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Abstract. Pregnant women with gestational diabetes mellitus 
(GDM) may have adverse pregnancy outcomes, even if their 
blood glucose level is well‑controlled. Aquaporin 3 (AQP3) 
and adiponectin (APN) serve important roles in fetal growth 
and development. However, the associations of AQP3 and 
APN with GDM and pregnancy outcome are not known. 
Therefore, the present study was performed to evaluate the 
expression of AQP3 in the placenta and APN in the umbilical 
artery blood, and the association of the two factors with GDM 
and pregnancy outcome. The patient cohort was divided 
into two groups: Pregnant women with GDM; and pregnant 
women with normal glucose tolerance (NGT). The expres-
sion levels of AQP3 in the placenta and APN in the umbilical 
artery blood were detected. Logistic regression was used to 
analyze the associations of AQP3 and APN with GDM and 
pregnancy outcome. The expression levels of AQP3 and AQP3 
mRNA in the placenta of the GDM group were decreased 
compared with that of the NGT group, and the difference was 
statistically significant (P<0.05). The expression of APN in the 
umbilical artery blood of the GDM group was also decreased 
compared with that of the NGT group, and the difference was 
also statistically significant (P<0.05). Multivariate logistic 
regression analyses indicated that the AQP3 and APN levels 
were negatively correlated not only with the risk of developing 
GDM [AQP3 odds ratio (OR)=5.00 (P<0.01); APN OR=2.98 
(P=0.01)], but also with abnormal pregnancy outcome [(AQP3 
OR=4.64 (P<0.01); APN OR=5.41 (P<0.01)]. The levels of 
AQP3 in the placenta and APN in the umbilical cord blood 
were associated with GDM, and the risk of GDM was increased 

in pregnant women with decreased AQP3 and APN levels. 
The AQP3 and APN levels also had an effect on pregnancy 
outcome. The risk of abnormal pregnancy outcomes, including 
cesarean section, macrosomia, fetal distress and neonatal 
asphyxia, was increased in pregnant women with decreased 
AQP3 and APN levels.

Introduction

Gestational diabetes mellitus (GDM) refers to glucose intoler-
ance with first onset and diagnosis during pregnancy, and is 
the most common perinatal complication (1). The global prev-
alence of GDM is expected to increase annually, particularly 
in Asia (2), possibly due to the observed increase in maternal 
age and obesity in this continent (3). GDM usually resolves 
after childbirth, but it is associated with an increased risk of 
prenatal, perinatal and postnatal adverse events (4). If blood 
glucose is poorly controlled, GDM may induce hyperglycemia, 
which affects both the mother and fetus (4). The short‑term 
adverse consequences of hyperglycemia include infection, 
pre‑eclampsia and hypertension for the mother, and birth 
trauma due to macrosomia for the fetus (5). GDM also has 
long‑term health effects (6). For the mother, the risk of GDM 
recurrence is increased by 35‑50% in subsequent pregnancies, 
and 26‑70% of pregnant women with GDM develop type 2 
diabetes mellitus within 10‑15 years following delivery (5). 
For the children of mothers with GDM, the risk of developing 
obesity and type  2 diabetes mellitus increase throughout 
their lifespan (7), and those born with macrosomia are at an 
increased risk of cardiovascular disease and leukemia in the 
future (4,8). However, even if the control of blood glucose level 
of pregnant women with GDM is satisfactory, the pregnancy 
outcome may not significantly improved  (9). The specific 
reasons and underlying mechanism remain elusive.

The mother and fetus are connected by the placenta. The 
placenta is an appendage of the fetus that has major endocrine 
and transport functions (10). It serves a key role in the growth 
and development of the fetus, and can synthesize numerous 
hormones, cytokines and transporters  (11). Aquaporin 3 
(AQP3) is a subtype of the AQP family, whose functions 
include solute transport and signal transduction (12). AQP3 is 
also expressed in the placenta and may transport water and 
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glycerol to the fetal circulation. It may also serve an important 
role in fetal growth and development, and its expression level 
may be affected by the maternal environment. Hydramnios 
is a common complication of pregnancy in women with 
GDM (13). AQP participates in the regulation of amniotic 
fluid balance, and the AQP level in the placenta is positively 
correlated with amniotic fluid volume in pregnant women with 
abnormal glucose metabolism (14). However, for the majority 
of pregnant women with GDM with a normal amniotic fluid 
index (AFI), it is unclear whether the expression of placental 
AQP3 gene is altered, and whether the AQP3 level is associ-
ated with AFI. In addition to abnormal glucose metabolism, 
pregnant women with GDM usually have dysregulated lipid 
metabolism (15). The AQP3 protein also transports glycerol, 
which is involved in lipid metabolism (16). However, there are 
few reports on whether the expression of AQP3 in the placenta 
is altered, and whether this is associated with GDM.

Adiponectin (APN) is an adipokine secreted by adipose 
tissue and has insulin‑sensitizing, anti‑atherosclerotic and 
anti‑inflammatory properties (17). In some cases, APN can 
also reduce body weight, which is associated with maintaining 
body metabolism and energy balance (18). Decreases in APN 
levels serve an important role in obesity‑associated diseases, 
including insulin resistance/diabetes and cardiovascular 
diseases (19). APN in the umbilical cord blood also serves 
a key role in regulating fetal growth, development and fat 
reserves, and is an important index for predicting the preg-
nancy outcome (20). For pregnant women with GDM, even 
if the blood glucose is well controlled, the serum APN level 
is downregulated, and the insulin resistance is increased 
compared with that of pregnant women with normal glucose 
tolerance (NGT) (21). However, there are few reports on how 
APN changes in the umbilical cord blood.

In the present study, the expression of AQP3 in the 
placenta was detected by immunohistochemistry, reverse 
transcription‑quantitative PCR (RT‑qPCR) and western 
blotting, and the APN level in the umbilical artery blood 
was determined by ELISA. The associations of AQP3 in the 
placenta and APN in the umbilical artery blood with GDM 
and pregnancy outcome were further discussed. The aim was 
to provide a reference for perinatal health care.

Materials and methods

Patients. The present study was conducted at the North China 
University of Science and Technology Affiliated Hospital, 
between November 2017 and October 2018, and performed 
in accordance with the ethical guidelines of the Declaration 
of Helsinki for experiments involving human subjects. The 
present study was approved by the ethics committee of the 
North China University of Science and Technology Affiliated 
Hospital. Informed consent was obtained from all patients. 
A total of 60 pregnant women with GDM and 60 pregnant 
women with NGT were recruited. The inclusion criteria for 
pregnant women with GDM were as follows: A diagnosis 
of GDM according to oral glucose tolerance test (22) or by 
documented clinical diagnosis in the medical records; aged 
20‑40 years; single pregnancy; simple control of blood glucose 
through diet and exercise; no recent history of taking drugs 
affecting blood lipid levels; normal pregnancy screenings, 

such as Down's screening and four‑dimensional color Doppler 
ultrasound; complete clinical data; and the provision of 
informed consent. The exclusion criteria were: Unsatisfactory 
blood glucose control; and patients with pregnancy complica-
tions such as thyroid disease, pregnancy‑induced hypertension, 
or severe heart, liver, kidney and other diseases. The criteria 
for satisfactory blood glucose control during pregnancy were 
as follows: Blood glucose should be 5.3‑6.7 mmol/l prior and 
subsequent to meals; blood glucose at night should not be 
<3.3 mmol/l; and glycosylated hemoglobin during pregnancy 
should not be <5.5% (23). The inclusion criteria for the patients 
with NGT were as: Aged 20‑40 years; single pregnancy; no 
recent history of taking drugs affecting blood lipid levels; 
normal pregnancy screenings, such as Down's screening and 
four‑dimensional color Doppler ultrasound; complete clinical 
data; and provision of informed consent. The exclusion criteria 
were: Diagnosis of pre‑pregnancy diabetes (including types 1 
and 2); control of blood glucose using drugs; and patients 
with pregnancy complications such as thyroid disease, preg-
nancy‑induced hypertension, and severe heart, liver, kidney 
and other diseases.

There were four pregnancy outcomes in the present study: 
i) Macrosomia, defined as fetal weight ≥4,000 g; ii)  fetal 
distress, defined as type III electronic fetal heart rate moni-
toring graphics, meconium contamination of the amniotic 
fluid, or abnormal fetal movement; iii) neonatal asphyxia, 
defined as (a) 5 min Apgar score <7 points and no effective 
breathing established; (b) umbilical artery blood gas pH <7.15; 
(c) exclusion of other causes of low Apgar score; (d) the pres-
ence of prenatal high‑risk factors that may lead to asphyxia 
(a, b and c were the necessary conditions, d was the reference 
condition); and iv) cesarean section, defined as an obstetric 
surgical procedure for abnormal delivery, indicating scarred 
uterus, cephalopelvic disproportion or fetal distress. Any cases 
of macrosomia, fetal distress, neonatal asphyxia or cesarean 
section were considered as abnormal outcomes; otherwise, the 
outcomes were considered as normal.

Blood, tissue samples and biochemical analyses
Placental tissue collection. Immediately following delivery, 
3 placental tissue samples ~1 cm3 were removed from the 
central non‑calcified area of the placenta; after washing with 
normal saline, 1 of the samples was fixed with 10% neutral 
formalin at room temperature for 1 day for immunohisto-
chemical study, and the remaining 2 samples were placed in 
a freezing tube and stored in a freezer at ‑80˚C for western 
blotting and RT‑qPCR analyses.

Umbilical artery blood collection. Within 1  min after 
delivery, 3 ml umbilical artery blood was extracted by syringe 
and injected into a coagulation‑promoting tube; serum was 
then separated by centrifugation (1,000 x g at 4˚C for 15 min), 
sealed and stored in the refrigerator at ‑80˚C for detection of 
APN.

Biochemical analyses. Routine blood tests, including 
pre‑delivery fasting plasma glucose (FPG), glycosylated hemo-
globin (HbA1c) and serum triglyceride (TG) were completed 
by the Laboratory Department of North China University 
of Science and Technology Affiliated Hospital. Clinical 
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examination data, including AFI and neonatal weight, were 
obtained in the Department of Obstetrics and Gynecology. The 
APN level in the umbilical artery serum was detected using 
commercial ELISA kits (cat. no. 20180906451; Shanghai YL 
Biotech Co., Ltd.) according to the manufacturer's protocol.

Immunohistochemistry analysis. Formalin‑fixed (at 4˚C for 
24 h) placental tissue samples were dehydrated through graded 
alcohols (50, 60, 80, 90, 95 and 100% alcohol), embedded in 
paraffin, and cut into sections (3x3x3 mm). After routinely 
dewaxing and hydration (100, 95, 85 and 75%  alcohol), 
antigen retrieval was performed in EDTA antigen retrieval 
solution (Shanghai Guangrui Biotechnology Co., Ltd.; 
http://www.shgrsw.com/.). Subsequently, endogenous peroxi-
dase activity was blocked by incubating the slides with 3% 
H2O2 for 15 min at room temperature. The sections were incu-
bated with rabbit anti‑human AQP3 antibody (cat. no. AF5222, 
Affinity BioReagents, Inc.; 1:200) at 4˚C overnight and 37˚C 

for 40 min, and followed by incubation with goat anti‑rabbit 
IgG horseradish peroxidase (HRP)‑conjugated secondary 
antibodies (cat. no. ZB‑2301; 1:20; OriGene Technologies, 
Inc.) at 37˚C for 30 min. The color developing was performed 
with DAB color developer solution (OriGene Technologies, 
Inc.) and the sections were stained with hematoxylin at room 
temperature for 30 sec. Immunohistochemical staining images 
(magnification, x400) were obtained by a Micro Publisher 5.0 
microscope (Roper Industries). Image‑Pro‑Plus 6.0 software 
(Media Cybernetics, Inc.) was used to analyze the results of 
immunohistochemistry and calculate the integral optical 
density. A positive result for the AQP3 protein staining was 
the presence of brown granules in the cell membrane and 
cytoplasm.

Western blotting. Total cytoplasmic protein was extracted 
from placental tissue using RIPA lysis buffer (BestBio Co., 
Ltd.; http://www.bestbio.com.cn/) and quantified using a 

Table I. Clinical data analysis results of the two groups.

Characteristics	 GDM (n=60)	N GT (n=60)	 P‑value

Age, years	 30.57±4.83	 29.85±4.07	 0.38
BMI prior to pregnancy	 23.23±4.34	 22.22±3.88	 0.18
Gestational week, weeks	 39.04±0.88	 39.11±0.90	 0.64
Number of pregnancies, n	 2.75±2.00	 2.17±1.42	 0.07
Number of births, n	 0.63±0.71	 0.43±0.50	 0.08
Gestational weight gain, kg	 17.60±4.97	 14.66±4.60	 0.00
FPG, mmol/l	 4.50±0.64	 4.35±0.60	 0.18
HbA1c, %	 5.04±0.41	 4.90±0.44	 0.08
TG, mmol/l	 3.85±1.64	 2.93±1.15	 0.00
AFI, cm	 6.71±1.67	 6.83±2.04	 0.88
Neonatal weight, g	 3,619.17±384.78	 3,434.00±493.37	 0.02

Data are presented as the mean ± standard deviation. GDM, gestational diabetes mellitus; NGT, normal glucose tolerance; BMI, body mass 
index; FPG, fasting plasma glucose; HbA1c, glycosylated hemoglobin; TG, serum triglyceride; AFI, amniotic fluid index.

Figure 1. Immunohistochemical examination for AQP3 in the (A) GDM and (B) NGT groups. Samples were considered to be AQP3‑positive when brown‑yellow 
granules were detected in the cytoplasm and cell membrane (red arrows). Magnification, x400. Scale bar=50 µm. AQP3, aquaporin 3; GDM, gestational 
diabetes mellitus; NGT, normal glucose tolerance.
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BCA Protein Assay kit (Shanghai Guangrui Biotechnology 
Co., Ltd.). Protein (20 µl/lane) was denatured and resolved 
by 8% SDS‑PAGE (Shanghai Huyu Biotechnology Co., Ltd.; 
http://www.shhymall.com/.), and transferred at 240 mA for 
2 h onto a PVDF membrane (Bio‑Rad Laboratories, Inc.). 
Non‑specific regions of the PVDF membrane were blocked 
by incubating the membrane with 5% skimmed milk at 
room temperature for 2 h. Then, the PVDF membrane was 
probed with primary rabbit anti‑human AQP3 antibody 
(cat. no. sc518001; Santa Cruz Biotechnology Inc.; 1:1,000) 
or rabbit anti‑human β‑actin antibody (cat. no. sc58675; Santa 
Cruz Biotechnology Inc.; 1:5,000) overnight at 4˚C, followed 
by incubation with goat anti‑rabbit IgG HRP‑conjugated 
secondary antibodies (cat.  no.  111‑035‑003; Jackson 
ImmunoResearch Laboratories, Inc.; 1:2,000) for 2  h at 
room temperature. Finally, detection of protein signals was 
performed using an ECL Chemiluminescence kit (GrBio), and 
observed by Image Lab5.0 software (Bio‑Rad Laboratories, 
Inc.). To obtain the relative expression of AQP3, the AQP3 
signal was normalized to the β‑actin signal.

RT‑qPCR. Total RNA was extracted form placental tissue 
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.). RNA was reversely transcribed to cDNA by the 
M5  First Strand cDNA Synthesis kit (Mei5bio; Beijing 

Jumei Biotechnology Co., Ltd.) according to the manufac-
turer's protocol. Then, qPCR was performed by the SYBR 
Green Realtime PCR Mix kit (Mei5bio; Beijing Jumei 
Biotechnology Co., Ltd.). β‑actin was selected as an internal 
reference. The following primers were used: AQP3 forward: 
5'‑GAA​GTC AGG​TCA​TAA​GTT‑3' and reverse: 5'‑GAA​GTC​
AGG​TCA​TAA​GTT‑3'; β‑actin forward: 5'‑GAA​GTC​AGG​
TCA​TAA​GTT‑3' and reverse: 5'‑ACT​CTT​CCA​GCC​TTC​
CTT‑3'. The PCR conditions were as follows: Denaturation 
of the DNA at 95˚C for 10 min, followed by denaturing at 
95˚C for 15 sec, annealing at 65˚C for 15 sec, and extension 
at 72˚C for 60 sec for 40 cycles. The value of 2‑ΔΔCq (ΔCq=Cq 
value of APQ3 ‑ Cq value of β‑actin; ΔΔCq=Cq value of 
GDM group ‑ Cq value of NGT group) was used as the rela-
tive expression of AQP3 mRNA and calculated according to 
a previous report (24).

Statistical analysis. Statistical analyses were performed using 
SPSS 23.0 statistical software (IBM Corp.). A Mann‑Whitney 
U test was used to analyze the immunohistochemistry results. 
Quantitative data are presented as mean ± standard devia-
tion, and the results between two groups were compared with 
Student's t‑test. Classified count data were analyzed using 
the χ2 test. The associations of AQP3 and APN with GDM 
and pregnancy outcome were analyzed by logistic regression 
analysis. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Clinical data analysis. As demonstrated in Table I, there were 
no significant differences in age, pre‑pregnancy body mass 
index, gestational week, number of pregnancies, number of 

Figure 2. Immunohistochemical semi‑quantitative IOD values of placental 
tissues in the two groups. *P<0.05 vs. NGT. IOD, integrated optical density; 
AQP3, aquaporin  3; GDM, gestational diabetes mellitus; NGT, normal 
glucose tolerance.

Figure 3. Expression of AQP3 in the gestational diabetes mellitus (lanes 1, 
2 and 3) and the normal glucose tolerance groups (lanes 4, 5 and 6). AQP3, 
aquaporin 3.

Table II. Comparison of pregnancy outcomes between the two groups

		  n
		  ----------------------------------------------------------------------------------------------
Outcome	 Total	 GDM	N GT	 χ2	 P‑value

Cesarean section	 63	 34	 29	 0.84	 0.36
Macrosomia	 15	 12	 3	 4.88	 0.03
Fetal distress	 7	 4	 3	 0.00	 1.00
Neonatal asphyxia	 3	 2	 1	 0.00	 1.00 

GDM, gestational diabetes mellitus; NGT, normal glucose tolerance.
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births, pre‑delivery FPG, HbA1c and AFI between the GDM 
and NGT groups (P>0.05). The gestational weight gain, 
TG and neonatal weight in the GDM group were increased 
compared with those in the NGT group, and the differences 
were statistically significant (P<0.05).

As shown in Table II, the pregnancy outcomes of cesarean 
section, macrosomia, fetal distress and neonatal asphyxia were 
compared between the GDM and NGT groups. The incidence 
of macrosomia in the GDM group was significantly increased 
compared with that in the NGT group (P<0.05), but there was 
no significant difference in the incidence of cesarean section, 
fetal distress and neonatal asphyxia. This demonstrated that 
good control of blood glucose levels in pregnant women with 
GDM may not singularly improve pregnancy outcomes.

AQP3 and APN levels. As shown in Fig. 1, the AQP3 protein, 
which was expressed in the cytoplasm and membrane of 
placental trophoblasts, was detected as brown and yellow 
granules, and its expression was weakly positive in the 
GDM group and positive in the NGT group. According to 

the semi‑quantitative results (Fig.  2), the difference was 
statistically significant (P<0.05). According to the western 
blotting results (Fig. 3), the expression of the AQP3 protein 
in placental tissues of the GDM group was also significantly 
decreased compared with that in the NGT group (Fig. 4). 
The RT‑qPCR results demonstrated that the relative expres-
sion of AQP3 mRNA in placental tissues of the GDM group 
was decreased compared with that of the NGT group, and 
the difference was statistically significant (P<0.05; Fig. 5). 
The results of immunohistochemistry, western blotting and 
RT‑qPCR were consistent. The APN level in the umbilical 
artery serum was detected by ELISA. As shown in Fig. 6, the 
APN level in the GDM group was decreased compared with 
that in the NGT group, and the difference was statistically 
significant (P<0.05).

Association analysis. As shown in Table III, the mean relative 
expression levels of AQP3 in the placenta (0.78) and the mean 
APN level in the umbilical artery serum (49.93 mg/l) were 
used as the threshold between high and low levels. Univariate 

Figure 4. Relative protein expression of AQP3 in placental tissues of the two 
groups. *P<0.05 vs. NGT. AQP3, aquaporin 3; GDM, gestational diabetes 
mellitus; NGT, normal glucose tolerance.

Figure 5. Relative expression of AQP3 mRNA in placental tissues of the two 
groups. *P<0.05 vs. NGT. AQP3, aquaporin 3; GDM, gestational diabetes 
mellitus; NGT, normal glucose tolerance.

Table III. Univariate logistic regression analysis of factors affecting the development of GDM in patients.

A, AQP3

Patient group	 n	 High level (≥0.78a)	 Low level (<0.78)	 χ2	 P‑value	OR	  95% CI

GDM	 60	 14	 46	 18.04	 0.00	 5.29	 2.39‑11.68
NGT	 60	 37	 23				  

B, APN, mg/l

Patient group	 n	 High level (≥49.93)	 Low level (<49.93)	 χ2	 P‑value	OR	  95% CI

GDM	 60	 22	 38	 8.53	 0.00	 2.98	 1.42‑6.27
NGT	 60	 38	 22				  

aMean relative expression levels of AQP3 (0.78) from western blotting results. AQP3, aquaporin 3; APN, adiponectin; GDM, gestational 
diabetes mellitus; NGT, normal glucose tolerance; OR, odds ratio; CI, confidence interval.
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logistic regression analysis revealed that the expression levels 
of AQP3 and APN were associated with GDM. The risk of 
GDM in pregnant women with low expression levels of AQP3 
and APN were increased 5.29‑ and 2.98‑fold compared with 

those in the women with high levels of AQP3 and APN, 
respectively.

To investigate the risk factors of GDM, the indicators that 
differed significantly between the GDM and NGT groups, 
including AQP3, APN, TG, gestational weight gain and 
neonatal weight, were selected as independent variables, and 
their means were used as the threshold between high and low 
levels. As shown in Table IV, multivariate logistic regression 
analysis indicated that AQP3, APN and TG were statisti-
cally significant different (P<0.05), and the odds ratios were 
5.00, 2.98 and 3.48, respectively. Their corresponding 95% 
confidence intervals were 2.13‑11.75, 1.29‑6.89 and 1.50‑8.10, 
respectively.

As shown in Table  V, univariate logistic regression 
analysis demonstrated that the AQP3 level was significantly 
associated with pregnancy outcome; the risk of abnormal 
pregnancy outcome in the GDM and NGT groups with low 
levels of AQP3 expression was increased 5.50‑ and 12.00‑fold, 
respectively, compared with that in the respective groups with 
high AQP3 expression. Similarly, the APN level also had a 
significant effect on pregnancy outcomes; the risk of abnormal 
pregnancy outcome in the GDM and NGT groups with low 
levels of APN was increased 3.40‑ and 22.67‑fold, respectively, 

Table IV. Multivariate logistic regression analysis of factors affecting the development of GDM in patients.

Factor	 B	 SE	 Walsχ2	 P‑value	OR	  95% CI

AQP3	 1.61	 0.44	 13.64	 <0.01	 5.00	 2.13‑11.75
APN	 1.09	 0.43	 6.51	 0.01	 2.98	 1.29‑6.89
TG	 1.25	 0.43	 8.41	 <0.01	 3.48	 1.50‑8.10

AQP3, aquaporin 3; APN, adiponectin; TG, serum triglyceride; OR, odds ratio; CI, confidence interval.

Table V. Univariate logistic regression analysis of factors affecting pregnancy outcome.

A, AQP3

Patient group	 Pregnancy outcome	 n	 High level (≥0.78a)	 Low level (<0.78)	 χ2	 P‑value	OR	  95% CI

GDM	N ormal	 24	 2	 22	 3.73	 0.04	 5.50	 1.11‑27.37
	A bnormal	 36	 12	 24				  
NGT	 Normal	 20	 5	 15	 17.06	 <0.01	 12.00	 3.35‑42.93
	A bnormal	 40	 32	 8				  

B, APN, mg/l

Patient group	 Pregnancy outcome	 n	 High level (≥49.93)	 Low level (<49.93)	 χ2	 P‑value	OR	  95% CI

GDM	N ormal	 24	 5	 19	 4.32	 0.04	 3.40	 1.04‑11.09
	A bnormal	 36	 17	 19				  
NGT	N ormal	 20	 4	 16	 24.26	 0.00	 22.67	 5.60‑91.71
	A bnormal	 40	 34	 6				  

aMean relative expression levels of AQP3 (0.78) from western blotting results. AQP3, aquaporin 3; APN, adiponectin; GDM, gestational 
diabetes mellitus; NGT, normal glucose tolerance; OR, odds ratio; CI, confidence interval.

Figure 6. Concentration of APN in the umbilical arterial blood of the 
two groups. *P<0.05 vs. NGT. APN, adiponectin; GDM, gestational diabetes 
mellitus; NGT, normal glucose tolerance.
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compared with that in the respective groups with high APN 
expression. The AQP3 and APN levels in the NGT group were 
more closely associated with pregnancy outcome compared 
with those in the GDM group, possibly due to other factors 
affecting pregnancy outcome in the GDM group.

Multivariate logistic regression analysis was conducted 
with abnormal pregnancy outcome as the dependent variable 
and AQP3 and APN as independent variables. As shown in 
Table VI, the results indicated that both the AQP3 and APN 
levels significantly affected pregnancy outcome. The risk of 
abnormal pregnancy outcome in pregnant women with low 
levels of AQP3 and APN expression was increased 4.64‑ and 
5.41‑fold, respectively, compared with that associated with 
high levels of AQP3 and APN expression.

Discussion

GDM may be caused by a number of factors. For example, in 
normal pregnancy, levels of insulin resistance may approach 
those normally observed in patients with type  2 diabetes 
mellitus and can be inhibited by excessive secretion of β cells. 
However, if β  cells are unable to secrete enough insulin, 
pregnant women are more likely to develop GDM (25). The 
pathogenesis of GDM also includes genetic factors, inflamma-
tory factors, adipokines and decreased expression of estrogen 
receptors (26,27). Changes in lipid metabolism are a predictor 
of GDM. Excessive free fatty acids can decrease the sensitivity 
of surrounding tissues to insulin, cause insulin resistance, and 
subsequently lead to GDM (28). Therefore, the blood lipid 
levels of pregnant women with GDM are generally increased. 
As maternal serum TG and free fatty acids are associated with 
fetal blood lipids, fetal growth and fat quality, fatty acids and 
glycerol may affect fetal growth and fat quality, which may lead 
to abnormal pregnancy outcomes, including cesarean section, 
macrosomia, fetal distress and neonatal asphyxia (29,30). In 
the present study, there was no significant difference in FPG 
and HbA1c between the GDM and NGT groups, suggesting 
that the blood glucose in the GDM group was well‑controlled. 
However, the blood TG level of the GDM group was signifi-
cantly increased compared with that of the NGT group, and 
gestational weight gain and neonatal weight values were both 
increased compared with those in the GDM group. Therefore, 
although the blood glucose control was satisfactory, the levels 
of insulin resistance and lipid metabolism of the pregnant 
women with GDM did not improve, and the blood TG level in 
the GDM group remained increased compared with the NTG 
group. This result suggested that pregnant women with GDM 
cannot alter their rates of lipid metabolism or weight gain by 
controlling blood glucose alone. In addition, the incidence of 

macrosomia in the GDM group was significantly increased 
compared with that in the NGT group. This indicated that the 
pregnancy outcome of GDM was not only associated with 
maternal blood glucose, but also with other factors, such as 
blood TG. Although the incidence of macrosomia increased 
in the GDM group, there was no significant difference in the 
cesarean section rate between the two groups, which may be 
associated with the larger proportion of uterine scarring in 
the GDM group. The incidence of fetal distress and neonatal 
asphyxia was not statistically significantly different, which 
may be attributed to the small sample.

AQP is an integral membrane protein family that includes 
13  subtypes  (12). The AQP8 and AQP8 mRNA levels 
in GDM are associated with amniotic fluid volume, and 
increase concomitantly with the increase in the amniotic fluid 
volume (31,32). In the present study, there was no significant 
difference in the AFI values between the NGT and GDM 
groups with good blood glucose control. However, the expres-
sion level of the AQP3 protein in the placenta of the GDM 
group was significantly decreased compared with that of the 
NGT group, indicating that the level of AQP in the placenta 
of the GDM group with normal AFI and good blood sugar 
control may still be affected. Therefore, the placental AQP 
level is not associated with AFI, and blood glucose level exerts 
no significant effect on AQP level.

Microarray global gene expression analysis revealed that 
the GDM  placenta has 66 differentially expressed genes, 
involving not only AQPs, but also cell activation, immune 
response, organ development and regulation of cell death (33). 
In the present study, the blood TG level of the GDM group was 
significantly increased compared with that of the NGT group, 
and the expression of AQP3 in the placenta of the GDM group 
was significantly decreased compared with that in the NGT 
group. The fetuses of pregnant women with GDM exhibited 
macrosomia, with a high transfer rate of water and glycerol 
in the placenta. As a negative feedback of fetal overgrowth, 
the AQP3 level in the GDM placenta was downregulated, 
which may decrease the transport of maternal glycerol to 
the fetus through the placenta. Accordingly, the reduction of 
glycerol transported to the fetus increased the level of free 
glycerol in the maternal circulation, which, in turn, increased 
the level of TG in the blood of pregnant women with GDM. 
In addition, downregulation of AQP3 may result in impaired 
intestinal barrier integrity by opening tight junction complexes, 
suggesting that the effect of AQP3 may be more complex 
than the simple facilitation of membrane permeability (34). 
Therefore, it may be inferred that AQP3 serves an important 
role in glycerol diffusion and placental lipid metabolism in 
GDM, and a regulatory role in fetal growth and development.

Table VI. Multivariate logistic regression analysis of factors affecting pregnancy outcome.

Factor	 B	 SE	 Walsχ2	 P	OR	  95% CI

AQP3	 1.53	 0.51	 9.24	 0.00	 4.64	 1.72‑12.46
APN	 1.69	 0.47	 12.87	 0.00	 5.41	 2.15‑13.61

AQP3, aquaporin 3; APN, adiponectin; OR, odds ratio; CI, confidence interval.



ZHANG et al:  ASSOCIATION BETWEEN AQP3 AND APN WITH GDM AND PREGNANCY OUTCOME 1505

APN, as an adipokine that regulates sugar and lipid 
metabolism, is closely associated with GDM (35). As fetal 
growth and development are affected by insulin and glucose 
metabolism, APN is also an important factor in regulating 
fetal intrauterine development  (36), and the APN level in 
the umbilical cord blood was identified to be negatively 
correlated with neonatal weight  (37). In the present study, 
the APN level in the umbilical cord blood of the GDM group 
was significantly decreased compared with that of the NGT 
group, demonstrating that pregnant women with lower levels 
of APN in the umbilical cord blood are at an increased risk 
of developing GDM. The neonatal weight in the GDM group 
was significantly increased compared with that in the NGT 
group, indicating that the decrease in APN in the umbilical 
cord blood may be associated with the increase of the fetal fat 
reserve in the uterus.

During pregnancy, APN can recognize its receptor, induce 
protein kinase activation, increase the production of intracel-
lular cAMP through the protein kinase A pathway, and then 
induce trophoblast differentiation through cAMP (38). As the 
transport, gating and redistribution of AQP3 are regulated by 
phosphorylation, and the phosphorylation of AQP3 is dependent 
on cAMP (39), an increase in intracellular cAMP may promote 
the phosphorylation of AQP3, thereby increasing the transport 
of water and glycerol through the cell membrane. Therefore, 
APN in the maternal serum may act on placental trophoblasts 
and increase the activity of AQP3 in placental tissues through 
the cAMP‑PKA pathway. In addition, APN receptor signaling 
is transmitted by peroxisome proliferator activated receptor 
(PPAR), and AQP3 is the target of PPAR (40). In the present 
study, the downregulation of AQP3 expression in the GDM 
group decreased the regulation of APN on glucose and fat 
metabolism. The levels of AQP3 in the placenta and of APN 
in the umbilical artery blood were identified to be negatively 
association with GDM and pregnancy outcomes: The decrease 
in AQP3 and APN levels increased the risks of developing 
GDM and abnormal pregnancy outcomes. Unfortunately, the 
evaluation model could not be established in the present study, 
as there were numerous factors affecting pregnancy outcome, 
blood lipids values and other indicators, and there were only a 
few indicators examined. Thus, the authors plan to establish an 
evaluation model and prediction model that could evaluate the 
outcome of pregnancy in future studies.

In conclusion, the level of AQP3 expression in the placenta 
was identified to be associated with GDM. The decrease in 
AQP3 expression levels in the placenta increased the risk 
of developing GDM. It was inferred that the expression of 
AQP3 in the placenta was associated with lipid metabolism 
at the placental interface in patients with GDM. The specific 
mechanism of AQP3 regulation of fetal growth and develop-
ment requires further investigation. The decrease in the APN 
level in the umbilical artery blood was also identified to be 
associated with GDM and was an important factor in regu-
lating fetal intrauterine development. In addition, low levels 
of AQP3 in the placenta and APN in the umbilical cord blood 
increased the risk of abnormal pregnancy outcomes, such 
as cesarean section, macrosomia, fetal distress and neonatal 
asphyxia. Understanding these risk factors of GDM may be 
helpful to identify high‑risk pregnant women, formulate effec-
tive preventive measures, and provide a basis for the effective 

management of GDM. The limitations of the present study 
included a lack of analysis of the maternal pregnancy outcome 
and establishment of an evaluation model, which will be 
included in future studies.
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