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Abstract

Aim: This study was conducted to investigate the effects of sex hormone-binding globulin (SHBG) on glucose
metabolism and insulin resistance in human placental trophoblasts and involvement of the cAMP/PKA/
CREB1 signaling pathway in these effects.
Methods: An insulin resistance cell model of human trophoblasts was established. An SHBG-overexpression
plasmid was transfected into these cells, and the expression of glucose transporter 1 (GLUT1), CREB and
p-CREB was detected and analyzed in normal cells, model cells and all groups of transfected cells by real-time
PCR and western blotting; cAMP, PKA, glucose consumption and pyruvic acid levels were also detected.
Results: Among the four groups, there was no significant difference in the expression of CREB mRNA or
GLUT1 mRNA (P > 0.05); however, CREB, p-CREB, GLUT1 protein, cAMP and PKA showed low expression
(P < 0.05) and cell glucose consumption and pyruvate production were decreased (P < 0.05) in the model
group, compared to the normal group. SHBG overexpression in insulin-resistant cells partially increased the
levels of p-CREB, GLUT1, cAMP and PKA (P < 0.05). Intracellular glucose consumption and pyruvate
production were nearly restored to the levels observed in cells from the normal group.
Conclusion: Sex hormone-binding globulin regulates GLUT1 expression via the cAMP/PKA/CREB1 pathway
and affects glucose transport in the placenta, which can induce insulin resistance and gestational diabetes.
Key words: cAMP/PKA/CREB1, glucose metabolism, GLUT1, insulin resistance, sex hormone-binding
globulin.

Introduction

Gestational diabetes mellitus (GDM) occurs when
abnormal glucose tolerance develops during preg-
nancy, which can cause many complications.1 The
pathogenesis of GDM involves complex molecular
mechanisms. Among them, abnormal placental syn-
thesis and secretion can mediate insulin-antagonistic
effects, such as those of human chorionic gonadotro-
pin, human placental lactogen, progesterone and
estrogen,2 leading to insulin resistance and abnormal
glucose metabolism. Recent studies showed that many

other hormones secreted by the placenta are associated
with insulin resistance and are independent risk fac-
tors for abnormal glucose metabolism.3 Sex hormone-
binding globulin (SHBG) is a microglycoprotein that
can bind to sex hormones, which are steroids. Most
studies of SHBG in women have focused on the myo-
cardium and endocrine metabolism.4 The expression
of SHBG is decreased in endocrine metabolism, poly-
cystic ovary syndrome,5 type 2 diabetes mellitus and
other insulin-related diseases, indicating that SHBG
can be used as a biomarker for predicting the develop-
ment of endocrine diseases.6 Previous studies showed

Received: December 5 2019.
Accepted: July 26 2020.
Correspondence: Professor Zhen Jin, Department of Obstetrics and Gynecology, Shengjing Hospital of China Medical University,
No. 36, Sanhao Street, Heping District, Shenyang 110004, China. Email: jinz_sjhospital@yahoo.com

2340 © 2020 The Authors. Journal of Obstetrics and Gynaecology Research published by John Wiley & Sons Australia, Ltd
on behalf of Japan Society of Obstetrics and Gynecology.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
License, which permits use and distribution in any medium, provided the original work is properly cited, the use

is non-commercial and no modifications or adaptations are made.

doi:10.1111/jog.14429 J. Obstet. Gynaecol. Res. Vol. 46, No. 11: 2340–2346, November 2020

https://orcid.org/0000-0003-2189-4069
mailto:jinz_sjhospital@yahoo.com
http://creativecommons.org/licenses/by-nc-nd/4.0/


that SHBG plays an important role in the pathogenesis
of GDM. A low level of SHBG is considered as a
marker of insulin resistance.7,8 However, in recent
years, researchers have found that the placenta also
contains autocrine SHBG; thus, we examined whether
the function of autocrine SHBG in the placenta is
related to endocrine diseases during pregnancy.
Glucose transporter 1 (GLUT1) is an important one-

way glucose transporter in the human body. Previous
studies showed that GLUT1 is the main glucose trans-
porter in the full-term placenta and is responsible for
glucose transport between maternal circulation and
the placenta.9 During pregnancy, when GLUT1
expression in the placenta is abnormal, the ability to
utilize glucose is weakened, leading to insulin resis-
tance, elevated maternal blood sugar levels and inade-
quate fetal glucose intake. These factors can eventually
lead to GDM and intrauterine growth retardation.10–12

Cyclic adenosine phosphate-responsive element
binding protein 1 (CREB1) is a protein that stimulates
gene transcription as a transcription enhancer. CREB1
is involved in various cellular signaling pathways, the
most classical being the cAMP/PKA pathway. Previ-
ous studies showed that regulation of GLUT1 expres-
sion by the cAMP/PKA/CREB1 signaling pathway
can affect glucose transport in many types of cancer
cells.13 However, in GDM, it is currently unknown
whether glucose transport in placental cells is affected
by GLUT1 and the involvement of the cAMP/PKA/
CREB1 signaling pathways. In this study, we exam-
ined the effect of SHBG on glucose transport and
involvement of the cAMP/PKA/CREB1 pathway on
these effects in vitro. GDM was evaluated at the
molecular level in placental trophoblasts and an insu-
lin resistance model of human placental trophoblasts
(HTR8-S/Vneo) was established. CREB1 was used as
a new target to explore the effects of GLUT1 protein
expression on glucose metabolism and insulin resis-
tance in human placental trophoblasts.

Methods
Cell culture and model cell construction

Human placental trophoblasts (HTR8-S/Vneo cell line)
were purchased from ATCC. The cells were cultured in
a 25-mL flask in RPMI 1640 (Gibco) medium containing
10% fetal bovine serum (Gibco) at 37�C and 5% CO2 for
2–3 days, and passaged at a ratio of 1:3. After digestion
of cells in the logarithmic phase, the cell density was
adjusted to 2.5 × 104 cells/mL. When the cells adhered

to the cell monolayer, a membrane of insulin-resistant
cells was formed, as described by Feng et al.14 Control
group cells were cultured in normal growth medium
(RPMI 1640), and freshly prepared insulin (Sigma–
Aldrich) was added to the cells in the experimental
group at concentrations of 10−5, 10−6, 10−7 and
10−8 mol/L medium, followed by incubation for 24 h at
37�C and 5% CO2. The culture supernatant was
obtained, and the glucose content was determined with
a glucose-hexokinase kit. An MTT assay (Jiancheng)
was performed to evaluate cell viability. To select the
best insulin concentration to establish a cell model of
insulin resistance, HTR8-S/Vneo cells were treated with
increasing hormone concentrations.

Transfection and cell groups

To construct a plasmid encoding the SHBG gene, a
pcDNA vector encoding the SHBG transcript was
cloned in a pEX-4 vector tagged with green fluores-
cence protein. The plasmid was purchased from
Biomed (Beijing, China). The established insulin-
resistant cell model was transfected with the pEX-
4-SHBG plasmid using a Lipofectamine 3000 kit
(Invitrogen). Successfully transfected cells were
observed by inverted fluorescence microscopy. The
cells were confirmed to overexpress SHBG by western
blot analysis and used in subsequent experiments.
The cells were divided into four groups: normal cell
group, insulin-resistant model cell group, model cells
transfected with empty plasmid group and model
cells transfected with SHBG plasmid group.

Real-time PCR

Total RNA was extracted using Trizol reagent (Takara),
and 1 μL of total RNA was reverse-transcribed into
cDNA using the PrimeScript RT Reagent Kit with
gDNA Eraser (Takara). Next, 2 μL cDNA was used in a
20-μL reaction with the SYBR Premix EX Taq II Kit
(Takara) and ABI 7500 fast Real-Time PCR System
(Applied Biosystems). The reaction conditions were as
follows: 95�C for 30 s, followed by 40 cycles at 95�C for
5 s and 60�C for 34 s, with fluorescence signals mea-
sured during the reaction process. Targeted genes were
amplified with the specific primers shown in Table 1.

Western blotting

Total proteins were extracted using Lysis Buffer
(Beyotime), and the protein concentration was quanti-
fied with the BCA Assay Kit (Beyotime). The extracted
proteins were subjected to SDS-PAGE and transferred
to a nitrocellulose membrane. Primary antibodies
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against SHBG (Abcam, ab119436), GLUT1 (Abcam,
ab115730), CREB1 (Cell Signaling Technology, 9197),
and p-CREB (Cell Signaling Technology, 9198) were
diluted with phosphate-buffered saline containing
Tween-20 0.05% at a ratio of 1:1000 and incubated at
4�C overnight. Secondary antibodies (goat anti-rabbit
IgG, Proteintech) were diluted (1:2000) and incubated
with the membrane at room temperature for 90 min.
An electrochemiluminescence detection kit (Millipore)
was used for staining and imaging.

cAMP and PKA activity and glucose metabolites

After transferring the four groups of treated cells into
a 96-well plate, 1 mM IBMX was added to the
medium and the cells were incubated for 1 h. A
cAMP assay was performed according to the cAMP-
Glo Assay Kit (Sigma–Aldrich) instructions. The cells
were induced with a test compound for 1 h to modu-
late cAMP levels. After induction, the cells were lysed
to release cAMP, and then cAMP Detection Solution,
which contains protein kinase A, was added. Kinase-
Glo Reagent was added to terminate the PKA reaction
and detect the remaining ATP via a luciferase assay.
Luminescence was correlated with the cAMP concen-
trations by using a cAMP standard curve.

For PKA detection, the cells were washed with
phosphate-buffered saline, and then the buffer was
completely removed. The cells were suspended in
0.5 mL of cold PKA extraction buffer and homoge-
nized using a cold homogenizer for 10 min. The
lysates were collected and centrifuged for 5 min at
4�C at 14 000 × g in a microcentrifuge to obtain the
supernatant. PKA activity was tested by using the

PepTag Assay for Non-Radioactive Detection of Pro-
tein Kinase C or cAMP-Dependent Protein Kinase
(Sigma–Aldrich). The optical density was measured at
450 nm. To analyze the glucose metabolites, we
detected intracellular glucose using the glucose-
hexokinase method as described above. The culture
supernatant was obtained, and pyruvic acid was eval-
uated with a pyruvate test kit (Jiancheng). The optical
density was measured at 505 nm.

Statistical analyses

SPSS 22.0 software (SPSS, Inc.) was used for statistical
analyses. The relative expression of the investigated
factors was expressed as the mean � standard devia-
tion. Independent sample t-test was used to compare
differences between two groups. One way ANOVA was
used for the comparison between multiple groups.
P < 0.05 was defined as statistically significant.

Results
Establishment of insulin resistance cell model

Compared to the control group, hormone concentra-
tions showing minimal effects on intracellular glucose
content and cell survival rate (i.e., no significant dif-
ference) indicated that the concentration induced
insulin resistance. When the concentration of insulin
was 1 × 10−8 mol/L, there was no significant differ-
ence in the cell glucose content or cell viability
(P > 0.05). Thus, induction with insulin at
1 × 10−8 mol/L for 24 h was the optimal condition for
preparing the insulin resistance cell model (Table 2).

Table 1 Primers used for RT-PCR

Gene Forward Reverse

CREB1 50-CCTGCCATCACCACTGTAACG-30 50-GAGTGGCTGCTGCATTGGTC-30

GLUT1 50-TGCTGATGATGAACCTGCTG-30 50-GATGAGGATGCCGACGAC-30

β-Actin 50-AGCACAATGAAGATCAAGATCAT-30 50-ACTCGTCATACTCCTGCTTGC-30

Table 2 Absorbance value, cell viability, and glucose content after 24 h following the treatment of the cells with different
insulin concentrations (�x�S, n = 6)

Insulin (mol/L) Absorbance A Glucose (mmol/L) Viability

Control group 0.372 � 0.01 3.20 � 0.09 —
10−5 0.357 � 0.03* 2.559 � 1.27* 0.91 � 0.11*
10−6 0.351 � 0.02* 2.518 � 1.24* 0.93 � 0.07*
10−7 0.367 � 0.02 3.163 � 0.24 0.89 � 0.06*
10−8 0.376 � 0.02 3.240 � 1.33 0.98 � 0.07
*P < 0.05.
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Transfection of HTR8-S/Vneo insulin resistance
model cells

The transfection efficiency of SHBG was detected by
western blot analysis after transfection for 24 h
(Fig. 1). Protein expression levels are expressed as
means � SD of three experiments for each condition
determined using densitometry relative to β-actin
expression. We found that the SHBG content in resis-
tant model cells was significantly lower than that in
normal cells (P < 0.05) but was significantly higher in
transfected model cells (P < 0.05).

Analysis of mRNA levels of CREB and GLUT1

Real-time detection of CREB and GLUT1 levels was per-
formed on the four groups of cells: normal cells, insulin
resistance model cells, model cells + empty plasmid, and
model cells + SHBG plasmid. The relative mRNA con-
tent was calculated using β-actin gene expression as an
internal reference. Notably, β-actin was used as a refer-
ence gene for real-time PCR analyses because it is found
in most tissues and cells and is widely distributed and
shows high expression in the cytoplasm. The results

revealed no significant difference in the expression of
CREB mRNA and GLUT1 mRNA among the four
groups (P > 0.05) (Fig. 2).

Analysis of protein levels of CREB and GLUT1

The protein levels of CREB, pCREB and GLUT1 in the
insulin-resistant cell model group and cell transfection
group were significantly lower than those in the con-
trol group (P < 0.05). However, there was no signifi-
cant difference between the contents of CREB, pCREB
and GLUT1 in insulin-resistant cells transfected with
SHBG plasmid (P > 0.05) (Fig. 3).

Analysis of cAMP PKA content and glucose
metabolites

Compared to the normal cell group, glucose consump-
tion and pyruvate production in insulin resistance
model cells were significantly decreased (P < 0.05).
There was no significant difference in glucose con-
sumption and pyruvate content between the insulin
resistance model cell and normal cell groups after
transfection of the SHBG vector (Fig. 4) (P > 0.05).

Figure 1 Confirmation of
SHBG overexpression
by western blotting anal-
ysis after 24 h of trans-
fection (means � SD;
n = 3 independent exper-
iments; one way ANOVA;
**P < 0.05, ***P < 0.01).

Figure 2 Relative mRNA expression of CREB and GLUT1 in four groups of cells: normal cells, insulin resistance model
cells, model cells + empty plasmid and model cells + SHBG-overexpression plasmid. Relative mRNA levels were quan-
tified by real-time qPCR (means � SD; n = 3 independent experiments; one way ANOVA; **P < 0.05).
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Discussion

Sex hormone-binding globulin not only binds and
transports sex hormones, but also plays an important

biological role as a cytokine. Recent studies showed
that SHBG is independently related to the occurrence
of GDM, and plasma SHBG is important for the diag-
nosis and prognosis of the disease.15,16 SHBG can be

Figure 3 Relative protein
expression of CREB,
pCREB and GLUT1 in
four groups of cells: nor-
mal cells, insulin resis-
tance model cells, model
cells + no load and model
cells + SHBG. All groups
of cells were immuno-
blotted with the indicated
antibodies (means � SD;
n = 3 independent experi-
ments; one way
ANOVA; **P < 0.05).

Figure 4 Expression of
cAMP and PKA and glu-
cose consumption and
pyruvate production in
the four groups of cells
(means � SD; n = 3 inde-
pendent experiments; one
way ANOVA;
**P < 0.05, ***P < 0.01).
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secreted by hormone-dependent organs such as the
liver, testis and ovary. The production of SHBG is
regulated by many factors, such as hormones, nutri-
tion and metabolic factors.17 However, in vitro experi-
ments showed3 that HTR8-S/Vneo cell lines can also
express SHBG in the cell membrane and cytoplasm. It
is also predicted that the placenta is a secretory organ
for SHBG. In our study, trophoblasts were regulated
by SHBG in an autocrine manner, and SHBG expres-
sion in the cells was lower under insulin resistance.
Thus, physiological insulin resistance in pregnancy
may affect the autocrine function of SHBG in the
placenta.
Previous studies showed that SHBG binding to its

cell receptors can promote the release of the second
messenger cAMP. However, no further studies were
conducted to determine the effects of this signaling
pathway and its possible effects in the placenta. Acti-
vation of the cAMP signaling pathway can enhance
the replication and function of many endocrine cells
and regulate cell differentiation, growth, metabolism
and apoptosis.18 Therefore, changes in the cAMP sig-
naling pathway can result in many endocrine diseases.
The placenta is a large endocrine organ formed dur-

ing pregnancy. Abnormal glucose metabolism in the
placenta may affect both glucose metabolism in preg-
nant women and fetal glucose uptake, which affect
fetal energy supply. Thus, we evaluated whether
SHBG can also cause endocrine changes in tropho-
blasts after promoting the release of cAMP, which
may lead to some endocrine diseases. HTR8-S/Vneo
cells are noncancer cells derived from human
extravillous trophoblast cells and share many charac-
teristics (e.g., invasion mechanism and morphology)
with these cells. Notably, the HTR8-S/Vneo cell line
is a widely used model for studying gestational tro-
phoblast cells because of their similar physiological
environment. We prepared an HTR8-S/Vneo tropho-
blast cell model of insulin resistance by simulating
insulin resistance in gestational diabetes at the cellular
level. Previously, most cell models of insulin resis-
tance were based on hepatocytes, and most were
stimulated by high concentrations of insulin. The
results showed that an insulin concentration of
10−8 mol/L stimulated trophoblast cells to produce
insulin resistance, which may be related to the charac-
teristics of trophoblast cells. Placental trophoblastic
cells are endocrine cells that secrete large amounts of
human chorionic gonadotropin, progesterone and
estrogen, among other hormones, which have an
antagonizing effect on insulin.

To further examine the function of SHBG, we trans-
fected an SHBG-overexpression plasmid into insulin
resistance model cells. We found that SHBG over-
expression activated the release of cAMP and increased
the expression of PKA and CREB1, thereby promoting
the phosphorylation of CREB1. In contrast, we found
that in SHBG-overexpressing cells, GLUT1 protein
expression was increased and the intracellular glucose
content was decreased, indicating that cell glucose con-
sumption and the pyruvate among glucose metabolites
increases, resulting in increased intracellular glucose uti-
lization. In the present study, the expression of CREB1
and GLUT1 in model cells transfected with SHBG plas-
mid was upregulated, suggesting that the expression of
GLUT1 in trophoblasts is regulated by phosphorylated
CREB1. Additionally, SHBG can activate and phosphor-
ylate CREB1 through the cAMP/PKA/CREB1 pathway,
thus regulating the expression of GLUT1 protein.

CREB1 is a transcription factor in the nucleus that is
activated by phosphorylation. The main signaling path-
way for phosphorylation of CREB1 is the cAMP signal-
ing pathway. Other reports showed that CREB1 is
closely related to the occurrence and development of
various metabolic and tumorigenic diseases. Xu et al.19

suggested that genetic variation in the CREB1 gene is
associated with the risk of diabetes and plays an impor-
tant role in glucose metabolism and insulin secretion in
a Chinese population. A study by another group, which
used RNA interference technology to downregulate the
expression of CREB1 in glioma cell lines, showed
results similar to those of the present study. Their
results showed that downregulation of CREB1 reduced
the expression of GLUT1 and decreased the glucose-
absorption ability of glioma cell lines.20 In our study,
the increased expression of phosphorylated CREB1 and
GLUT1 in SHBG-transfected cells suggests that
pCREB1 regulates the expression of GLUT1 at the pro-
tein level but not the mRNA level. It is also likely that
GLUT1 is not regulated at the RNA transcription level,
but rather by other means such as posttranscriptional
regulation. However, some results were inconsistent
with our findings. Chong et al.21 found that SHBG
expression in trophoblast cells was correlated with
insulin resistance and glucose transporter expression
but negatively correlated with GLUT1. Thus, clinical
case studies are needed to determine the correlation
between GDM and the content of GLUT1 in the pla-
centa. Additionally, GLUT1 expression may be regu-
lated by many factors. In placental trophoblasts,
previous studies showed that insulin-like growth factor
can regulate the expression of GLUT1 in human
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trophoblasts.22 In addition, many types of glucose
transporters exist, though we only studied GLUT1 in
this study. Specifically, GLUT3 and GLUT4 are glucose
transporters also found in the placenta. Future studies
should investigate alternative glucose transporters such
as GLUT3 and GLUT4 to determine if the effects
observed in the present study are consistent across
other glucose transporters. These findings may also
affect the glucose utilization of placental cells.

In conclusion, we found that SHBG in the placenta
can activate the cAMP/PKA/CREB1 pathway, which
regulates the expression of GLUT1 by phosphorylating
CREB1 to yield pCREB1 and affects cell glucose
absorption and metabolism, thereby improving insulin
resistance and reducing maternal blood sugar levels.
Thus, SHBG may affect the incidence and pregnancy
outcomes of GDM. However, clinical trials are needed
to determine whether changes in glucose transporters
in the plasma are related to fetal development.
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