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Introduction

Gestational Diabetes Mellitus (GDM) is a pregnancy-specific

Abstract

Gestational Diabetes Mellitus (GDM) is one of the diseases occurring in
pregnancy. Although normal postpartum glycometabolism can be restored in
most patients with GDM, they have a significantly increased risk of developing
complications in the future. In recent years, many studies on the screening of
differentially expressed proteins have been performed in patients with GDM
by means of proteomics, but the pathogenesis of GDM in the placenta was
still unclear. Thus, using the Tandem Mass Tag (TMT) quantitative technology,
we aimed to identify candidate biomarkers that could predict GDM occurrence
early and provide targets for future therapy. Placenta samples were obtained
from pregnant women immediately after delivery. Quantitative proteomics was
performed using TMT isobaric tags and liquid chromatography-tandem mass
spectrometry. Bioinformatic analysis was performed to elucidate the biological
processes that these differentially expressed proteins were involved in. Thirty-
five differentially expressed proteins were identified between patients with GDM
and normal pregnant women. Therein, 7 and 28 proteins were upregulated
and downregulated, respectively. Differentially expressed proteins were mainly
enriched in African trypanosomiasis pathway, hematopoietic cell lineage, gap
junction, glucagon signaling pathway, and retinol metabolism. Insulin resistance
induced by the excessively activated glucagon signaling pathway in the placenta
may be one of the reasons for GDM onset. Among the 35 differentially expressed
proteins, excluding 12 unknown proteins or antibodies, 17 of the remaining 23
proteins converged to the same protein-protein interaction network, indicating
that a highly linked protein interaction network in the placenta of patients with
GDM affected the occurrence of disease.

Keywords: Gestational diabetes mellitus; Proteome; Placenta; Insulin
resistance; Glucagon

production, complement system, immune response, inflammation,
metabolism, and insulin resistance were reported to be associated
with GDM [14,16,19,21]. Several proteins, such as apolipoprotein

disease, characterized by the new onset of any degree of glucose
intolerance during pregnancy, affecting 18% of pregnant women
worldwide [1,2]. Compared with pregnant women from other
regions, Asian women have a higher prevalence of GDM [3]. GDM
increases the risk of adverse maternal and neonatal outcomes, such as
cesarean section, macrosomia, stillbirth, preeclampsia, preterm birth,
jaundice, respiratory morbidity, neonatal hypoglycemia, and so on
[4-8]. Although the disease disappears after delivery, it can have long-
term effects on the mother and child, who are at risk of developing
type 2 diabetes, cardiovascular disease, and certain cancer [9-12].

To prevent harming the mother and fetus, recent studies have
focused on identifying candidate biomarkers to early predict GDM
occurrence during pregnancy and postpartum complications.
Among them, proteomic technology has been widely applied to
screen differentially expressed proteins in different samples of the
placenta, peripheral and umbilical venous plasma, exosome, urine,
and omental adipose tissue from patients with GDM [13-21]. Energy

E, coagulation factor IX, fibrinogen alpha chain, and insulin-like
growth factor-binding protein 5 in serum, or CD59 and ILIRA in
urine, could be used as early diagnostic biomarkers to predict GDM
occurrence [15,16].

Nutrients, waste material, and energy are exchanged between
the fetus and mother via the placenta. Most symptoms of women
with GDM disappear or are alleviated after placenta delivery,
suggesting that placental proteins or factors, including hormones,
probably play important roles in the occurrence and development
of this condition [22,23]. The syncytiotrophoblast is the area where
the placenta contacts the endometrium. However, no studies using
high-throughput proteomic technology to screen differentially
expressed proteins between patients with GDM and normal pregnant
women have been conducted. Therefore, this study aimed to
identify candidate biomarkers, using the Tandem Mass Tag (TMT)
quantitative technology, that could early predict GDM occurrence
and provide targets for future therapy.
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Methods

Patient recruitment and sample collection

This study was approved by the Ethical Committee of the Gansu
Provincial Hospital (No. 2018-044). All participants agreed to
the sample collection and provided written informed consent. All
research was performed in accordance with relevant regulations. The
inclusion criteria were as follows: provided informed consent, aged
between 18 and 35 years, singleton pregnancy, absence of diabetes
mellitus, hypertension, kidney disease, and cardiovascular disease
before pregnancy, and not taking any medication. All participants
were screened for GDM according to a 75-g Oral Glucose Tolerance
Test (OGTT) at 24-28 weeks of gestation. Women with GDM were
diagnosed and selected as cases with any one of the following two
items: fasting>5.1 mmol/L or 2-h post-load glucose >8.5 mmol/L. All
pregnant women with GDM were managed with diet and without
insulin intervention during the pregnancy. Nine normal pregnant
women (control group) and nine women with GDM (GDM group)
were recruited in this study. Placental samples were obtained after the
participants’ delivery at the Gansu Provincial Hospital. The placentas
were separated from the placental samples within 30 minutes, frozen
immediately in liquid nitrogen, and stored at -80 °C.

Protein extraction, liquid chromatography-tandem mass
spectrometry (LC-MS/MS) and bioinformatic analysis

This study is a continuation of our previous study, and the
protein extraction, digestion, TMT labeling, LC-MS/MS analysis,
protein identification, and bioinformatic analysis were described as
before [24].

In brief, three placenta samples from normal pregnant women or
the nine patients with GDM were randomly selected as one biological
parallel. An equal amount of each sample was pooled, ground into
powder, and homogenized in extraction buffer. Protein was extracted
by sonication, filtered with 0.22-um filters, and quantified with the
BCA Protein Assay Kit (Bio-Rad, USA). After protein digestion
using the Filter-Aided Sample Preparation (FASP) procedure, three
mixed samples from the control group were labeled with 126, 127N,
and 127C isobaric TMT tags, whereas the other three mixed samples
from the patients with GDM were labeled with 128N, 128C, and 129N
isobaric TMT tags. The parameters of LC-MS/MS and data analyses,
as well as the bioinformatic analysis of differentially expressed
proteins, remain the same as before.

Immunoblotting

Placenta from the control group and GDM groups were
homogenized in RIPA buffer with protease inhibitors and quantified
using BCA Protein Assay Kit. Protein was separated in a 12% SDS
polyacrylamide gel and then transferred to a nitrocellulose membrane
(Millipore, USA). After incubating at room temperature for 1 h in
Tris-buffered saline containing 0.05% Tween-20 (TBST) with 5%
non-fat milk powder, the membrane was incubated at 4°C overnight
in Anti-Polyadenylate-Binding Protein 4 (PABPC4, Proteintech,
China), anti-Apolipoprotein A I (APOA1, Bioss, China), and Anti-
Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH, Proteintech)
diluted in TBST with 5% non-fat milk powder. After washing three
times with TBST, the membrane was incubated at room temperature
for 1 h with Horseradish Peroxidase (HRP)-conjugated secondary

Table 1: Clinical characteristics of the control and GDM groups.

Control GDM P value
Sample size (n) 9 9
Maternal age (years) 30.33+4.15 | 32.67+5.12 0.274
Parity 0.33+0.50 0.44+0.53 0.594
Pre-pregnancy BMI (kg/m?) 22.11+2.02 | 23.99+2.11 0.14
Pregnancy BMI at 12 week (kg/m?) 22.88+2.16 & 25.76+1.56 0.019
Gestation age at delivery (week) 39.67+1.07 @ 38.49+0.98 0.068
Gestation age at 75-g OGTT (week) | 24.76+0.43 | 24.70+040 0.766
OGTT 0-h glucose (mmol/L) 4.48+0.56 5.46+0.64 0.014
OGTT 2-h glucose (mmol/L) 6.61+0.92 7.36+1.12 0.028"
Insulin 0 h (mU/L) 12.30+2.30 | 11.73%1.79 0.657
Insulin 2 h (mU/L) 25.94+4.49 | 92.15+15.83 & <0.001"
TC (mmol/L) 4.91+0.98 6.16+1.75 0.172
TG (mmol/L) 2.53+1.22 3.56+0.95 0.115
HDL (mmol/L) 1.66+0.49 1.79+0.11 0.498
LDL (mmol/L) 2.67+0.71 2.97+0.36 0.308

antibody (1:5000, Biosharp, China). After washing another three
times, protein bands were detected using SuperSignal West Pico Trial
Kit (Thermo, USA) and imaged using Fusion FX (Vilber, France).

Results

Clinical characteristics of the pregnant women

The clinical characteristics of the control and GDM groups (Table
1). There were no significant differences in maternal age, parity,
Body Mass Index (BMI) at pre-pregnancy, gestation age at delivery,
gestation age at 75-g OGTT, and concentrations of fasting insulin,
Total Cholesterol (TC), Triglyceride (TG), High Density Lipoprotein
(HDL), and Low Density Lipoprotein (LDL) between the control and
GDM groups. As expected, pregnancy BMI at 12 week and glucose
levels at both time points of the OGTT were significantly higher in the
GDM group (p<0.05). In detail, glucose levels at 0-h and 2-h OGTT
in the GDM group were 5.46+0.64 mmol/L and 7.36+1.12 mmol/L,
respectively, whereas those in the control group were 4.48+0.56 and
6.61+£0.92 mmol/L, respectively. The insulin concentration of 2-h
OGTT in the GDM group was 92.15+15.83 mU/L, whereas that in
the normal group was 25.94+4.49 mU/L. GDM, gestational diabetes
mellitus; BMI, body mass index; OGTT, oral glucose tolerance test;
TG, total cholesterol; TG, triglyceride; HDL, high density lipoprotein;
LDL, low density lipoprotein

Identification and verification of differentially expressed
proteins

In this study, 35 differential expressed proteins were identified
between the control and GDM groups (Table 2), according to fold
change (average expression of GDM/control group) 21.2 or <0.8 and
p<0.05. Among them, 7 proteins were upregulated, and 28 proteins
were downregulated. The K-means clustering of these differentially
expressed proteins is shown in a heat map (Figure 1).

To confirm the results of the TMT analysis, immunoblotting was
performed to verify the expression patterns of two proteins, PABPC4
and APOAL, in the same samples. GAPDH was chosen as an internal
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Table 2: The differentially expressed proteins identified in the placentas of patients with GDM and normal pregnant women.

Protein name Accession no. Gene name Fold change P value
FLJ79324, highly similar to carbamoyl-phosphate synthase B7ZAWO0 N/A 1.625 0.0017
cAMP-dependent protein kinase inhibitor beta Q9C010 PKIB 1.354 0.038
FLJ94876, highly similar to fructose-1,6-bisphosphatase 1 B2RE74 N/A 1.332 0.0003
Glycine cleavage system H protein AOAIW2PQV2 GCSH 1.271 0.0394
Polyadenylate-binding protein B1ANRO PABPC4 1.228 0.0346
GTP-binding protein SAR1b D6RD69 SAR1B 1.207 0.0269
Guanine nucleotide-binding protein alpha subunit Q5JWF2 GNAS 1.205 0.0048
Hematopoietic progenitor cell antigen CD34 Q9UH97 CD34 0.832 0.0221
Tubulin beta-2A chain Q13885 TUBB2A 0.83 0.02
CD44 antigen HOYD13 CD44 0.829 0.0013
FLJ60316, highly similar to Apolipoprotein-L1 B4DNTS5 N/A 0.826 0.0132
E3 ubiquitin-protein ligase NEDD4-like K7ERN1 NEDD4L 0.82 0.0484
Immunoglobulin heavy chain variable region Qo0zClI2 N/A 0.817 0.0128
Hemopexin P02790 HPX 0.811 0.0003
FLJ51723, DCC-interacting protein 13 alpha B4DQX8 N/A 0.807 0.0092
FLJ53392, highly similar to ubiquitin-activating enzyme E1 B4DL67 N/A 0.802 0.0271
Dehydrogenase/reductase SDR family member 4 Q9BTZ2 DHRS4 0.8 0.024
Heparin cofactor 2 P05546 SERPIND1 0.791 0.0281
MARCKS-related protein P49006 MARCKSL1 0.791 0.0303
Retinol-binding protein Q5VY30 RBP4 0.779 0.0484
Somatomedin-B and thrombospondin type-1 domain-containing protein Q8IVN8 SBSPON 0.777 0.0252
FLJ16135, highly similar to tripartite motif-containing protein 3 B3KV53 N/A 0.774 0.0333
V5-2 protein A2MYC8 V5-2 0.772 0.0219
MS-C1 heavy chain variable region A0A125U0U7 N/A 0.77 0.0083
Vasorin Q6EMK4 VASN 0.761 0.0105
1gG H chain S6BAM6 N/A 0.754 0.0139
Aminopeptidase AOAOATET7X3 ERAP1 0.729 0.0022
Glutathione S-transferase theta-1 AOA0G2JQD2 GSTT1 0.72 0.0248
Apolipoprotein A-| P02647 APOA1 0.707 0.0189
IgG L chain S6BGD6 N/A 0.702 0.034
Immunoglobulin heavy constant mu P01871 IGHM 0.689 0.0047
FLJ93914, highly similar to Histidine-Rich Glycoprotein (HRG) B2R8I2 N/A 0.679 0.0317
Putative L-aspartate dehydrogenase A6ND91 ASPDH 0.658 0.028
MRG/MORF4L-binding protein QINV56 MRGBP 0.634 0.0079
FLJ92074, highly similar to progestagen-associated endometrial protein B2R4F9 N/A 0.606 0.0237

control. As shown in (Figure 2), in accordance with the proteomic
results, the protein expression levels of PABPC4 were increased,
and those of APOA1 were decreased in the GDM group than in the
control group.

Bioinformatic analysis

The top 20 rankings of biological processes, molecular functions,
and cellular components based on Gene Ontology (GO) annotation
(Figure 3). The main biological process of these differentially
expressed proteins was immune system process, endocytosis and
import into cell, regulation of immune system process, positive

regulation of immunoglobulin production, humoral immune
response, complement activation, and immune response. The
main molecular function of these proteins was beta-2 adrenergic
receptor binding, glycosaminoglycan binding, adrenergic receptor
binding, quaternary ammonium group binding, phosphatidylcholine
binding, and ammonium ion binding. The main cellular component
was the extracellular region, part of the extracellular region, blood
microparticle, extracellular space, extracellular exosome, and
extracellular vesicle.

By Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
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Figure 1: K-means clustering of differentially expressed proteins identified
in human placenta.

control GDM

PABPC4

Figure 2: Immunoblotting analysis with anti-PABPC4, anti-APOAL, and anti-
GAPDH antibodies.
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Figure 3: Bioinformatic analysis of the differentially expressed proteins.
The top 20 rankings of biological process, molecular function, and cellular
component that significantly changed based on GO analysis. The number
on each bar represents the proportion of the differentially expressed proteins
annotated to a GO category to the overall proteins annotated to the same
GO category.

analysis, 9 differentially expressed proteins were enriched in African
trypanosomiasis pathway, hematopoietic cell lineage, gap junction,
glucagon signaling pathway, and retinol metabolism (Figure 4). By
PPI analysis, among the 35 differentially expressed proteins, excluding
12 antibody proteins and unknown proteins, 17 of the remaining 23
differentially expressed proteins (PKIB, VASN, MRGBP, NEDDA4L,
PABPC4, ASPDH, SARI1B, TUBB2A, IGHM, GNAS, APOAI,
SERPINDI, RBP4, HPX, MARCKSL1, CD44, DHRS4) interacted
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Figure 4: KEGG pathway enrichment of differentially expressed proteins.
The number on each bar represents the proportion of differentially expressed
proteins annotated to a KEGG pathway to the overall proteins annotated to
the same KEGG pathway.

Figure 5: The protein interaction network of differentially expressed proteins.
Red spot indicates upregulated protein, yellow spot indicates downregulated
protein.

with each other and enriched into the same protein interaction
network (Figure 5). These results suggested that a highly connected
protein interaction network in the placenta of patients with GDM
affects disease occurrence.

Discussion

Diabetes mellitus is a group of endocrine and metabolic diseases
characterized by a high blood glucose level, and is classified into
the following types: type 1 diabetes mellitus, Type 2 Diabetes
Mellitus (T2D) and GDM, caused by a defect in insulin secretion or
impairment in insulin function (insulin resistance). Similar to T2D,
insulin resistance also exists in patients with GDM [25,26]; although
different from T2D, the blood glucose level returns to normal
immediately after childbirth, implying that the cause of insulin
resistance in patients with GDM is in the placenta.

To clarify the pathogenesis and screen the potential biomarkers
for GDM, we identified the differentially expressed proteins of women
with GDM and compared these with those of normal pregnant
women. The results showed that a total of 35 proteins were expressed
differentially between the two groups. Of the 35 differentially expressed
proteins, five have been reported to be implicated in diabetes mellitus.
In our study, two of these proteins have an upregulated expression,
whereas three proteins were downregulated.

cAMP-dependent Protein Kinase (PKA) is a pleiotropic
enzyme that plays a role in several signaling pathways and cAMP-
mediated vasorelaxation through the cAMP second messenger. The
mRNA and protein expression levels of PKA catalytic subunit were
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significantly decreased in streptozotocin-induced diabetic rats. The
decreased expression levels lead to the decrease of PKA activity,
which eventually leads to abnormal vasodilation in diabetic rats [27].
The protein expression level of PKIB was increased in our study,
implying that it may cause some complications of GDM by inhibiting
PKA activity. A recent study found that Adrenomedullin (ADM)
dose-dependently inhibited synthesis and secretion of insulin, and
circulating ADM concentrations were elevated in women with GDM.
cAMP-dependent protein kinase inhibitor blocked the inhibitory
effects of ADM [28]. Therefore, the increased expression of PKIB
may be one of the reasons why insulin concentration in patients with
GDM is higher than that in normal pregnant women.

Intrauterine hyperglycemia predisposed offspring of pregnant
women with GDM to dyslipidemia, insulin resistance, and glucose
intolerance through epigenetic modification-induced metabolic
dysregulation. Whether the pancreas from the offspring of GDM
mice model or umbilical cord blood from women with GDM,
methylation analysis showed that the methylation levels of GNAS in
the GDM group was significantly higher than that in normal pregnant
women. These results suggested that maternal GDM-induced
hypermethylation at GNAS and its effect on GNAS gene expression
pattern may be associated with the increased risk of metabolic
diseases in offspring [29,30]. In our study, the protein expression
level of GNAS was increased in the placenta of women with GDM.
In subsequent KEGG pathway analysis, this protein was enriched in
glucagon signaling pathway. It is worthy of further study whether
the expression of this protein is associated with the occurrence of
metabolic diseases in later life of offspring.

Heparin Cofactor II (HCII), mainly produced in the liver and
secreted into the bloodstream, is a novel vascular protective factor
against atherosclerosis by inhibiting the activity of thrombin. HCII
is capable of reversing insulin resistance and correlates inversely with
fasting plasma glucose [31,32]. The decreased expression of HCII
may increase the risk of cardiovascular complications in patients
with insulin resistance syndrome. HCII, thus, could be a potential
therapeutic target for T2D and GDM treatment.

RBP4 is an adipocyte-derived cytokine, which plays an important
role in energy metabolism and insulin resistance. Many studies have
shown that serum RBP4 concentration is increased in patients with
GDM, suggesting that elevated serum RPB4 level is a risk factor
for GDM pathogenesis [33-36]. However, our results showed that
RBP4 protein expression in women with GDM was decreased. One
reason is that serum RBP4 correlated with its mRNA expression in
subcutaneous adipose tissue, rather than in visceral adipose tissue
and placenta in patients with GDM [37] and RBP4 expression in the
placenta may be regulated by negative feedback. APOAL1 is the major
protein component of HDL particles, which are associated with
T2D development [38,39]. In this study, protein expression levels of
APOAL1 were found to be decreased in the placenta of women with
GDM using TMT proteomic analyses and immunoblotting. We
speculate that the low APOAL1 level also plays a role in the potential
pathogenesis of GDM.

Subsequently, bioinformatic analysis revealed that two
upregulated proteins, GNAS and FLJ94876, were enriched in
glucagon signaling pathway. As we have known, the homeostasis of

blood glucose is regulated together by glucagon and insulin. Glucagon
is responsible for elevating the plasma glucose concentration,
whereas insulin does the opposite. Although clinical studies often
focus on insulin dysfunction, glucagon plays an equally important
role in T2D pathogenesis 40. Plasma glucagon levels were usually
significantly higher in patients with GDM and T2D [40,41]. The
upregulated expression of GNAS and FLJ94876 may lead to over-
activation of glucagon signaling pathway, which may elevate the
glucose concentration in placental and fetal blood flow. This also
explains why GDM symptoms disappear after childbirth, because the
over-activated glucagon signaling pathway disappears with placenta
delivery. Further research and verification are needed to explore the
role of glucagon signaling pathway in GDM pathogenesis.

Additionally, two downregulated proteins, APOA1 and FL]60316,
were enriched in African trypanosomiasis pathway. However, both
are apolipoproteins, suggesting that abnormal lipid metabolism in
the placenta is another risk factor for GDM.

Limitation of our study was that the sample size was small, for
it is a little difficult to recruit more patients with strict inclusion
criteria. A large number of experimental samples from different
hospitals will be required to obtain further arguments in future
study. In conclusion, thirty-five protein expressions were identified
as significant differences between the control and GDM groups. Some
of these differentially expressed proteins have been confirmed to be
involved in the development of GDM. Our results show that insulin
resistance in the placenta may be the potential mechanisms leading
to the onset of GDM. Thus, these proteins can also be considered as
candidate biomarkers for predicting or as an intervention target for
preventing the onset of GDM.
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