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ABSTRACT

Introduction: Gestational diabetes mellitus
(GDM) is a gestational complication that affects
maternal and child health. The placenta pro-
vides the fetus with the necessary nutrition and
oxygen and takes away the metabolic waste.
Patients with GDM are diagnosed and treated
merely on the basis of the blood glucose level;
this approach does nothing to help evaluate the
status of the placenta, which is worth noting in
GDM. The purpose of this research was to clarify
the relation between thioredoxin-interacting
protein (TXNIP) and reactive oxygen species
(ROS) in the placenta of patients with GDM,
which has thus far remained unclear.

Methods: The expression of TXNIP in the pla-
centas of 10 patients with GDM and 10 healthy
puerperae (control group) was investigated via
immunofluorescence. The relation among
TXNIP, ROS, and the function of mitochondria
was explored in HTR-8/SVneo cells stimulated
by high glucose (HG).
Results: The results showed the expression of
TXNIP in the placentas of patients with GDM
was higher than that in the control group, and
the expression of TXNIP in HTR-8/SVneo cells
treated with HG was higher than that in the
control group, causing the accumulation of ROS
and changes of mitochondria, promoting
apoptosis and inhibition of migration.
Conclusions: High expression of TXNIP caused
by HG mediates the increasing ROS and the
mitochondria dysfunction in GDM; this impairs
the function of the placenta and is the basis for
the prediction of perinatal outcome.
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Key Summary Points

Why carry out this study?

The incidence of gestational diabetes
mellitus (GDM) is increasing worldwide,
especially in older pregnant women and
overweight women. In China, as a result
of the two-child policy, the number of
elderly pregnant women with GDM is
increasing year by year. Few studies have
been conducted on the prediction of
perinatal outcomes of pregnant women
and fetuses. Our study on the
development and function of the
placenta, an important organ during
pregnancy, provides some help for the
prediction of perinatal outcomes.

We hope that our study can provide some
references for the perinatal outcome of
pregnant women with GDM, and predict
the development and functional status of
the placenta through the expression of
specific proteins such as thioredoxin-
interacting protein (TXNIP).

What was learned from the study?

The study reveals the molecular
mechanism of placental damage in GDM,
which can also be applied to the prediction
of perinatal outcomes. The expression of
TXNIP increased significantly in the
placentas of patients with GDM.When
TXNIP was highly expressed in HTR-8 cells
stimulated by high glucose (HG), the
mitochondrial function was decreased, the
accumulation of reactive oxygen species
(ROS) and the increase of apoptosis were
observed, and the proliferation and
migration ability of the cells was impeded.
Therefore, TXNIPplays an important role in
the metabolism of the placenta in patients
with GDM and participates in GDM
placental dysfunction via increasing ROS
and mitochondria dysfunction. The results
will provide the basis for new methods of
detecting placental function and for future
interventions.

The expression of TXNIP in the placentas
of patients with GDM was significantly
increased compared with normal
pregnancy. High expression of TXNIP leads
to inhibition of cell proliferation, increase
of apoptosis and inhibition of cell
migration, and occurrence of
mitochondrial apoptosis. These changes
may be related to the accumulation of
cellular oxidative stress induced by TXNIP.
Therefore, in this study, TXNIP plays a very
important role in the placental
development of patients with GDM.

High expression of TXNIP caused by HG
mediates the increasing ROS and the
mitochondria dysfunction in GDM,
proving the basis for the prediction of
perinatal outcome.

INTRODUCTION

Gestational diabetes mellitus (GDM) is a preg-
nancy-related metabolic disease which will
influence the health of the mother and the
infant, inducing a series of alarming outcomes
[1]. An epidemiological study on more than
10,000 pregnant women in 18 cities in China
found that the incidence of GDM was 4.3–5.1%
[2], and that of other countries or regions was
3–30% [3]. Diagnosis and intervention in the
early stage of GDM will improve the life-long
health of the two generations; thus, under-
standing the mechanism of GDM is the first
step.

Thioredoxin-interacting protein (TXNIP),
also known as vitamin D3 upregulated protein 1
or thioredoxin-binding protein 2 [4], acts as an
oxidative stress-sensitive protein, transfers from
the nucleus to the mitochondria, and partici-
pates in the redox process of mitochondria [5].
In patients with GDM, the secretion of antian-
giogenic factors and proinflammatory cytokines
is elevated partly as a result of the occurrence of
oxidative stress [6]. Oxidative stress results in
the inhibition of migration and infiltration of
placental trophoblast cells, causing the placenta
to be shallowly implanted [7, 8]. Mitochondria
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will be subsequently damaged, and the mito-
chondria dysfunction affects the development
of the placenta and further affects the growth of
the fetus [9]. Moreover, most of the redox pro-
cesses occur in mitochondria; thus, oxidative
stress and the accumulation of excessive reac-
tive oxygen species (ROS) make the function of
mitochondria even more impaired. The pla-
centa is a highly energy-consuming organ;
however, the function of mitochondria in the
placenta has not been identified in patients
with GDM. TXNIP is highly expressed in renal
tubular cells stimulated by increased blood
glucose and kidney tissues of diabetic animals
and patients with diabetic nephropathy com-
plications [10]; however, in other research,
there was no difference of TXNIP DNA methy-
lation between GDM and type 1 diabetes [11].
Although TXNIP also acts as glucose-sensitive
protein, its expression state in the placenta of
women with GDM and its role in the develop-
ment of GDM remain unclear. In streptomycin-
induced diabetic mice, the increased expression
of TXNIP in vascular endothelial cells induces
oxidative stress [10], promoting the generation
and accumulation of ROS [12], which, in turn,
results in mitochondrial apoptosis and is fol-
lowed by cell apoptosis [13]. Thus, we raised the
following hypothesis: in GDM, TXNIP might be
highly expressed in the placenta, inducing the
accumulation of ROS and oxidative stress,
which will compromise the mitochondria,
damage the function of the placenta, and
influence the health of the mother and infant.

In this study, the expression of TXNIP in the
placentas of patients with GDM was explored,
and a cellular model was used to elucidate the
regulating network of TXNIP; further, the effect
of high glucose on the placenta trophoblast
cells and the underlying mechanism were
studied to verify our hypothesis. At the same
time, we proved that high glucose (HG) pro-
motes soaring expression of TXNIP in placental
trophoblast cells, leading to accumulation of
ROS and the dysfunction of mitochondria. The
results will provide the experimental data for
the etiological treatment of GDM and further
improve the evaluation of placenta function in
GDM.

METHODS

Immunohistochemistry

The tissue samples evaluated in our study were
obtained from 10 puerperae with GDM and 10
healthy puerperae. GDM was diagnosed from
the results of 75-g oral glucose tolerance tests
(OGTT) at different time points during 24–
28 weeks’ gestation if at least of the following
was true: fasting plasma glucose C 5.1 mmol/l
and/or 1-h plasma glucose C 10.0 mmol/l, and/
or 2-h plasma glucose C 8.5 mmol/l, respec-
tively. All persons enrolled in the study had no
relevant medical history; and patients with
GDM managed their blood glucose only via
diet. The tissue samples were collected during
the delivery process, performed in the Depart-
ment of Gynecology of the Inner Mongolia
People’s Hospital between November and
December, 2018. The study was approved by the
ethics committee of the hospital, and the spec-
imen providers provided informed consent.
Information about pregnant women and their
newborns is shown in Table 2.

Frozen sections were permeabilized with
0.1% Triton X-100 (cat# T0694, AMRESCO) in
PBS (cat# C10010500BT, Gibco, CN). Frozen
sections were incubated with 10% goat serum
albumin and 1% Triton X-100 at 37 �C. After
0.5 h, sections were incubated with rabbit
monoclonal anti-TXNIP (dilution 1:1000, cat#
ab215366, Abcam, Cambridge, UK) at 4 �C
overnight and then for 1 h with the anti-rabbit
Alexa Fluor 488 (cat# A11008, Life Technolo-
gies, Grand Island, NY). After 2 h, nuclei were
counterstained using 4,6-diamidino-2-
phenylindole (DAPI, cat# D9542, Sigma, USA).
Stained sections were visualized with an inver-
ted confocal microscope (Leica Microsystems).

Cell Culture

Human placenta trophoblast cells, HTR-8/SV-
neo cells (cat # CRL-3271), were purchased from
American Type Culture Collection (ATCC,
Rockefeller, MD, USA). HTR-8/SVneo cells were
cultured in Roswell Park Memorial Institute
1640 Medium (RPMI1640, cat# 11875-093,
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Gibco, USA), containing 5.5 mM glucose, sup-
plemented with 10% (v/v) fetal bovine serum
(FBS, cat# 10091-148, Gibco, USA) and 1% (v/v)
antibiotics (100 U/mL penicillin and 100 lg/mL
streptomycin) (cat# 15140-122, Gibco, USA) at
37 �C in a humidified 5% CO2 atmosphere.

HG Treatment

HTR-8/SVneo cells were trypsinized and seeded
into 6-well plates (Corning, Acton, MA) at a
density of 2.5 9 105 cells/well. Cells were cul-
tured in 5.6 mM D-glucose of RPMI 1640 med-
ium for 24 h, then stimulated with various
concentrations (0, 2.8, 5.6, 11.2, 25, and
40 mM) of D-glucose for 6 h. Cells were treated
with 25 mM L-glucose as an osmotic control. D-
Glucose (cat# G7021) and L-glucose (cat#
G5500) were purchased from Sigma–Aldrich (St.
Louis, MO, USA).

Transfection Experiment

Human pCMV3-TXNIP (HG16553-UT) and
control pCMV3-Negative Control Vector
(pCMV3-NCV; CV011) were purchased from
Sino Biological (BJ, CN). Cells were seeded into
6-well plates at a density of 2 9 105 cells/well.
Lipofectamine LTX and Plus reagent (cat#
15338-100, Invitrogen, Van Allen Way Carls-
bad, CA) were used according to the manufac-
turer’s protocol for transfection of plasmid DNA
into the cells. After seeding for 24 h to approx-
imately 60% confluence, cells were transfected
with plasmid DNA at a final concentration of
0.28 lg/mL and cultured in the absence of
antibiotic. Transfected cells expressed red fluo-
rescence protein (RFP), which enabled their
identification. Cells were further assayed by
real-time quantitative PCR (qRT-PCR) and
Western blotting at 3 h and 6 h after transfec-
tion, respectively.

Cell Proliferation Assay

HTR-8/SVneo cells were trypsinized and seeded
into 96-well plates at a density of 8 9 103 cells/
well for 24 h. To assess the cell proliferation, the
number of cells with red fluorescence was

monitored at 1.5-h intervals for 117 h after
transfection with pCMV3-TXNIP or pCMV3-
NCV. The high definition automated imaging
system of IncuCyte was used in the red fluo-
rescent channel following the manufacturer’s
instructions (Essen Bioscience, USA).

Cell Migration Assay

Cell migration was evaluated by a scratch-
wound assay using IncuCyte. To examine the
HTR-8/SVneo cell migration in the context of
enhanced expression of TXNIP, cells were pla-
ted into 96-well plates at a density of
3 9 104 cells/well. After 12 h of seeding, cells
were transfected with pCMV3-TXNIP or
pCMV3-NCV and then the transfected cells
were grown to confluence for another 12 h. The
96-well wound maker was used to generate a
wound in a monolayer of confluent cells and
then debris was washed away. Images of cells
migrating into the wound space were automat-
ically acquired by the IncuCyte Imaging System
at 1-h intervals for 40 h. The data was analyzed
using an integrated metric of IncuCyte, and the
percentage of red object was counted within the
wound.

RNA Extraction and qRT-PCR Analysis

Total RNA was extracted from HTR-8/SVneo
cells using Trizol reagent (cat# 15596018; Life
Technologies, USA) according to the manufac-
tures’ instructions. Complementary DNA
(cDNA) was prepared using a Prime ScriptTM RT
reagent Kit (cat# RR047A, TaKaRa, CN). qRT-
PCR was performed with TB GreenTM Premix Ex
TaqTM II (cat# RR820A, TaKaRa, CN) using a
CFX96 Connect real-time system (Bio Rad, UK).
b-actin was used to normalize the data. The
primer sequences are described in Table 1. qRT-
PCR was performed in triplicate, and the rela-
tive expression of genes was calculated using
the 2 - DDCT method.

Western Blot Analysis

Cells were harvested at 6 h after HG treatment
or transfection. The protein extracts were
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prepared with ice-cold lysis buffer RIPA (cat#
R0020, Solarbio, BJ, CN) containing protease
inhibitor phenylmethylsulfonyl fluoride (PMSF)
(cat# P0100, Solarbio, BJ, CN). Protein concen-
trations of the lysates were measured with the
bicinchoninic acid kit (cat# 23227, Pierce,
Rockford, IL, USA). Equal amounts of protein
extracts (15 lg) were loaded in each lane with
loading buffer (cat# P1040, Solarbio, BJ, CN).
Samples were boiled for 10 min before being
separated on 12% SDS-PAGE gels (cat#
161-0175, Bio-Rad Laboratories, USA), then
transferred to polyvinylidene difluoride (PVDF)
membranes (Bio-Rad Laboratories, USA),
blocked with 5% Difco Skim Milk (cat# 232100,
BD, Sparks, MD, USA) and detected using the
following primary antibodies: TXNIP antibody
(dilution 1:1000, cat# ab215366, Abcam, Cam-
bridge, UK), caspase-3 antibody (dilu-
tion1:1000, cat# 9662, Cell Signaling, Boston,
MA), b-actin antibody (dilution 1:1000, cat#
G043, Abm, Richmond, BC, CA) at 4 �C over-
night, and secondary antibodies: anti-mouse
IgG (dilution 1:1000, cat # HAF007, RD, Min-
neapolis, USA) or anti-rabbit IgG (dilution
1:1000, cat # HAF008, RD, Minneapolis, USA)
for 1 h. Detection of b-actin on the same
membrane was used as a loading control. Bands
were visualized by enhanced chemilumines-
cence (Bio-Rad Laboratories, USA) with an
imaging system (GE Healthcare Life Sciences,

UK) and quantified by Analysis Software Ver-
sion 1.0 (GE Healthcare Life sciences).

Immunocytochemistry

HTR-8/SVneo cells were fixed with 4%
paraformaldehyde and permeabilized with 0.1%
Triton X-100 in PBS. After several washes in PBS,
cells were incubated with anti-rabbit TXNIP at
4 �C overnight. Staining was visualized using
anti-mouse Alexa Fluor 488 (A21200, Life
Technologies, Grand Island, NY). Mitochondria
were counterstained using Mito TrackerTM Red
CMXRos (cat# M7512, Invitrogen, Eugene Ore-
gon). Nuclei were counterstained using DAPI.
Stained cells were visualized with the Leica flu-
orescence microscope.

Detection of Apoptosis

HTR-8/SVneo cells were trypsinized and seeded
into 96-well plates at a density of 1 9 104 cells/
well for 24 h and transfected with pCMV3-
TXNIP or pCMV3-NCV. Caspase-3 was mea-
sured with Super View 488 Caspase-3 Assay Kit
for Live Cells (cat# S6007, Everbright USA Inc.).
The Caspase-3 Assay Kit was used as an indicator
for apoptosis cells measured with green fluo-
rescence. Briefly, the working solution was pre-
pared at a concentration of 1 lM according to

Table 1 Primer sequences of the detected genes

Name Sequence (50–30)

b-actin forward TCCCTGGAGAAGAGCTACGAGC

b-actin reverse TGCCACAGGACTCCATGCCCAG

TXNIP-1 forward TGCCACCACCGACTTATACTGA

TXNIP-1 reverse CCTGCTGACCACCTCCTACA

TXNIP-2 forward GCCAGCCAACTCAAGAGACAA

TXNIP-2 reverse CAGACACCCGCCCATCAG

TRX forward GTCAGGATGTTGCTTCAGAGTGT

TRX reverse CACCCACCTTTTGTCCCTTCTT

Caspase-3 forward CCTACAGCCCATTTCTCCATACG

Caspase-3 reverse TGCCTCACCACCTTTAGAACATTT
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the manufacturer’s instructions. The treated
cells were incubated with working solution at
37 �C for 0.5 h, then observed for 117 h by
IncuCyte.

Measurement of Intracellular ROS
Production

Cells were seeded into a 24-well plate at a den-
sity of 1 9 105 cells/well and cultured for 24 h,
then transfected with pCMV3-TXNIP or
pCMV3-NCV (0.28 lg/mL) for 0.5 h. After
transfection, cells were incubated with 1 lM of
dihydroethidium (DHE, ROS Fluorescent Probe,
cat# D1008, CN) at 37 �C for 0.5 h in the dark.
The DHE was used as a cell-permeable indicator
for intracellular ROS measurement, the red
object count. The intracellular ROS levels were
measured by Cytation 5 imaging multi-mode
reader (Biotek, USA) at 15-min intervals for
10.5 h to detect the intensity of DHE fluores-
cence (excitation and emission wavelengths at
488 and 525 nm).

Determination of Mitochondrial
Membrane Potential

Mitochondrial membrane potential was mea-
sured in HTR-8/SVneo cells using an
immunofluorescence technique from the Mito-
chondrial Membrane Potential Assay Kit with
JC-1 (cat# M8650, Solarbio, CN). Cells were
balanced for 0.5 h after transfection with
pCMV3-TXNIP or pCMV3-NCV. The JC-1 solu-
tion was prepared at a concentration of 200 mM
according to the manufacturer’s instructions.
The cells were incubated with 200 mM of JC-1
at 37 �C for 0.5 h in the dark. Cytation 5 cell
imaging multi-mode reader was used to observe
the fluorescence intensity at 0.5-h intervals for
11 h.

Statistical Analysis

Statistical analysis of the experimental data was
performed using Graphpad Prism 6.0 (Graph-
Pad, USA), and the results were presented as
mean ± SEM. Significant differences were
determined by Tukey’s multiple comparisons

test. p\ 0.05 indicated that the difference was
statistically significant.

Compliance with Ethics Guidelines

This study was approved by the Ethics Com-
mittee of the Inner Mongolia People’s Hospital,
and informed consent was obtained from
patients and their family members before the
study. All procedures performed in the study
involving human participants were in accor-
dance with the ethical standards of the institu-
tional research committee and with the 1964
Helsinki Declaration and its later amendments
or comparable ethical standards.

RESULTS

Although Blood Glucose is Well
Controlled, Expression of TXNIP in GDM
Group is Significantly Higher
than in Normal Control Group

Immunohistochemistry of TXNIP in Placenta
Blood glucose was 11.2 ± 1.0 mmol/l at the 1-h
OGTT in the GDM group vs 6.2 ± 0.7 mmol/l in
the normal group; and 9.6 ± 1.7 mmol/l at the
2-h OGTT in the GDM group vs
5.9 ± 0.7 mmol/l in the normal group. Frozen
sections were stained with TXNIP antibody and
visualized with an inverted confocal micro-
scope. TXNIP was widely expressed in villous
tissue of the placenta; however, compared with
the placenta of healthy pregnant women,
TXNIP was highly expressed in syncytiotro-
phoblasts of the placenta in pregnant women
with GDM. As is shown in Fig. 1, the white
arrows indicated syncytioctrophoblasts, and the
fluorescence intensity in the GDM group was
statistically higher than that in the normal
control group.

Maternal, Fetal, and Placental Characteristics
in Study Population
There were no statistically differences in base-
line characteristics and clinical information
(Table 2), and no statistically differences in
gestational BMI, pregestational overweight,
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placenta grading, amniotic fluid index (AFI),
and fetal weight between patients with GDM
and the normal puerperae. However, the blood
glucose level based on OGTT in the GDM group
is statistically higher than that in the normal
control group at three time points. The glucose

level of patients with GDM at three time points
was 5.4 (0.8), 11.2 (1.0), and 9.6 (1.7) mmol/l,
respectively; the glucose level of the normal
group at three time points was 4.3 (0.2), 6.2
(0.7), and 5.9 (0.7) mmol/l, respectively
(Table 3).

Fig. 1 Protein expression of TXNIP in the placenta
syncytioctrophoblasts of women with GDM was higher
than that of the normal group. Frozen placenta sections
from the GDM group or normal group were stained with
TXNIP antibody. The protein expression of TXNIP in
villous tissue of placentas from both groups were investi-
gated via confocal photomicrographs. Green, TXNIP-

positive cells; blue, DAPI for nuclear staining. Scale bar
75 lm. Fixed tissue images were captured in a Leica
confocal microscope at 409. The white arrows indicate
syncytioctrophoblasts, and the fluorescence intensity in the
GDM group was higher than that in the normal group,
***p\ 0.001 (Tukey’s test) vs normal group

Table 2 Baseline characteristics and clinical information

Clinical characteristics GDM (n = 10) NOR (n = 10) p value

M SD M SD

N (total = 20) 10 10

Height (cm) 163 4.9 163.1 3.6 0.9593

Weight (kg) 74.8 11.8 70.5 9.0 0.3691

Diastolic blood pressure (mmHg) 129.4 8.4 119.8 7.2 0.0535

Systolic pressure (mmHg) 82.1 5.9 72.8 6.7 0.0641

Period of gestation (weeks) 39.0 0.9 39.3 2.3 0.6622

Diagnosis time of GDM (weeks) 24.4 0.7 N/A

Drug therapy NO N/A

M mean, SD standard deviation, GDM gestational diabetes mellitus, NOR normal, N/A not applicable
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High Expression of TXNIP Induced by HG
Promoted Morphological Change
of Mitochondria and Apoptosis in HTR-8/
SVneo Cells

Expression of TXNIP Occurred in a Glucose-
Dependent Manner
To determine whether mRNA expression of
TXNIP and TXN in HTR-8/SVneo cells was
influenced by the concentration of glucose, the
cells were treated with 0, 2.8, 5.6, 11.2, 25, and
40 mM of D-glucose, respectively for 3 h; and
the expression of TXNIP and TXN was detected
by qRT-PCR. The results showed that the
expression of TXNIP was gradually raised as the
glucose concentration increased from 0 to
25 mM (p\0.001), but it decreased at 40 mM
(p\ 0.001). As is shown in Fig. 2a, the expres-
sion level of TXNIP is glucose concentration-
dependent from 0 to 25 mM. The mRNA
expression level of TXNIP in 40 mM of glucose
is lower than that in 25 mM of glucose
(p\ 0.05), but higher than that in 5.6 mM of
glucose (p\ 0.001). Therefore, 25 mM of glu-
cose was used as HG in the study. On the other
hand, the mRNA expression TXN remained the

same regardless of the glucose concentration
(Fig. 2b). To observe the trend of the protein
expression, the proteins of TXNIP and TXN in
HTR-8/SVneo cells cultured in the medium
containing 0, 5.6, 25, and 40 mM of glucose for
6 h were detected by western blot. The expres-
sion of TXNIP protein was the lowest at 0 mM
glucose, and over twofold elevation at 25 mM of
glucose compared with that at 5.6 mM
(p\ 0.01); the expression of TXN protein had
no statistically significant change (Fig. 2c, d).
The cells treated with 25 mM L-glucose were
used as the osmotic control. No expression of
TXNIP was observed at 25 mM L-glucose; that is
to say, the elevated expression of TXNIP at
25 mM D-glucose was not caused by osmosis,
but the HG (Fig. 2e).

Mitochondria Broke into Fragments in HTR-8/
SVneo Cells Treated with HG
The morphology of mitochondria in normal
glucose (NG, 5.6 mM) and HG (25 mM) was
observed. HTR-8/SVneo cells had been cultured
in the medium with NG and HG for 6 h, before
staining with mitochondrial tracer and TXNIP
antibody. The morphology of the mitochondria

Table 3 Clinical characteristics of the subjects and their offspring

Clinical characteristics GDM (n = 10) NOR (n = 10) p value

M SD M SD

N (total = 20) 10 10

Age at delivery (years) 29.7 3.8 28.5 2.4 0.4106

Pregestational BMI (kg/m2) 28.1 4.0 26.4 2.6 0.3309

Pregestational overweight (BMI C 25 kg/m2) 80% 70%

Fasting plasma glucose (FPG) (mmol/l) 5.4 0.8 4.3 0.2 0.0008

1-h plasma glucose (mmol/l) 11.2 1.0 6.2 0.7 \ 0.0001

2-h plasma glucose (mmol/l) 9.6 1.7 5.9 0.7 \ 0.0001

HbA1C (%) 6.1 0.3 No

Placenta grading II II

AFI on the time of first uterine contraction (mm) 132.8 30.3 113.1 27.2 0.1436

Fetal weight (g) 3435.0 3220.0 0.2174

M mean, SD standard deviation, GDM gestational diabetes mellitus, NOR normal, AFI amniotic fluid index
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was observed by confocal microscopy. Consis-
tent with the results found in the western blot,
the expression of TXNIP was higher in the HG
group than that in the NG group. Obvious
changes in the morphology of the mitochon-
dria are shown in Fig. 3. The mitochondria of
the NG group were intact and clear while the
mitochondrial tubules in the HG group

converted to nodular and many of them formed
discrete small mitochondria.

Cell Apoptosis Was Promoted in HTR-8/SVneo
Cells Treated with HG
To mimic the placental conditions in patients
with GDM, HTR-8/SVneo cells were treated with
different glucose concentrations (0 mM,

Fig. 2 TXNIP expression increased in HTR-8/SVneo cells
treated with increasing concentration of glucose, but the
TXN expression did not. HTR-8/SVneo cells were exposed
to the indicated concentration of D-glucose (0, 2.8, 5.6, 11.2,
25, 40 mM) for 3 h. a Relationship between mRNA
expression of TXNIP and the concentration of glucose.
The mRNA expression level of TXNIP was the highest at the
25 mM of glucose. b Relationship between mRNA expres-
sion of TXN and the concentration of glucose. The mRNA
expression level of TXN remained statistically the same

although the concentration of glucose changed. c, d Respective
protein expression of TXNIP and TXN, in the HTR-8/
SVneo cells exposed to the indicated concentration of D-
glucose (0, 5.6, 25, 40 mM) for 6 h via western blot. e HTR-
8/SVneo cells were treated with 25 mM L-glucose as an
osmotic control and the protein levels of TXNIP were
analyzed by western blot. Results were expressed as mean ±

SEM. *p\ 0.05, **p\ 0.01, ***p\ 0.001 (Tukey’s test) vs
5.6 mM of glucose. #p\ 0.05, ###p\ 0.001 (Tukey’ s test) vs
25 mM of glucose
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5.6 mM, 25 mM). Caspase-3 is a proteolytic
enzyme that mediates cell death and apoptosis.
It is the initiator and performer of mammalian
apoptosis. After treatment with different glu-
cose concentrations, protein expression of cas-
pase-3 was significantly increased in the 0 mM
and 25 mM glucose groups compared with the
normal group (5.6 mM) (Fig. 4). Furthermore,
the level of caspase-3 in the 25 mM glucose
group was statistically higher than that in the
0 mM glucose group, indicating that the apop-
tosis induced by HG was more exacerbated than
that in the situation of starving (0 mM). The
level of caspase-3 in the HG-treated group is
nearly twofold that in the control group.

Overexpression of TXNIP Converted
the Phenotype of Cells into Adverse
Behavior

Expression of TXNIP and TXN Was Detected
After Plasmids Had Been Transfected
Considering that TXNIP plays an important role
in the regulation of oxidative stress and the

negative relationship between TXNIP and TXN
partly governing the balance of the ROS in the
cells, the changes of TXN expression level
caused by overexpression of TXNIP in HTR-8/
SVneo cells was also detected. The cells were
divided into the OE-TXNIP group (transfected
with the pCMV3-TXNIP), the NC group (trans-
fected with the pCMV3-NCV), and the control
group (without transfection). Different from the
results reported by other studies which consid-
ered the transcriptional changes that occurred
at 48 h after transfection [14], the early gene
alterations were observed within 6 h after
transfection. TXNIP mRNA and protein expres-
sion was examined by qRT-PCR and western
blotting at 3 h and 6 h after the transfection,
respectively. The mRNA expression level of
TXNIP in OE-TXNIP group increased 11-fold at
3 h after transfection (Fig. 5a), and the protein
expression level of TXNIP increased 30-fold at
6 h after transfection compared with those in
the NC group (Fig. 5b); on the contrary, the
mRNA expression TXN and its protein (Fig. 5c,

Fig. 3 Morphological changes of mitochondria caused by
high glucose. The white arrows indicate the mitochondria
of HTR-8/SVneo cells. The mitochondria broke into
nodules or fragments in the HG group, lacking continuity;
those in the NG group were intact and clear. NG, HTR-8/

SVneo cells cultured in 5.6 mM glucose; HG, cells cultured
in 25 mM glucose. Green, TXNIP-positive cells; blue,
DAPI for nuclear staining. Scale bar 25 lm. Fixed tissue
images were captured in a Leica confocal microscope at
409
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d) were correspondingly reduced compared
with the NC group.

Overexpression of TXNIP Attenuates
Proliferation of HTR-8/SVneo Cells
The proliferation of HTR-8/SVneo cells with
overexpressed TXNIP was investigated via
IncuCyte. The transfected cells were labelled
with red fluorescent protein. The number of
transfected cells was monitored from 12 to
117 h after transfection and counted with an
integrated metric of IncuCyte, and the cells
with red fluorescent were counted. The inhibi-
tion effect on the cells in the OE-TXNIP group
became obvious from 48 h after transfection to
the end of the observation compared to those in
the NC group. A significant decrease in the
number of cells with red fluorescence in OE-
TXNIP is shown in Fig. 6a. In the NC group, the
red fluorescence was diffused evenly in the
whole cells; whereas the red fluorescence in the
OE-TXNIP cells was gathered in the nucleus,

perfectly reflecting the expression location of
TXNIP.

Overexpression of TXNIP Inhibited HTR-8/
SVneo Cell Migration
The migration of HTR-8/SVneo cells overex-
pressing TXNIP was examined by IncuCyte. As
shown in Fig. 6b, the cell migration decreased
significantly in the OE-TXNIP cells. Moreover,
the inhibitory effect of overexpression of TXNIP
on the cell migration began to be evident sta-
tistically at 7 h, and the trend continued till the
end of observation. At 25 h, significant reduc-
tion in wound closure was observed in TXNIP-
overexpressing cells.

Cell Apoptosis Was Induced in HTR-8/SVneo
Cells Overexpressing TXNIP
The protein expression level, detected by west-
ern blot, of caspase-3 in OE-TXNIP cells was
significantly higher than that in the control
group and NC group (over 1.5-fold elevation)
(Fig. 6d). Meanwhile, the Caspase-3 Assay Kit
was used to detect the number of apoptotic
cells. Compared with the NC cells, the number
of apoptotic cells in the OE-TXNIP group
increased in a time-dependent manner and was
statistically significant from 24 h on and peaked
at 84 h (Fig. 6c).

Underlying Mechanism of Phenotype
Change of HTR-8/SVneo Cells
Overexpressing TXNIP

Overexpression of TXNIP Increases ROS
Generation
To investigate ROS generation in the HTR-8/
SVneo cells triggered by overexpression of
TXNIP, the DHE probe, which is especially
sensitive to superoxide (O2

-), was used. By
reacting with superoxide ions, DHE forms a red
fluorescent product (2-dehydroxyethidium).
The curve obtained via the Cytation 5 imaging
multi-mode reader displayed a dramatic elevat-
ing trend in the first 3 h and also peaked at this
time point in the OE-TXNIP group (Fig. 7a).
However, ROS accumulation in the NC group
only had a slight increase during the first 3 h
and peaked at 5 h; similarly, ROS accumulation

Fig. 4 Apoptosis was induced by HG in HTR-8/SVneo
cells. HTR-8/SVneo cells were cultured in different
concentrations of D-glucose (0, 5.6, 25 mM) for 6 h. The
data were calculated on the basis of, at least, three
independent biological replications; and correspond to
mean ± SEM. ***p\ 0.001 (Tukey’s test) vs 5.6 mM of
glucose. ###p\ 0.001 (Tukey’s test) vs 0 mM of glucose
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in the control group peaked at 6 h. The fluo-
rescence intensity of cells overexpressing TXNIP
was stronger than that in the other two groups
(Fig. 7b). Therefore, ROS accumulation was
correlated positively with TXNIP expression
level in OE-TXNIP (Fig. 7c).

Overexpression of TXNIP Induces
Mitochondrial Fragmentation
and Mitochondrial Dysfunction in HTR-/
SVneo Cells
In order to detect whether overexpression of
TXNIP causes changes in mitochondrial mor-
phology, cells were transfected for 6 h and then
stained with mitochondrial tracer and TXNIP
antibody. The mitochondrial morphology was

Fig. 5 TXNIP was overexpressed via plasmid in HTR-8/
SVneo cells. HTR-8/SVneo cells were transfected with
pCMV3-TXNIP or pCMV3-NCV (0.28 lg/mL) for 3 h.
The mRNA expression of TXNIP and TXN was analyzed.
a Comparison of the mRNA expression of TXNIP in the
control group, normal control group (NC), and OE-
TXNIP group. b Protein expression level of TXNIP in
different groups. c Comparison of the TXN mRNA

expression in the control group, NC group, and OE-
TXNIP group. d Protein expression level of TXN in
different groups. The data were analysis based on three
independent biological replications and correspond to
mean ± SEM. *p\ 0.05, **p\ 0.01, ***p\ 0.001
(Tukey’s test) vs control group (without transfection).
#p\ 0.05, ###p\ 0.001 (Tukey’s test) vs NC group
(transfected with pCMV3-NCV)
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Fig. 6 Overexpression of TXNIP reduces cell prolifera-
tion, inhibits migration, and induces cell apoptosis in
HTR-8/SVneo cells. HTR-8/SVneo cells were cultured
into 96-well plates then transfected with pCMV3-TXNIP
or pCMV3-NCV (0.28 lg/mL). The number of cells with
red fluorescence was monitored using the high definition
automated imaging system from IncuCyte (Essen BioS-
cience). Images were captured in IncuCyte at 910.
a Overexpression of TXNIP inhibited the proliferation
of the cells. b Cell migration was attenuated in the normal

control group. c Apoptosis was severer in the OE-TXNIP
group. d Caspase-3 protein level was explored by western
blot. b-actin was used as control. Control: cells without
transfection. The experiments were replicated indepen-
dently at least three times. Results were expressed as
mean ± SEM. ***p\ 0.001 (Tukey’s test) vs NC group
(transfected with pCMV3-NCV). #p\ 0.05 (Tukey’s test)
vs control group. NC normal control group, OE-TXNIP
overexpression of TXNIP group
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observed via confocal microscopy. It showed
that the fluorescence intensity of TXNIP in the
OE-TXNIP group was significantly higher than
that in the control and NC groups. Significant
changes were found in mitochondrial mor-
phology. The mitochondria of the control and
NC groups were intact and clear. The mito-
chondrial tubules in the OE-TXNIP group were
nodular, and many of them formed discrete
small mitochondria (Fig. 8a). These results
indicated that overexpression of TXNIP induced

mitochondrial fragmentation in the HTR-8/SV-
neo cells.

Cell mitochondrial membrane potential
(DW) of cells overexpressing TXNIP was ana-
lyzed by JC-1 staining. The change of DW is an
important indicator of activation of cell apop-
tosis [15, 16]. An increase in green fluorescence
(JC-1 monomer) is associated with mitochon-
drial membrane depolarization, whereas an
increase in red fluorescence (JC-1 aggregate) is
related to polarization of the mitochondrial

Fig. 7 Overexpression of TXNIP increases ROS genera-
tion in HTR-8/SVneo cells. HTR-8/SVneo Cells were
transfected with pCMV3-TXNIP or pCMV3-NCV
(0.28 lg/mL). ROS generation marked by 1 lM DHE
fluorescence. a Overexpression of TXNIP led to the
accumulation of ROS. The fluorescence intensity reflected
the accumulated level of ROS. The accumulation of ROS
climbed to the peak at 3 h after TXNIP was transfected.
Images were captured in Biotek at 920. b Number of cells
with red fluorescence was analyzed using the high

definition automated imaging system from Cytation 5
(Biotek). Control, cells without transfection; NC, normal
control group; OE-TXNIP, overexpression of TXNIP
group. c Analysis of the correlation between TXNIP
expression and ROS accumulation. The experiments were
replicated independently for at least three times. Results
were expressed as mean ± SEM. ###p\ 0.001 (Tukey’s
test) vs NC group (transfected with the pCMV3-NCV).
*p\ 0.05, ***p\ 0.001 vs control group
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membrane [17]. The loss or reduction of mem-
brane potential in the control, NC, and OE-
TXNIP group was monitored at 0.5-h intervals
for 11 h. The results showed that mitochondrial
potential decreased in a time-dependent

manner (Fig. 8b). JC-1 staining data showed
that the OE-TXNIP group exhibited a decline in
red fluorescence and an enhancement of green
fluorescence compared with that in the control
and NC groups (Fig. 8c). DW was correlated

Fig. 8 Overexpression of TXNIP induces mitochondrial
dysfunction in HTR-8/SVneo cells. HTR-8/SVneo cells
were transfected with pCMV3-TXNIP or pCMV3-NCV
(0.28 lg/mL). Mitochondrial morphology was assessed at
6 h after TXNIP was transfected. a Overexpression of
TXNIP changed the mitochondria of the cells morpho-
logically. The white arrows indicate mitochondria of
HTR-8/SVneo cells. The mitochondrial fragmentation
observed in the OE-TXNIP group was higher than that in
the NC and the control group. Green, cells expressing
TXNIP; red, Mito Tracker; blue, DAPI for nuclear
staining. Scale bar 25 lm. Fixed cell images were captured
in a Leica confocal microscope at 940. b Mitochondrial
membrane potential decreased in the OE-TXNIP group.
The mitochondrial membrane potential marked by
200 mM JC-1. Overexpression of TXNIP decreased the

mitochondrial membrane potential to the lowest point at
3 h after TXNIP was transfected. Red fluorescence
represents cells with intact mitochondrial membranes,
and green fluorescence represents the cells with loss of
mitochondrial membrane potential. Images were captured
in Biotek at 920. c The ratio of red fluorescence intensity
to green fluorescence intensity was analyzed to quantify the
mitochondrial membrane potential (DW) of the cells.
d Analysis of the correlation between TXNIP expression
and mitochondrial membrane potential (DW). The exper-
iments were replicated independently at least three times.
Results were expressed as mean ± SEM. ###p\ 0.001
(Tukey’s test) vs NC group (transfected with pCMV3-
NCV). ***p\ 0.001 vs control group (without
transfection)
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negatively with TXNIP expression level in the
OE-TXNIP group (Fig. 8d). A change from red to
green fluorescence in the OE-TXNIP group
indicated that overexpression of TXNIP could
result in the integrity loss of the mitochondrial
membrane in the HTR-8/SVneo cells, which led
to severe mitochondrial damage. Thus, it was
concluded that TXNIP overexpression induced
mitochondrial dysfunction in HTR-8/SVneo
cells.

DISCUSSION

GDM is not only closely related to maternal
health but also affects the health of the off-
spring [18, 19]. GDM and its complications can
be alleviated after delivery of the placenta, so
the placenta is considered to play a vital role in
the pathogenesis of GDM [20]. High calorie
intake and unhealthy diet structure are cur-
rently widespread, and GDM has become a
common social health problem. Excessive
calorie ingestion during pregnancy can impede
the normal function of trophoblastic epithe-
lium of the placental villous tree and seriously
interfere with the formation of the placenta
[21]. Glucose transporter 1 (GLUT1) is the main
carrier of glucose in the placenta. Within the
physiological concentration range of blood
glucose, GLUT1 increases with the increase of
glucose concentration, but when the blood
glucose concentration reaches a certain value,
the GLUT1 transporter saturates, which leads to
the transfer of glucose to the fetus through
placental trophoblast cells [22, 23]. Glucose
transporters in the placenta are mainly induced
by hyperglycemia in the first trimester of preg-
nancy [24]. Glucose control during the first tri-
mester of pregnancy has a great impact on
placental development and function, especially
on uptake, transfer, and utilization of glucose
[22]. Changes in glucose transport and transfer
during early pregnancy affect embryo implan-
tation and development, and also increase the
risk of cardiovascular and metabolic diseases in
the adulthood of the fetus [25, 26]. Some studies
have found that although patients with GDM
have their glucose level strictly controlled
within normal range during pregnancy, GLUT1

gene expression in placental syncytiotro-
phoblast cells is twice as high as normal, and
glucose transport is upregulated by 40% [27]. In
our study, although the blood glucose of
patients with GDM had been strictly monitored
and controlled, which was reflected by the
average value of HbA1c (6.1 ± 0.3), the expres-
sion of TXNIP in the placenta displayed by
immunofluorescence is higher than that in
normal puerperae. This phenomenon high-
lights that it is important to precisely make the
treatment based on the expression level of
TXNIP besides blood glucose management.
Hyperglycemia during GDM can lead to chan-
ges in placental function. Therefore, in the
metabolism of glucose in the placentas of
patients with GDM, the toxicity from HG to the
placenta should be taken into consideration
besides glycemic transfer [28].

At present, the main biochemical test for
GDM is OGTT, which is used for the diagnosis
and classification of GDM, but not for the risk
assessment of perinatal adverse outcomes [29].
The clinical prediction of perinatal outcomes is
mainly through Doppler ultrasound or placen-
tal weight and birth weight ratio [30]. GDM is
undoubtedly caused by multiple factors. Single
glycosylated hemoglobin or OGTT determina-
tion is unlikely to provide predictive ability of
placental development and function. The
results from our study for the first time proved
the change in expression of TXNIP in the pla-
centas of patients with GDM; and explored the
relation between TXNIP and oxidative stress in
the placental trophoblast cell line. If one can
combine biochemical indicators, which might
be drawn from further research of the parallel
indicators of TXNIP in the blood, with placenta-
specific secretion of oxidative stress protein, it
will be the ideal predictor of placental devel-
opment or perinatal outcomes. That will not
only evaluate the prognosis of the offspring but
also help early prediction, prevention, and
intervention in GDM.

A clinical follow-up study of placenta and
offspring of 38 pregnant women with
preeclampsia (preE) found that the placenta was
oval in shape rather than round, and the off-
spring had a higher risk of hypertension [31]. In
our study, no significant difference in placental
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morphology was found between the GDM
group and the healthy puerperae (control
group); furthermore, the weights of the fetuses
were positively correlated with the values of
OGTT of the corresponding mothers, which is
consistent with the results from another study
[32].

Studies on the molecular mechanism of
glucose toxicity in the placenta are still unclear.
Some researchers regarded ROS as a mediator
which plays an important role in this process
[33, 34]. Abnormal expression of TXNIP has
been defined as the initiation of a series of
reactions to oxidative stress, mitochondrial
damage and apoptosis, and in most tissues tes-
ted, including pancreatic and retinal cells, the
expression of TXNIP is induced by HG under
diabetes mellitus pathological circumstances
[35–38]. TXNIP is mainly located in the cyto-
plasm and nucleus. During cellular stress,
TXNIP translocates into mitochondria, induces
oxidative stress, and leads to the morphological
change of mitochondria which provide energy
for normal placental development [39], and it is
still unclear about its metabolic signal trans-
duction mechanisms in placenta. Mitochon-
drial dysfunction or abnormal energy supply
will directly lead to abnormal placental func-
tion and dysplasia, cause perinatal complica-
tions, and affect fetal growth and development
[25, 40]. As we all know, the placenta is an
organ that provides nutrients and energy to the
fetus. Studies have found that mitochondrial
enzyme activity in skeletal muscle of pregnant
women with GDM was reduced compared with
normal pregnant women [41], and the expres-
sion levels of AMPK, a gene in placenta closely
associated with mitochondrial phosphorylation
and ATP production, were significantly elevated
[42], and the mitochondrial morphology of
syncytiotrophoblast cells was abnormal [43],
strongly indicating that mitochondrial function
might be impaired. Recently, Holland et al.’s
review of gestational complications considered
that changes of mitochondrial number were not
consistent and may increase or decrease in the
same pathological course; the duration of the
damage to the tissue may be the cause for it
[44]. In some diseases, mitochondrial changes
are considered as a compensatory mechanism

for cell damage [45–47]. On the other hand,
ROS produced in mitochondria can damage
mitochondrial DNA (mtDNA) and cell mem-
branes, thus inhibiting mitochondrial adaptive
stress ability. Therefore, considering the dys-
function of the placenta in patients with GDM
from the perspective of mitochondrial content,
structure and function and oxidative stress may
become a new perspective for evaluating peri-
natal outcomes.

This study discussed the role of TXNIP in the
placentas of patients with GDM. First, we
excluded factors that might affect placental
function, such as smoking, drinking, and
pathological diseases of the mother or fetus.
Secondly, in order to avoid affecting the pla-
cental metabolism during delivery, we selected
full-term placentas in cesarean section. Placen-
tal tissues of 10 patients with GDM (GDM
group) and 10 normal pregnant women (con-
trol group) were collected. Immunofluorescence
detection of placental tissue sections showed
that TXNIP was highly expressed in the syncy-
tiotrophoblasts of placentas in the GDM group
compared with that in the control group. The
expression of TXNIP gene in placental tro-
phoblast cells was positively related to the fetal
weight, indicating that TXNIP was involved in
the GDM pathogenesis and fetal development.
At present, there are few studies on GDM pla-
cental development, and the existing data can-
not provide consistent conclusions. Kinalski
et al. reported that lipid peroxidation was
increased in placentas of women with GDM, but
superoxide dismutase (SOD) activity was
decreased compared with the control group
[37]. In contrast, Pustovrh et al. failed to find
any difference in placental lipid peroxidation or
SOD between normal pregnant women and
pregnant women with GDM [48]. In recent
studies, it has been observed that serum
malondialdehyde (MDA) level in patients with
GDM is higher than that in normal pregnant
women, and SOD is lower than that in healthy
pregnant women. MDA, as the final product of
lipid peroxidation mediated by ROS, indicates
the oxidative status of the blood. These data
suggest that oxidative stress and its related
molecules play an important role in GDM.
However, in the study, limited sample size
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hindered the capacity to assess the impact of
TXNIP on placentas of women with GDM.

To further clarify the role of TXNIP in pla-
cental dysfunction and adverse pregnancy out-
comes, in this study we used HTR-8 cells of
placental trophoblasts for in vitro experiments
and found similar results after treatment with
different concentrations of D-glucose. Signifi-
cant high expression of TXNIP transcription
and protein levels were observed when placen-
tal trophoblast cells were stimulated with high
concentrations of D-glucose (25 mM) for 3 h.
Similarly, TXNIP is highly expressed in the
kidneys of patients with type 2 diabetes mellitus
(T2DM), in mice kidneys induced by streptozo-
tocin, and renal tubular cells stimulated by HG
[12, 49]. Studies have shown that the high
expression of TXNIP induced by D-glucose can
cause positive self-feedback [50]. Therefore, in
our research, the expression of TXNIP was 15
times higher than that of the normal control
when stimulated with D-glucose. A possibility
might be that the excessive glucose bind to
ChoRE, the promoter region of TXNIP gene,
induces the expression of TXNIP, followed by
expression amplification because of the positive
self-feedback [51]. The high expression of
TXNIP in type 2 diabetic nephropathy is con-
sidered to promote the generation and accu-
mulation of ROS [12]. In this study, DHE
fluorescent probe was used for real-time mea-
surement through the BioTek live cell worksta-
tion. It was found that the overexpression of
TXNIP promoted the activity of ROS in HTR-8
cells in a time-dependent manner and peaked at
3 h. This indicates that the expression of TXNIP
is positively correlated with the accumulation
of ROS, which indicates that TXNIP promotes
oxidative stress, which is consistent with pre-
vious studies. The limitations of DHE include
the instability of the probe and its products [52].
We can eliminate the disadvantages by specific
excitation wave separation and real-time
detection, and hence can better reflect the real
state of cells [53]. Placental syncytiotrophoblast
cells are particularly sensitive to ROS, especially
in early pregnancy [54], and the damage to the
placental trophoblast cells by ROS is irre-
versible. In a recent review, gestational compli-
cations such as intrauterine growth retardation

(IUGR), spontaneous preterm birth, early
eclampsia, oxidative stress prevalent in the
placentas of patients with GDM [55], and peri-
natal outcomes are closely associated with
oxidative stress.

The accumulation of ROS induces mito-
chondrial apoptosis and apoptosis of the cell
[56]. Previous studies also found oxidative
stress, mitochondrial dysfunction, and endo-
plasmic reticulum stress in peripheral tissues of
patients with GDM [41, 57]. Studies on gluco-
toxicity in T2DM have found that the high
expression of TXNIP leads to the accumulation
of ROS, which accelerates islet b-cell apoptosis
[50]. We detected caspase-3 in HTR-8 cells by
western blot in the exogenous TXNIP-overex-
pressing cells and found that the expression of
caspase-3 protein was increased significantly,
and, real-time detection of caspase-3 fluores-
cence showed that the caspase-3 fluorescence
value of TXNIP-overexpressing cells was stron-
ger than that of control group cells over time,
proving that HTR-8 cells entered the apoptosis
stage induced by the accumulation of ROS
which was led by the overexpression of TXNIP.
In their real state, the syncytiotrophoblast cells
cannot reproduce on their own [58]; thus, their
apoptosis will leave incomplete loopholes on
the placenta [59], which will damage the pro-
tecting barrier role of the placenta. As was
shown in preE and IUGR, the apoptotic cells
cause gaps on the trophoblast [60]. The fibrin
gathering and depositing in the gaps that are
recognized as placenta villus detachment,
through which excess concentrations of glucose
or other harmful ions invade into the blood
circulation of the fetus, influence the regulation
of the gene expression of the fetus [59, 61]. In
present study, the proliferation and migration
of HTR-8/SVneo cells were inhibited in the
TXNIP overexpression group; the overexpres-
sion of TXNIP leading to excessive damage of
mitochondria and the accumulation of ROS
might be the reason, which is similar to the
pathogenesis of most neurodegenerative dis-
eases and diabetic retinal diseases [62, 63].
Studies have shown that IUGR and abnormal
proliferation, migration, and invasion of pla-
cental trophoblast cells in the pathogenesis of

2282 Diabetes Ther (2019) 10:2265–2288



preE of pregnancy are the key factors inducing
the onset of the disease [64, 65].

HG induces the expression of TXNIP in cells
and interacts with thioredoxin (TXN) to form
TXN/TXNIP redox-related protein complexes
called redox enzymes, which weaken the
antioxidant activity in the intracellular envi-
ronment, increase free diffusion of hydrogen
peroxide (H2O2), inhibit the antioxidant activ-
ity of TXN [10], cause oxidative stress, and
participate in the pathogenesis of many dis-
eases, including autoimmune diseases and
degenerative diseases [66]. Silencing the TXNIP
gene in HG induces less production of ROS by
human aortic endothelial cells than wild-type
cells and supports the inhibitory effect of TXNIP
on TXN redox activity [67]. Studies proved that
the expression of TXN decreased as TXNIP
increased. In this study, the expression of
TXNIP increased with the D-glucose concentra-
tion, but no inhibition of expression of TXN
was found. However, when TXNIP was overex-
pressed by plasmid transfection up to 15 times
as high as that in the normal control cells, the
expression of TXN began to decrease 6 h after
the transfection. The underlying mechanism
might be as follows: First, the balancing
threshold of the TXN/TXNIP complex is differ-
ent according to different tissues. The change in
expression of TXNIP caused by D-glucose was
not enough to trigger the change of TXN, but
when the expression of TXNIP was up to
30-fold, the change of TXN was observed. Sec-
ond, the placenta is a temporary organ during a
certain period, and it bridges the metabolism of
the mother and fetus; thus, buffering is the
main function besides its strong endocrinolog-
ical role. When the acute change of the gene
expression happens, the placenta conducts the
buffering job to weaken the change, offset the
change of TXNIP caused by the glucose, but
when the expression level of TXNIP is beyond
the buffering ability, the placenta does not do
the job, resulting in changes of TNX and TXNIP,
inducing ROS accumulation in a short time.

At present, it is unclear how mitochondrial
dysfunction, ROS, and TXNIP are related in the
mechanism of placental development in GDM.
Current studies indicate that TXNIP may be
located upstream of the two processes

mentioned above. The expression of TXNIP is
induced by glucose, and the increase of TXNIP
can stimulate the generation of ROS [10]. Our
study found that the increasing expression of
TXNIP is positively correlated with the accu-
mulation of ROS. Therefore, TXNIP may be an
intermediate connecting the development of
GDM and the generation of ROS. We also found
that the expression of TXNIP was positively
correlated with mitochondrial membrane
potential change (JC-1). Compared with the
normal control group, the overexpression of
TXNIP led to translocation from the nucleus to
the mitochondria, turning the mitochondria
into nodules. Mitochondrial function is
dependent on mitochondrial structure, which
in turn is dependent on mitochondrial
dynamics, including division, fusion, and
movement [68]. Recent studies found that
abnormal mitochondrial fusion of cardiac cells
in infants born from diabetic or obese mothers
increases the risk of heart disease at birth and
throughout life [69]. Regarding GDM, the effect
of mitochondrial dysfunction caused by the
change of TXNIP on the offspring needs further
research.

CONCLUSIONS

This study reveals the molecular mechanism of
placental damage in GDM, which can also be
applied to the prediction of perinatal outcomes
(Fig. 9). The expression of TXNIP increased sig-
nificantly in the placentas of patients with
GDM. When TXNIP was highly expressed in
HTR-8 cells stimulated by HG, the mitochon-
drial function was decreased, the accumulation
of ROS and an increase of apoptosis were
observed, and the proliferation and migration
ability of the cells was impeded. Therefore,
TXNIP plays an important role in the metabo-
lism of the placenta in patients with GDM and
participates in GDM placental dysfunction via
increasing ROS and mitochondria dysfunction.
The results will provide the basis for new
methods of detecting placental function and for
future interventions.
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