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To date, the miRNA expression profile of plasma exo-
somes in women whose pregnancy is complicated by
gestational diabetes mellitus (GDM) has not been fully
clarified. In this study, differentially expressed miRNAs
in plasma exosomes were identified by high-throughput
small-RNA sequencing in 12 pregnant women with GDM
and 12 with normal glucose tolerance (NGT) and vali-
dated in 102 pregnant women with GDM and 101 with
NGT. A total of 22 exosomal miRNAs were found, five
of which were verified by real-time qPCR. Exosomal
miR-423–5p was upregulated, whereas miR-122–5p,
miR-148a-3p, miR-192–5p, and miR-99a-5p were down-
regulated in women whose pregnancy was complicated
by GDM. IGF1R andGYS1 as target genes of miR-423–5p,
and G6PC3 and FDFT1 as target genes of miR-122–5p
were associated with insulin and AMPK signaling path-
ways andmay participate in the regulation of metabolism
in GDM. The five exosomal miRNAs had an area under
the curve of 0.82 (95%CI, 0.73, ����0.91) in early prediction
of GDM. Our study demonstrates that dysregulated exoso-
mal miRNAs in plasma from pregnant women with GDM
might influence the insulin and AMPK signaling pathways
and could contribute to the early prediction of GDM.

Gestational diabetes mellitus (GDM) is one of the most
common disorders during pregnancy (1); it increases the
risk of numerous perinatal complications, including pre-
eclampsia, macrosomia, and neonatal hypoglycemia. More-
over, GDM is associated with later development of obesity,
type 2 diabetes, and increased cardiovascular risk for mother
and offspring (2).

Generally, GDM is diagnosed during gestational weeks
(gws) 24–28 by oral glucose tolerance test (OGTT) (3),

but evidence shows that hyperglycemia exists before
24–28 gws and is associated with adverse maternal, fetal,
and neonatal outcomes (4). Clinical guidelines call for
early screening of GDM (5–7), and new biomarkers are
needed to improve prediction efficacy (8). Of note, high
levels of fatty acid–binding protein 4 (9), visfatin (10),
and asprosin (11) were proposed as potential biomarkers
of GDM. In a cohort of 474 pregnant women, angiopoietin-
like protein 8 improved the prediction of GDM as early as
12–16 gws (12). Recently, authors of a nested case–control
study reported that seven urinary metabolites could predict
GDM, with an area under the curve (AUC) of 0.993 at
around 12 gws (13).

Insulin resistance is the most important pathogenetic
factor in development of GDM, and it normally develops
earlier than hyperglycemia does (2). The AMPK signaling
pathway also plays a critical role in regulating lipid and
glucose metabolism (14). Thus, the determination of bio-
markers related to metabolism may provide important
considerations for early prediction of GDM.

Exosomes are extracellular vesicles generated by vari-
ous cells and contain many components, including DNAs,
RNAs, and proteins. Exosomes play critical roles in medi-
ating intercellular communication and have great potential
for use in disease diagnosis and therapies (15, 16). Exo-
somes regulate the development and progression of dis-
eases, including cancers (17), neurodegenerative disease
(18), and metabolic complications (19). The cargo carried
by exosomes contributes to altered crosstalk among skele-
tal muscle, liver, adipose tissue, and pancreas during the
development of diabetes and obesity (20–22). In addition,
exosomes are also associated with the pathogenesis of pre-
term birth (23) and preeclampsia (24). In GDM, Salomon

1Department of Obstetrics and Gynecology, the First Affiliated Hospital of Sun
Yat-sen University, Guangzhou, People’s Republic of China
2Department of Laboratory Medicine, the First Affiliated Hospital of Sun Yat-sen
University, Guangzhou, People’s Republic of China

Corresponding author: Bin Liu, liubn@mail.sysu.edu.cn

Received 11 October 2021 and accepted 2 August 2022

This article contains supplementary material online at https://doi.org/10.2337/
figshare.20421585.

© 2022 by the American Diabetes Association. Readers may use this article
as long as the work is properly cited, the use is educational and not for
profit, and the work is not altered. More information is available at https://
www.diabetesjournals.org/journals/pages/license.

M
E
T
A
B
O
L
IS
M

2272 Diabetes Volume 71, November 2022

mailto:liubn@mail.sysu.edu.cn
https://doi.org/10.2337/figshare.20421585
https://doi.org/10.2337/figshare.20421585
https://www.diabetesjournals.org/journals/pages/license
https://www.diabetesjournals.org/journals/pages/license
http://crossmark.crossref.org/dialog/?doi=10.2337/db21-0909&domain=pdf&date_stamp=2022-10-06


et al. (25) first found that the concentration of exosomes
in plasma was increased in women whose pregnancy is
complicated with GDM. Gillet et al. (26) reported elevated
miR-520h levels in extracellular vesicles in pregnancies
with GDM. Kandzija et al. (27) found increased dipeptidyl
peptidase IV levels in placental extracellular vesicles from
GDM cases. These studies showed a tight association be-
tween GDM and exosomes; however, the mechanism by
which exosomes and their contents regulate metabolic
signaling pathways has not been fully clarified. Moreover,
the application of exosomal constituents in early screening
of GDM requires further elucidation.

The purpose of this study was to profile circulating
exosomal miRNAs, investigate their regulatory roles in
GDM, and inspect differentially expressed miRNAs as early
biomarkers of GDM.

RESEARCH DESIGN AND METHODS

Patients and Samples
Women aged 18–45 years with singleton pregnancies
were invited to participate in this study. The exclusion cri-
teria for this study were individuals with preexisting dia-
betes. Written informed consent was obtained from all
participants. This study was approved by the ethics com-
mittee of the First Affiliated Hospital of Sun Yat-sen Uni-
versity in Guangzhou, China.

The research cohort contained three sets: 1) the discov-
ery set, consisting of 12 pregnant women with GDM and
12 with normal glucose tolerance (NGT) for small-RNA
next-generation sequencing (NGS); 2) the validation set
with 102 pregnant women with GDM and 101 with NGT
for verification of dysregulated miRNAs; and 3) the pre-
diction set with 30 pregnant women with GDM and 60
with NGT from a nested case–control study based on a
prospective cohort started at 10–16 gws. The diagnosis of
GDM was according to International Association of Diabe-
tes and Pregnancy Study Groups 2015 guidelines (28).
Fasting blood samples were collected (BD Vacutainer
PLUS Tubes; EDTA) and prepared for plasma.

Exosome Isolation
Exosomes were isolated from plasma using differential ul-
tracentrifugation and the ExoQuick kit (System Bioscien-
ces, EXOQ5TM-1). For ultracentrifugation, samples were
centrifuged at 2,000g for 30 min and 12,000g for 45 min.
The supernatant fluid was passed through a 0.22 mm ster-
ile filter (Steritop; Millipore, Billerica, MA) and then cen-
trifuged at 110,000g for 120 min (Optima XE-100, SW41
Ti Rotor; Beckman). The pellet was resuspended in 200 mL
of PBS (pH 7.4). We used 500 mL of plasma for exosome
precipitation, according to the manufacturer’s instructions.

Transmission Electron Microscopy
For transmission electron microscopy analysis, a 10 mL al-
iquot of fresh exosomes isolated by ultracentrifugation
was added to a 400-mesh formvar/carbon-coated copper

grid for 1 min and then negatively stained with 2% uranyl
acetate for 30 s under dark conditions. Then a JEM-1400
electron microscope (JEOL Ltd.) was used to assess the
morphology of the exosomes.

Nanoparticle Tracking Analysis
Nanoparticle tracking analysis was applied to analyze the
distribution of diameters and concentration of exosomes
isolated by ultracentrifugation, using a NanoSight NS300
(Malvern Instruments).

Western Blot Analysis
Exosome specific biomarkers, including CD9 (Cell Signal-
ing Technology no. 13174; Research Resource Identifier
[RRID] AB_2798139), CD63 (Proteintech no. 25682–1-AP;
RRID AB_2783831), and TSG101 (Abcam no. ab125011;
RRID: AB_10974262), were determined through Western
blotting. Lysis buffer was used to break down cells for the
radioimmunoprecipitation assay. Exosomes isolated by the
ExoQuick kit were lysed in radioimmunoprecipitation
assay lysis buffer containing the protease inhibitor
phenylmethylsulfonyl fluoride. Protein contents were
determined using a bicinchoninic acid assay protein as-
say kit (CW0014S; CWBIO). We separated 20 mg of lysate
and transferred it to polyvinylidene fluoride membranes,
then incubated the lysate with primary antibodies and ap-
propriate horseradish peroxidase–conjugated secondary
antibodies.

Cell Culture
Male human hepatoma cells (HepG2), female normal hu-
man hepatic cells (LO2), and female human embryonic
kidneys (293T) were obtained from the American Type
Culture Collection and cultured in a high-glucose (4.5 g/L)
DMEM solution supplemented with 10% FBS.

Internalization of Exosomes by HepG2 Cells
HepG2 cells (n = 1 × 105) were seeded in a 15 mm culture
dish and incubated with exosomes dyed with the red fluo-
rescent linker PKH26 (MINI26–1KT; Sigma-Aldrich) for
8 h at 37�C. The cells were washed twice with PBS, and
then fixed with 4% formaldehyde for 10 min and stained
with Hoechst 33342 (C1025; Beyotime) and F-actin
(AMJ-KT0003; Amyjet). The samples were analyzed using
a laser scanning confocal microscope (LSM780; Zeiss).

Glucose-Uptake Assay
HepG2 cells were seeded in 48-well plates at 1 × 105

cells/well with or without intervention for 48 h at 37�C.
After being starved in glucose-free medium for 3 h, the
cells were incubated with 40 mM 2-[N-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose (2-NBDG)
(Apexbio; B6035) for 30 min. The 2-NBDG fluorescence
intensity was analyzed by flow cytometry at 488 nm (ex-
citation) and 530 nm (emission).
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Small-RNA NGS
The purity of RNA was assessed using an ND-1000 Nano-
drop; each RNA sample had an A260:A280 ratio >1.8 and
A260:A230 ratio >2.0. RNA integrity was evaluated using
the Agilent 2200 TapeStation and each sample had the
RNA Integrity Number equivalent >7.0. Next, the RNA
samples were subjected to library preparation using the
NEBNext Multiplex Small RNA Library Prep Set for Illu-
mina (Illumina) and sequenced on the HiSeq2500 (read
length, 1 × 50 bp). The small RNA NGS data were submit-
ted to the National Center for Biotechnology Information
Gene Expression Omnibus (accession number GSE192813).

Analysis of Sequencing Data
The miRDeep2 program was used to identify known miRNAs
from FASTQ files. The human genome sequence (GRCh38)
obtained from the Ensembl database was used to build a
bowtie index. The remaining reads were aligned to miR-
Base v21 miRNA sequences (www.mirbase.org). Differential
expression of miRNAs was analyzed using DESeq2 (version
3.10) with fold change $1.5 or #0.67, and P # 0.05 as the
threshold.

RNA Extraction and Real-Time qPCR
The miRNeasy Mini Kit (no. 217004, QIAGEN) was used
to purify miRNA from exosomes isolated by ExoQuick kit.
Caenorhabditis elegans cel-miR-39–3p (50�UCACCGGGUGU-
AAAUCAGCUUG�30; Ribobio, Guangzhou, China) was
taken as an exogenous miRNA spiked-in control of plasma
exosomal miRNAs. In cell experiments, U6 was used to
normalize miRNAs extracted from cells. Total RNAs were
extracted from cells using Trizol (Invitrogen). Real-time
qPCR was performed using TB Green TM Premix Ex Taq
TM II (Tli RNaseH plus) (no. RR820A, TaKaRa) on a
LightCycler System (Roche) in triplicate. Primer sequences
are provided in Supplementary Table 1. The mean of the
NGT group was used as the reference and relative expres-
sion levels (GDM vs. NGT) were calculated using the com-
parative cycle threshold method.

Bioinformatic Analyses
TargetScan 7.2, Tarbase 8.0, and miRDB were used to pre-
dict potential targets of miRNAs. The enrichment analysis
of gene ontology and associated pathways was performed
in R (version 3.6) with the clusterProfiler package. Statis-
tics were corrected for multiple testing using the Benjamini–
Hochberg procedure.

Lentivirus-Mediated Overexpression of miRNAs and
Transcriptome NGS
miRNA expression vectors containing an miRNA precursor
overexpression cassette or a scrambled sequence for con-
trol were produced by GeneChem. The resulting viruses
were then used to infect HepG2 cells. Then RNAs were ex-
tracted, reverse-transcribed to cDNA, and sequenced on
an Illumina Novaseq 6000 (LC-Bio Technology) with 150-bp
paired-end sequencing.

miRNA Transfection
miRNA mimics, inhibitors, and negative controls (RiboBio)
were transfected into cells using a Lipofectamine 3000
transfection reagent (ThermoFisher Scientific) for 48 h.
miRNA mimics were transfected at a concentration of
50 nmol/L, whereas miRNA inhibitors were transfected at
a concentration of 100 nmol/L.

Plasmid Construction and Luciferase Reporter Assay
The target gene prediction for miRNAs was conducted
with TargetScan Human 7.2 (https://www.targetscan.org/
vert_72/) (29). The wild-type or mutant 30 untranslated
region (30UTR) of targets was cloned into pmirGLO Dual-
Luciferase miRNA target expression vector using Nhel and
Xbal restriction endonuclease sites. The luciferase reporter
constructs were cotransfected with miRNA mimic or neg-
ative controls into 293T cells in 96-well plates. Luciferase
activity was measured 48 h posttransfection with a dual-
luciferase reporter assay system (Promega, GLoMax) and
normalized to Renilla activity.

Statistical Analysis
The data obtained from this study were analyzed using R
(version 3.6.0). Continuous variables were presented as
mean ± SD. To compare the differences between two
groups, an unpaired Student t test was performed only if
the data were normally distributed. If the data were not
normally distributed, a Wilcoxon rank-sum test was used.
For binary variables, a x2 test was used to compare the
differences between two groups. To examine the relation-
ships between clinical parameters and miRNAs, a Spearman
correlation test was used. Binomial logistic regression was
used to identify associations between miRNAs and preg-
nancy outcomes. Receiver operating characteristic (ROC)
curve analysis was conducted to assess the predictive power
of differentially expressed miRNAs based on a logistical re-
gression model. Net reclassification improvement (NRI)
was calculated using the R package nricens to evaluate the
improvement of predictive accuracy in predicting GDM
when miRNAs were combined into the conventional model.
Statistical significance was defined as P < 0.05.

Data and Resource Availability
The data generated and/or analyzed during this study are
available from the corresponding author upon reasonable
request.

RESULTS

Clinical Characteristics of the Research Cohort
The clinical characteristics of the participants are listed in
Table 1. No statistically significant differences were found
in maternal age, gravity, or parity between the GDM and
NGT groups. In the discovery and validation sets, women
with GDM had a higher mean weight and BMI before and
during pregnancy compared with the NGT group.
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Plasma Exosomes of GDM and NGT Pregnancy
Transmission electron microscopy showed that exosomes
were approximately 100 nm in diameter and had a charac-
teristic morphology with a central depression attributed
to cellulose embedding and encapsuled by a limiting mem-
brane (Fig. 1A). Vesicles were positive for CD63, Tsg101,
and CD9 (Fig. 1B). The difference of mean exosome diam-
eter between the GDM and NGT groups was not statisti-
cally significant (122 ± 7 nm vs. 117 ± 16 nm; P = 0.56,
n = 5/group), but a secondary peak at around 60 nm was
observed in the distribution curve of the NGT group, indi-
cating that smaller exosomes might exist in the plasma of
some pregnant women (Fig. 1C). In exosome concentra-
tions, no statistically significant differences were found be-
tween the GDM and NGT groups (5.30 � 1010 ± 6.20 � 1010

vs. 7.37 � 1010 ± 8.59 � 1010 particles/mL plasma;
P = 0.71).

Internalization of Exosomes From Pregnant Women
With GDM and Those With NGT
To investigate the effects of exosomes on cellular glucose
metabolism, HepG2 cells were incubated with PKH26-dyed

exosomes isolated from plasma of women with GDM and
those with NGT. Using confocal microscopy, we visualized
the internalization of PKH26-dyed exosomes into HepG2
cells within 8 h of coincubation (Fig. 1D). Notably, exo-
somes from women with GDM women reduced cellular
glucose uptake by �59% as compared with those from
women with NGT (Fig. 1E).

Exosomal miRNA Expression Profile and Validation of
Differentially Expressed miRNAs
Small-RNA NGS was performed to reveal the differences
in exosomal contents between the GDM and NGT groups
(n = 12). In the GDM group, 36 miRNAs were upregulated
and 67 were downregulated (Fig. 2A). Of the exosomal
miRNAs detected with basemean >1,000, five miRNAs
were upregulated and 17 miRNAs were downregulated in
the GDM group (Fig. 2B).

The 22 dysregulated exosomal miRNAs were further
verified in the validation set, where five miRNAs were
confirmed as differentially expressed miRNAs. Among them,
miR-423–5p was upregulated, whereas miR-122–5p, miR-
148a-3p, miR-192–5p, and miR-99a-5p were downregulated

Table 1—Baseline characteristics of participants
Discovery set* Validation set† Predictive set‡

NGT
(n = 12)

GDM
(n = 12) P

NGT
(n = 101)

GDM
(n = 102) P

NGT
(n = 60)

GDM
(n = 30) P

Age, years 34.17 ± 4.15 34.25 ± 3.17 0.956 33.50 ± 3.47 33.53 ± 4.16 0.964 32.68 ± 3.86 33.63 ± 3.81 0.272

Gestational age, weeks
At enrollment 13.94 ± 1.81 14.70 ± 2.44 0.403 14.60 ± 2.90 14.92 ± 3.72 0.529 14.44 ± 1.88 14.33 ± 1.27 0.790
At OGTT 25.35 ± 1.87 26.11 ± 2.15 0.365 25.55 ± 1.22 25.49 ± 1.73 0.794 26.37 ± 1.23 26.63 ± 1.49 0.405
At delivery 39.08 ± 1.17 38.76 ± 0.81 0.441 38.97 ± 1.31 38.26 ± 1.16 <0.001 39.23 ± 0.92 38.87 ± 1.19 0.130

Weight, kg
Pregravid 51.25 ± 4.86 58.54 ± 5.93 0.003 52.80 ± 6.94 56.25 ± 8.05 0.002 54.80 ± 7.66 55.17 ± 7.39 0.831
At enrollment 52.74 ± 5.55 61.00 ± 6.27 0.002 53.79 ± 6.72 56.84 ± 8.11 0.014 56.39 ± 8.06 56.73 ± 7.52 0.851
At OGTT 59.22 ± 5.35 66.48 ± 6.95 0.009 59.31 ± 6.78 62.13 ± 8.27 0.023 63.08 ± 7.58 62.75 ± 7.68 0.852
At delivery 64.78 ± 6.47 70.29 ± 6.69 0.052 66.04 ± 6.94 66.18 ± 8.14 0.901 68.77 ± 7.95 65.73 ± 9.21 0.121

BMI, kg/m2

Pregravid 20.32 ± 1.82 22.86 ± 2.32 0.007 21.26 ± 4.79 22.41 ± 3.25 0.060 21.10 ± 2.55 21.83 ± 2.29 0.205
At enrollment 20.93 ± 2.33 23.81 ± 2.34 0.006 20.98 ± 2.48 22.66 ± 3.29 0.001 21.66 ± 2.74 22.45 ± 2.34 0.199
At OGTT 23.48 ± 2.06 25.93 ± 2.40 0.014 23.14 ± 2.44 24.64 ± 3.18 0.001 24.22 ± 2.37 24.83 ± 2.28 0.271
At delivery 25.67 ± 2.37 27.41 ± 2.32 0.083 25.75 ± 2.38 26.23 ± 3.13 0.239 26.50 ± 2.44 25.97 ± 2.80 0.382

OGTT glucose value, mmol/L
Fasting 4.07 ± 0.42 4.97 ± 0.40 <0.001 4.24 ± 0.24 4.68 ± 0.45 <0.001 4.25 ± 0.24 4.63 ± 0.47 <0.001
1 h 6.90 ± 1.59 11.30 ± 1.22 <0.001 6.88 ± 1.26 10.86 ± 1.08 <0.001 6.90 ± 1.19 9.89 ± 1.64 <0.001
2 h 6.46 ± 1.03 9.37 ± 1.27 <0.001 6.01 ± 0.92 9.39 ± 1.16 <0.001 6.07 ± 0.99 9.05 ± 1.31 <0.001

HbA1c, % 4.59 ± 0.33 5.22 ± 0.25 <0.001 4.57 ± 0.25 5.08 ± 0.37 <0.001 4.57 ± 0.23 5.11 ± 0.27 <0.001

HbA1c, mmol/mol 26.83 ± 3.56 33.50 ± 2.88 <0.001 26.50 ± 2.80 32.00 ± 4.07 <0.001 26.52 ± 2.56 32.23 ± 2.98 <0.001

Multiparous (%) 7 (58.3) 9 (75.0) 0.665 52 (55.9) 53 (59.6) 0.729 20 (37.7) 11 (37.9) 0.999

Cesarean section (%) 9 (75.0) 8 (66.7) 0.913 46 (49.5) 59 (66.3) 0.032 19 (35.8) 13 (44.8) 0.575

Neonatal sex
Male (%) 6 (50.0) 8 (66.7) 0.679 55 (59.1) 47 (53.4) 0.531 31 (58.5) 12 (41.4) 0.211
Female (%) 6 (50.0) 4 (33.3) 38 (40.9) 41 (46.6) 22 (41.5) 17 (58.6)

Data reported as mean ± SD, unless otherwise indicated. *Participants included at 24–28 gws for finding differentially expressed
miRNAs in exosome through small-RNA sequencing. †Participants included at 24–28 gws for validating differentially expressed
miRNAs in exosome. ‡Participants included at 10–16 gws for verifying early predictive power of exosomal miRNAs.
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in the GDM group (Fig. 2C). The remaining 17 miRNAs
did not show any significant differences between groups
(Supplementary Fig. 1).

Associations Between Exosomal miRNAs and Clinical
Features
The associations between expression of exosomal miRNAs
and related clinical features were analyzed in the valida-
tion set (Table 2). Exosomal miR-423–5p was positively
correlated with fasting plasma glucose (FPG) level (r =
0.18; P = 0.01), and miR-122–5p and miR-148a-3p were
negatively correlated with prepregnancy BMI, BMI at
OGTT, 1-h plasma glucose level (1h-PG), 2h-PG, and
HbA1c. miR-192–5p was negatively associated with pre-
pregnancy BMI, FPG, 1h-PG, 2h-PG, and HbA1c. Inverse
correlations of exosomal miR-99a-5p with BMI at OGTT,
1h-PG, 2h-PG, and HbA1c existed. When analyzed sepa-
rately in each group, miR-148a-3p and miR-192–5p re-
main negatively correlated with 2h-PG in the NGT group,
and the other correlations mostly followed the same
trends of the whole group but without statistically signifi-
cance (Supplementary Table 2). These results indicate that
change in expression levels of plasma exosomal miRNAs
could be used to distinguish the GDM group from the

NGT group but did not have enough power to reflect the
intragroup differences in plasma glucose levels.

Early Prediction of GDM by Plasma Exosomal miRNAs
To investigate the predictive value of exosomal miRNAs
on GDM, we tested the expression of the five differen-
tially expressed miRNAs in nested case–controlled groups
with 30 women with GDM and 60 women with NGT at
10–16 gws. Exosomal miR-122–5p, miR-148a-3p, miR-
192–5p, and miR-99a-5p in plasma were downregulated
in the GDM group (Fig. 3B–E, left), but no statistically
significant difference was found for miR-423–5p (Fig. 3A,
left). After adjusting for age, BMI at enrollment, ALT, and
AST, miR-122–5p (adjusted odds ratio [OR] 0.33; 95%
CI 0.14–0.79), miR-148a-3p (adjusted OR 0.10; 95% CI
0.02–0.41), miR-192–5p (adjusted OR 0.10; 95% CI
0.02–0.40), and miR-99a-5p (adjusted OR 0.02; 95%
CI 0.002–0.19) were inversely associated with the
risk of GDM (Supplementary Table 3).

In ROC curve analysis, the five miRNAs showed the po-
tential to predict GDM (Fig. 3A–E, right). The AUC of the
five miRNAs combined for early prediction of GDM was
0.82 (95% CI 0.73–0.91). This result was superior to the
base model, which combined FPG, maternal age, and
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Table 2—Spearman correlation analysis investigating the association between exosomal miRNAs and clinical indicators
miR-423–5p miR-122–5p miR-148a-3p miR-192–5p miR-99a-5p

r P r P r P r P r P

Age 0.00 0.99 0.09 0.19 �0.04 0.56 �0.03 0.66 0.04 0.62

Prepregnancy BMI 0.03 0.68 �0.20 0.01 �0.17 0.02 �0.17 0.02 �0.14 0.07

BMI at OGTT �0.01 0.87 �0.21 0.01 �0.20 0.01 �0.15 0.06 �0.16 0.04

GWG �0.11 0.15 0.14 0.07 0.06 0.44 0.13 0.08 0.07 0.37

TG 0.04 0.59 �0.05 0.45 �0.02 0.83 �0.06 0.42 �0.10 0.17

CHOL 0.05 0.50 0.10 0.16 0.07 0.31 0.08 0.23 0.10 0.17

HDL 0.07 0.31 0.02 0.77 0.10 0.15 0.10 0.16 0.15 0.04

LDL 0.03 0.71 0.07 0.30 0.06 0.42 0.05 0.49 0.05 0.44

FPG 0.18 0.01 �0.07 0.35 �0.09 0.22 �0.14 0.05 �0.10 0.15

1h-PG 0.13 0.07 �0.19 0.01 �0.23 <0.01 �0.25 <0.01 �0.26 <0.01

2h-PG 0.08 0.27 �0.21 <0.01 �0.27 <0.01 �0.31 <0.01 �0.28 <0.01

HbA1c 0.12 0.09 �0.24 <0.01 �0.18 0.01 �0.22 <0.01 �0.25 <0.01

Birth weight �0.14 0.07 0.05 0.48 �0.03 0.69 0.08 0.29 0.06 0.39

Correlation between exosomal miRNAs (comparative cycle threshold method) and clinical indicators in all samples. Spearman cor-
relation (r) was applied to analyze the correlation data. P < 0.05 was considered significant. CHOL, cholesterol; TG, triglyceride.
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prepregnancy BMI (AUC 0.66; 95% CI 0.53–0.78) and was
similar to the combination of base model and associated
miRNAs (AUC 0.83; 95% CI 0.74–0.95) (Fig. 3F). In NRI
analysis, adding miRNAs to the base model significantly
improved the classification accuracy with an overall cate-
gorical NRI of 86% (95% CI 29–133%; P < 0.01), 41%
(95% CI 6–70%; P = 0.01) for GDM, and 45% (95% CI
12–70%; P < 0.01) for NGT. A significantly greater improve-
ment in the continuous NRI was also observed (Supplementary
Table 4).

Pathway Analysis of miRNA Differentially Expressed in
Plasma Exosomes
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way enrichment analysis was performed to investigate
the potential regulated pathways of predicted targets
(Table 3). The results showed that the most enriched path-
ways of miR-423–5p targets were linked to MAPK and
GnRH signaling pathways. The targets of miR-122–5p were
linked primarily to insulin signaling pathways. The targets
of miR-148a-3p were related to the FoxO signaling
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Figure 3—Early prediction of GDM by plasma exosomal miRNAs. (A–E) Expression of exosomal miR-423-5p (A, left), miR-122-5p (B, left),
miR-148a-3p (C, left), miR-192-5p (D, left), and miR-99a-5p (E, left) at 10–16 gws and early predictive power of these five miRNAs for
GDM (A–E, right) (n = 30 in GDM group; n = 60 in NGT group). (F) The area AUC of the five miRNAs combined for early prediction of GDM
was superior to the combination of FPG at 10–16 gws, maternal age, and prepregnancy BMI, and similar to the combination of all. Data
are shown as log2 fold change compared with the NGT group. *P< 0.05, **P < 0.01, ***P< 0.001.
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pathway and endocrine resistance. The targets of miR-
192–5p were involved in the Hippo signaling pathway and
cellular senescence. The targets of miR-99a-5p were as-
sociated with cellular senescence and the p53 signaling
pathway.

Target Genes of Differentially Expressed Plasma
Exosomal miRNAs
We predicted 1,769 targets of miR-423–5p, 2,202 targets
of miR-122–5p, 2,218 targets of miR-148a-3p, 1,569 tar-
gets of miR-192–5p, and 459 targets of miR-99a-5p (data
not shown). To further identify the targets of the five
differentially expressed exosomal miRNAs, we performed
transcriptome sequencing on miRNA-overexpressed HepG2
cells (Supplementary Fig. 2). After miR-423–5p overexpres-
sion, we detected 15 downregulated genes, two of which
have targeted binding sites for miR-423–5p. Among the 42
genes with low expression in miR-122–5p overexpression
cells, 16 have targeted binding sites for miR-122–5p. In
miR-148a-3p overexpressed cells, we found 38 genes with
low expression, and eight of them have targeted binding
sites for miR-148a-3p. A total of 22 downregulated genes
were detected after miR-99a-5p overexpression, but none

of them putatively bound to miR-99a-5p (Fig. 4A). The
mRNA profile of cells transfected with miR-192–5p was
not determined, because of low transfection efficiency.
Consequently, we obtained two potential target genes
for miR-423–5p, 16 for miR-122–5p, and eight for
miR-148a-3p. In addition, after undergoing a literature
review, 35 predicted genes (Supplementary Fig. 3C) from
the computationally predicted targets in the insulin sig-
naling pathway (Supplementary Fig. 3A) and the AMPK
signaling pathway (Supplementary Fig. 3B) were also se-
lected for further identification.

To examine miRNA-mRNA regulation, we explored the
effects of mRNA expression of target genes in HepG2 cells
transfected with mimics or inhibitors of miRNAs (Supp-
lementary Table 5). The expression of AGK, GYS1, and
IGF1R mRNAs was significantly reduced after miR-423–5p
overexpression and was elevated after miR-423–5p inhibi-
tion (Fig. 4B, left). This method also identified the inhibi-
tion of ACACB, CREB1, FDFT1, G6PC3, NPC1L1, and
PHKA2 mRNAs by miR-122–5p (Fig. 4C, left); of HMGCS1
and PDHA1mRNAs by miR-192–5p (Fig. 4D, left); and of
CXCL16, PCSK9, and VLDLR mRNAs by miR-99a-5p (Fig.
4E, left). No target gene of miR-148a-3p was confirmed in

Table 3—KEGG analysis of the predicted target genes of miRNAs
Identifier Description Gene count, n P Adjusted P

miR-423–5p hsa04010 MAPK signaling pathway 52 0.000004 0.000969
hsa04912 GnRH signaling pathway 23 0.000009 0.000969
hsa05225 Hepatocellular carcinoma 34 0.000010 0.000969
hsa04520 Adherens junction 19 0.000017 0.001256
hsa04934 Cushing syndrome 31 0.000030 0.001825

miR-1122–5p hsa05220 Chronic myeloid leukemia 22 0.000014 0.004384
hsa05222 Small-cell lung cancer 24 0.000040 0.006127
hsa05205 Proteoglycans in cancer 41 0.000088 0.00908
hsa05225 Hepatocellular carcinoma 35 0.000136 0.009921
hsa04910 Insulin signaling pathway 30 0.000161 0.009921

miR-148a-3p hsa05220 Chronic myeloid leukemia 31 1.67 × 10�10 5.18 × 10�8

hsa04068 FoxO signaling pathway 42 8.43 × 10�10 8.80 × 10�8

hsa01522 Endocrine resistance 35 8.49 × 10�10 8.80 × 10�8

hsa04218 Cellular senescence 46 6.93 × 10�9 5.39 × 10�7

hsa05205 Proteoglycans in cancer 53 2.38 × 10�8 1.48 × 10�6

miR-192–5p hsa04390 Hippo signaling pathway 25 0.000048 0.007746
hsa03440 Homologous recombination 11 0.000073 0.007746

hsa04550
Signaling pathways regulating pluripotency

of stem cells 23 0.000080 0.007746
hsa04110 Cell cycle 21 0.000104 0.007746
hsa04218 Cellular senescence 24 0.000241 0.014406

miR-99a-5p hsa04115 p53 signaling pathway 11 0.000001 0.000315
hsa04218 Cellular senescence 15 0.000008 0.001061
hsa05205 Proteoglycans in cancer 16 0.000038 0.003341
hsa05203 Viral carcinogenesis 15 0.000117 0.007751

hsa04933
AGE-RAGE signaling pathway in diabetic

complications 10 0.000158 0.008414

KEGG pathway enrichment analysis was performed using the predicted targets of the five differentially expressed exosomal
miRNAs (miR-423–5p, 1,769 targets; miR-122–5p, 2,202 targets; miR-148a-3p, 2,218 targets; miR-192–5p, 1,569 targets; and
miR-99a-5p, 459 targets). The top five pathways of each miRNA are shown. AGE, advanced glycation end products; KEGG, Kyoto
Encyclopedia of Genes and Genomes; RAGE, receptor for advanced glycation end products.
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Figure 4—The expression of target genes in HepG2 cells and LO2 cells transfected with mimics or inhibitors of miRNAs. (A) Genes with
low expression in miRNA-overexpressed HepG2 cells have targeted binding sites for miRNA. (B–E) Expression of target genes of miRNAs
after transfection of miR-423–5p (B), miR-122–5p (C), miR-192–5p (D), and miR-99a-5p (E) in HepG2 cells (left) and LO2 cells (right). (F–I)
Luciferase activity of HEK293 cells after cotransfection of a reporter construct containing the 30UTR region of targets with either the
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this step. Predicted targets of the miRNAs that were not
identified by qRT-PCR are shown in Supplementary Fig. 4.

To confirm the targeted relationship between miRNAs
and mRNA in cells from other tissues or sources, we per-
formed real-time qPCR on LO2, skeletal muscle cells
(C2C12), islet cells (MIN6), and adipocytes (3T3-L1). In
LO2 cells, we confirmed the regulation of GYS1 by miR-
423–5p, the regulation of G6PC3 by miR-122–5p, and the
regulation of PDHA1 by miR-192–5p (Fig. 4B–E, right).
However, we were not able to verify any targeted relation-
ships in C2C12 cells (Supplementary Fig. 5), MIN6 cells
(Supplementary Fig. 6), or 3T3-L1 cells (Supplementary
Fig. 7), because most of these predicted targets were ei-
ther minimally expressed or undetectable.

To further confirm whether these miRNAs directly tar-
get their downstream mRNAs, we performed luciferase
reporter assays for their target mRNA 30UTR regions
correspondingly containing the predicted miRNA target
sites. After overexpression of miR-423–5p, luciferase ac-
tivity for IGF1R 30UTR was diminished, whereas muta-
genesis of the predicted target sites of miR-423–5p in
the IGF1R 30UTR abolished the effects of miR-423–5p
overexpression on luciferase activity (Fig. 4F). Similarly,
we confirmed that miR-423–5p directly targeted GYS1
(Fig. 4G) and miR-122–5p directly targeted G6PC3 (Fig.
4H) and FDFT1 (Fig. 4I).

DISCUSSION

The discovery of biomarkers associated with the underly-
ing molecular mechanisms is of critical significance in pre-
venting maternal–fetal complications during pregnancy.
In this study, we determined the differential expression
of exosomal miR-423–5p, miR-122–5p, miR-148a-3p,
miR-192–5p, and miR-99a-5p between plasma from preg-
nant women with GDM and those with NGT. We applied
the five altered miRNAs to early prediction of GDM in a
nested case–control study and found that these exosomal
miRNA profiles predict GDM with an AUC of 0.82 as early
as 10–16 gws. We identified that miR-423–5p and miR-
122–5p regulate target genes, such as IGF1R, GYS1, G6PC3,
and FDFT1, involved in the metabolic signaling pathways
(Supplementary Fig. 8).

Exosomes have been shown to differ between pregnan-
cies of women with GDM and of women with NGT (25),
and many attempts have been made to illustrate the specific
miRNA profiling in GDM exosomes (26, 30). To our knowl-
edge, the present study is the first confirmative research on
GDM-specific, circulating, exosomal miRNA profiling based
on NGS and large-scale validation. This study, to our
knowledge, is the first to report the upregulation of

miR-423–5p and the decreased expression of miR-122–5p,
miR-148a-3p, miR-192–5p, and miR-99a-5p in GDM
plasma exosomes.

To investigate whether these alterations of exosomal
miRNAs are detectable in the pregnancy period earlier
than 24–28 gws and to examine the predictive value of
the differential miRNA profile, we performed a diagnostic
test in a nested case–control study based on a prospective
cohort. Our results illustrated that these circulating
exosomal miRNAs improved the early prediction of
GDM, together with classical risk factors. The predic-
tive power of our study outperforms previous predic-
tions using lipid biomarkers (31), random plasma
glucose (32), or serum metabolites (33).

The differentially expressed miRNAs we found in this
study were associated with the underlying mechanism of
insulin resistance and hyperglycemia. The finding that
exosomal miR-423–5p was elevated in GDM is consistent
with previous reports on upregulation of miR-423–5p in
obesity (34) and type 2 diabetes mellitus (35). We identi-
fied IGF1R and GYS1 as targets of miR-423–5p. IGF1R is
highly homologous to the insulin receptor (36), and inhi-
bition of IGF1R may impair the insulin signaling pathway
(37). Downregulation of GYS1 leads to low expression of
glycogen synthase, which affects glucose homeostasis (38).

The downregulation of miR-122–5p in GDM plasma
exosomes was also related to the modulation of glucose
metabolism. A previous study found that a decrease of
miR-122 leads to hepatic insulin resistance (39). In gesta-
tionally obese women, miR-122 was negatively correlated
with HOMA of insulin resistance, C-peptide, and triglycer-
ide values (40). A decrease of miR-122–5p may affect glu-
cose metabolism by G6PC3 (41). Glucose 6 phosphatase is a
key enzyme in gluconeogenesis; G6PC3 expression in glyco-
gen trophoblast cells is associated with glucose production
(42). FDFT1, the other target of miR-122–5p, is increased in
obesity-related type 2 diabetes (43) and can inhibit glycolysis
and reduce glucose uptake through suppression of the AKT-
mTOR-HIF1a pathway (44).

Our finding that low expression of exosomal miR-
148a-3p and miR-192–5p in the plasma of the GDM
group coincides with results of a previous study showing
the downregulation of miR-148a-3p and miR-192–5p in
exosomes derived from the chorionic villous cells of the
placenta from pregnancies involving GDM (30). More-
over, miR-148a-3p and miR-192–5p were reported to be
involved in metabolic regulation in several other studies,
which are summarized in Supplementary Table 6 (45–50).
Therefore, more studies using placenta-derived exosomes
are needed to determine whether the placenta contributes
to low expression of exosomal miR-148a-3p and miR-192–

miRNA mimic control or miRNA mimic. (F) miR-423–5p directly targets IGF1R. (G) miR-423–5p directly targets GYS1. (H) miR-122–5p di-
rectly targets G6PC3. (I) miR-122–5p directly targets FDFT1. The binding site of miRNAs on their target was predicted by TargetScan 7.2.
mut, mutant; WT, wild type. *P< 0.05, **P < 0.01.
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5p in circulation of women whose pregnancy is complicated
by GDM.

This study has several strengths. First, we performed
small-RNA NGS to identify exosomal miRNA profiles in
GDM and used a larger number of clinical samples to in-
crease the certainty of differentially expressed miRNAs.
Second, we developed a prediction strategy using exoso-
mal miRNA profiling for GDM through a nested case–con-
trol study based on a prospective cohort between 10 and
16 gws. Third, we identified several miRNA–mRNA regu-
latory networks using compounding experiments. There-
fore, our research not only confirms that miRNAs related
to glucose metabolism have an early predictive value but
also provides information for additional research about
the pathogenesis of GDM.

This study has some limitations. First, the source of
the exosomes in plasma was not identified. Second, the
exosomal miRNA profile in late gestation was not ob-
tained, and the longitudinal variation of miRNA expres-
sion remains unclear. Third, involvement of predicted
target genes from multiple prediction websites increased
the false-positive rate of target verification. Another limi-
tation is that identification of miRNA targets by mRNA
expression may miss some miRNA–mRNA pairs with im-
perfect complementarity binding, which may block the
mRNA translation without degradation.

In conclusion, we developed an early screening strategy
for GDM by plasma exosomal miRNAs based on their un-
derlying biological functions. The efficiency of this pre-
dicted method requires further evaluation in a large-scale
prospective-cohort study.
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