
Citation: Sriboonvorakul, N.; Hu, J.;

Boriboonhirunsarn, D.; Ng, L.L.; Tan,

B.K. Proteomics Studies in

Gestational Diabetes Mellitus: A

Systematic Review and

Meta-Analysis. J. Clin. Med. 2022, 11,

2737. https://doi.org/10.3390/

jcm11102737

Academic Editor: Katrien Benhalima

Received: 8 April 2022

Accepted: 10 May 2022

Published: 12 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Proteomics Studies in Gestational Diabetes Mellitus:
A Systematic Review and Meta-Analysis
Natthida Sriboonvorakul 1 , Jiamiao Hu 2 , Dittakarn Boriboonhirunsarn 3 , Leong Loke Ng 4

and Bee Kang Tan 4,5,*

1 Department of Clinical Tropical Medicine, Faculty of Tropical Medicine, Mahidol University,
Bangkok 10400, Thailand; natthida.srn@mahidol.ac.th

2 Engineering Research Centre of Fujian-Taiwan Special Marine Food Processing and Nutrition,
Ministry of Education, Fuzhou 100816, China; jiamiao.hu@fafu.edu.cn

3 Department of Obstetrics & Gynecology, Faculty of Medicine, Siriraj Hospital, Mahidol University,
Bangkok 10700, Thailand; dittakarn.bor@mahidol.ac.th

4 Department of Cardiovascular Sciences, University of Leicester, Leicester LE1 7RH, UK; lln1@leicester.ac.uk
5 Diabetes Research Centre, Leicester General Hospital, Leicester LE5 4PW, UK
* Correspondence: bee.k.tan@leicester.ac.uk; Tel.: +44-116-2525841

Abstract: Gestational Diabetes Mellitus (GDM) is the most common metabolic complication during
pregnancy and is associated with serious maternal and fetal complications such as pre-eclampsia and
stillbirth. Further, women with GDM have approximately 10 times higher risk of diabetes later in life.
Children born to mothers with GDM also face a higher risk of childhood obesity and diabetes later in
life. Early prediction/diagnosis of GDM leads to early interventions such as diet and lifestyle, which
could mitigate the maternal and fetal complications associated with GDM. However, no biomarkers
identified to date have been proven to be effective in the prediction/diagnosis of GDM. Proteomic
approaches based on mass spectrometry have been applied in various fields of biomedical research
to identify novel biomarkers. Although a number of proteomic studies in GDM now exist, a lack of a
comprehensive and up-to-date meta-analysis makes it difficult for researchers to interpret the data
in the existing literature. Thus, we undertook a systematic review and meta-analysis on proteomic
studies and GDM. We searched MEDLINE, EMBASE, Web of Science and Scopus from inception
to January 2022. We searched Medline, Embase, CINHAL and the Cochrane Library, which were
searched from inception to February 2021. We included cohort, case-control and observational studies
reporting original data investigating the development of GDM compared to a control group. Two
independent reviewers selected eligible studies for meta-analysis. Data collection and analyses were
performed by two independent reviewers. The PROSPERO registration number is CRD42020185951.
Of 120 articles retrieved, 24 studies met the eligibility criteria, comparing a total of 1779 pregnant
women (904 GDM and 875 controls). A total of 262 GDM candidate biomarkers (CBs) were identified,
with 49 CBs reported in at least two studies. We found 22 highly replicable CBs that were significantly
different (nine CBs were upregulated and 12 CBs downregulated) between women with GDM
and controls across various proteomic platforms, sample types, blood fractions and time of blood
collection and continents. We performed further analyses on blood (plasma/serum) CBs in early
pregnancy (first and/or early second trimester) and included studies with more than nine samples
(nine studies in total). We found that 11 CBs were significantly upregulated, and 13 CBs significantly
downregulated in women with GDM compared to controls. Subsequent pathway analysis using
Database for Annotation, Visualization and Integrated Discovery (DAVID) bioinformatics resources
found that these CBs were most strongly linked to pathways related to complement and coagulation
cascades. Our findings provide important insights and form a strong foundation for future validation
studies to establish reliable biomarkers for GDM.
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1. Introduction

Gestational diabetes mellitus (GDM) is the most common metabolic complication
during pregnancy, affecting up to 25% of pregnancies [1]. Women with GDM have higher
risks of developing hypertensive disorders during pregnancy, in particular, pre-eclampsia,
pre-term birth, cesarean delivery, as well as mental health problems such as anxiety and
depression [2–4]. Risks to the children include macrosomia (20–30%), small for gestational
age (7–10%), shoulder dystocia, neonatal hypoglycemia, neonatal hyperbilirubinemia, respi-
ratory distress syndrome and stillbirth [4]. Further, women with GDM have approximately
10 times higher risk of developing type 2 diabetes mellitus (T2DM) later in life [5,6]. Up to
half of the women with GDM develop T2DM within 10 years after delivery [5,6]. Children
born to mothers with GDM also face a higher risk of childhood obesity and diabetes later
in life [4].

GDM occurs during pregnancy and is characterized by hyperglycemia and insulin
resistance, which is partly attributable to the secretion of hormones such as estrogen,
progesterone, cortisol and human placental lactogen from the placenta [7–9]. In addition,
impairment of a compensatory increase in insulin secretion from pancreatic beta-cells
contributes to the development of GDM [10]. This dysfunction can be caused by either an
autoimmune process (a state of chronic insulin resistance) or a genetic abnormality leading
to abnormalities of insulin secretion [11].

There are several screening/diagnostic criteria for GDM, such as the International
Association of the Diabetes and Pregnancy Study Groups [12] and the American Diabetes
Association criteria [13]. Various combinations of risk factors have been used for selective
screening and diagnosis of GDM [14]. Risk factors for GDM include a high maternal
body mass index (BMI), maternal age, previous GDM, previous macrosomic baby, family
history of diabetes (specifically, first-degree relatives) and ethnicity (such as South Asian
women) [15,16]. Screening is usually performed using the Oral Glucose Tolerance Test
(OGTT) at 24–28 weeks of gestation (the second trimester), leaving only limited time for
interventions/treatments.

Recently, research into biomarkers for early and accurate prediction of GDM has
increased. Early prediction/diagnosis lends itself to early interventions such as diet
and lifestyle, which could mitigate the maternal and fetal complications associated with
GDM [17]. Adipokines, especially adiponectin, have received particular attention [18].
Adiponectin has insulin-sensitizing and protective effects on vascular endothelial cells [19].
Other adipokines related to adiponectin are also being studied in the context of diabetes
mellitus [20], such as C1QTNF-related protein-1 (CTRP-1). A recent publication reported
that CTRP-1 is linked to insulin resistance in pregnancy and could be a metabolic biomarker
for insulin resistance in women with GDM [21]. Other adipokines that have been related
to GDM include chemerin (new Ref. [1]) and retinol-binding protein-4 [22]. In addition,
maternal lipids, in particular triglycerides, are associated with GDM [23]. Nevertheless, no
biomarkers identified to date have been proven to be effective in the prediction/diagnosis
of GDM, including combining maternal risk factors [24–31].

The proteome is an expression of a set of proteins in a given time and space with
varied compositions in different cells, tissues or biological fluids, which is commonly
studied in untargeted biomarker discovery [32]. Proteomic approaches based on mass
spectrometry (MS) have been applied in various fields of biomedical research to identify
novel biomarkers using platforms such as liquid-chromatography tandem MS using Data
Dependent Acquisition (DDA) or Data Independent Acquisition (DIA) [33]. Aptamer-
based proteomics have also been used in biomarker discovery studies [34]. Although a
number of proteomic studies in GDM now exist, a lack of a comprehensive and up-to-date
meta-analysis makes it difficult for researchers to interpret the data in the existing literature.
To the best of our knowledge, this is the first meta-analysis performed on this topic.
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2. Material and Methods

The aim of this systematic review was to identify proteomic studies using an untar-
geted discovery approach (to avoid bias) in women with and without GDM to assess if
levels differed between the two groups. In addition, we also assessed the replicability and
regulation of candidate biomarkers (CB) for GDM in terms of study cohorts, sample types,
blood fractions and blood collection time, proteomic platform and continent.

2.1. Search Strategy

This systematic review is reported following the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) [35]. We searched the following databases:
MEDLINE, EMBASE, Web of Science and Scopus from their inception to January 2022. The
search strategy for each database was developed using the following terms: “Proteomics”
and “Gestational diabetes mellitus”. Keywords for Gestational diabetes mellitus: “Gesta-
tional Diabetes” or “Diabetes Mellitus Gestational” or “Pregnancy-Induced Diabetes” or
“GDM”, and Keywords for Proteomics analysis: “Proteomics” or “Proteomic” and “Mass
Spectrometry”. In addition, hand-searching the reference list for eligible studies and direct
contact with authors, when necessary. The final search was carried out on 13 December
2021. We limited our search to articles written in English but did not place any restrictions
on publication date. The protocol was registered with the International Prospective Register
for Systematic Reviews (PROSPERO) database: registration number CRD42020185951.

2.2. Study Selection

Two reviewers (N.S., J.H.) independently screened the title and abstracts of all papers
and, according to their relevance, obtained full-text reports for further scrutiny, and an
agreement was reached on final inclusions. In the event of any disagreement, a third
reviewer (B.K.T) was involved in resolving any disagreements. The inclusion criteria for this
systematic review were: (1) proteomic studies; (2) mass spectrometry analysis; (3) cohort,
case-control and observational studies reporting original data; (4) articles published in the
English language; (5) studies performed on human participants; (6) studies performed on
pregnant women; (7) studies with a control group. The exclusion criteria were: (1) other
types of diabetes apart from GDM; (2) conference abstracts, case reports, case series,
letters, editorials, guidelines, theses, commentaries, reviews, systematic reviews, brief
communication or technical note; (3) reported associations without any retrievable data.
Search results were managed in Endnote.

Any disagreement during the process was resolved through discussion and, when
necessary, by the advice of a third reviewer (B.K.T.). Any discrepancies were resolved
through discussion or with the advice of a third reviewer (B.K.T.).

2.3. Data Extraction and Risk of Bias Assessment

Data were extracted independently by two reviewers (N.S., J.H.) following the Cochrane
Handbook guidelines [36], and findings were reported according to PRISMA guidelines [35].
Any discrepancies were resolved through discussion or with the advice of a third reviewer
(B.K.T.). The risk of bias in each study was assessed using the Newcastle–Ottawa Scale by
the two reviewers (N.S. and J.H.) independently. We judged studies that received a score of
nine or eight stars to be at low risk of bias, studies that scored seven or six stars to be at
medium risk, and those that scored five or less to be at high risk. The articles included in
our meta-analysis are presented in Supplementary Table S1; for information that was not
reported in either the manuscript or accompanying Supplementary Materials, we contacted
the corresponding authors of these manuscripts to acquire the information.

2.4. Data Analysis
2.4.1. Replicability of Candidate Biomarkers (CBs)

The replicability of a CB was assessed according to the number of cohorts that were
reported. The replicable CBs were grouped by sample types, blood fraction and time of
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blood collection, proteomic platform and continent, given the influence these analytical
and demographic factors have on protein quantification and expression. The various
proteomic strategies that were utilized for CB discovery were categorized according to
the mass spectrometry approach, including gel image and spectra intensity (label-free and
chemical labeling). In addition, the replicable CBs should be grouped by ethnicity as this
could influence the expression of CBs. However, there was only one cohort with data on
ethnicity (data not shown). Given most studies reported only the county of origin, the
replicability of CBs was grouped by continents instead. The discovery of similar CBs across
different cohorts would point to a potentially valuable GDM biomarker if the regulation
was consistent. In this systematic review, a CB would be considered if reported consistently
across all cohorts.

2.4.2. Meta-Analysis

Studies reporting CB with fold change and p-value were included and calculated
using the generic inverse variance method in RevMan 5 to obtain the ratio of mean values
(RoM) and 95% confidence intervals (CI). For studies that did not report the exact p-value,
e.g., p < 0.05, we set the p-value equal to 0.05 to perform calculations. Pooled analyses were
performed amongst 40 CBs that were reported in at least 2 studies (Alpha-1-antitrypsin, An-
nexin A4, Apolipoprotein A-V, Apolipoprotein C-III, Apolipoprotein E, Apolipoprotein M,
C4b-binding protein alpha chain, Coagulation factor IX, Coagulation factor V, Coagulation
factor X, Coagulation factor XII, Complement C1s subcomponent, Complement component
C6, Complement component C7, Complement component C8 beta chain, Complement
component C8 gamma chain, Complement component C9, Complement factor B, Comple-
ment factor H, C-reactive protein, Endoplasmin, Fibrinogen alpha chain, Fibrinogen beta
chain, Fibrinogen gamma chain, Gelsolin, Glyceraldehyde-3-phosphate dehydrogenase,
Ig mu chain C region, IGL@ protein, Insulin-like growth factor-binding protein 5, Mannan-
binding lectin serine protease 2, Pappalysin-1 (also known as pregnancy-associated plasma
protein A (PAPP-A), Plasma protease C1 inhibitor, Pregnancy zone protein, Proteoglycan
4, Prothrombin, Retinol-binding protein 4, Secreted phosphoprotein 24, Serum amyloid
p-component, Sex hormone-binding globulin and Serum paraoxonase/arylesterase 1). Out-
come measures were presented as a ratio of mean (RoM) between GDM and controls with
95% confidence intervals (CI). Between-study heterogeneity was assessed by the Higgins
I2 statistic, which provides an estimate of the percentage of variability across studies that
is due to heterogeneity rather than chance alone [37]. The random-effect model was used
given the variability of CB measurements between different laboratories and proteomic
platforms. An RoM of more than 1 would indicate upregulation of GDM CBs, and an RoM
of less than 1 would indicate downregulation. A similar approach was used when we
performed further analyses on blood (plasma/serum) CBs in early pregnancy (first and/or
early second trimester).

2.4.3. Enrichment Analysis

The enrichment analysis was conducted on consistently regulated CBs to identify
the most enhanced pathway in which a CB is consistently involved and in a replicable
manner. The analysis was performed using the Database for Annotation, Visualization and
Integrated Discovery (DAVID) bioinformatics resources. DAVID is an integrated biological
database that extracts meaningful information from large lists of proteins [38]. UniProt
accession numbers were used as the identifier in DAVID. The importance of enriched
pathways was ranked in accordance with the modified Fisher’s exact test (EASE score) [39].

3. Results
3.1. Literature Search Results and Characteristics of Included Studies

The results from our literature search are summarized in a PRISMA flowchart in
Figure 1. A total of 120 articles were identified through MEDLINE, EMBASE, Web of
Science and Scopus. After the removal of duplicates, 60 articles remained and were
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screened based on titles and abstracts. Only 48 full-text articles were relevant and assessed
for eligibility based on the pre-specified inclusion criteria. Finally, a total of 24 studies were
included in this systematic review, 15 of which had adopted the case-control approach,
9 were with both case-control and longitudinal study designs. Characteristics of the studies
included in the meta-analyses are presented in Supplementary Table S1. Information about
how the diagnosis of GDM is made by each study is presented in Supplementary Table S2.
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) chart of
study selection for systematic review and meta-analysis.

For case-control studies, the reported CBs were determined amongst 687 pregnant
women with GDM and 656 controls. For longitudinal studies, 217 GDM and 219 con-
trols were involved. The 24 included studies were conducted in the following continents,
i.e., Asia (n = 14), Europe (n = 6), North America (n = 3) and Australia (n = 1). Whilst
11 studies utilized plasma samples, 7 studies utilized serum, and 6 studies utilized other
samples, i.e., urine (n = 1), amniotic fluid (n = 1), rectus abdominus skeletal muscle tissue
(n = 1), placenta villi (n = 1), omental adipose tissue (n = 1) and urine exosomes (n = 1). Fur-
thermore, 11 studies performed sample collection for proteomic analyses during the second
trimester of pregnancy, 4 studies during the first trimester of pregnancy, 1 study during the
first and second trimesters of pregnancy, 1 study during the second and third trimesters of
pregnancy, and 7 studies did not provide data on when the samples were collected.
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3.2. Quality and Risk of Bias Assessment

Supplementary Table S3 shows the quality assessment using the Newcastle–Ottawa
Scale (NOS) for all included studies. All 24 included studies showed good quality and low
risk of bias, with four stars in the selection domain, one or two stars in the comparability
domain, and three stars in the outcome/exposure domain (Total NOS score 8 or 9). There-
fore, all 24 studies were included in the qualitative synthesis. A total of 15 studies were
included in the meta-analysis.

3.3. Replicability of CBs

The replicability of CBs was assessed across different cohorts. Amongst the 24 included
studies, two studies shared the same cohort after clarification from the authors [40,41]. The
total cohorts were thus reduced to 23 independent cohorts [42–62].

Supplementary Table S4 shows the replicability of 262 CBs across the 23 independent
cohorts. The CBs were significantly and differentially expressed in women with GDM
compared to controls. Approximately 19% of CBs (49 out of a total 262 CBs) were reported
in at least two different cohorts. Fibrinogen alpha chain was reported in 10 independent
cohorts [46–55]. A total of 15 CBs were reported across three cohorts, 33 CBs were re-
ported across two cohorts, and the remaining CBs were only discovered in a single cohort
(Supplementary Table S4).

Of the 49 replicable CBs, a total of 14 CBs were found to be consistently upregu-
lated and associated with complement and coagulation cascades, peroxisome proliferator-
activated receptors signaling pathway, immune and inflammatory responses, glycolytic
pathway, cardiovascular disease, autoimmune disorders, malignancy and autoimmune
disease. On the other hand, 16 CBs were found to be consistently downregulated and
known to be involved in complement and coagulation cascades, prion diseases, systematic
lupus erythematosus and amoebiasis. The regulation of 19 CBs was found to be inconsistent
across the relevant studies and associated with complement and coagulation cascades,
platelet activation and staphylococcus aureus infection. Interestingly, all three types of repli-
cable CBs (consistent upregulation, consistent downregulation and inconsistent regulation)
were involved in complement and coagulation cascades.

3.3.1. Grouping of Replicable CBs by Sample Type

Supplementary Table S5 shows the grouping of replicable CBs with consistent regula-
tion by sample type (n = 30). Plasma/sera samples were obtained from peripheral vessels.
In addition, plasma samples were obtained from umbilical vessels. All CBs were found
in both plasma and/or serum. The serum is derived from blood but without clotting fac-
tors, containing proteins such as albumin, immunoglobulins, transferrin, haptoglobin and
lipoproteins [63]. Analyses of CBs in serum/plasma samples frequently require separation
of their components, usually, albumin depletion as a fraction of interest. Such “preprocess-
ing” of serum/plasma specimens is very important in proteomic analyses based on mass
spectrometry as high-abundant proteins such as albumin suppress peptide ions originating
from low-abundant proteins, limiting the probability and reliability of their detection [64].
We found that PAPP-A was found in plasma but not in sera. It is an enzyme that cleaves
insulin-like growth factor-binding protein 4 and insulin-like growth factor-binding pro-
tein 5, releasing insulin growth factor (IGF). IGF then binds to IGF receptors, resulting in
activation of the IGF pathway. This protein plays an important role in bone formation,
inflammation, wound healing and female fertility [65]. Furthermore, haptoglobin was
found in both sera and urine exosomes but not in plasma. Through hemolysis, hemoglobin
is found to accumulate in the kidneys and is secreted in the urine. Haptoglobin combines
with free plasma hemoglobin to allow hepatic recycling of heme iron and to prevent renal
damage. Haptoglobin acts as an antioxidant, has antibacterial activity and plays a role in
modulating many aspects of the acute phase response. Hemoglobin/haptoglobin com-
plexes are rapidly cleared by the macrophage CD163 scavenger receptor expressed on the
surface of liver Kupfer cells through an endocytic lysosomal degradation pathway [66].
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Replicable CBs were identified more in sera compared to plasma even though 11 studies
utilized plasma whereas 7 studies utilized sera.

3.3.2. Grouping of Replicable CBs by Blood fraction and Collection Time

Table 1 shows the grouping of replicable CBs with consistent regulation by blood
fraction and collection time. All replicable plasma CBs were collected during the second
trimester of pregnancy for proteomic analyses whilst replicable sera CBs were collected in
either the first or the second trimester of pregnancy. One study did not report collection
time [55]. We found that C-reactive protein (CRP), Ig mu chain C region (IGHM), Pro-
teoglycan 4 (PRG4), Secreted phosphoprotein 24 (SPP24), Sex hormone-binding globulin
(SHBG), Coagulation factor V (F5), complement component C9 (C9), Alpha-1-antitrypsin,
Apolipoprotein C-III (APOC3) and Serum amyloid p-component (SAP) were identified only
in second-trimester plasma samples and only in first trimester sera. Plasma and sera are
important specimens for protein biomarker discovery as it is easily collected and contain
highly abundant proteins secreted into the blood circulation by normal or damaged cells in
both health and disease [67]. Several protein concentrations could be measured in plasma
and/or sera in routine clinical practice. The dynamic concentration range of proteins such
as albumin could achieve at least 10 orders of magnitude [68].

Table 1. Grouping of replicable candidate biomarkers (CBs) by blood fraction and collection time.

Replicable CB Regulation Total
Cohort

Plasma
(Number of Cohort)

Serum
(Number of Cohort) Reference (First Name, Year)

Sample Collection
for Proteomics

Analysis (Trimester)

Sample Collection for
Proteomics Analysis

(Trimester)

1st 1st–2nd 2nd 1st 1st–2nd 2nd

C-reactive protein up 3 2 1 Liu, X. 2020 [54] Shen, L. 2019 [53] Zhao, C. 2015 [49]

Ig mu chain C region
(Immunoglobulin

heavy constant mu)
down 3 2 1 Liu, X. 2020 [54] Shen, L. 2019 [53] Zhao, D. 2017 [51]

Proteoglycan 4 up 3 2 1 Liu, X. 2020 [54] Shen, L. 2019 [53] Zhao, D. 2017 [51]

Secreted
phosphoprotein 24 down 3 1 2 Liu, X. 2020 [54] Ravnsborg, T.

2019 [41] Shen, L. 2019 [53]

Sex hormone-binding
globulin down 3 2 1 Liu, X. 2020 [54]

Ravnsborg, T.
2016 and 2019

[40,41]
Zhao, C. 2015 [49]

Coagulation factor V down 2 1 1 Shen, L. 2019 [53] Zhao, D. 2017 [51]

Complement
component C9 down 2 1 1 Shen, L. 2019 [53] Zhao, D. 2017 [51]

Alpha-1-antitrypsin down 2 1 1 Shen, L. 2019 [53] Zhao, C. 2015 [49]

Antithrombin-III down 2 1 1 Ravnsborg, T.
2019 [41] Zhao, D. 2017 [51]

Apolipoprotein A-V up 2 1 1 Shen, L. 2019 [53] Zhao, D. 2017 [51]

Apolipoprotein C-III up 2 1 1 Kim, S.M. 2012
[43] Shen, L. 2019 [53]

Apolipoprotein E up 2 1 1 Shen, L. 2019 [53] Zhao, D. 2017 [51]

C4b-binding protein
alpha chain down 2 1 1 Shen, L. 2019 [53] Zhao, D. 2017 [51]

Coagulation factor IX up 2 1 1 Shen, L. 2019 [53] Zhao, D. 2017 [51]

Coagulation factor X up 2 1 1 Shen, L. 2019 [53] Zhao, D. 2017 [51]

Coagulation factor XII up 2 1 1 Shen, L. 2019 [53] Zhao, D. 2017 [51]

Complement C1s
subcomponent up 2 1 1 Shen, L. 2019 [53] Zhao, D. 2017 [51]

Complement
component C6 down 2 1 1 Shen, L. 2019 [53] Zhao, D. 2017 [51]

Complement
component C7 down 2 1 1 Shen, L. 2019 [53] Zhao, D. 2017 [51]

Complement
component C8 beta

chain
down 2 1 1 Shen, L. 2019 [53] Zhao, D. 2017 [51]
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Table 1. Cont.

Replicable CB Regulation Total
Cohort

Plasma
(Number of Cohort)

Serum
(Number of Cohort) Reference (First Name, Year)

Sample Collection
for Proteomics

Analysis (Trimester)

Sample Collection for
Proteomics Analysis

(Trimester)

1st 1st–2nd 2nd 1st 1st–2nd 2nd

Complement
component C8
gamma chain

down 2 1 1 Shen, L. 2019 [53] Zhao, D. 2017 [51]

Complement factor H down 2 1 1 Shen, L. 2019 [53] Zhao, D. 2017 [51]

Endoplasmin down 2 1 1 Shen, L. 2019 [53] Zhao, D. 2017 [51]

Gelsolin down 2 1 1 Shen, L. 2019 [53] Zhao, D. 2017 [51]

Glyceraldehyde-3-
phosphate

dehydrogenase
up 2 1 1 Shen, L. 2019 [53] Zhao, D. 2017 [51]

Insulin-like growth
factor-binding protein

5
up 2 1 1 Shen, L. 2019 [53] Zhao, D. 2017 [51]

Pappalysin-1 down 2 2 Jayabalan, N.
2019 [59] Zhao, C. 2015 [49]

Serum amyloid
p-component up 2 1 1 Liu, X. 2020 [54] Ravnsborg, T.

2019 [41]

Serum paraox-
onase/arylesterase 1 up 2 1 1 Shen, L. 2019 [53] Zhao, D. 2017 [51]

3.3.3. Grouping of Replicable CBs by Proteomic Platform

Supplementary Table S6 shows the grouping of replicable CBs with consistent regula-
tion by mass spectrometry proteomic platform. CRP, IGHM, PRG4, Secreted phosphopro-
tein 24, SHBG, APOC3, Haptoglobin, PAPP-A and SAP components were analyzed using
both label-free and chemical labeling techniques. The label-free approach can identify more
proteins and cover a broader range of protein expression levels; however, the chemical
labeling approach is more accurate [69]. iTRAQ (isobaric tagging for relative and absolute
quantification) and TMT (tandem mass tags) are chemical labels that have been used in a
wide range of different clinically orientated plasma and sera proteomics studies [70]. We
found that APOC3 was analyzed using all proteomic platforms (including gel image, label-
free and chemical labeling). APOC3 is a small apolipoprotein of 79 amino acid residues [71].
In the circulation, APOC3 is mainly present on triglyceride (TG)-rich lipoproteins (TRLs)
and high-density lipoprotein (HDL) and on low-density lipoprotein (LDL) particles [72].
APOC3 controls lipid metabolism in multiple ways, including the inhibition of lipoprotein
lipolysis and receptor-mediated uptake of TRLs as well as stimulating the production of
very-low-density lipoproteins (VLDLs) [73].

3.3.4. Grouping of Replicable CBs by Continent

Supplementary Table S7 shows the grouping of replicable CBs with consistent reg-
ulation by continent. Most CBs were found in Asian-based studies. A total of 14 out
of 24 included studies (58%) studies were conducted in Asia. PAPP-A was identified
in Australian and Asian-based studies. SPP24, SHBG, Antithrombin-III and SAP were
identified in European and Asian-based studies. Haptoglobin was identified in American
and European-based studies.

3.3.5. Consistent Pattern from 19 Inconsistent CBs

We performed further analyses of the 19 inconsistent CBs, including Annexin A4,
Apolipoprotein A-IV, Apolipoprotein M, Complement factor B, F5, Extracellular matrix
protein 1, Fibrinogen alpha chain (FGA), Fibrinogen beta chain, Fibrinogen gamma chain,
IGL@ protein, Mannan-binding lectin serine protease 2, Phospholipid transfer protein,
Plasma protease C1 inhibitor, Pregnancy zone protein, Prothrombin (P), Retinol-binding
protein 4, Serum amyloid A-2 protein, Transthyretin and Serum paraoxonase/arylesterase
1 (PON1) to find consistent patterns (up or downregulation) according to sample type,
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sample collection time, proteomic platform and continent. We found that in Asian studies,
there were three CBs (F5, Fibrinogen gamma chain and PON1), which were consistent
according to sample type and proteomic platform. Using the chemical labeling proteomic
platform, PON1 was consistently upregulated, whereas serum F5 and plasma Fibrinogen
gamma chain were consistently downregulated.

3.4. Meta-Analysis

Supplementary Figures S1–S40 show the forest plots of the 40 CBs in women with GDM
compared to controls. We found that 9 CBs were significantly upregulated in women with
GDM compared to controls, i.e., Apolipoprotein A-V (APOA5), APOC3, Apolipoprotein E
(APOE), Coagulation factor IX (F9), Coagulation factor X (F10), Coagulation factor XII (F12),
Complement C1s subcomponent (C1S), PRG4 and SAP (Supplementary Figures S1–S9) and
13 CBs were found to be significantly downregulated in women with GDM compared to con-
trols, i.e., C4b-binding protein alpha chain (C4BPA), Complement component C6 (C6), Com-
plement component C7 (C7), Complement component C8 beta chain (C8B), Complement
component C8 gamma chain (C8G), C9, Complement factor H (CFH), Endoplasmin (EPN),
Gelsolin (GSN), IGHM, PAPP-A, SPP24 and SHBG (Supplementary Figures S10–S22); how-
ever, the remaining CBs were not significant in women with GDM compared to controls.

We performed further analyses on blood (plasma/serum) CBs in early pregnancy (first
and/or early second trimester). Moreover, we excluded studies with less than 10 samples
(see Supplementary Table S1—studies 3, 11, 12, 16, 17, 19). Hence, there were nine studies
included in total for these further analyses (see Supplementary Table S1—studies 4, 7, 9,
15, 20, 21, 22, 23, 24). Supplementary Figures S41–S44 show the forest plots of the 27 CBs
in women with GDM compared to controls. We found that 11 CBs were significantly
upregulated in women with GDM compared to controls, i.e., APOA5, APOE, F9, F10, F12,
C1S, FGA, IGF binding protein 5 (IGFBP-5), PRG4, SAP and PON1 and 13 CBs were found
to be significantly downregulated in women with GDM compared to controls, i.e., were
C4BPA, F5, C6, C7, C8B, C8G, C9, CFH, EPN, GSN, IGHM, P and SPP24; the remaining
CBs were not significant in women with GDM compared to controls.

3.5. Pathway Analysis for Replicable CBs

Supplementary Table S8 shows the DAVID functional annotation chart analyses
representing over-represented pathways in KEGG. We found that pathways related to
complement and coagulation cascades (p = 1.5 × 10−19), systemic lupus erythematosus
(p = 4.2 × 10−4) and prion diseases (p = 3.3 × 10−5) were significant. However, amoebiasis
(p = 5.1 × 10−1) was not significant.

Further pathway analysis for replicable CBs pertaining to early pregnancy blood
CBs for GDM (27 CBs) is presented in Supplementary Table S9. We found that pathways
related to complement and coagulation cascades (p = 4.7 × 10−22), coronavirus disease
COVID-19 (p = 6.3 × 10−6), system lupus erythematosus (p = 1.9 × 10−4), prion diseases
(p = 5.9 × 10−2) and amoebiasis (p = 4.2 × 10−1) was not significant.

4. Discussion

The current study presents a systematic review and meta-analysis showing highly
replicable CBs that can differentiate between women with and without GDM across vari-
ous proteomic platforms, sample types, blood fractions and time of blood collection and
continents. We found that 22 CBs were significantly different between women with GDM
and controls, of which 9 CBs were upregulated and 13 CBs downregulated. The nine CBs
that were upregulated were APOA5, APOC3, APOE, F9, F10, F12, C1S, PRG4 and SAP. Of
these nine CBs, three CBs, i.e., APOC3, APOE and PRG4, were replicated with consistent
regulation in at least three independent cohorts. On the other hand, the 13 CBs that were
downregulated were C6, C7, C8B, C8G, C9, CFH, C4BPA, EPN, GSN, IGHM, PAPPA,
SPP24 and SHBG. Moreover, 5 of these 13 CBs, i.e., C9, GSN, IGHM, SPP2 and SHBG, were
replicated with consistent regulation in at least three independent cohorts. Subsequent
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pathway analysis using DAVID found that these CBs were linked to pathways related to
complement and coagulation cascades, system lupus erythematosus and prion diseases.

In a bid to focus on the most clinically useful CBs for GDM, we performed further
analyses on blood (plasma/serum) CBs in early pregnancy (first and/or early second
trimester). Blood (plasma/serum) would be most likely to be used for routine early GDM
screening. Moreover, the ability to predict/diagnose GDM early would allow interventions
such as diet and lifestyle to be implemented in a timely manner, which could further lessen
the maternal and fetal complications associated with GDM. Moreover, we included studies
with more than nine samples. Hence, there were nine studies included in total for these
further analyses (detailed in the Results section). We found that 24 CBs were significantly
different between women with GDM and controls, of which 11 CBs were upregulated
and 13 CBs downregulated. The 11 CBs that were upregulated were APOA5, APOE, F9,
F10, F12, C1S, FGA, IGFBP-5, PRG4, SAP and PON1. Conversely, the 13 CBs that were
downregulated were C4BPA, F5, C6, C7, C8B, C8G, C9, CFH, EPN, GSN, IGHM, P and
SPP24. In addition, of these 24 CBs, 3 CBs, i.e., FGA, IGHM and PRG4, were replicated with
consistent regulation in at least three independent cohorts. Subsequent pathway analysis
using DAVID found that these CBs were linked to pathways related to complement and
coagulation cascades, coronavirus disease COVID-19, system lupus erythematosus and
prion diseases.

In the early pregnancy blood CBs for GDM, the twp Apolipoprotein CBs that were
significantly upregulated in women with GDM were APOA5 and APOE. APOA5 plays an
important role in the pathophysiology of insulin resistance-related hypertriglyceridemia;
obese human participants had lower plasma APOA5 levels, which were inversely corre-
lated with TGs, body mass index and homeostasis model assessment of insulin resistance
(HOMA-IR) [74]. APOE promotes the clearance of VLDL and LDL from the blood circula-
tion and is involved in the reverse transport of cholesterol [75]. A study reported that APOE
protein levels are decreased in serum samples from patients with T2DM [76]. Interestingly,
a recent study showed that APOE was down-regulated in the serum and placenta of women
with GDM; however, this was a small study involving a total of 50 pregnant women [77].

There were four Coagulation factor CBs that were found to be significantly different in
women with GDM in the early pregnancy blood CBs for GDM, i.e., (F9, F10 and F12 were
upregulated whilst F5 was down-regulated. Coagulation factors are blood proteins that are
involved in hemostasis. During pregnancy, the concentrations of F5, F7, F8, F9, F10, F12 and
von Willebrand factor increase significantly together with an increase in the concentration
of plasma fibrinogen [78]. This helps blood clot more easily during pregnancy to reduce
blood loss during labor and delivery [79]. Further, F12 is intrinsically related to coagulation
in normal pregnancy and is also a marker of GDM [80].

The remaining six CBs that were significantly upregulated amongst the early preg-
nancy blood CBs for GDM were C1S, FGA, IGFBP-5, PRG4, SAP and PON1. C1S expression
was found to be upregulated in human adipocytes from obese, insulin-resistant study
participants [81]. FGA is one of the main components of blood clots, playing a key role
in haemostasis and thrombosis [82]. Changes in the IGF system were implicated in the
development of GDM, glucose homeostasis and fetal growth [83]. Our finding of an
upregulation of IGFBP-5 sheds new light on the relationship between the IGF axis and
GDM. PRG4 is a proteoglycan that acts as a joint/boundary lubricant [84]. Of interest, a
study showed that hyperglycemia altered proteoglycan expression and the glycosamino-
glycan composition in the placentas of women with GDM [85]. Amongst acute-phase
inflammation-induced proteins, SAP is primarily produced by hepatocytes and mainly
in response to pro-inflammatory cytokines [86]. Further, SAP suppresses the progression
of diabetic nephropathy by reducing the secretion of chemokine C-C motif ligand 1 by
macrophages [87]. Human serum PON1 is associated with HDLs, and PON1 is one of the
few modifying transfer proteins that interact with serum lipoproteins [88].

In the early pregnancy blood CBs for GDM, there were seven Complement CBs that
were downregulated in women with GDM, i.e., C6, C7, C8B, C8G, C9, CFH and C4BPA.
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The complement system plays an important role in the initiation and maintenance of
inflammation, and its activation is launched via three different pathways: the classic
pathway, the alternative pathway and the lectin pathway [89]. C6, C7, C8B, C8G and C9
are the terminal complement components that are necessary to form the membrane attack
complex (the main effector of complement-mediated tissue damage) and are constitutively
present in plasma [90]. In addition, CFH is a serum glycoprotein that expedites the decay of
C3 convertase and is a cofactor for the inactivation of C3b [91]. GDM is a pro-inflammatory
state as evidenced by raised C-reactive protein (CRP) levels; increased oxidative stress
is found in GDM, secondary to insulin resistance, leading to lower CFH and higher C3
levels [92]. A recent study reported that the elevated complement factors (C3, C4 and
CFH) in women with GDM could be mainly accounted for by inflammation [93]. C4BP is a
polymer of seven identical alpha chains (C4BPA) and one unique beta chain secreted from
the pancreas; C4BP inhibits islet amyloid polypeptide-mediated inflammasome activation
and secretion of the diabetogenic cytokine Interleukin 1 beta [94].

The remaining five CBs that were significantly downregulated in women with GDM
were EPN, GSN, IGHM, P and SPP24. EPN is a luminal protein of the endoplasmic reticu-
lum (ER) [95]. In T2DM, ER stress-induced dysfunction of pancreatic beta cells decreases
insulin production and its bioactivity leading to hyperglycemia [96]. GDM is a pre-diabetic
state; though there could be various underlying causes, most cases are characterized by
low-grade chronic beta-cell dysfunction [97]. GSN was reported to modulate insulin se-
cretion from pancreatic β-cells by remodeling the actin cytoskeleton [98] and stimulating
insulin secretion by depolymerizing F-actin in β-cells [99]. Furthermore, GSN was able to
reduce blood glucose levels, and plasma GSN levels were lower in T2DM [100]. IGHM is
a constant region of immunoglobulin heavy chains; immunoglobulins or antibodies are
antigen receptors expressed by B cells and secreted by plasma cells and represent one of the
major components of the adaptive immune response [101]. IGHM levels were reported to
be significantly downregulated in women with GDM [53,54], and importantly, low IGHM
levels could predict women who subsequently developed GDM [51]. P is a plasma protein
that is converted to thrombin and promotes blood coagulation. A recent report showed that
the prothrombin time was significantly lower in women with GDM and related to the sever-
ity of GDM [102]. Finally, SPP24, primarily synthesized by the liver, is a cytokine-binding
bone matrix protein with several truncated C-terminal products [103]. Moreover, serum
SPP24 levels have been reported to be inversely correlated with the estimated Glomerular
Filtration Rate (eGFR), a measure of kidney function [103].

The strengths of this systematic review and meta-analysis are that robust methods
have been utilized throughout, including a comprehensive search of multiple databases;
publication bias and study quality have both been assessed, and meta-analysis methodolo-
gies have been used to pool results across studies. We also employed enrichment analyses
on consistently regulated CBs to identify the most enhanced pathway in which a CB is
consistently involved and in a replicable manner using the Database for Annotation, Vi-
sualization and Integrated Discovery (DAVID) bioinformatics resources, which extracts
meaningful information from large lists of proteins. Our systematic review and meta-
analysis provide a more precise estimate of the effect size and increase the generalizability
of the results of all individual studies. This enhances the precision of our assessment of CBs
for the prediction of GDM, thus, providing important insights into the discovery of CBs
to predict GDM using a proteomics approach. A limitation of this study is that we do not
have the individual patient data for the included studies and are thus unable to perform a
predictive model AUC (area under the curve) for data from early pregnancies. A further
limitation would be that discovery-based studies have high inter-study variation, which
could result in an inconclusive accentuation of biomarkers. However, the random effect
model was selected in this systematic review and meta-analysis to reduce the variability of
CB measurements between different laboratories and proteomic platforms. Furthermore,
our study did not detect adiponectin, a fat-derived hormone with insulin-sensitizing and
anti-inflammatory properties, the levels of which were found to be low in women with
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GDM [104]. Adiponectin is arguably the best-studied biomarker for GDM. This limita-
tion could be related to the proteomic approaches employed by the researchers in the
included studies. In order to elaborate, quantitation in plasma-based proteomics requires
the reproducible removal of highly abundant proteins to allow the less abundant proteins
to be detectable by the mass spectrometer (MS) [105]. There are two generally utilized
methods, i.e., immune-depletion and enrichment [106]. Immuno-depletion involves the
retention of proteins in columns using antibodies that have an affinity for preselected
abundant proteins [105]. Enrichment is an alternative to depletion, and this technique
involves protein separation by affinity chromatography [105]. However, a key challenge
is the large dynamic range of protein concentrations in plasma [107]. A recent report has
shown that the dynamic range of a typical MS platform is not compatible with the dynamic
range of plasma protein concentrations, and this limits the ability of the MS to detect
low-abundance proteins [106].

5. Conclusions

GDM is the most common metabolic complication during pregnancy and is associated
with serious maternal and fetal complications such as pre-eclampsia and stillbirth. Further,
women with GDM have approximately 10 times higher risk of T2DM later in life. Children
born to mothers with GDM also face a higher risk of childhood obesity and diabetes later in
life. To the best of our knowledge, this is the most comprehensive and up-to-date systematic
review and the only meta-analysis with high-quality data on this topic.

This study identified 22 highly replicable CBs that were significantly different (9 CBs
were upregulated and 12 CBs downregulated) between women with GDM and controls
across various proteomic platforms, sample types, blood fractions and time of blood col-
lection and continents. We performed further analyses on blood (plasma/serum) CBs in
early pregnancy (first and/or early second trimester) and included studies with more than
nine samples (nine studies in total). We found that 11 CBs were significantly upregulated,
and 13 CBs significantly downregulated in women with GDM compared to controls. Sub-
sequent pathway analysis using Database for Annotation, Visualization and Integrated
Discovery (DAVID) bioinformatics resources found that these CBs were most strongly
linked to pathways related to complement and coagulation cascades. Our findings provide
important insights and form a strong foundation for future validation studies to establish
reliable biomarkers for GDM.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jcm11102737/s1, Supplementary Figures—Supplementary Figures S1–S40
show the forest plots of the 40 CBs in women with GDM compared to controls; Figure S41—
Forest plot for Serum amyloid P-component. GDM compared to controls; Figure S42—Forest
plot for Apolipoprotein E. GDM compared to controls; Figure S43—Forest plot for Fibrinogen
alpha chain. GDM compared to controls; Figure S44—Forest plot for Alpha-1-antitripsin. GDM
compared to controls; Supplementary Table S1—Summary of included studies (n = 24) on differ-
ential protein expressions in GDM and controls; Supplementary Table S2—Diagnostic criteria
using the OGTT for GDM guidelines used in included studies; Supplementary Table S3—Study
quality assessment using Newcastle–Ottawa scale for case-control studies; Supplementary Table S4—
Replicability of 262 CB across 23 independent cohorts; Supplementary Table S5—Grouping of replicable
CBs by sample type; Supplementary Table S6—Grouping of replicable CBs by proteomic platform;
Supplementary Table S7—Grouping of replicable CBs by continent; Supplementary Table S8—DAVID
functional annotation chart analysis representing pathways in KEGG terms; Supplementary Table S9—
DAVID functional annotation chart analysis representing pathways in KEGG terms on 27 early
pregnancy blood CBs for GDM excluding pilot studies; PRISMA check list; Study search strategy;
Data extraction template.
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