
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation 
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

Lin et al. BMC Pregnancy and Childbirth          (2024) 24:713 
https://doi.org/10.1186/s12884-024-06919-9

BMC Pregnancy and Childbirth

†Jing Lin and Danqing Zhao contributed equally to this study.

*Correspondence:
Liming Shen
slm@szu.edu.cn
1College of Life Science and Oceanography, Shenzhen University, 
Shenzhen 518071, P. R. China
2Department of Obstetrics and Gynecology, Affiliated Hospital of Guizhou 
Medical University, Guiyang 550004, P. R. China
3Department of Clinical Nutrition, Affiliated Hospital of Guizhou Medical 
University, Guiyang, P.R. China
4Shenzhen-Hong Kong Institute of Brain Science-Shenzhen Fundamental 
Research Institutions, Shenzhen 518055, P. R. China

Abstract
Gestational diabetes mellitus (GDM) is the first spontaneous hyperglycemia during pregnancy. Early diagnosis and 
intervention are important for the management of the disease. This study compared and analyzed the proteins of 
total plasma exosomes (T-EXO) and placental-derived exosomes (PLAP-EXO) in pregnant women who subsequently 
developed GDM (12–16 weeks), GDM patients (24–28 weeks) and their corresponding controls to investigate 
the pathogenesis and biomarkers of GDM associated with exosomes. The exosomal proteins were extracted and 
studied by proteomics approach, then bioinformatics analysis was applied to the differentially expressed proteins 
(DEPs) between the groups. At 12–16 and 24–28 weeks of gestation, 36 and 21 DEPs were identified in T-EXO, 
while 34 and 20 DEPs were identified in PLAP-EXO between GDM and controls, respectively. These proteins are 
mainly involved in complement pathways, immunity, inflammation, coagulation and other pathways, most of them 
have been previously reported as blood or exosomal proteins associated with GDM. The findings suggest that the 
development of GDM is a progressive process and that early changes promote the development of the disease. 
Maternal and placental factors play a key role in the pathogenesis of GDM. These proteins especially Hub proteins 
have the potential to become predictive and diagnostic biomarkers for GDM.
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Introduction
Gestational diabetes mellitus (GDM) is a common 
pregnancy complication that refers to spontaneous 
hyperglycemia during pregnancy [1–3]. GDM affects 
approximately 14% of pregnancies worldwide [1, 4], and 
has become an important public health problem and one 
of the hotspots in obstetrics research today [5, 6]. How-
ever, so far, the etiology and pathophysiology of GDM 
have not been fully clarified [7]. Major risk factors associ-
ated with GDM include advanced maternal age, obesity, 
and excessive weight gain during pregnancy [2, 8]. Meta-
bolic changes in early pregnancy are characterized by 
insulin sensitivity, which gradually transitions to insulin 
resistance in the second and later trimesters [9–11].

GDM poses risks to the mother, fetus and newborn, 
resulting in the risks of short-term and long-term dis-
eases, such as macrosomia, dystocia, obesity, type II dia-
betes and cardiovascular disease [12–18]. On the other 
hand, studies have reported that a combination of diet 
and exercise interventions during pregnancy may reduce 
the risk of GDM [19]. Consequently, it is particularly 
important to carry out early diagnosis and intervention 
for GDM patients [2, 20, 21]. However, the most appro-
priate diagnostic strategy and treatment for GDM remain 
controversial [7]. The diagnostic method is mainly based 
on the 75 g oral glucose tolerance test (OGTT) at 24–28 
weeks of gestation [2]. This method is cost-effective only 
when GDM patients receive postpartum counseling and 
care to prevent type II diabetes [22].

Exosomes are small membranous vesicles released by 
the fusion of multivesicular endosomes with the plasma 
membrane [23–27]. It is secreted by a variety of cells and 
carry contents such as proteins and RNA, reflecting the 
function and body state of the secreting cells. It is found 
in various body fluids and plays a role in the transport of 
substances and the exchange of information [23, 24, 28, 
29], and is closely linked to the reproductive process [28]. 
Interestingly, studies have shown that the concentration 
of exosomes in the plasma of pregnant women is more 
than 50 times that of non-pregnant women, and the num-
ber increases significantly more than twofold with gesta-
tional age [30, 31]. At 6 weeks of gestation, the placenta 
releases exosomes into the maternal circulation [30]. 
Placenta-derived exosomes have a syncytiotrophoblast-
specific protein, placental alkaline phosphatase (PLAP), 
and PLAP-positive exosomes only exist in the circulation 
of pregnant women [32]. Exosomes can carry the infor-
mation of the placenta and circulate in the mother’s body 
with the blood flow, play a variety of functions, and play 
an important role in the pathogenesis of GDM [30, 33]. 
Further studies confirmed that exosomes present in the 
plasma of pregnant women with GDM are biologically 
active and can modulate pro-inflammatory cytokines 
released by endothelial cells [30]. Therefore, the study of 

exosomes may provide new knowledge for deciphering 
the pathophysiology of GDM in mothers and infants, and 
provide valuable biomarkers for disease prediction and 
monitoring [34].

Several studies have investigated the exosomal miRNA 
profiles of GDM patients [34–36], however, there are 
limited studies on proteomics [37]. The longitudinal 
proteomic studies of GDM blood exosomes in early and 
mid-pregnancy have not been reported. Isobaric label-
ing for relative and absolute quantification (iTRAQ) is 
an efficient proteomic method and has been used in 
many studies [38, 39], including the studies of serum 
proteomics in GDM patients [40, 41]. In this study, the 
total plasma exosomes (T-EXO) and placental derived 
exosomes (PLAP-EXO) from GDM patients and healthy 
controls at 12–16 weeks and 24–28 weeks of gestation 
were studied by iTRAQ quantitative proteomics.

Materials and methods
Plasma sample selection and collection
The study flow diagram is shown in Fig.  1. In this pro-
spective cohort study, pregnant women who presented 
for the first time in 12–16 weeks of gestation at the 
Affiliated Hospital of Guizhou Medical University (Gui-
yang, China) were recruited, and plasma samples were 
collected and stored [42]. All subjects underwent a 75 g 
OGTT at 24–28 weeks of gestation. Diagnosis of GDM 
according to the International Association of Diabetes 
and Pregnancy Study Groups (IADPSG) standard [43]. 
Plasma samples from GDM patients and controls were 
collected at 24–28 weeks again. There were no significant 
differences between GDM and controls in maternal age, 
pregnancy, parity, body mass index (BMI), gestational age 
at delivery, gestational age at sample collection, and ges-
tational age at 75 g OGTT. Fasting blood glucose and glu-
cose concentrations at 1 and 2 h OGTT were significantly 
higher in the GDM group than in the control group (Sup-
plementary Table 1). The study protocol was approved by 
the Human Research Ethics Committee of the Affiliated 
Hospital of Guizhou Medical University. Informed con-
sent was obtained from all participants.

Plasma samples from pregnant women who subse-
quently developed GDM (12–16 weeks, early stage), 
pregnant women with GDM (24–28 weeks, middle 
stage), and their corresponding healthy pregnant women 
were analyzed and divided into four groups: pregnant 
women who subsequently developed GDM (12–16 
weeks, GDM-E, n = 16) and healthy controls (12–16 
weeks, CON-E, n = 12); pregnant women with GDM (24–
28 weeks, GDM-M, n = 16) and healthy controls (24–28 
weeks, CON-M, n = 12). Equal amounts of plasma from 
4 individuals in the same group were mixed to form an 
experimental sample. Thus, GDM-E and GDM-M groups 
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Fig. 1  Flow diagram of study identification
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had 4 mixed samples respectively, and CON-E and 
CON-M had 3 mixed samples respectively.

Enrichment of total exosomes and placenta-derived 
exosomes
Minute™ Hi-Efficiency Exosome Precipitation Reagent 
(EI-027, Invent Biotech, USA) was used to extract plasma 
exosomes according to the manufacturer’s instructions. 
First, add 1.2 mL phosphate-buffered saline (PBS) to 600 
µL of mixed plasma, and centrifuge at 2000 × g for 10 min 
to remove impurities. Then add an appropriate amount 
of exosome precipitation reagent, mix and incubate at 
4  °C for 1 h. At 4  °C, 10,000 × g, centrifuge for 15 min, 
remove all the supernatant and redissolve the precipitate 
with PBS to obtain a total exosome suspension.

An appropriate amount of total exosome suspension 
was taken as a sample for subsequent experiments, the 
rest was used to extract placenta-derived exosomes. Add 
5µL of placental alkaline phosphatase polyclonal anti-
body (PLAP, PA5-112357, Invitrogen, USA), 3% bovine 
serum albumin (BSA), and protease inhibitors to exo-
some suspension, and mix them gently at 4  °C for 1  h. 
Then add protein A/G Sepharose rapid purification resin 
(Yeasen, China) at 4  °C and mix gently for 1  h. Centri-
fuge at 400 × g for 10 min at 4 °C, then remove the super-
natant, and the precipitate was exosome-antibody-resin 
complex. 0.05 mM Glycine-HCl (pH = 3) was added to 
the pellet at 4  °C for 15 min. Centrifuge at 1500 × g for 
10 min at 4 °C, and aspirate the supernatant as placenta-
derived exosomes (PLAP-EXO).

Extraction and identification of exosomes
Exosomes were identified by using transmission elec-
tron microscopy (TEM), nanoparticle tracking analysis 
(NTA), and Western blot analysis. Before TEM detec-
tion, the exosome solution (T-EXO) was dropped on 
the front of formvar/carbon film-coated grids (Beijing 
Zhongjingkeyi Technology Co., Ltd, China), settled for 
5–10 min, and the excess solution was sucked off. It was 
stained using 1% uranyl acetate staining solution (Beijing 
Zhongjingkeyi Technology Co., Ltd) and then detected 
by transmission electron microscopy (HT7700, HITA-
CHI, Japan). NTA was performed using a nanoparticle 
size analyzer (ZetaPlus, Brookhaven, USA). Two exo-
some-specific proteins, ALIX (Programmed cell death 
6-interacting protein) and CD63 (Lysosomal-associated 
membrane protein 3) [44], were selected for Western blot 
analysis. Exosomes are lysed by RIPA lysis buffer (Beyo-
time, China) and the proteins were extracted [45]. West-
ern blot analysis was performed as previously described 
[46, 47].

Trypsin digestion and iTRAQ labeling
The exosomal proteins were obtained by lysis with RIPA 
buffer. For each sample, 150  µg proteins were reduced, 
alkylated, desalted and digested, and then labeled with 
the iTRAQ reagents (AB Sciex) [39, 47, 48]. Two sets 
of iTRAQ tags were used, where the tag 113 of each set 
was an equal mixture of all samples as reference samples 
(113-1, 113-2). The GDM-E group was labeled with 114-
1, 115-1, 116-1, and 117-1, and the CON-E group was 
labeled with 118-1, 119-1, and 121-1. The GDM-M group 
was labeled with 114-2, 115-2, 116-2, and 117-2, and the 
CON-M group was labeled with 118-2, 119-2, and 121-
2. The two sets of samples were separately mixed and 
lyophilized. The samples were then injected into an Agi-
lent high-performance liquid chromatography (HPLC; 
Agilent Technologies, Santa Clara, CA) system with a 
high pH RP column (Durashell, C18, 250 mm × 4.6 mm, 
5 μm; Bonna-Agela Technologies, Inc., Wilmington, DE) 
to remove the excess labeling reagents and salts [39, 47, 
48]. Finally, the peptides were eluted, combined into 16 
fractions, lyophilized, and stored at − 80 °C.

Mass spectrometric analysis
The 16 fractions were reconstituted with LC-MS buffer 
(2% acetonitrile, 0.1% formic acid, 98% ddH2O), and 4µL 
of each fraction was submitted to a Triple TOF 6600 sys-
tem equipped with a NanosprayIII source (AB Sciex, Fos-
ter City, CA) [49]. The data was obtained with a 2.4 kV 
ion spray voltage, 35 psi curtain gas, 12 psi nebulizer gas, 
and an interface heater temperature of 150 °C. Automatic 
collision energy and automatic MS/MS accumulation 
were employed to activate smart information-dependent 
acquisition (IDA). The identification and quantification 
of proteins were analyzed using Proteinpilot (Version 
5.0.01, AB Sciex) with the Paragon Algorithm against the 
UniProt “complete proteome”human proteins database. 
Based on 95% confidence level, protein identification 
required at least one unique peptide per protein, while 
protein quantification required two quantified peptides.

Protein expression characteristics analysis and DEPs 
identification
Principal component analysis (PCA) and supervised par-
tial least squares discriminant analysis (PLS-DA) were 
performed using SIMCA software (V14.1, Sartorius Ste-
dim Data Analytics AB, Umea, Sweden). The PLS-DA 
model was evaluated by 200 permutation tests. The value 
of the regression line of Q2 intersecting the vertical axis 
was less than zero, and there was no overlap between 
R2 and Q2, indicating that the model was not overfitted 
[50]. Differentially expressed protein (DEP) were identi-
fied using OMICSBEAN (http://www.omicsbean.cn/), 
based on 95% confidence, compared with the control, the 
proteins with a fold change (FC) ≥ 1.2 were identified as 

http://www.omicsbean.cn/
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up-regulated proteins, and those with a fold change ≤ 0.83 
were identified as down-regulated proteins.

Bioinformatics analysis
The OMICSBEAN database, STRING (https://string-
db.org/), and Cytoscape software (V 3.8.2; https://cyto-
scape.org/) were used for bioinformatics analysis, which 
included gene ontology (GO) and KEGG (Kyoto Ency-
clopedia of Genes and Genomes), Reactome, and Wiki 
pathways analysis, as well as protein − protein interac-
tion (PPI) network analysis. GO analysis included bio-
logical process (BP), cellular component (CC), and 
molecular function (MF). Hub proteins were analyzed by 
Cytohubba software using the Bottleneck algorithm.

Results
Exosome identification results
As shown in Fig.  2A-C, clear exosome particles could 
be detected by TEM. Two exosomal marker proteins, 
CD63 and ALIX, could be detected in the exosomal pro-
tein extracts. Paticle size analysis showed that the iso-
lated exosomes were mainly distributed between 50 and 
200 nm.

Overview the protein expression profile of T-EXO
By iTRAQ analysis, a total of 924 and 883 proteins were 
identified and 505 proteins and 487 proteins were quan-
tified in 12–16 weeks group and 24–28 weeks group, 
respectively. Among these, 352 quantified proteins were 
overlapping in these two groups. Compared with the exo-
somal proteins database (ExoCarta) [51], 314 quantified 
proteins in the 12–16 weeks group and 286 quantified 

Fig. 2  Exosome validation. (A) Transmission electron microscopy (TEM) analysis. (B) Western blot analysis detection of CD63 and ALIX proteins. (C) 
Nanoparticle tracking analysis (NTA)
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proteins in the 24–28 weeks group could be matched to 
the database. These quantified T-EXO proteins and their 
matching information with the ExoCarta database are 
listed in Supplementary Table 2 and Figure S1. PCA anal-
ysis showed that the two periods were clearly separated, 
however, although there was a separation trend between 
the GDM group and the CON group in the same period, 
there was overlap between them (Fig. 3A). In the PLS-DA 
plot, GDM and CON group were well separated in both 
periods (Fig. 3B). The intercept of the vertical axis of the 
Q2 value in the permutation tests was < 0, indicating that 
the constructed model was feasible (Figure S2A).

Identification and bioinformatics analysis of T-EXO’s DEPs
A total of 36 DEPs were identified in the T-EXO between 
GDM-E and CON-E groups. Among them, 19 DEPs were 
up-regulated and 17 DEPs were down-regulated (Fig. 3C; 
Table  1). Likewise, 21 DEPs were identified between 
GDM-M and CON-M groups, and 11 DEPs were up-
regulated and 10 DEPs were down-regulated (Fig.  3D; 
Table  1). Cluster analysis showed that they could dis-
tinguish GDM patients and controls in corresponding 
period (Figs. 3E and 4F). There were no common DEPs in 
these two periods. Among the 57 DEPs of total exosome 
in both periods, 44 matched the ExoCarta database. 
Interestingly, 39 DEPs have been reported to be altered 
in the blood or blood exosomes of pregnant women who 
subsequently developed GDM and/or GDM patients in 
previous studies (Table 1).

As shown in Fig.  4A and Supplementary Table 3, at 
12–16 weeks, the BPs associated with these DEPs of 
T-EXO included platelet degranulation, regulation of 
immune system process, regulation of humoral immune 
response, defense response, vesicle-mediated transport, 
positive regulation of tumor necrosis factor production, 
regulation of complement activation, immune system 
process, inflammatory response, and acute inflammatory 
response, etc. CCs included extracellular space, extracel-
lular region, blood microparticle, extracellular organelle, 
and extracellular exosome, etc. (Fig.  4B, Supplementary 
Table 4). KEGG pathways included complement and 
coagulation cascades, and ECM-receptor interaction, 
while Reactome pathways included platelet degranula-
tion, hemostasis, complement cascade, laminin inter-
actions, immune system, cell surface interactions at the 
vascular wall, and extracellular matrix organization etc. 
(Fig.  4C, Supplementary Tables 5 and 6). The PPI net-
work is showed in the Fig.  4D, the results were agreed 
with the above analysis.

At 24–28 weeks, the DEPs of T-EXO were mainly 
involved in immune, endocytosis, and phagocytosis 
(Fig.  5A and Supplementary Table 7), and belonged 
to the extracellular part, including extracellular exo-
some (Fig. 5B and Supplementary Table 8). PPI network 

showed that the DEPs were associated with extracellular 
exosome, complement activation, complement and coag-
ulation cascades, ECM-receptor interaction, cholesterol 
metabolism, type II diabetes mellitus, insulin secretion, 
PPAR signaling pathway, neutrophil activation, immune 
effector process, leukocyte degranulation, and leukocyte 
mediate immunity (Fig. 5C).

A noteworthy phenomenon at 24–28 weeks was the 
emergence of metabolism-related DEPs, including cho-
lesteryl ester transfer protein (CETP) related to lipid 
metabolism, adiponectin (ADIPOQ) related to type 
II diabetes mellitus and PPAR signaling pathway, and 
ryanodine receptor 2 (RYR2) related to insulin secretion. 
Transthyretin (TTR) and insulin-like growth factor-bind-
ing protein complex acid labile subunit (IGFALS) were 
associated with thyroid hormone synthesis and growth 
hormone synthesis, secretion and action, respectively.

Moreover, the top 10 hub proteins related to the 
DEPs of T-EXO at 12–16 weeks and 24–28 weeks were 
enriched and shown in Fig.  5D and E, respectively. At 
12–16 weeks, they included CRP, PF4, VCAM1, ITGB1, 
THBS1, HRG, ORM2, HPX, ORM1, and SERPINC1, 
which were associated with extracellular exosome, coag-
ulation, inflammation, immunity, and platelet degranula-
tion. At 24–28 weeks, the top 10 hub proteins included 
CFH, CETP, ADIPOQ, FBLN1, KPRP, FLG2, HRNR, 
TTR, AFM, and IGFALS. They were associated with 
extracellular exosome, complement and coagulation 
cascades, lipoprotein particle, and retinol transport and 
transthyretin.

Overview of protein expression profile of placenta-derived 
exosomes (PLAP-EXO)
By iTRAQ analysis, at the 12–16 weeks, a total of 538 
proteins were identified in the PLAP-EXO, of which 221 
were quantified. At the 24–28 weeks, 589 proteins were 
identified, of which 246 proteins were quantified. Among 
these quantified proteins, 166 proteins overlapped in 
these two periods, 148 quantified proteins in the 12–16-
week group and 174 quantified proteins in the 24–28-
week group could be matched to ExoCarta database. 
These quantified PLAP-EXO proteins and their matching 
information with ExoCarta database are listed in Supple-
mentary Table s2 and Figure S1. Compared with T-EXO, 
176 proteins were common in the early stage (Figure 
S3A) and 196 proteins were common in the middle stage 
(Figure S3B) of pregnancy.

PCA result showed that the two periods were clearly 
separated. There was a separation trend between the two 
groups (GDM group and CON group) in the same period 
(Fig. 6A). In PLS-DA plot, the separation trend of GDM 
group and CON group was more obvious, and GDM-E 
and CON-E groups could be well distinguished (Fig. 6B). 
The intercept of the vertical axis of the Q2 value in the 
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Fig. 3  Characterization of total exosomal protein expression and identification of DPEs at 12–16 and 24–28 weeks of gestation. (A) PCA plot. (B) PLS-DA 
plot. (C) Volcano plot depicting the distribution of proteins in the GDM-E/CON-E group. (D) Volcano plot depicting the distribution of proteins in the 
GDM-M/CON-M group. (E) Cluster analysis of DEPs between GDM-E and CON-E. (F) Cluster analysis of DEPs between GDM-M and CON-M. (C and D), green 
dots indicate down-regulated protein, and red dots indicate up-regulated protein
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No. Protein name Accession 
number

Gene name 12–16 weeks of 
gestation

24–28 weeks of 
gestation

Refer-
ence

Fold 
change*

p value Fold 
change*

p value

1 Adiponectin (-) Q15848 ADIPOQ 0.51 0.278 0.54 0.047 [52, 53]
2 Afamin (+) P43652 AFM 1.90 0.255 2.02 0.028 [54, 55]
3 Alpha-1-acid

glycoprotein 1 (+)
P02763 ORM1 2.85 0.015 1.48 0.505 [56]

4 Alpha-1-acid
glycoprotein 2 (+)

P19652 ORM2 3.45 0.007 1.72 0.400 [56]

5 Alpha-enolase (-) P06733 ENO1 0.71 0.015 0.19 0.125 / c)

6 Antithrombin-III (+) P01008 SERPINC1 2.35 0.008 1.43 0.439 [57]
7 C4b-binding

protein beta chain (+)
P20851 C4BPB 1.64 0.022 1.67 0.066 [58]

8 CD5 antigen-like (-) O43866 CD5L 0.48 0.030 0.43 0.286 [58]
9 Cholesteryl ester

transfer protein (-)
P11597 CETP 1.49 0.559 0.45 0.047 [59]

10 Chorionic somatomammotropin hormone 2 (+) P0DML3 CSH2 3.13 0.006 0.98 0.695 [60, 61]
11 Clusterin (-) P10909 CLU 0.29 0.006 1.18 0.448 [60, 62]
12 Complement

factor H (+)
P08603 CFH 2.01 0.172 1.83 0.017 [52, 52]

13 Complement factor H-related protein 4 (+) Q92496 CFHR4 1.21 0.006 1.02 0.977 [52]
14 C-reactive protein (+) P02741 CRP 3.71 0.003 0.22 0.152 [63]
15 E3 ubiquitin-protein

ligase RNF213 (+)
A0A0A0MTR7 RNF213 2.68 0.010 / c) / c) / c)

16 Fibulin-1 (-) P23142 FBLN1 0.86 0.474 0.62 0.006 [63]
17 Filaggrin-2 (-) Q5D862 FLG2 1.25 0.678 0.79 0.040 / c)

18 Glutathione peroxidase 3 (-) A0A087 × 1J7 GPX3 0.58 0.022 1.08 0.790 / c)

19 Glyceraldehyde
-3-phosphate dehydrogenase (-)

P04406 GAPDH 0.36 0.000 1.18 0.414 [57, 58]

20 Hemoglobinsubunit beta (+) P68871 HBB 4.16 0.020 1.17 0.816 [58, 64]
21 Hemopexin (+) P02790 HPX 2.15 0.025 1.04 0.377 / c)

22 Histidine-rich
glycoprotein (+)

P04196 HRG 2.55 0.002 1.83 0.147 [65]

23 Hornerin (-) Q86YZ3 HRNR 0.90 0.735 0.48 0.049 [66]
24 Immunoglobulin heavy constant

alpha 2 (+)
A0A0G2JMB2 IGHA2 1.55 0.048 0.54 0.107 [67]

25 Immunoglobulin
heavy variable 1–2 (-)

P23083 IGHV1-2 0.87 0.611 0.40 0.019 / c)

26 Immunoglobulin heavy variable
3-64D (-)

A0A0J9YX35 IGHV3-64D 0.96 0.657 0.55 0.042 / c)

27 Immunoglobulin heavy variable
5-10-1 (-)

A0A0J9YXX1 IGHV5-10-1 3.55 0.067 0.20 0.026 / c)

28 Immunoglobulin kappa variable
1D-16 (+)

P01601 IGKV1D-16 1.75 0.008 3.08 0.065 / c)

29 Insulin-like growth factor-binding
protein complex
acid labile subunit (+)

P35858 IGF130ALS 0.98 0.937 1.73 0.031 [52]

30 Integrin beta-1 (-) P05556 ITGB1 0.32 0.021 0.67 0.631 [68]
31 Keratin, type I

cytoskeletal 17 (+)
Q04695 KRT17 1.31 0.717 1.41 0.029 / c)

32 Keratinocyte
proline-rich protein (-)

Q5T749 KPRP 1.81 0.318 0.51 0.033 / c)

33 Laminin
subunit alpha-4 (-)

Q16363 LAMA4 0.72 0.034 / c) / c) [61, 69]

34 Lipopolysaccharide-
binding protein (+)

P18428 LBP 2.44 0.041 1.14 0.607 [70, 71]

Table 1  Differentially expressed protein between GDM and control of total plasma exosomes by iTRAQ analysis
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replacement test is < 0, indicating that the constructed 
model is feasible (Figure S2B).

Identification and bioinformatics analysis of PLAP-EXO’s 
DEPs
In PLAP-EXO, 34 DEPs were identified between GDM-E 
and CON-E, of which 19 were up-regulated and 15 were 
down-regulated in the GDM-E group (Fig. 6C; Table 2). 
Meanwhile, 20 DEPs were identified between GDM-M 
and CON-M, of which 8 were up-regulated and 12 were 

down-regulated in the GDM-M group (Fig. 6D; Table 2). 
These DEPs were able to distinguish GDM patients and 
controls in corresponding periods (Fig.  6E and F). One 
DEP was common in the early and middle stages, i.e., 
IGKV3-7. In comparison with the DEPs of T-EXO, there 
were 3 common DEPs in the early stages of pregnancy, 
that is, HPX, SERPINC1, and CLU. Among which, the 
expression trend of CLU was opposite in the two exo-
somes, while HPX and SERPINC1 were consistent. 
Among the 54 DEPs of PLAP-EXO in two periods, 34 

No. Protein name Accession 
number

Gene name 12–16 weeks of 
gestation

24–28 weeks of 
gestation

Refer-
ence

Fold 
change*

p value Fold 
change*

p value

35 Low affinity immunoglobulin gamma Fc region 
receptor III-A (+)

H0Y755 FCGR3A / c) / c) 1.68 0.012 / c)

36 Monocyte differentiation
antigen CD14 (+)

P08571 CD14 1.12 0.141 1.82 0.033 [58]

37 Nidogen-1 (+) P14543 NID1 1.32 0.044 0.64 0.524 [69]
38 Platelet factor 4 (-) P02776 PF4 0.16 0.004 0.44 0.238 [57]
39 Pregnancy

zone protein (+)
P20742 PZP 4.58 0.044 0.93 0.412 [52]

40 Pregnancy-
specific beta-1-
glycoprotein 2 (-)

P11465 PSG2 0.80 0.039 1.10 0.883 [61]

41 Pregnancy-
specific beta-1-
glycoprotein 5 (+)

E7EQY3 PSG5 1.55 0.057 2.64 0.020 [61]

42 Prolactin-
Inducible protein (+)

P12273 PIP 2.49 0.014 0.75 0.112 [53]

43 Proteoglycan 4 (+) Q92954 PRG4 4.16 0.131 3.79 0.031 [57]
44 Ras-related

protein Rab-1B (-)
Q9H0U4 RAB1B 0.78 0.032 / c) / c) / c)

45 ropomyosin 1 (Alpha), isoform CRA_m (-) H7BYY1 TPM1 0.82 0.034 / c) / c) [72]
46 Ryanodine

receptor 2 (-)
Q92736 RYR2 / c) / c) 0.51 0.029 [52]

47 Serum paraoxonase/
arylesterase 1 (-)

P27169 PON1 0.23 0.000 1.19 0.581 [52, 57]

48 Spectrin beta chain, erythrocytic (+) P11277 SPTB 3.34 0.019 0.83 0.706 / c)

49 Thrombospondin-1 (-) P07996 THBS1 0.29 0.018 2.05 0.089 [73]
50 Thrombospondin-4 (+) P35443 THBS4 0.61 0.111 1.89 0.007 [53, 74]
51 Transthyretin (+) P02766 TTR 0.70 0.388 2.34 0.006 [58, 75]
52 Tropomyosin

alpha-4 chain (-)
P67936 TPM4 0.62 0.034 / c) / c) / c)

53 Vascular cell
adhesion protein 1 (-)

P19320 VCAM1 0.14 0.017 0.88 0.198 [76, 77]

54 Vitamin K-dependent protein S (+) A0A0S2Z4L3 PROS1 1.71 0.014 1.65 0.106 [65, 78]
55 WD repeat-containing protein 1 (-) O75083 WDR1 0.83 0.029 / c) / c) / c)

56 Xaa-Pro
dipeptidase (+)

A0A494C165 PEPD / c) / c) 8.27 0.007 / c)

57 Zinc finger
protein 77 (-)

Q15935 ZNF77 0.64 0.032 0.53 0.303 / c)

a) (+), protein increased in abundant; (-), protein decreased in abundant

b) The bolded fonts indicated differentially expressed proteins, whose p-value is less than 0.05

c) /, not been reported

Table 1  (continued) 
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Fig. 4  Results of GO, KEGG and protein-protein interactions analyses of differentially expressed proteins in total exosomes at 12–16 weeks of gestation. 
(A) The top 10 biological processes associated with DEPs. (B) The top 10 cell components associated with DEPs. (C) The KEGG and Reactome pathways 
associated with DEPs. (D) Results of PPI analysis of total exosomal differential expressed proteins in early pregnancy
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Fig. 5  Results of GO, protein-protein interactions and hub proteins analyses of differentially expressed proteins in total exosomes at 24–28 weeks of ges-
tation. (A) The top 10 biological processes associated with DEPs. (B) The top 10 cell components associated with DEPs. (C) Results of PPI analysis of total 
exosomal differential expressed proteins at mid-pregnancy. (D) The top 10 hub proteins related to the DEPs of T-EXO at 12–16 weeks. (E) The top 10 hub 
proteins related to the DEPs of T-EXO at 24–28 weeks
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Fig. 6  Characterization of placenta-derived exosomal protein expression and identification of DPEs at 12–16 weeks and 24–28 weeks of gestation. (A) 
PCA plot. (B) PLSDA plot. (C) Volcano plot depicting the distribution of proteins in the GDM-E/CON-E group. (D) Volcano plot depicting the distribution of 
proteins in the GDM-M/CON-M group. (E) Cluster analysis of DEPs between GDM-E and CON-E. (F) Cluster analysis of DEPs between GDM-M and CON-M. 
(C and D), green dots indicate down-regulated protein, and red dots indicate up-regulated protein
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No. Protein name Accession 
number

Gene name 12–16 weeks of 
gestation*

24–28 weeks of 
gestation*

Reference

Fold 
change

p value Fold 
change

p value

1 Alpha-1B-
glycoprotein (+)

P04217 A1BG 1.84 0.015 0.94 0.890 [65]

2 Antithrombin-III (+) P01008 SERPINC1 2.21 0.033 1.08 0.744 [65, 79]
3 Apolipoprotein(a) (+) P08519 LPA 1.23 0.735 3.93 0.033 [80–82]
4 CD5 antigen-like (-) O43866 CD5L 0.64 0.281 0.29 0.031 / c)

5 Clusterin (+) P10909 CLU 1.44 0.001 1.13 0.736 [52, 60, 83]
6 Complement C3 (+) P01024 C3 2.12 0.041 1.15 0.062 [84]
7 Complement

component C7 (+)
P10643 C7 1.70 0.008 1.04 0.774 [65]

8 Complement component C8
beta chain (+)

F5H7G1 C8B / c) / c) 2.12 0.048 [52, 57, 65]

9 Complement
component C9 (+)

P02748 C9 1.88 0.002 0.94 0.849 [65]

10 Complement
factor H (+)

P08603 CFH 2.01 0.021 1.23 0.458 [52, 57]

11 Doublecortin domain-containing protein (+) A0A804HJA9 DCDC1 16.84 0.001 / c) / c) / c)

12 Fibrinogen
alpha chain (+)

P02671 FGA 26.17 0.000 0.99 0.957 [52, 57]

13 Fibrinogen
beta chain (+)

P02675 FGB 23.44 0.000 1.05 0.761 [52]

14 Fibrinogen
gamma chain (+)

C9JEU5 FGG 29.65 0.000 1.55 0.204 [52]

15 Hemoglobin
subunit alpha (+)

P69905 HBA1 2.99 0.023 1.23 0.406 [65, 85, 86]

16 Hemopexin (+) P02790 HPX 2.08 0.029 1.10 0.838 [87, 88]
17 Heparin cofactor 2 (+) P05546 SERPIND1 1.69 0.036 1.06 0.940 [65]
18 Hyaluronan-

binding protein 2 (-)
Q14520 HABP2 0.56 0.022 1.55 0.141 / c)

19 Immunoglobulin heavy
constant alpha 1 (-)

A0A286YEY1 IGHA1 1.43 0.431 0.24 0.028 [67]

20 Immunoglobulin heavy constant gamma 1 (-) P01857 IGHG1 0.19 0.000 0.22 0.046 / c)

21 Immunoglobulin heavy constant gamma 2 (-) P01859 IGHG2 0.50 0.002 0.34 0.090 / c)

22 Immunoglobulin
heavy variable 1–3 (-)

A0A0C4DH29 IGHV1-3 0.58 0.029 2.16 0.324 / c)

23 Immunoglobulin heavy
variable 3–15 (-)

A0A0B4J1V0 IGHV3-15 / c) / c) 0.23 0.036 / c)

24 Immunoglobulin heavy
variable 3-43D (-)

P0DP04 IGHV3-43D 0.49 0.036 / c) / c) / c)

25 Immunoglobulin heavy
variable 3–72 (-)

A0A0B4J1Y9 IGHV3-72 0.42 0.017 / c) / c) / c)

26 Immunoglobulin heavy
variable 4–59 (-)

P01825 IGHV4-59 / c) / c) 0.36 0.009 / c)

27 Immunoglobulin heavy
variable 5–51 (-)

A0A0C4DH38 IGHV5-51 0.53 0.388 0.75 0.049 / c)

28 Immunoglobulin
J chain (-)

P01591 JCHAIN 0.66 0.459 0.41 0.002 [52]

29 Immunoglobulin
kappa constant (-)

P01834 IGKC 0.57 0.232 0.19 0.017 [89]

30 Immunoglobulin kappa variable 1–27 A0A075B6S5 IGKV1-27 / c) / c) 12.53 0.006 / c)

31 Immunoglobulin kappa
variable 3–20 (-)

P01619 IGKV3-20 0.83 0.584 0.23 0.021 / c)

32 Immunoglobulin kappa
variable 3D-20 (-)

A0A0C4DH25 IGKV3D-20 0.62 0.487 0.20 0.011 / c)

Table 2  Differentially expressed protein between GDM and control of placenta-derived exosomes by iTRAQ analysis
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matched the ExoCarta database. Similar to total exo-
somes, 28 DEPs of PLAP-EXO have also been reported to 
be dysregulated in the blood or blood exosomes of preg-
nant women who subsequently developed GDM and/or 
GDM patients in previous studies (Table 2).

At 12–16 weeks, the BPs related to DEPs of PLAPT-
EXO included complement activation, humoral immune 
response, fibrinolysis, vesicle-mediated transport, plate-
let degranulation, regulated exocytosis, and regulation 
of blood coagulation, etc. (Fig. 7A). CCs included blood 
microparticle, extracellular space, extracellular exo-
some, collagen-containing extracellular matrix, secretory 

granule lumen, vesicle, and platelet alpha granule lumen, 
etc. (Fig.  7B). Pathway analysis showed that they were 
associated with complement and coagulation cas-
cades, common pathway of fibrin clot formation, innate 
immune system, platelet degranulation, hemostasis, ter-
minal pathway of complement, regulation of insulin-like 
growth factor (IGF) transport and uptake by insulin-like 
growth factor binding proteins (IGFBPs), etc. (Fig.  7C). 
Detailed information of GO and pathway analysis are 
listed in Supplementary Tables 9–13. As shown in 
Fig. 7D, the result of PPI network analysis was similar to 
the GO and pathways analysis.

No. Protein name Accession 
number

Gene name 12–16 weeks of 
gestation*

24–28 weeks of 
gestation*

Reference

Fold 
change

p value Fold 
change

p value

33 Immunoglobulin lambda
variable 3–10 (-)

A0A075B6K4 IGLV3-10 0.41 0.014 / c) / c) / c)

34 Inter-alpha-trypsin
inhibitor heavy
chain H1 (+)

P19827 ITIH1 2.57 0.014 1.31 0.599 [52]

35 ITIH4 protein (+) B7ZKJ8 ITIH4 2.27 0.026 0.87 0.772 [52, 57, 90]
36 Keratin, type I

cytoskeletal 14 (-)
P02533 KRT14 0.27 0.041 1.24 0.724 [91]

37 Keratin, type II
cytoskeletal 1 (-)

P04264 KRT1 0.19 0.014 1.25 0.767 [65]

38 Keratin, type II
cytoskeletal 2
epidermal (+)

P35908 KRT2 0.32 0.181 2.73 0.034 / c)

39 Kinesin-like
protein KIF16B (+)

A0A1B0GTU3 KIF16B 14.30 0.048 / c) / c) / c)

40 Lactotransferrin (-) E7EQB2 LTF 0.28 0.019 / c) / c) [52]
41 Leucine-rich alpha-2-

glycoprotein (+)
P02750 LRG1 2.24 0.041 0.86 0.722 / c)

42 N-acetyltransferase 5 (ARD1 homolog,
S. cerevisiae),
isoform CRA_a (-)

A8MZB2 NAA20 0.31 0.024 / c) / c) / c)

43 Pregnancy-
specific beta-1-
glycoprotein 3 (+)

M0QX68 PSG3 / c) / c) 6.18 0.012 [61]

44 Pregnancy-
specific beta-1-
glycoprotein 9 (+)

A0A087WYK1 PSG9 1.05 0.884 3.16 0.023 [61]

45 Probable non-functional immunoglobulin (-) kappa 
variable 3–7

A0A075B6H7 IGKV3-7 0.82 0.038 0.30 0.008 / c)

46 Protein AMBP (+) P02760 AMBP 1.31 0.207 1.64 0.000 [92]
47 Pyruvate kinase (+) A0A804F729 PKM / c) / c) 2.30 0.007 / c)

48 Ras association domain-containing protein 9 (-) O75901 RASSF9 0.53 0.017 / c) / c) / c)

49 Sacsin (-) A0A804HIQ1 SACS 0.35 0.010 / c) / c) / c)

50 Serine protease 1 (-) E7EQ64 PRSS1 0.51 0.011 / c) / c) / c)

51 Sex hormone-
binding globulin (-)

I3L145 SHBG / c) / c) 0.78 0.006 [93]

52 Vitamin K-dependent protein S (+) A0A3B3ISJ1 PROS1 2.56 0.007 / c) / c) [52]
a) (+), protein increased in abundant; (-), protein decreased in abundant

b) The bolded fonts indicated differentially expressed proteins, whose p-value is less than 0.05

c) /, not been reported

Table 2  (continued) 
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Fig. 7  Results of GO, KEGG and protein-protein interactions analyses of differentially expressed proteins in placenta-derived exosomes at 12–16 weeks of 
gestation. (A) The top 10 biological processes associated with DEPs. (B) The top 10 cell components associated with DEPs. (C) The KEGG, Reactome and 
Wiki pathways associated with DEPs. (D) Results of PPI analysis of placenta-derived exosomal differentially expressed proteins in early pregnancy

 



Page 16 of 25Lin et al. BMC Pregnancy and Childbirth          (2024) 24:713 

At 24–28 weeks, the DEPs of PLAP-EXO were involved 
in immune, complement active, protein activation cas-
cade, and endocytosis (Fig. 8A and Supplementary Table 
14), and immunoglobulin complex, extracellular region, 
and extracellular exosome (Fig.  8B, and Supplementary 
Table 15). They were enriched in extracellular exosome, 
and associated with complement activation, inflamma-
tory response, type II diabetes mellitus, glycolysis/gluco-
neogenesis, and glucagon signaling pathway (Fig. 8C).

In addition, at the 12–16 weeks, hub proteins associ-
ated with DEPs of PLAP-EXO included HPX, C9, FGG, 
FGB, GLU, FGA, C3, SERPINC1, ITIH4, and A1BG, 
which were involved in complement and coagulation cas-
cades, and platelet degranulation and activation, innate 
immune system, and regulation of IGF transport and 
uptake by IGFBPs (Fig.  8D). At the 24–28 weeks, hub 
proteins included AMBP, IGJ, CD5L, PSG3, and IGHV3-
15, which were mainly related to immunity (Fig. 8E).

Discussion
In this study, we extracted total exosomes and placenta-
derived exosomes from the plasma of GDM preg-
nant women and healthy pregnant women in early and 
mid-gestation. Characteristic identification, database 
matching, and bioinformation analysis confirmed that 
exosomes were successfully extracted. On this basis, a 
comparative proteomics study was carried out to obtain 
DEPs of exosomes between cases and controls.

At 12–16 weeks of gestation, the DEPs of T-EXO and 
PLAP-EXO were mainly involved in the complement and 
coagulation cascade, immune system process, inflam-
matory response, and platelet degranulation. These pro-
cesses or pathways associated with mechanisms have 
been reported to be closely related to the pathogenesis of 
GDM [94–96] and diabetic complications [97]. The com-
plement-related proteins include complement proteins 
or complement regulatory proteins or receptor proteins, 
and are involved in complement activation (classical and 
/ or alternative pathways) and regulation. Most of them 
were up-regulated, including C4BPB, CLU, CFHR4, 
and CRP in total exosomes, and C3, C7, C9, and CHF 
in placenta-derived exosomes. Among them, C3 plays a 
central role in the activation of the complement system 
[98]. Elevated C3 levels have been reported to be asso-
ciated with obesity, dyslipidemia, inflammation, insulin 
resistance and liver dysfunction [98, 99] as well as dia-
betes and GDM [100–102]. C7 levels has been observed 
to be elevated in the peripheral blood of GDM patients 
[103]. CFH is an alternative complement pathway inhibi-
tor. Its levels are negatively correlated with insulin sen-
sitivity [104] and may be elevated in GDM patients with 
insulin resistance [41]. CFHR4 (CFH-related proteins 4) 
is a complement in the form of CFH cofactor-enhancing 
activity that modulates activity. It binds to the central 

complement component C3b [105, 106]. Besides, the 
expression of CLU was decreased in total exosomes and 
increased in placenta-derived exosomes. Clusterin pre-
cursor has been observed to be decreased in the serum 
of pregnant women with GDM [107]. CLU has various 
functions and is a complement inhibitor, it and vitronec-
tin inhibit the C5b-8 complex insertion into membrane 
attack complex [108, 109]. Another complement-related 
protein, CD5L, is a key regulator of lipid synthesis 
and regulates inflammatory response, which has been 
observed to be decreased in the plasma of type 2 diabe-
tes mellitus (T2DM) patients [110, 111]. Together, these 
results suggested that complement may play a critical 
role in the pathogenesis of GDM.

However, the involvement of the complement sys-
tem appears to be complex. Up- or down-regulation of 
complement-related proteins, leading to over-activation 
or deficiency of complement, may lead to the develop-
ment of disease. At the same time, complement regula-
tory proteins have a regulatory role in the complement 
activation process. For example, in this study, comple-
ment proteins C3, C7 and C9 were increased in placen-
tal exosomes, while two complement regulatory proteins 
that inhibit complement activation, CFH and CLU, were 
increased and down-regulated, respectively. In contrast, 
in our previous study, serum levels of C7, C9 and CFH 
were down-regulated in pregnant women who subse-
quently developed GDM [40, 41]. Therefore, further 
studies are needed to elucidate the function of comple-
ment proteins in pregnancy and GDM. The results imply 
that under-involvement of the complement system as 
well as over-involvement of the complement system leads 
to pathophysiology and that an appropriate balance is 
important [108].

GDM is not only a metabolic disease but is also a low-
grade inflammatory response [112–114]. In the pres-
ent study, at 12–16 weeks, five DEPs (CRP, LBP, ORM1, 
ORM2, SERPINC1) related to inflammatory response 
were found to be altered in T-EXO. SERPINC1 is com-
mon among T-EXO and PLAP-EXO. In particular, ele-
vated levels of CRP was observed in the T-EXO. CRP is 
an inflammatory marker released by the liver in response 
to cytokine stimulation, are associated with increased 
risk of type II diabetes, myocardial infarction, stroke, and 
peripheral vascular disease [115, 116]. Elevated mater-
nal CRP during pregnancy is associated with pregnancy 
complications [117], including GDM [40, 114, 118, 119].

At 12–16 weeks, immune system processes were also 
significantly enriched. In the DEPs of T-EXO, they were 
associated with the innate immune system, whereas 
in PLAP-EXO DEPs, they are associated with innate 
and adaptive immune responses. Indeed, complement, 
immune, and inflammation are interrelated and contrib-
ute to the pathophysiological mechanism of GDM [73, 
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Fig. 8  Results of GO, protein-protein interactions and hub proteins analyses of differentially expressed proteins in placenta-derived exosomes at 24–28 
weeks of gestation. (A) The top 10 biological processes associated with DEPs. (B) The top 10 cell components associated with DEPs. (C) Results of PPI 
analysis of placenta-derived exosomal differential expressed proteins at mid-pregnancy. (D) The top 10 hub proteins related to the DEPs of PLAP-EXO at 
12–16 weeks. (E) The top 10 hub proteins related to the DEPs of PLAP-EXO at 24–28 weeks
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99, 120–122] and T2DM [123]. As a regulator of both 
the innate and the adaptive immune system, complement 
system represents an important part of this inflammatory 
response. In this study, some of the DEPs related to them 
were overlapped. For example, CRP, CLU and CD5l were 
associated with all three. LBP, an acute-phase glycopro-
tein associated immune and inflammatory response, was 
found to be up-regulated in the T-EXO. Likewise, one of 
the hallmarks of the inflammatory response is increased 
activation and recruitment of immune cells. In the DEPs 
of T-EXO, some DEPs were related to leukocyte migra-
tion and leukocyte mediated immunity, while in the 
DEPs of PLAP-EXO, some were associated with neutro-
phil degranulation, leukocyte mediated immunity, and 
myeloid leukocyte activation. Interestingly, significant 
neutrophil infiltration has been observed in the placenta 
of GDM patients [124, 125]. Therefore, our results sup-
port that impaired immune and inflammatory homeo-
stasis may contribute to GDM, which can be achieved by 
affecting insulin resistance (IR) and ß-cell function [126].

Compared to normal pregnancy, the hypercoagulable 
state of GDM is further enhanced [41, 127–129]. Here, 
several DEPs were associated with coagulation. Of which, 
SERPINC1 was found to be increased in the T-EXO, and 
FGA, FGB, FGG, and SERPIND1 were up-regulated in 
PLAP-EXO in early pregnancy. Interestingly, FGA, FGB, 
and FGG were significantly up-regulated in the serum of 
pregnant women who subsequently developed GDM or 
with GDM in our previous studies [40, 41]. Another study 
observed that fibrinogen concentrations were signifi-
cantly elevated in the pregnant women with GDM [130]. 
The hypercoagulable state may be primarily caused by 
hyperglycemia. GDM may lead to blood coagulation due 
to increased platelet activation, increased coagulation 
factor synthesis (including fibrinogen), and decreased 
fibrinolytic activist [130]. On the other hand, some pro-
teins that inhibit blood coagulation have also changed, 
such as SERPINC1, SERPING1, and PROS1. SERPING1 
is a plasma proteinase C1 inhibitor. SERPINC1 is the 
most important serine protease inhibitor and regulates 
the coagulation cascade and inhibits thrombin activity. 
They have been reported to be associated with diabetes 
[131, 132]. PROS1 is an anticoagulant plasma protein. 
SERPINC1 and PROS1 was up-regulated in the T-EXO 
and PLAP-EXO, while SERPIND1 was up-regulated 
in the T-EXO of women who subsequently developed 
GDM. Similar to our previous observation [40], it may 
be a feedback inhibition reaction to the complement and 
coagulation cascade, and play a role in regulating the 
complement and cascade process.

Studies have shown that patients with T2DM have 
abnormal platelet activation [133] and their coagula-
tion system is in a hypercoagulable state [134]. Increased 
fibrinogen leads to platelet aggregation, a step-in platelet 

activation [135, 136]. We found that some DEPs at 12–16 
weeks in the T-EXO and PLAP-EXO were associated 
with platelet activation/degranulation. Platelet degranu-
lation is related to its activation state, usually an increase 
in mean platelet volume (MPV), indicating that it is 
more active. Therefore, higher MPV indicates higher 
prothrombotic status [137]. Interestingly, an increase in 
MPV has been related to diabetes and GDM [138–142].

At 24–28 weeks, the DEPs were also mainly enriched 
in extracellular exosome, and related to complement, 
immunity and inflammation. Notably, immunoglobulins 
comprised the majority of DEPs linked to these biological 
processes, with the majority exhibiting down-regulation 
in both T-EXO and PLAP-EXO. The most DEPs asso-
ciated with complement, immunity and inflammation 
were immunoglobulins, and most of them were down-
regulated in the T-EXO and PLAP-EXO. This similar to 
T2DM [111], the role of immunity in GDM is bimodal: 
immunity may contribute to the pathology of T2DM, by 
contrast, the suppression of immunity is one of the major 
consequences of T2DM. Besides, several other DEPs are 
also of interest. CD14 was observed to be increased in 
the T-EXO. It is a monocyte and macrophage marker, has 
been shown to be increased in placental and omental adi-
pose tissue during inflammation [143]. GDM pregnancies 
had an increased percentage of circulating CD14 + cells 
and higher levels of soluble CD14+ (sCD14+) in serum 
[144]. Moreover, CFH was up-regulated in the T-EXO 
of pregnant with GDM, CD5L was down-regulated and 
C8B was up-regulated in the PLAP-EXO of pregnant 
with GDM.

Of note, at 24–28 weeks, the DEPs related to metabo-
lism and GDM and/or diabetes were enriched, includ-
ing adiponectin, afamin, CETP, IGFALS, RYR2, and TTR 
in the T-EXO, and apolipoprotein, PKM, and SHBG in 
the PLAP-EXO. Adiponectin is an important adipokine 
that controls fat metabolism and insulin sensitivity [145, 
146], and is associated with GDM [147], even extending 
beyond pregnancy [145]. Similar to the previous study 
[148], it was decreased in the T-EXO of patients with 
GDM in this study. Afamin belongs to the albumin fam-
ily and acts to bind and transport vitamin E and may be 
involved in oxidative stress and anti-apoptosis. Serum 
levels of afamin were significantly elevated in GDM 
patients before and during pregnancy [149]. IGFALS, 
an acid-labile subunit of insulin-like growth factor that 
binds to insulin-like growth factor-binding proteins, 
thereby controlling insulin-like growth factors essen-
tial for placental development and growth bioavailabil-
ity [150]. It was found to be increased in the serum of 
pregnant with GDM in our previous study [40]. TTR is 
a thyroid hormone-binding protein that, in addition to 
transporting thyroxine, plays a role in glucose and lipid 
metabolism, and insulin resistance [151]. The serum TTR 
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concentration in GDM women is significantly higher 
than that in non-GDM women [152–154]. Similarly, in 
this study, afamin and IGFALS, and TTR were up-regu-
lated in the T-EXO. The insulin secretion-related protein 
RYR2 play a key role in regulating insulin secretion and 
glucose homeostasis [155]. Here, it was down-regulated 
in the T-EXO.

In addition, impaired lipid transport and homeostasis 
are associated with GDM [41]. Lipid metabolism of the 
placenta is also disturbed in GDM [156]. Our results 
showed that cholesteryl ester transfer protein (CETP) 
was down-regulated in the T-EXO, while apolipoprotein 
was up-regulated in the PLAP-EXO of pregnant women 
with GDM at 24–28 weeks. In the PLAP-EXO, two 
other proteins also deserve attention, i.e., up-regulated 
PKM and down-regulated SHBG. PKM is an important 
enzyme of glycolysis and any alteration in the enzyme 
activity will severely affect the glucose utilization [157], 
which controls signal strength in the insulin secretory 
pathway [158]. Its expression is increased in the pre-
eclampsia placenta at delivery [159]. SHBG, meanwhile, 
plays an important role in regulating and transferring sex 
hormones. Its production is controlled by insulin and 
inversely related to insulin resistance [160]. The studies 

have shown that the level of SHBG is significantly lower 
in GDM pregnant women than that in healthy women 
[160].

Furthermore, we noticed changes in the expression of 
several pregnancy-related proteins, including PZP, PSG2, 
PSG5, PSG3, and PSG9. Altered levels of PZP and PSG 
have been reported in the blood of patients with GDM 
[52, 57, 161, 162]. As PSGs are intricately involved in 
immune regulation [163], our results suggest that they 
may play an important role in maintaining healthy 
pregnancy.

Collectively, to the best of our knowledge, this study is 
the first to apply a proteomic approach to study plasma 
and placental exosomal proteins in patients with GDM 
in early and mid-pregnancy. The results are beneficial 
for exploring disease mechanisms and screening bio-
markers. The mechanisms involved in DEPs of T-EXO 
and PLAP-EXO are not exactly the same in pregnant 
women with GDM in early and mid-gestation and are 
summarized in Fig.  9. The protein dysregulation found 
in early gestation suggests that they are involved in the 
pathogenesis of GDM rather than being the result of 
subsequent metabolic changes [156]. GDM is a progres-
sive process and mechanisms that emerge early promote 

Fig. 9  The mechanism of GDM disease associated with DEPs in plasma total exosomes and placental derived exosomes identified in this study. The 
results suggest that the mechanisms involved in the early and middle stages are not exactly the same, and that there may be an interaction between 
maternal and placental factors. Complement and coagulation cascades, immunity and inflammation were common mechanisms in the early and middle 
stages, whereas in the middle stage, changes in metabolism-related protein expression were detected
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disease progression, which is consistent with previous 
studies [164]. In addition, the mechanisms associated 
with T-EXO and PLAP-EXO suggest that maternal fac-
tors contribute to disease onset or affect the placenta. 
Maternal metabolic and immune status may alter early 
placental metabolism and function. The inflammatory 
environment regulates maternal glucose metabolism, 
and maternal inflammation is associated with a high sus-
ceptibility to GDM [2]. On the other hand, in agreement 
with previous studies [40], the placenta plays a key role in 
the pathophysiology of GDM. PLAP-EXO may lead to a 
pro-inflammatory state associated with GDM [41], while 
the placenta itself is in an inflammatory state. Moreover, 
as the mechanisms involved in these DEPs are consis-
tent with the disease mechanisms of GDM and most of 
them are blood or exosomal proteins reported in previ-
ous studies to be associated with GDM, they have the 
potential to be used as predictive or diagnostic markers, 
and especially hub protein. They might also be proposed 
as markers to evaluate the effect of early intervention in 
GDM. Furthermore, the number of DEPs identified in the 
two periods was also different, and more were identified 
in the early stage, suggesting that the search for biomark-
ers from an exosomal perspective is not only feasible, but 
also early prediction is significant for GDM prevention 
and intervention. However, this study has some limita-
tions, such as a small sample size and the use of mixed 
samples in proteomic analysis, and lack of validation of 
the DEPs. Therefore, further large sample size studies and 
validation are still needed [29].

Conclusion
In this study, we used quantitative proteomics techniques 
to identify DEPs in plasma exosomes and placental-
derived exosomes from GDM patients and normogly-
cemic women in early and mid-pregnancy. These DEPs 
were able to distinguish GDM patients from controls in 
early or mid-pregnancy. Functional analysis showed that 
they were associated with complement, inflammatory, 
immune, coagulation and metabolism pathways. These 
mechanisms have been previously reported. The results 
suggest that GDM is a progressive process and that 
there is an association between placental and periph-
eral changes, which may play a key role in the pathogen-
esis of GDM. Although further research and validation is 
needed, these proteins especially the hub protein may be 
potential early biomarkers of GDM in pre-symptomatic 
women and diagnostic biomarkers for pregnant women 
with GDM in mid-gestation. The results provide new 
insights into the pathogenesis and progression of GDM 
and highlight the potential utility of total plasma proteins 
and placental-derived exosomal proteins.
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