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Abstract

Background

Gestational diabetes mellitus (GDM) is a common pregnancy complication associated with

adverse outcomes including preeclampsia, caesarean section, macrosomia, neonatal mor-

bidity and future development of type 2 diabetes in both mother and child. Current selective

screening strategies rely on clinical risk factors such as age, family history of diabetes,

macrosomia or GDM in a previous pregnancy, and they possess a relatively low specificity.

Here we hypothesize that novel first trimester protein predictors of GDM can contribute to

the current selective screening strategies for early and accurate prediction of GDM, thus

allowing for timely interventions.

Methods

A proteomics discovery approach was applied to first trimester sera from obese (BMI�27

kg/m2) women (n = 60) in a nested case-control study design, utilizing tandem mass tag

labelling and tandem mass spectrometry. A subset of the identified protein markers was fur-

ther validated in a second set of serum samples (n = 210) and evaluated for their contribu-

tion as predictors of GDM in relation to the maternal risk factors, by use of logistic regression

and receiver operating characteristic analysis.

Results

Serum proteomic profiling identified 25 proteins with significantly different levels between

cases and controls. Three proteins; afamin, serum amyloid P-component and vitronectin

could be further confirmed as predictors of GDM in a validation set. Vitronectin was shown

to contribute significantly to the predictive power of the maternal risk factors, indicating it as

a novel independent predictor of GDM.
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Conclusions

Current selective screening strategies can potentially be improved by addition of protein

predictors.

Introduction

Gestational diabetes mellitus (GDM), defined as glucose intolerance diagnosed during preg-

nancy, is a common complication of pregnancy associated with preeclampsia, caesarean sec-

tion, macrosomia, neonatal morbidity and future development of type 2 diabetes (T2D) in

both mother and child [1–4]. The prevalence of GDM depends on the population and diagnos-

tic criteria used. In Denmark the prevalence is close to 2% by the current diagnostic criteria [5,

6], however, the implementation of the World Health Organzation 2013 (WHO13) guideline

is expected to increase the prevalence of GDM in Denmark substantially, posing a major chal-

lenge to the healthcare system and economy [7–9].

Obesity is a major risk factor of GDM and obese pregnant women have an up to eight times

higher risk of developing GDM compared with normal-weight pregnant women [10]. Thus,

the increasing prevalence of overweight and obesity worldwide constitutes a major accelerator

of future incidence of GDM. In addition to obesity, a number of well-described risk factors

based on maternal characteristics and history are associated with GDM including diabetes in

first degree relatives, ethnicity, previous GDM pregnancy and previous macrosomia [11]. Dif-

ferent combinations of the risk factors have been used to develop various prediction models,

some of which have been implemented for routine selective GDM screening [12].

The quest for effective screening tools for early and accurate prediction of GDM has inten-

sified within the last decade, as this would create an open window for preventive treatment in

terms of lifestyle interventions. To this end, a number of biochemical markers has been inves-

tigated for their potential use as biomarkers of GDM, as recently reviewed by Powe [13], how-

ever, so far none of them has been proven powerful enough for clinical use in terms of

diagnostic sensitivity and specificity. The majority of the studies has centred on individual pro-

tein markers of insulin resistance and inflammation such as adiponectin, sex hormone binding

globulin (SHBG) and C-reactive protein [14–22], with a few studies also investigating the

potential of combining biochemical markers with maternal risk factors [17, 23, 24].

In a recent study, we used targeted mass spectrometry [25] to address the GDM predictive

power of a panel of proteins, which have previously been suggested as markers of either GDM

or T2D. Here, the multimarker models only marginally improved the performance of adipo-

nectin, indicating a need for identification of new superior markers.

In this present nested case-control study we report the findings of an elaborate proteomics

discovery study. A total of 548 proteins were quantitated by shotgun proteomics in first trimes-

ter serum samples for identification of potential protein biomarkers, that are completely novel

in relation to GDM. A selected number of potential markers was further measured in a second

set of samples and evaluated for their individual contributions as predictors of GDM when

combined with maternal risk factors. This procedure revealed vitronectin as a novel indepen-

dent predictor of GDM.

Methods

Samples and clinical data

The samples used in this nested case-control study was procured from a biobank of ~20,000

first trimester serum samples collected from the routine screening for Down syndrome at
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Odense University Hospital (2008–2012) as described in our previous work [25]. All 270 sam-

ples included in the current study have been taken between gestational week 8 + 3 days and

week 13 + 6 days. Inclusion criteria for patients were; singleton pregnancies, body mass index

(BMI)�27 kg/m2 and HbA1c values of<6.5% (48 mmol/mol) at the time of GDM diagnosis.

The BMI was reported at the first ultra sound screening taking place between gestational week

11 + 0 days and week 14 + 0 days and the BMI�27 kg/m2 cut-off was chosen in accordance

with the Danish GDM screening guidelines[11]. The 135 GDM cases were matched to 135

controls based on the year of sampling and BMI. In addition to the already collected clinical

data [25], information on the maternal risk factors; previous GDM, family history of diabetes

and previous birth of a child with macrosomia, were manually retrieved from patient medical

records. All aspects of the study were approved by the local ethics committee (S-20130092)

and exemption was given for obtaining written informed consent.

Discovery proteomics; sample preparation and nanoLC-MS/MS analysis

A proteomics discovery workflow was applied to 60 serum samples (30 GDM cases and 30

controls, selected at random) and a reference pool of first-trimester serum from >10 individu-

als. Of each sample, 15 μl serum was depleted of the 14 most abundant proteins using an Agi-

lent Human 14 Multiple Affinity Removal Spin Cartridge (Agilent Technologies, Santa Clara,

CA, USA) according to the manufactures manual. Of the reference pool 240 μl serum was

depleted. The depleted serum samples were switched to 100 mM Triethyl ammonium bicarbo-

nat (TEAB) buffer by spin filtration on Amicon Ultra-4 Centrifugal Filter Device (Merck Milli-

pore Ltd., Cork, Ireland), dried and reconstituted in a fixed volume, 30 μl, 100 mM TEAB

prior to denaturation, reduction, alkylation and trypsinization using a protocol modified from

Overgaard et al [26], (for detailed description see S1 Supporting Methods). Peptides were puri-

fied using Oasis HLB 10 mg cartridges (Waters, Milford, MA, USA), dried and reconstituted

in 40 μl 100 mM TEAB. The peptide concentration of each sample was measured on a Nano-

Drop (Thermo Scientific) and 50 μg was labelled with tandem mass tag (TMT) 10-plex

(Thermo Scientific, Waltham, MA, USA) according to the manufactures manual. The amine-

reactive TMT 10-plex targets all peptides. It consists of 10 separate isobaric mass tags, which

upon fragmentation in MSMS give rise to reporter ions of 10 different masses. Relative quanti-

tation is achieved based on the ion intensity of each of the reporter ions normalized to that of a

common reference pool. For each TMT 10-plex experiment 2 replicates of the reference pool,

4 samples from GDM cases and 4 samples from control subjects were labelled. The experiment

was repeated 8 times to accommodate all 60 samples. For each TMT 10-plex experiment all

samples were pooled in 1:1 ratios and 50 μg was purified on custom made Poros R2/R3

(Thermo Scientific) micro columns, dried, reconstituted and subjected to hydrophilic interac-

tion liquid chromatography (HILIC) fractionation (13–17 fractions) on a TSK Amide-80 3 μm

column (Tosoh Bioscience, Stuttgart, Germany) using a Agilent 1200 series high performance

liquid chromatography (HPLC) system (Agilent, Santa Clara, CA, US) [27, 28].

The lyophilized fractions were reconstituted in 0.1% Formic acid (FA) and analysed by liq-

uid chromatography tandem mass spectrometry (LC-MS/MS) on an Easy 1000 nano-flow LC/

orbitrap Q Exactive HF system (Thermo Scientific) using a custom made 2 column setup

(Reprosil-Pur 120 C18-AQ, Dr. Maisch, Ammerbuch-Entringen, Germany), a two hour gradi-

ent and a top 20 shot gun proteomics setup. Raw data was exported to proteome discoverer 2.1

(Thermo Scientific) and searched against the Swiss-Prot human database using mascot (1%

false discovery rate (FDR) and 5 ppm). For relative quantitation samples were normalized to

the average of the 2 replicates of the reference pool included in each TMT 10-plex experiment.
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Targeted proteomics; sample preparation and MRM-MS analysis

For validation by targeted proteomics the remaining 210 samples (105 cases and 105 controls)

were subjected to multiple reaction monitoring mass spectrometry (MRM-MS) analysis. Here,

only pre-specified peptides were subjected to relative quantitation, by normalization of their

MS peak area of selected precursor/product ion pairs to that of the corresponding spiked-in

heavy isotope labelled peptides. In short 15 μl of diluted serum, 1:20 in 50 mM ammonium

bicarbonate, was denatured, reduced, alkylated and trypsinized essentially as described by

Overgaard et al [26] (for detailed description see S1 Supporting methods). Individually

adjusted amounts of 9 heavy isotope labelled standard peptides SpikeTides_L (JPT Peptide

technologies, Berlin, Germany), were added to each sample in approximation of a 1:1 ratio to

the endogenous light peptides. Peptide purification was done using Oasis HLB 10 mg car-

tridges (Waters, Milford, MA, USA). Samples were dried, reconstituted in 0.1% FA and run on

an Easy-nLC II nano LC system equipped with a 2 column setup (C18, 2 cm, i.d. 100 μm and

C18, 10 cm, i.d. 75 μm [Thermo Scientific]). Peptides were eluted with a four-step 60 min gra-

dient of 0.1% FA in acetonitrile at a flow rate of 300 nl/min and analysed on a TSQ Vantage tri-

ple quadrupole mass spectrometer, equipped with a Nanospray Flex ion source (Thermo

Scientific), in selected reaction monitoring mode. Coefficient of variation (CV) calculations

(intra- and inter-assay) were done by including a serum pool in triplicate in the analysis

described above. Each triplicate was analysed twice on the nanoLC-MS/MS system. Dilution

curves (S1 Fig) for each peptide were made in triplicate by adding different concentrations of

the heavy isotope labelled peptide to the same pool of serum which was then processed as

described above. The lower limit of quantification for each peptide was derived from the cali-

bration standard curves (S1 Fig and S1 Table). MRM-MS data are represented as the ratio of

endogenous light peptide to heavy isotope labelled peptide (S2 Table).

Data analysis and statistics

Orbitrap Q Exactive HF and TSQ Vantage raw files were processed using proteome discoverer

2.1 (Thermo Scientific) and Pinpoint 1.3 (Thermo Scientific), respectively. Proteomics data

was sorted in Excel 2010 and transferred to an SPSS 21.0 (IBM) database, along with the clini-

cal data, for statistical analysis. The statistical tests used were; Mann-Whitney U test, Fisher’s

exact test, ROC analysis and binominal logistic regression. A significance level of p<0.05 was

applied to all statistical tests in this study.

Results

The experimental setup is illustrated in Fig 1 and consisted of a proteomics discovery part for

large scale identification of novel potential protein biomarkers of GDM (n = 60) and a targeted

proteomics part for validation of selected candidate markers from the discovery part (n = 210).

Clinical data

In addition to the clinical data previously described [25], the maternal risk factors; previous

GDM, previous birth of a child with macrosomia and family history of diabetes, were included

in this study to assess the individual predictive potential of the protein biomarkers when com-

bined with these predictors (Table 1). In both the discovery and validation set women with

GDM gave birth significantly earlier than the control women. This is explained by the routine

use of labour induction for women with GDM two weeks before term and translates to the sig-

nificant lower birth weight and length, and for the discovery set also abdominal circumference.

For the validation set, women with GDM were older and had a higher rate of caesarean
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sections. In both the discovery set and the validation set, there were significantly more women

with previous GDM (p = 0.025 and p = 8.0×10−6) and a family history of diabetes (p = 0.012

and p = 1.3×10−11) in the case group as compared to the control group, whereas no such differ-

ences were seen for previous macrosomia. As previously reported [25], maternal age was also

significantly different between cases and controls for the validation set.

Identification and validation of novel potential protein biomarkers of

GDM

The proteomics discovery approach, utilizing TMT labelling, was applied to individual first tri-

mester serum samples from 30 GDM cases and 30 control patients. Initially 1015 proteins

were identified (1% FDR, 5 ppm), amounting to 548 proteins with a mascot score above 22,

two or more unique peptides and presence in more than 73% of the samples. The relative

serum levels of these 548 proteins were subjected to Mann Whitney U testing and receiver

operating characteristic (ROC) analysis, revealing a significant difference between GDM cases

and controls for 25 proteins (Table 2). None of the significant markers remained so after FDR

correction by the Benjamini-Hochberg method for 548 variables. The best performing single

protein was secreted phosphoprotein 24 with an uncorrected p-value of 0.0003 and an area

under the curve (AUC) of 0.770.

In order to explore the putative predictive potential of the protein markers identified by the

proteomics discovery approach, an MRM-MS assay was developed, ultimately capable of mea-

suring the relative serum levels of 6 of the original 25 proteins (see S1 Supporting Methods, S1

and S2 Tables, S1 and S2 Figs). The 6-plex assay was applied to the 210 remaining validation

serum samples and here the levels of the three proteins; afamin, serum amyloid P-component

Fig 1. Study workflow. The study comprise two distinct stages; first a proteomics discovery part, for GDM biomarker identification and secondly a MRM-MS

validation part.

https://doi.org/10.1371/journal.pone.0214457.g001
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(SAMP) and vitronectin could be confirmed as significantly different between GDM cases and

controls (Table 3).

Logistic regression of protein biomarkers and clinical risk factors

To further evaluate the biomarker potential of afamin, SAMP and vitronectin as compared to

maternal age and the maternal risk factors currently used in routine GDM screening, a num-

ber of binominal logistic regression analyses were performed using the data from the valida-

tion set (n = 210). Previous macrosomia was excluded from this analysis as it showed no

significant difference in the univariate analysis, BMI was also excluded as cases and controls

were matched on this parameter. The logistic regression analyses were evaluated by ROC anal-

ysis and are listed in Table 4 and S3 Table (extended).

When combining family history of diabetes, previous GDM and maternal age in multivari-

ate models, the predictor previous GDM no longer contributed significantly and therefore it

was omitted from the remaining analyses (S3 Table). Consequently, each of the three proteins

were assessed for their individual contribution as predictors of GDM by combining them with

maternal age (model 1), family history of diabetes (model 2) or both (model 3), Tables 3 and 4.

When combined with maternal age alone all three proteins contributed significantly to the

model. In addition, vitronectin remained a significant contributor when combined with family

history of diabetes alone or together with maternal age. Taken together this indicates that

vitronectin is an independent predictor of GDM despite the very modest increment in model

AUC (0.806 versus 0.798). Finally, we performed a logistic regression analysis, initially

Table 1. Clinical data.

Discovery set Validation set

GDM cases Controls p GDM cases Controls p
N 30 30 105 105

Age at delivery (years) 31.0 (27.0–35.3) 31.0 (29.0–34.0) NSa 32.0 (29.0–36.0) 30.0 (27.0–33.0) 0.001a

BMI, week 11–14 (kg/(m2)) 32.7 (30.9–36.5) 33.0 (31.0–36.0) NSa 32.6 (30.4–36.0) 32.4 (30.2–36.0) NSa

Family history of diabetes 14 (47) 4 (13)c 0.012b 49 (48)d 6 (6)e 1.3×10−11 b

Previous GDM 6 (20) 0 (0)c 0.025b 17 (17)d 0 (0)e 8.0×10−6 b

Previous macrosomia 1 (3) 1 (3)c NSb 10 (10)d 5 (5)e NSb

GA at time of sample (days) 74 (68–80) 73 (66–78) NSa 73 (68–79) 72 (69–80) NSa

GA at delivery (days) 268 (263–272) 283 (273–291) 3.0×10−6 a 270 (266–278) 281 (273–288) 2.8×10−11 a

Induced delivery 8 (27) 13 (43) NSb 62 (60) 55 (52) NSb

Caesarean section 14 (47) 11 (37) NSb 38 (37) 24 (23) 0.035b

Preeclampsia 5 (17) 1 (3) NSb 12 (11) 5 (5) NSb

Weight, child (g) 3350 (2773–3680) 3661 (3523–4079) 0.001a 3472 (3135–3845) 3590 (3234–3943) 0.031a

Length, child (cm) 51(49–52) 53 (51–54) 0.002a 52 (50–53) 52 (51–54) 0.026a

Abd. Circ. child (cm) 33(31–34) 34 (33–36) 0.033a 34 (32–35) 34 (32–35) NSa

LGA 5 (17) 7 (23) NSb 24 (23) 17 (16) NSb

Data are median and interquartile range or n (%), NS: non-significant, GA: gestational age, Abd. Circ.: Abdominal Circumference, LGA: large for gestational age (>90th

percentile).
a Mann-Whitney U test
b Fisher’s exact test

Missing data for
c 3 controls
d 2 cases and
e 7 controls

https://doi.org/10.1371/journal.pone.0214457.t001
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comprising all 6 variables; previous GDM, maternal age, family history of diabetes, afamin,

SAMP and vitronectin, with stepwise removal of the variable of least significant contribution

until all remaining variables contributed significantly. This resulted in the same model com-

prising only maternal age, family history of diabetes and vitronectin (AUC = 0.806).

Discussion

Here we have used proteomic profiling of first-trimester sera from obese women with or with-

out GDM to obtain a catalogue of novel biomarker candidates. Of the 548 proteins originally

quantified in the discovery study, 25 were identified as significantly different between cases

and controls. Six of these were further measured in the validation set where afamin, SAMP

and vitronectin could be confirmed as potential predictors of GDM, with only vitronectin add-

ing significantly to the maternal risk factors already used for routine screening. Afamin has

recently been associated with GDM by Tramontana et al [29, 30], whereas vitronectin, to our

knowledge, is new in this aspect. Higher blood levels of vitronectin have been associated with

the risk of metabolic syndrome and T2D [31], making it a plausible candidate biomarker of

Table 2. Protein serum levels of significant difference from proteomics discovery experiment.

Protein name GDM cases

(n = 30)

Controls

(n = 30)

pa AUCb

(95% CI)

Secreted phosphoprotein 24 0.83±0.11 1.00±0.20 0.0003 0.770 (0.649, 0.891)

Antithrombin-III 0.90±0.07 0.96±0.07 0.0011 0.744 (0.618, 0.871)

Desmoglein-2 0.93±0.09 1.00±0.11 0.0065 0.704 (0.572, 0.836)

78 kDa glucose-regulated protein 0.95±0.09 1.00±0.08 0.0097 0.694 (0.559, 0.829)

Carboxypeptidase N catalytic chain 0.94±0.12 1.03±0.13 0.0097 0.694 (0.561, 0.828)

Adiponectin 0.80±0.18 0.88±0.14 0.0097 0.694 (0.558, 0.831)

Cystatin-M 1.02±0.18 0.92±0.18 0.0153 0.682 (0.544, 0.820)

Suprabasin 1.01±0.18 0.92±0.20 0.0160 0.681 (0.542, 0.820)

Afamin 1.06±0.13 0.99±0.15 0.0187 0.677 (0.538, 0.815)

Adhesion G-protein coupled receptor G6 0.91±0.15 0.99±0.18 0.0224 0.672 (0.531, 0.812)

Ferritin light chainc 1.21±0.27 1.05±0.28 0.0232 0.683 (0.537, 0.830)

Platelet glycoprotein V 1.00±0.11 1.07±0.11 0.0256 0.668 (0.531, 0.804)

IgGFc-binding protein 1.15±0.30 1.02±0.17 0.0266 0.667 (0.527, 0.806)

Vitronectin 1.03±0.07 1.00±0.07 0.0266 0.667 (0.526, 0.807)

Serum amyloid P-component 1.17±0.18 1.06±0.17 0.0266 0.667 (0.528, 0.806)

Receptor-type tyrosine-protein phosphatase S 0.97±0.07 1.02±0.08 0.0266 0.667 (0.529, 0.804)

Connective tissue growth factor 0.91±0.10 1.00±0.17 0.0266 0.667 (0.530, 0.804)

Sex hormone-binding globulin 0.71±0.15 0.82±0.20 0.0298 0.663 (0.526, 0.801)

ADAMTS-like protein 2 1.04±0.18 0.95±0.10 0.0371 0.657 (0.516, 0.797)

Serine protease inhibitor Kazal-type 5 1.04±0.15 0.96±0.13 0.0371 0.657 (0.518, 0.796)

Phospholipid transfer protein 0.98±0.18 1.04±0.14 0.0413 0.653 (0.512, 0.795)

Putative pregnancy-specific beta-1-glycoprotein 7c 2.78±2.75 1.23±1.19 0.0422 0.664 (0.515, 0.813)

Platelet glycoprotein Ib alpha chain 0.92±0.16 1.00±0.14 0.0444 0.651 (0.512, 0.790)

Cathepsin Z 1.06±0.14 0.99±0.16 0.0444 0.651 (0.509, 0.793)

Carboxypeptidase N subunit 2 0.95±0.12 1.01±0.12 0.0493 0.648 (0.506, 0.789)

Proteomics data is presented as the ratio between individual samples and the common reference pool. Data are mean ± SD.
aMann Whitney U test
bAUC of ROC analysis
cData from 26 GDM cases and 26 controls

https://doi.org/10.1371/journal.pone.0214457.t002
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GDM. Increased levels of vitronectin have previously been identified as a risk factor of pre-

eclampsia [31, 32] and preeclampsia could thus be considered as a potential confounder in our

study. However the number of patients with preeclampsia was not significantly different

between our case and control group, also; when removing the individuals with preeclampsia

from the data set (n = 12 + n = 5), vitronectin remained a significant contributor in all of the

models 1, 2 and 3 with p = 0.002, p = 0.040 and p = 0.046 respectively.

As for the credibility of the discovery study, it is noteworthy that adiponectin and SHBG

were among the 25 proteins showing initially significantly different levels by the Mann Whit-

ney U test (Table 2). Both proteins have been intensively investigated as biomarkers of GDM

[15, 20, 21, 33] and in our previous study, we found adiponectin and SHBG to be significantly

Table 3. Protein serum levels measured by MRM-MS in the validation set.

Protein name GDM cases

(n = 105)

Controls

(n = 105)

pa Model 1

pb
Model 2

pc
Model 3

pd

Afamin 2.20±0.37 2.07±0.32 0.005 0.007 NS NS

Antithrombin-III 0.64±0.10 0.64±0.10 NS NS NS NS

Carboxypeptidase N subunit 2 1.46±0.41 1.50±0.49 NS NS NS NS

Phospholipid transfer protein 1.17±0.17 1.16±0.18 NS NS NS NS

Serum amyloid P-component 2.85±0.58 2.67±0.52 0.042 0.017 NS NS

Vitronectin 3.03±0.45 2.83±0.48 0.002 0.002 0.046 0.046

MRM-MS data is presented as the ratio of endogenous light peptide to heavy isotope spiked-in peptide

Data are mean ± SD. Significance of contribution to model when combined with b, c or d by logistic regression. Models including FamDiab comprise n = 201 due to

missing data.
aMann Whitney U test
bMaternal age (Model 1)
cFamily history of diabetes (Model 2)
dCombined (Model 3)

https://doi.org/10.1371/journal.pone.0214457.t003

Table 4. ROC analysis of multivariate models.

Model Variables included in model Validation set (n = 210)

AUC p of AUC

1 Mage 0.638 (0.563, 0.714) 0.001

2 FamDiab 0.707 (0.635, 0.780) 3.9×10−7

3 Mage + FamDiab 0.798 (0.736, 0.861) 2.7×10−13

A SAMP 0.581 (0.504, 0.658) 0.042

B Afamin 0.612 (0.536, 0.689) 0.005

C Vitronectin 0.625 (0.550, 0.701) 0.002

1.A Mage + SAMP 0.659 (0.585, 0.733) 6.8×10−5

1.B Mage + afamin 0.676 (0.603, 0.748) 1.1×10−5

1.C Mage + vitronectin 0.681 (0.609, 0.753) 6.0×10−6

2.C FamDiab + vitronectin 0.760 (0.695, 0.826) 1.8×10−10

3.Ca Mage + FamDiab + vitronectin 0.806 (0.746, 0.867) 6.3×10−14

All variables contributes significantly to the model (p<0.05). Models including FamDiab comprise n = 201 due to

missing data.
aModel also achieved by logistic regression of the 6 variables; Previous GDM, Family history of diabetes (FamDiab),

Maternal age (Mage), afamin, vitronectin and SAMP, removing the variable with least contribution to the model

until all remaining variables contributed significantly

https://doi.org/10.1371/journal.pone.0214457.t004
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different between GDM cases and controls in the same cohort using different assay methods

[25]. Furthermore, the confirmation of afamin, SAMP and vitronectin as novel predictors of

GDM, by validation with a different method in a second set of samples, also support the valid-

ity of the discovery data as a source of potential GDM markers, despite the lack of significant

FDR corrected p-values. By contrast, the fact that three proteins could not be confirmed as

markers of GDM in our validation set, further emphasize the requirement for subsequent veri-

fication in omics-type studies. Due to the sensitivity limit of targeted MS, we were unable to

verify the top candidate secreted phosphoprotein 24 (SPP24) using the multiplex validation

assay. Further studies are underway to address the potential of this candidate in GDM

prediction.

To our knowledge the work presented in this study is the most comprehensive proteomics-

based study in GDM so far. In our biomarker workflow we have performed in depth serum

proteomic profiling by depletion of the 14 most abundant serum proteins, TMT-labelling,

HILIC fractionation and orbitrap-based LC-MS/MS. By using a fairly large number of individ-

ual samples, as opposed to pooled samples [34] or very small (n<10) sample size [35], the dis-

covery study allowed for the display of the inter-individual proteome differences and thereby

enabled the identification of protein biomarkers associated with small but consistent signifi-

cant differences between cases and controls. Likewise, the inclusion of maternal risk factors

allowed us to better evaluate the actual contribution of the identified protein predictors in

comparison to the GDM screening strategy already clinically employed. In our previous study

[25] we have already shown that maternal age could aid in discriminating GDM cases from

controls and suggested that it should be included in the Danish screening strategy. This sug-

gestion is made further relevant by the present study where the maternal risk factors have been

included and maternal age has been shown to be an independent discriminator, adding to the

predictive power of the maternal risk factors separately or combined.

As for the limitations of our study; a well-known weakness of the nested case-control study

design, is the potential inflation of biomarker performance, as compared to population-based

studies. This however, is a compromise that must be made to better accommodate the rather

laborious analytical protocols. In our proteomics workflow, the use of immuno-affinity deple-

tion of the most abundant serum proteins is a known source of experimental bias. While the

method allows for a more in depth proteomic profile (more proteins identified), it will also

inadvertently remove some untargeted low abundant proteins due to unspecific co-depletion.

While evidence based strategies of GDM screening, diagnosis and treatment continue to be

highly debated [36, 37] a number of clinical applications for early pregnancy blood-based bio-

markers are now emerging. Firstly, universal screening based on a fasting or non-fasting oral

glucose challenge test is cumbersome for both patients and healthcare providers and it is per-

formed late in pregnancy. Thus, the benefits of early blood-based screening in combination

with risk factors could pave the way for a much better alternative; not only for GDM risk strati-

fication, but also for stratification of GDM-related outcomes such as macrosomia (large for

gestational age), preterm birth, caesarean section, hypertensive disorders and shoulder dysto-

cia. Secondly, in Denmark, where a selective screening model based on maternal characteris-

tics and history are recommended, as much as 40% of the pregnant women are referred to oral

glucose tolerance test (OGTT) testing, implying the need for a more specific screening model.

To this end, addition of one or more biomarkers seems attractive and adaptable to a clinical

setting.

In conclusion, this study has provided a comprehensive overview of potential serum protein

biomarkers for early GDM prediction and identified vitronectin as a novel independent pre-

dictor. Evidently, multivariate models using maternal risk factors in combination with bio-

chemical predictors may improve the discriminative power compared to risk factors alone.
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However, the GDM field still awaits the magic bullets to appear from biomarker research; a

quest that is long but exiting and driven by novel technological developments.

Supporting information

S1 Supporting Methods.

(PDF)

S1 Fig. Linearity of dilution of stable isotope labelled standard peptides.

(PDF)

S2 Fig. Linear correlation of tryptic peptides for quantitation of afamin, vitronectin and

CPN2.

(PDF)

S1 Table. MRM 6-plex assay.

(PDF)

S2 Table. MRM 6-plex assay ratio data.

(XLSX)

S3 Table. Binominal logistic regression analysis.

(PDF)

Acknowledgments

We thank Vibeke Jørgensen and Andrea Lorentzen, University of Southern Denmark, Den-

mark, for excellent technical assistance.

Author Contributions

Conceptualization: Tina Ravnsborg, Dorte M. Jensen, Martin Overgaard.

Data curation: Tina Ravnsborg, Sarah Svaneklink, Lise Lotte T. Andersen.

Formal analysis: Tina Ravnsborg, Sarah Svaneklink, Martin R. Larsen, Martin Overgaard.

Funding acquisition: Dorte M. Jensen, Martin Overgaard.

Investigation: Tina Ravnsborg, Lise Lotte T. Andersen, Dorte M. Jensen, Martin Overgaard.

Methodology: Tina Ravnsborg, Martin R. Larsen, Martin Overgaard.

Project administration: Tina Ravnsborg, Martin Overgaard.

Resources: Martin Overgaard.

Software: Martin R. Larsen.

Supervision: Martin R. Larsen, Dorte M. Jensen, Martin Overgaard.

Validation: Tina Ravnsborg, Martin Overgaard.

Visualization: Tina Ravnsborg, Martin Overgaard.

Writing – original draft: Tina Ravnsborg, Martin Overgaard.

Writing – review & editing: Dorte M. Jensen, Martin Overgaard.

First-trimester serum biomarkers of gestational diabetes mellitus

PLOS ONE | https://doi.org/10.1371/journal.pone.0214457 March 27, 2019 10 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214457.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214457.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214457.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214457.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214457.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214457.s006
https://doi.org/10.1371/journal.pone.0214457


References
1. Group HSCR Metzger BE, Lowe LP Dyer AR, Trimble ER, Chaovarindr U, et al. Hyperglycemia and

adverse pregnancy outcomes. N Engl J Med. 2008; 358(19):1991–2002. https://doi.org/10.1056/

NEJMoa0707943 PMID: 18463375.

2. Kim C, Newton KM, Knopp RH. Gestational diabetes and the incidence of type 2 diabetes: a systematic

review. Diabetes Care. 2002; 25(10):1862–8. PMID: 12351492.

3. Ovesen PG, Jensen DM, Damm P, Rasmussen S, Kesmodel US. Maternal and neonatal outcomes in

pregnancies complicated by gestational diabetes. a nation-wide study. J Matern Fetal Neonatal Med.

2015:1–5. https://doi.org/10.3109/14767058.2014.966677 PMID: 25228278.

4. Coustan DR. Gestational diabetes mellitus. Clin Chem. 2013; 59(9):1310–21. https://doi.org/10.1373/

clinchem.2013.203331 PMID: 23536513.

5. Jensen DM, Damm P, Sorensen B, Molsted-Pedersen L, Westergaard JG, Korsholm L, et al. Proposed

diagnostic thresholds for gestational diabetes mellitus according to a 75-g oral glucose tolerance test.

Maternal and perinatal outcomes in 3260 Danish women. Diabet Med. 2003; 20(1):51–7. PMID:

12519320.

6. Lind T, Phillips PR. Influence of pregnancy on the 75-g OGTT. A prospective multicenter study. The Dia-

betic Pregnancy Study Group of the European Association for the Study of Diabetes. Diabetes. 1991;

40 Suppl 2:8–13. PMID: 1748272.

7. International Association of D, Pregnancy Study Groups Consensus P, Metzger BE, Gabbe SG, Pers-

son B, Buchanan TA, et al. International association of diabetes and pregnancy study groups recom-

mendations on the diagnosis and classification of hyperglycemia in pregnancy. Diabetes Care. 2010;

33(3):676–82. https://doi.org/10.2337/dc09-1848 PMID: 20190296; PubMed Central PMCID:

PMC2827530.

8. WHO. Diagnostic Criteria and Classification of Hyperglycaemia First Detected in Pregnancy. Diagnostic

Criteria and Classification of Hyperglycaemia First Detected in Pregnancy. WHO Guidelines Approved

by the Guidelines Review Committee. Geneva2013.

9. McIntyre HD, Jensen DM, Jensen RC, Kyhl HB, Jensen TK, Glintborg D, et al. Gestational Diabetes

Mellitus: Does One Size Fit All? A Challenge to Uniform Worldwide Diagnostic Thresholds. Diabetes

Care. 2018; 41(7):1339–42. https://doi.org/10.2337/dc17-2393 PMID: 29559508.

10. Chu SY, Callaghan WM, Kim SY, Schmid CH, Lau J, England LJ, et al. Maternal obesity and risk of ges-

tational diabetes mellitus. Diabetes Care. 2007; 30(8):2070–6. https://doi.org/10.2337/dc06-2559a

PMID: 17416786.

11. Jensen DM, Molsted-Pedersen L, Beck-Nielsen H, Westergaard JG, Ovesen P, Damm P. Screening

for gestational diabetes mellitus by a model based on risk indicators: a prospective study. Am J Obstet

Gynecol. 2003; 189(5):1383–8. PMID: 14634573.

12. Lamain-de Ruiter M, Kwee A, Naaktgeboren CA, de Groot I, Evers IM, Groenendaal F, et al. External

validation of prognostic models to predict risk of gestational diabetes mellitus in one Dutch cohort: pro-

spective multicentre cohort study. BMJ. 2016; 354:i4338. https://doi.org/10.1136/bmj.i4338 PMID:

27576867.

13. Powe CE. Early Pregnancy Biochemical Predictors of Gestational Diabetes Mellitus. Curr Diab Rep.

2017; 17(2):12. https://doi.org/10.1007/s11892-017-0834-y PMID: 28229385.

14. Georgiou HM, Lappas M, Georgiou GM, Marita A, Bryant VJ, Hiscock R, et al. Screening for biomarkers

predictive of gestational diabetes mellitus. Acta Diabetol. 2008; 45(3):157–65. https://doi.org/10.1007/

s00592-008-0037-8 PMID: 18496643.

15. Lacroix M, Battista MC, Doyon M, Menard J, Ardilouze JL, Perron P, et al. Lower adiponectin levels at

first trimester of pregnancy are associated with increased insulin resistance and higher risk of develop-

ing gestational diabetes mellitus. Diabetes Care. 2013; 36(6):1577–83. https://doi.org/10.2337/dc12-

1731 PMID: 23300287; PubMed Central PMCID: PMCPMC3661817.

16. Maged AM, Moety GA, Mostafa WA, Hamed DA. Comparative study between different biomarkers for

early prediction of gestational diabetes mellitus. J Matern Fetal Neonatal Med. 2014; 27(11):1108–12.

https://doi.org/10.3109/14767058.2013.850489 PMID: 24090161.

17. Nanda S, Savvidou M, Syngelaki A, Akolekar R, Nicolaides KH. Prediction of gestational diabetes melli-

tus by maternal factors and biomarkers at 11 to 13 weeks. Prenat Diagn. 2011; 31(2):135–41. https://

doi.org/10.1002/pd.2636 PMID: 21268030.

18. Smirnakis KV, Plati A, Wolf M, Thadhani R, Ecker JL. Predicting gestational diabetes: choosing the opti-

mal early serum marker. Am J Obstet Gynecol. 2007; 196(4):410 e1–6; discussion e6-7. https://doi.org/

10.1016/j.ajog.2006.12.011 PMID: 17403439.

First-trimester serum biomarkers of gestational diabetes mellitus

PLOS ONE | https://doi.org/10.1371/journal.pone.0214457 March 27, 2019 11 / 13

https://doi.org/10.1056/NEJMoa0707943
https://doi.org/10.1056/NEJMoa0707943
http://www.ncbi.nlm.nih.gov/pubmed/18463375
http://www.ncbi.nlm.nih.gov/pubmed/12351492
https://doi.org/10.3109/14767058.2014.966677
http://www.ncbi.nlm.nih.gov/pubmed/25228278
https://doi.org/10.1373/clinchem.2013.203331
https://doi.org/10.1373/clinchem.2013.203331
http://www.ncbi.nlm.nih.gov/pubmed/23536513
http://www.ncbi.nlm.nih.gov/pubmed/12519320
http://www.ncbi.nlm.nih.gov/pubmed/1748272
https://doi.org/10.2337/dc09-1848
http://www.ncbi.nlm.nih.gov/pubmed/20190296
https://doi.org/10.2337/dc17-2393
http://www.ncbi.nlm.nih.gov/pubmed/29559508
https://doi.org/10.2337/dc06-2559a
http://www.ncbi.nlm.nih.gov/pubmed/17416786
http://www.ncbi.nlm.nih.gov/pubmed/14634573
https://doi.org/10.1136/bmj.i4338
http://www.ncbi.nlm.nih.gov/pubmed/27576867
https://doi.org/10.1007/s11892-017-0834-y
http://www.ncbi.nlm.nih.gov/pubmed/28229385
https://doi.org/10.1007/s00592-008-0037-8
https://doi.org/10.1007/s00592-008-0037-8
http://www.ncbi.nlm.nih.gov/pubmed/18496643
https://doi.org/10.2337/dc12-1731
https://doi.org/10.2337/dc12-1731
http://www.ncbi.nlm.nih.gov/pubmed/23300287
https://doi.org/10.3109/14767058.2013.850489
http://www.ncbi.nlm.nih.gov/pubmed/24090161
https://doi.org/10.1002/pd.2636
https://doi.org/10.1002/pd.2636
http://www.ncbi.nlm.nih.gov/pubmed/21268030
https://doi.org/10.1016/j.ajog.2006.12.011
https://doi.org/10.1016/j.ajog.2006.12.011
http://www.ncbi.nlm.nih.gov/pubmed/17403439
https://doi.org/10.1371/journal.pone.0214457


19. Worda C, Leipold H, Gruber C, Kautzky-Willer A, Knofler M, Bancher-Todesca D. Decreased plasma

adiponectin concentrations in women with gestational diabetes mellitus. Am J Obstet Gynecol. 2004;

191(6):2120–4. https://doi.org/10.1016/j.ajog.2004.04.038 PMID: 15592301.

20. Caglar GS, Ozdemir ED, Cengiz SD, Demirtas S. Sex-hormone-binding globulin early in pregnancy for

the prediction of severe gestational diabetes mellitus and related complications. J Obstet Gynaecol

Res. 2012; 38(11):1286–93. https://doi.org/10.1111/j.1447-0756.2012.01870.x PMID: 22612716.

21. Iliodromiti S, Sassarini J, Kelsey TW, Lindsay RS, Sattar N, Nelson SM. Accuracy of circulating adipo-

nectin for predicting gestational diabetes: a systematic review and meta-analysis. Diabetologia. 2016;

59(4):692–9. https://doi.org/10.1007/s00125-015-3855-6 PMID: 26768001; PubMed Central PMCID:

PMCPMC4779132.

22. Qiu C, Sorensen TK, Luthy DA, Williams MA. A prospective study of maternal serum C-reactive protein

(CRP) concentrations and risk of gestational diabetes mellitus. Paediatr Perinat Epidemiol. 2004; 18

(5):377–84. https://doi.org/10.1111/j.1365-3016.2004.00578.x PMID: 15367325.

23. Savvidou M, Nelson SM, Makgoba M, Messow CM, Sattar N, Nicolaides K. First-trimester prediction of

gestational diabetes mellitus: examining the potential of combining maternal characteristics and labora-

tory measures. Diabetes. 2010; 59(12):3017–22. https://doi.org/10.2337/db10-0688 PMID: 20876721;

PubMed Central PMCID: PMCPMC2992761.

24. Theriault S, Giguere Y, Masse J, Girouard J, Forest JC. Early prediction of gestational diabetes: a prac-

tical model combining clinical and biochemical markers. Clin Chem Lab Med. 2016; 54(3):509–18.

https://doi.org/10.1515/cclm-2015-0537 PMID: 26351946.

25. Ravnsborg T, Andersen LL, Trabjerg ND, Rasmussen LM, Jensen DM, Overgaard M. First-trimester

multimarker prediction of gestational diabetes mellitus using targeted mass spectrometry. Diabetologia.

2016; 59(5):970–9. https://doi.org/10.1007/s00125-016-3869-8 PMID: 26818149.

26. Overgaard M, Cangemi C, Jensen ML, Argraves WS, Rasmussen LM. Total and isoform-specific quan-

titative assessment of circulating fibulin-1 using selected reaction monitoring MS and time-resolved

immunofluorometry. Proteom Clin Appl. 2015; 9(7–8):767–75. https://doi.org/10.1002/prca.201400070

WOS:000358012000013. PMID: 25331251

27. McNulty DE, Annan RS. Hydrophilic interaction chromatography reduces the complexity of the phos-

phoproteome and improves global phosphopeptide isolation and detection. Mol Cell Proteomics. 2008;

7(5):971–80. https://doi.org/10.1074/mcp.M700543-MCP200 PMID: 18212344.

28. Melo-Braga MN, Schulz M, Liu Q, Swistowski A, Palmisano G, Engholm-Keller K, et al. Comprehensive

quantitative comparison of the membrane proteome, phosphoproteome, and sialiome of human embry-

onic and neural stem cells. Mol Cell Proteomics. 2014; 13(1):311–28. https://doi.org/10.1074/mcp.

M112.026898 PMID: 24173317; PubMed Central PMCID: PMCPMC3879623.

29. Tramontana A, Dieplinger B, Stangl G, Hafner E, Dieplinger H. First trimester serum afamin concentra-

tions are associated with the development of pre-eclampsia and gestational diabetes mellitus in preg-

nant women. Clin Chim Acta. 2018; 476:160–6. https://doi.org/10.1016/j.cca.2017.11.031 PMID:

29191735.

30. Tramontana A, Pablik E, Stangl G, Hartmann B, Dieplinger H, Hafner E. Combination of first trimester

serum afamin levels and three-dimensional placental bed vascularization as a possible screening

method to detect women at-risk for adverse pregnancy complications like pre-eclampsia and gesta-

tional diabetes mellitus in low-risk pregnancies. Placenta. 2018; 62:9–15. https://doi.org/10.1016/j.

placenta.2017.12.014 PMID: 29405972.

31. Balci Ekmekci O, Ekmekci H, Gungor Z, Tuten A, Toprak MS, Korkmaz M, et al. Evaluation of Lp-PLA2

mass, vitronectin and PAI-1 activity levels in patients with preeclampsia. Arch Gynecol Obstet. 2015;

292(1):53–8. https://doi.org/10.1007/s00404-014-3601-1 PMID: 25527349.

32. Kolialexi A, Tsangaris GT, Sifakis S, Gourgiotis D, Katsafadou A, Lykoudi A, et al. Plasma biomarkers

for the identification of women at risk for early-onset preeclampsia. Expert Rev Proteomics. 2017; 14

(3):269–76. https://doi.org/10.1080/14789450.2017.1291345 PMID: 28222616.

33. Thadhani R, Wolf M, Hsu-Blatman K, Sandler L, Nathan D, Ecker JL. First-trimester sex hormone bind-

ing globulin and subsequent gestational diabetes mellitus. Am J Obstet Gynecol. 2003; 189(1):171–6.

PMID: 12861158.

34. Zhao D, Shen L, Wei Y, Xie J, Chen S, Liang Y, et al. Identification of candidate biomarkers for the pre-

diction of gestational diabetes mellitus in the early stages of pregnancy using iTRAQ quantitative prote-

omics. Proteomics Clin Appl. 2017; 11(7–8). https://doi.org/10.1002/prca.201600152 PMID: 28220636.

35. Liao Y, Xu GF, Jiang Y, Zhu H, Sun LJ, Peng R, et al. Comparative proteomic analysis of maternal

peripheral plasma and umbilical venous plasma from normal and gestational diabetes mellitus pregnan-

cies. Medicine (Baltimore). 2018; 97(36):e12232. Epub 2018/09/12. https://doi.org/10.1097/MD.

0000000000012232 PMID: 30200149; PubMed Central PMCID: PMCPMC6133416.

First-trimester serum biomarkers of gestational diabetes mellitus

PLOS ONE | https://doi.org/10.1371/journal.pone.0214457 March 27, 2019 12 / 13

https://doi.org/10.1016/j.ajog.2004.04.038
http://www.ncbi.nlm.nih.gov/pubmed/15592301
https://doi.org/10.1111/j.1447-0756.2012.01870.x
http://www.ncbi.nlm.nih.gov/pubmed/22612716
https://doi.org/10.1007/s00125-015-3855-6
http://www.ncbi.nlm.nih.gov/pubmed/26768001
https://doi.org/10.1111/j.1365-3016.2004.00578.x
http://www.ncbi.nlm.nih.gov/pubmed/15367325
https://doi.org/10.2337/db10-0688
http://www.ncbi.nlm.nih.gov/pubmed/20876721
https://doi.org/10.1515/cclm-2015-0537
http://www.ncbi.nlm.nih.gov/pubmed/26351946
https://doi.org/10.1007/s00125-016-3869-8
http://www.ncbi.nlm.nih.gov/pubmed/26818149
https://doi.org/10.1002/prca.201400070
http://www.ncbi.nlm.nih.gov/pubmed/25331251
https://doi.org/10.1074/mcp.M700543-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/18212344
https://doi.org/10.1074/mcp.M112.026898
https://doi.org/10.1074/mcp.M112.026898
http://www.ncbi.nlm.nih.gov/pubmed/24173317
https://doi.org/10.1016/j.cca.2017.11.031
http://www.ncbi.nlm.nih.gov/pubmed/29191735
https://doi.org/10.1016/j.placenta.2017.12.014
https://doi.org/10.1016/j.placenta.2017.12.014
http://www.ncbi.nlm.nih.gov/pubmed/29405972
https://doi.org/10.1007/s00404-014-3601-1
http://www.ncbi.nlm.nih.gov/pubmed/25527349
https://doi.org/10.1080/14789450.2017.1291345
http://www.ncbi.nlm.nih.gov/pubmed/28222616
http://www.ncbi.nlm.nih.gov/pubmed/12861158
https://doi.org/10.1002/prca.201600152
http://www.ncbi.nlm.nih.gov/pubmed/28220636
https://doi.org/10.1097/MD.0000000000012232
https://doi.org/10.1097/MD.0000000000012232
http://www.ncbi.nlm.nih.gov/pubmed/30200149
https://doi.org/10.1371/journal.pone.0214457


36. Benhalima K, Damm P, Van Assche A, Mathieu C, Devlieger R, Mahmood T, et al. Screening for gesta-

tional diabetes in Europe: where do we stand and how to move forward?: A scientific paper commis-

sioned by the European Board & College of Obstetrics and Gynaecology (EBCOG). Eur J Obstet

Gynecol Reprod Biol. 2016; 201:192–6. https://doi.org/10.1016/j.ejogrb.2016.04.002 PMID: 27105781.

37. Lindsay RS, Mackin ST, Nelson SM. Gestational diabetes mellitus-right person, right treatment, right

time? BMC Med. 2017; 15(1):163. https://doi.org/10.1186/s12916-017-0925-2 PMID: 28844206;

PubMed Central PMCID: PMCPMC5572161.

First-trimester serum biomarkers of gestational diabetes mellitus

PLOS ONE | https://doi.org/10.1371/journal.pone.0214457 March 27, 2019 13 / 13

https://doi.org/10.1016/j.ejogrb.2016.04.002
http://www.ncbi.nlm.nih.gov/pubmed/27105781
https://doi.org/10.1186/s12916-017-0925-2
http://www.ncbi.nlm.nih.gov/pubmed/28844206
https://doi.org/10.1371/journal.pone.0214457

