, body mass index; CRP, C-reactive protein; HDL, high-density lipoprotein;
HOMA-B, homeostasis model assessment of -cell function; HOMA-IR, homeo-
stasis model assessment of insulin resistance; LDL, low-density lipoprotein; TC,
total cholesterol; TGs, triglycerides.

Data are presented as mean =+ standard deviation.

*P < 0.05 GDM vs. NGT as assessed by the Student’s t-test.
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Figure 1
NGT as assessed by the Student’s t-test

(r=0.23, P=0.022) and SFTPD (r=0.34, P =<0.001) with
CRP in pregnancy. Additionally, SFTPD mRNA positively
associated with the fasting plasma glucose concentration
(r=0.19, P=0.041) and indicator of insulin resistance, i.e.
HOMA-IR (r=0.21, P =0.040). To investigate whether there
are any correlations between the expression changes of the
aforementioned genes, the Pearson correlation coefficient
(r) and P values were obtained. As shown in Table 3,
there was strong positive correlation between the expres-
sion of both genes (r=0.77, P = <0.001).

Bioinformatics analysis of molecular pathways

To establish biological relationships of NOS2 and SFTPD
with well-known in the literature genes and/or gene prod-
ucts, functional analyses were made using the IPA database.
The 12 different molecular and cellular pathways linked to
NOS2 were found, whereas no gene and/or gene product
related with SFTPD was detected (Figure 2). The genes/
proteins engaged in these pathways were related in particu-
lar with immune or inflammatory functions as well as
angiogenesis, and they belonged to the following functional
categories:

(i) cytokines/growth factors: interleukin-1 beta
(IL-1B) encoded by the ILIB gene; interleukin-6
(IL-6) encoded by IL6 gene; interleukin-10 (IL-10)
encoded by the IL10 gene; tumor necrosis factor-
alpha (TNF-o)) encoded by the TNFA gene; inter-
feron-gamma (IFN-y) encoded by the IFNG gene/
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Boxplots of leukocyte gene expression of NOS2 and SFTPD in the NGT and GDM groups. Each point represents an individual sample. P < 0.05 GDM vs.
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Table 3 Univariate correlations between gene expression of NOS2 and SFTPD, and clinical variables of the subjects in the entire study
group (n=125)

NOS2 SFTPD

Variables r P r P

Age (years) 0.16 0.073 0.02 0.812
Pre-pregnancy BMI (kg/m?) 0.07 0.453 —0.001 0.990
Body weight gain (kg) 0.06 0.529 0.13 0.160
TGs (mg/dL) -0.14 0.274 —0.12 0.328
TC (mg/dL) —0.21 0.096 —0.12 0.322
HDL-C (mg/dL) —0.24 0.067 —0.17 0.166
LDL-C (mg/dL) -0.10 0.445 —0.06 0.636
HbA; (%) 0.12 0.208 0.13 0.156
Fasting plasma glucose (mg/dL) 0.17 0.070 0.19 0.041%
1h plasma glucose (mg/dL) 0.14 0.181 0.09 0.361
2 h plasma glucose (mg/dL) 0.08 0.393 0.07 0.450
CRP (mg/L) 0.23 0.0222 0.34 <0.0012
Insulin (uIU/mL) 0.05 0.627 0.19 0.059
HOMA-IR 0.07 0.486 0.21 0.040%
HOMA-B —0.08 0.442 —0.04 0.743
NOS2 0.77 <0.0012

BMI, body mass index; CRP, C-reactive protein; HDL, high-density lipoprotein; HOMA-B, homeostasis model assessment of -cell function; HOMA-IR,
homeostasis model assessment of insulin resistance; LDL, low-density lipoprotein; TC, total cholesterol; TGs, triglycerides.

r- and P values are given.

Significant correlation as assessed by Pearson’s coefficient method.
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Figure 2 Schematic diagram of molecular connections between NOS2 and identified genes/biomolecules created with the use of the Ingenuity Pathway Analysis
(IPA) software

vascular endothelial growth factor A (VEGEF-A) encoded by the STAT3 gene, and peroxisome pro-
encoded by the VEGFA gene, and transforming liferator-activated receptor gamma (PPAR-y)
growth factor beta 1 (TGF-B1) encoded by the encoded by the PPARG gene.

TGFB gene,

(ii) chemokine: monocyte chemoattractant protein-1
(MCP-1/CCL2) encoded by the Ccl2 gene, . .
(iii) enzyme: cyclooxygenase (COX)-2 encoded by the ~Discussion
PTGS2 gene, To date, no published reports are currently accessible on the
(iv) transcription factors: hypoxia-inducible factor-lo.  relationship of the expression of the immune-related NOS2
(HIF-1o) encoded by the HIF1IA gene; STAT3, and SFTPD genes in leukocytes with metabolic changes
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occurring during diabetic pregnancy. Hence, we conducted
the present study using leukocytes as an important and
well-known source of numerous inflammatory mediators
that are engaged in various inflammatory events.

In this study, 87 women with diagnosed GDM and 38
pregnant women with NGT at the third trimester of gesta-
tion, selected based on rigorous inclusion criteria, were
enrolled. Compared to the NGT subjects, the GDM patients
were hyperglycemic and had significantly higher HbA;c
levels.

In our gene expression experiments, significantly higher
leukocyte NOS2 and SFTPD mRNA levels were detected in
the GDM group compared to those in the NGT group, sug-
gesting that hyperglycemic conditions in GDM women
might affect leukocyte overexpression of these genes.
Hence, both genes appear to be pathophysiologically
important in the context of diabetic pregnancy. It is not
surprising that high-glucose conditions can modulate the
expression of various genes at their transcriptional level
since complex alterations in the expression of genes
involved in insulin action, glucose and lipid metabolism,
as well as oxidative stress, and inflammation have been
observed in leukocytes of hyperglycemic GDM patients.”

In regard to iNOS, dysregulation of its expression result-
ing in NO overproduction has been found to associate with
diabetes and its complications.?** In the present study, we
observed nearly 10-fold up-regulation of leukocyte NOS2
mRNA in hyperglycemic GDM women. This finding is, at
least in part, compatible with the hypothesis that hypergly-
cemia is linked to increased iNOS gene expression and
nitrosative stress since hyperglycemia-induced oxidative
stress results in excessive production of reactive oxygen
species (ROS) which, in turn, reacting with NO give reactive
nitrogen species (RNS) and further nitrosative stress.’
Indeed, it has been shown that hyperglycemia stimulates
iNOS gene expression and nitrosative stress in diabetic
embryopathy and activation of c-Jun N-terminal kinases 1
and 2 (JNK1/2) appears to play a key role in this process.?®
However, further studies are warranted to establish causal-
ity between hyperglycemia and leukocyte NOS2 overex-
pression in GDM women in the context of nitrosative
stress. It is of note that several studies have reported
iNOS overexpression in metabolic tissues of both dietary
and genetic models of obesity.*”*® However, since no sig-
nificant differences in BMI and body weight gain occur
between the GDM and NGT groups in our study, we can
exclude the possibility lipid-induced alterations in iNOS
expression in vivo.

In the current study, we also observed the positive cor-
relation between leukocyte NOS2 mRNA level and plasma
CRP in pregnant women. CRP is an acute-phase plasma
protein produced primarily by liver that is used as a
marker of the immune system activation. Our findings
stay in agreement with the published data showing CRP-
mediated iNOS induction in macrophages™* and in TL-1p-
stimulated cardiac myocytes.”" Additionally, Hattori et al.*?
reported that CRP can stimulate not only iNOS gene expres-
sion but also the expression of IL-6 and MCP-1 in vascular
smooth muscle cells (VSMC) through the nuclear factor
(NF)-kB-dependent mechanism, suggesting a direct role of

CRP in the pathogenesis of inflammation/atherosclerosis.
Considering these findings, we cannot rule out the possibil-
ity that pregnant women with elevated plasma CRP con-
centration accompanied by leukocyte NOS2 overexpression
may be at risk of atherosclerosis development since inflam-
mation and oxidative stress, both processes occurring
during gestation, as well as different leukocyte subpopula-
tions are involved in the pathology of this disease.”

The SP-D is a lung-specific protein that enhances clear-
ance of pathogens and modulates inflammatory responses.
There is growing evidence suggesting that SP-D can be an
important factor at the cross-roads of inflammation, obesity,
and insulin resistance.’®* In fact, serum SP-D concentra-
tion is reduced in subjects with both obesity and T2DM and,
moreover, it inversely associates with fasting and post-load
serum glucose and positively links to insulin sensitivity.'®
In the light of these findings, our study showing signifi-
cantly increased leukocyte SFTPD expression in hypergly-
cemic GDM patients, as well as its positive correlations with
fasting plasma glucose, HOMA-IR, and CRP in the entire
study group is rather surprising. This divergence in results
may partly result from differences in several anthropomet-
ric and biochemical parameters of study subjects (i.e. age,
BMI, or insulin sensitivity), as well as various measure-
ments of SP-D content (protein versus mRNA) performed
in different types of samples (serum versus leukocytes).
Nevertheless, we cannot exclude the possibility that SP-D
upregulation at the gene expression level in hyperglycemic
GDM women observed in our research could be an effective
compensation for enhanced oxidative stress and inflamma-
tion, the two interconnected processes induced by high glu-
cose concentration, in diabetic patients, since SP-D has been
recognized as a molecule with antioxidant and anti-inflam-
matory properties.lé’17

We also observed the existence of clinical associations
between leukocyte SFTPD expression and fasting glycemia,
insulin resistance, and inflammation among pregnant
women, which reflect functional and biological importance
of this biomolecule during gestation. The reasons for these
associations are currently unknown. However, previous
findings showing increased SP-D expression in the pres-
ence of pro-inflammatory cytokines such as IL-1p i TNF-o
in pancreatic B-cells of pregnant mice® could support, at
least partially, our observation regarding the relationship
between leukocyte SP-D expression and inflammation
during pregnancy.

Another novel issue in our study was the strong positive
correlation between leukocyte NOS2 and SFTPD expression
in the entire study group, which suggests the existence of a
close relationship between these genes at their transcrip-
tional level during normal pregnancy.

To determine potential molecular up- and downstream
targets of NOS2 and SP-D biomolecules, a highly intercon-
nected gene/protein network was built based on regulatory
networks and pathways reported in the literature by using
the IPA program, which is currently a powerful and con-
venient bioinformatics tool for finding a set genes/mol-
ecules that can be looked up in greater detail by building
a custom pathway. As shown in Figure 2, 12 individual
genes/proteins related with NOS2 were identified, whereas



no molecular pathways were detected for SFIPD.
The candidate genes for NOS2 regulation were categorized
into four functional groups, including (i) cytokines/growth
factors (IL1B, IL6, IL10, TNFA, IFNG, VEGFA,TGEB), (i)
chemokine (Ccl2), (iii) enzyme (PTGS2), and (iv) transcrip-
tion factors (HIF1A, STAT3, PPARG).

Accumulating evidence has shown that NOS2 induction
may be engaged in pathological states linked to increased
concentrations of pro-inflammatory cytokines. To date,
several pro-inflammatory cytokines, such as IL-1B, IFN-y,
TNF-o, IL-6, and MCP-1/CCL2 have been recognized to
stimulate NOS2 production in different cell types, including
pancreatic B-c:ells,36'37 rr1yocytes,38 adipocytes,39 and macro-
phages® among other. Notable relationships between
NOS2 and cytokines with anti-inflammatory properties
also occur in the literature. In this regard, elevated IL-10
expression has been reported to associate with significant
decrease in iNOS expression and cell death in atheroscler-
otic plaques.*' In the case of TGF-p, a pleiotropic polypep-
tide engaged in cell growth, differentiation, and immune
modulation, its anti-inflammatory effect on macrophages
and VSMCs through inhibition of cytokine-mediated
iNOS induction has been demonstrated.**** Since GDM is
associated with low-grade systematic inflammation and
plasma levels of the above-mentioned cytokines are chan-
ged in diabetic pa’cien’cs,44 it is reasonable to assume that
they could play a relevant role in NOS2 regulation in leuko-
cytes of GDM patients.

Another important biomolecule related with iNOS is the
growth factor VEGF-A, well-known endothelial cell mito-
gen that promotes angiogenesis in embryonic development,
wound healing, and inflammatory fibrosis,*>*” which has
been reported to up-regulate iNOS and eNOS production in
human umbilical vein endothelial cells (HUVEC) via the
stimulation of VEGF receptor-2.*® Given that VEGF-A is
thought to control angiogenesis and endothelial cell perme-
ability during the physiology and pathophysiology of preg-
nancy,* this biomolecule could be involved in NOS2
dysregulation in leukocytes during gestational diabetes.

As found in our bioinformatics analysis, NOS2 appears
to be also an important target for some transcription factors,
including STAT3, PPAR-y, and HIF-1a. Several lines of evi-
dences have revealed an inhibitory effect of both STAT3 and
PPAR-y on iNOS gene expression in VSMCs,” mesangial
cells,® and pancreatic [.’)-cells.52 Interestingly, PPAR-y, a
member of the ligand-activated nuclear receptor superfam-
ily that controls the expression of many genes involved in
glucose and lipid metabolism, as well as adipocyte differ-
entiation, and inflammation, has been proposed to protect
pancreatic B-cells against IL-1p-induced dysfunction of B-
cells through a decrease of NF-xB activity and, in turn,
inhibition of iNOS expression and NO formation.”
Contrary to STAT3 and PPAR-y, HIF-1 o has been demon-
strated to up-regulate NOS2 expression, as well as other
genes engaged in blood flow and inflammation such as
VEGFA and PTGS2.°>** The latter encodes prostaglandin-
endoperoxide synthase (PTGS), also known as cyclooxy-
genase-2 (COX-2), that plays a key role in prostaglandin
biosynthesis and, moreover, it is therapeutic target for
non-steroidal anti-inflammatory drugs. Given that NO
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and prostaglandin (PG) E2 produced by NOS2 and COX-
2, respectively, are believed to be important mediators in
inflammation, several studies have suggested the existence
of a relationship between them. Indeed, iNOS by NO pro-
duction has been found to induce COX-2 expression.”°
Taken together, because the involvement of the aforemen-
tioned transcription factors and COX-2 in the pathological
events associated with inflammation during GDM has been
observed,””® deepen the study of each of these genes in the
context its linkage to NOS2 in leukocytes of GDM women
appears to be warranted.

In conclusion, this study provides several new findings.
First, we demonstrated increased leukocyte NOS2 and
SFTPD gene expression in hyperglycemic women with ges-
tational diabetes, suggesting that a high glucose level may
affect transcriptional regulation of these immunologically
relevant genes. Second, using correlation analysis, we
found positive correlations between (i) NOS2 mRNAs and
CRP, and (ii) SFTPD mRNA and CRP, fasting glycemia, and
insulin resistance in the entire study group, implying that
alterations in the expression of these genes may represent
the response to glucose metabolism dysfunction and/or
inflammation during pregnancy. Third, by the use of the
IPA program, we identified 12 potential molecular up-
and downstream targets of NOS2 belonging to cytokines,
enzymes, and transcription factors that are mainly engaged
in the regulation of inflammatory events. However, further
studies on validation of the identified genes and their func-
tionality in leukocytes of women with and without GDM
are required to clarify the mechanisms by which NOS2
work in these cells. Such studies are currently under way
in our group.
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