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Abstract
Preeclampsia (PE) is a leading cause of perinatal and maternal mortality. Considering that Nesfatin-1 was reported to be
downregulated in serum of PE patients, we aimed to explore the functional role of Nesfatin-1 in trophoblast cells. Cell transfec-
tion was conducted to overexpress or inhibit Nesfatin-1, and its expression was measured by quantitative PCR. Cell proliferation,
migration, and invasion abilities were determined employing CCK-8, flow cytometry, wound-healing, and transwell assays.
Immunofluorescence assay was performed to detect E-cadherin and vimentin. ROS,MDA, and SOD levels were measured using
their corresponding commercial kits. Western blot was used to identify the expression of vital kinases in PI3K/AKT/mTOR or
GSK3β pathway and invasion-related proteins in trophoblast cells. Nesfatin-1 knockdown significantly suppressed proliferation,
migration, and invasion and increased cell arrest in G1 phase, as well as downregulated expressions ofMMP2/9 in HTR-8/SVneo
cells. Besides, Nesfatin-1 knockdown promoted the expression of E-cadherin and reduced the expression of vimentin.
Additionally, the levels of ROS, MDA, and SOD were elevated upon Nesfatin-1 knockdown. On the contrary, Nesfatin-1
overexpression exerted the opposite effects. Nesfatin-1 promoted the activation of PI3K/AKT/mTOR or GSK3β pathway,
blocking of which reversed the promotive effects on trophoblast invasion and the inhibitory effects on oxidative stress of
Nesfatin-1 in HTR-8/SVneo cells. In short, this study revealed that Nesfatin-1 promoted trophoblast cell proliferation, migration,
invasion, and EMT and suppressed oxidative stress by activating PI3K/AKT/mTOR andAKT/GSK3β signaling pathway, laying
the foundation for the development of therapeutic strategy for PE by targeting Nesfatin-1.
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Introduction

Preeclampsia (PE) is a disease among pregnant women charac-
terized by high maternal blood pressure, proteinuria (24-h quan-
titative urine protein ≥ 2 g), and edema following 20 weeks of
gestation, threatening maternal and fetal health [1]. The morbid-
ity of PE in China has achieved 2.4~4.2%, which still fluctuates
greatly in economic less-developed regions due to the lack of
prevention and treatment [2]. PE is associated with intrauterine
growth restriction (IUGR), placental abruption, fetal

neurotubule malformation, preterm birth, and perinatal deaths
[3]. Furthermore, PE is linked with an increased long-term risk
of developing cardiovascular disease and metabolic disease in
life [4, 5]. Although the exact etiology of PE remains elusive, it
is generally believed that impaired spiral artery remodeling
caused by inadequate extra-villous trophoblasts (EVTs) inva-
sion takes the main responsibility for the diseases [6]. The
epithelial-mesenchymal transition (EMT), a phenomenon
whereby epithelial cells acquire a mesenchymal phenotype,
has been reported to occur during trophoblasts invasion because
cytotrophoblasts differentiate into EVTs, and defective EMT in
placental trophoblast is one of the pathologies associated with
PE [7, 8]. Besides, various treatment, such as 5-Aza-dC and
vitamin D, can induce trophoblasts invasion by promoting
EMT, contributing to the prevention of pregnancy complica-
tions [9, 10]. Thus, factors affecting the invasion of EVTs may
result in abnormal placentation, which also open new perspec-
tives into the pathogenesis of PE.
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Nesfatin-1 is an 82-amino acid polypeptide derived from
the precursor protein nucleobindin-2 (NUCB2) whose se-
quence is highly conserved from fish to mammals [11].
Nasfatin-1 was first found in the rat hypothalamus by Oh-1
and his collaborators for its anorexigenic property [12], and
subsequent studies have been conducted to explore more po-
tential properties of nesfatin-1, such as lipid metabolism, car-
diovascular effects, reproduction functions, and sleep and
emotion-associated functions [13–16]. Numerous evidence
demonstrated the beneficial effects of Nesfatin-1. For exam-
ple, Nesfatin-1 can alleviate necrotizing enterocolitis-induced
oxidative injury in intestines and brain partly depending on
afferent innervation [17]; Nesfatin-1 can alleviate lung injury
through reducing inflammation and oxidative stress [18].
Furthermore, the hemochorial mammalian placenta has been
reported to be one of the source of Nesfatin-1 which may has
potential roles in glucose homeostasis and/or nutrient sensing
[19]. Serum Nesfatin-1 was detected to be reduced in patients
with polycystic ovary syndrome or patients with gestational
diabetes mellitus, indicating that low level of serum Nesfatin-
1 is associated with different gynecological diseases [20, 21].
Of note, serum nesfatin-1 level was also associated with the
presence and severity of PE, as serum nesfatin-1 levels were
significantly decreased in patients with PE compared with
healthy controls and were decreased more in severe PE than
that in mild PE [22], indicating that Nesfatin-1 might be an
important biomarker for PE. However, there is no more infor-
mation concerning about Nesfatin-1 in PE. Increasing evi-
dence demonstrated an accelerated ability of Nesfatin-1 on
cell proliferation, migration, and invasion in bladder cancer
and colon cancer [23, 24]. Given that EVTs have the charac-
teristics of tumor invasion and migration, we hypothesize that
Nesfatin-1 might promote invasion of EVTs to accelerate spi-
ral artery remodeling in PE.

In the present study, the potential role of nesfatin-1 in the
development of PE was investigated via up- or downregula-
tion of its expression in HTR-8/SVneo trophoblast cells
in vitro, clarifying the specific mechanism of Nesfatin-1 dur-
ing impaired spiral artery remodeling.

Materials and Methods

Cell Culture and Transfection

Human HTR-8/SVneo trophoblast cell line was obtained from
the American Type Culture Collection (Rockville, MD,
USA). Cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine se-
rum (FBS), 100 U/ml penicillin, and 100 mg/ml streptomycin.
Cells were maintained at 37 °C in a humidified atmosphere
with 5% CO2.

For transfection, pcDNA-nesfatin-1 and pcDNA-NC
(pcDNA 3.1 expression vector, lentivirus packaged), short
hairpin RNA for targeting nesfatin-1 (shRNA-nesfatin-1),
and shRNA-NC (GenePharma; Shanghai, China) were
transfected into HTR-8/SVneo cells using Lipofectamine
3000 transfection reagent (Life Technologies, Inc., Carlsbad,
CA, USA). After transfection for 48 h, cells were harvested to
determine the transfection efficiency by quantitative real-time
reverse transcription PCR (qRT-PCR).

RNA Extraction and qRT-PCR

Total RNA was extracted with TRIzol reagents (Invitrogen,
CA, USA) according to the manufacturer’s protocol. The first-
strand cDNA was synthesized using a Reverse Transcriptase
Kit (Takara, China). qRT-PCR was performed in triplicate on
ABI Prism 7900HT sequence detection system (Applied
Biosystems) using SYBR Green PCR Master mix
(QIAGEN, China) according to the manufacturer’s protocol.
Gene expressions were measured relative to the endogenous
reference gene GAPDH using the comparative CT method
described previously [25].

Cell Proliferation Assay

Cell proliferation ability was determined using Cell Counting
Kit-8 (CCK-8) assay according to the manufacturer’s instruc-
tions. Briefly, cells were plated in 96-well plates and incubat-
ed for 24 h, 48 h, and 72 h, respectively. Ten microliters of
CCK-8 solution was added to each well, and cells were incu-
bated for another 3 h. The absorbance of each well at 450 nm
was measured using a microplate reader (Multiscan FC
Microplate Reader, Fisher Scientific Inc., Pittsburgh, PA).

Migration and Invasion Assays

For wound-healing migration assay, cells were cultured in 6-
well plates for 24 h. Straight lines were drawn by scraping the
confluent cells with a 20-μl pipette tip and ruler. Then cells
were washed with PBS and incubated with fresh medium free
of FBS. Cells were imaged at 0 h using a phase contrast mi-
croscope (Nikon Instrument Inc., Melville, NY, USA). After
24 h, scratch wounds were imaged again in the same position.
The results were analyzed using ImageJ software.

For transwell invasion assay, the BD BioCoat Matrigel
invasion chambers (8-μm pore size, BD, USA) were used.
Cells were seeded into the upper chambers pre-coated with
Matrigel. The complete medium with 10% FBS was added
to the lower chamber. After 24 h, the invading cells attached to
the membrane of the lower chamber were fixed in methanol,
stained in crystal violet, and observed under microscope.
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Western Blotting

Total protein was extracted with RIPA lysis buffer (Beyotime
Institute of Biotechnology, Jiangsu, China) for 30 min and
centrifuged at 12,000 rpm for 30 min at 4 °C. After determin-
ing the protein concentration using Pierce BCA Protein Assay
Kit (Pierce, Rockford, IL, USA), equal amount of protein was
separated on 8–12% SDS-PAGE and transferred onto a
polyvinylidene fluoride (PVDF) membrane (Millipore,
USA). Subsequently, the membrane was blocked with skim
milk (5%) Tris-buffered saline with 0.1% Tween-20 (TBST),
washed, and incubated with primary antibodies at 4 °C over-
night. Next, the membrane was incubated with the diluted
secondary antibody at room temperature for 2 h. After washed
with TBST, the membrane was visualized using enhanced
chemiluminescence, and the protein expression levels were
defined as gray value by the use of ImageJ version 1.38
(National Institutes of Health, USA).

Measurement of Reactive Oxygen Species (ROS)

The transfected cells were collected and suspended in 10 μM
DCFH-DA (Merck, Shanghai, China) at 37 °C for 30 min. At
the end of the incubation, the cells were washed three times
with PBS to remove the free DCFH-DA molecules. The pro-
duction of ROS was measured by a BD FACSCalibur flow
cytometer (BD Biosciences, San Jose, USA).

Immunofluorescence Assay

Cells were grown in the cover slips in 24-well plates for 24 h.
After treatment, cells were washed with PBS and blocked
using PBS containing 2% BSA at room temperature for 1 h.
Then, cells were washed and incubated with primary antibod-
ies against E-cadherin and vimentin at 4 °C overnight. After
the subsequent incubation was performed using FITC-labeled
secondary antibody in the dark place for 1 h, cells were
washed with PBS and mounted in dark onto the glass slide
using DAB solution (Sangon Biotechnology, Co. Ltd.,
Shanghai, China). Slides were observed under a fluorescent
phase contrast microscope (Nikon).

Biochemical Assays

Assessment of malondialdehyde (MDA) content and mea-
surement of superoxide dismutase (SOD) activity were carried
out using kits from CELL BIOLABS INC (San Diego, CA,
USA) in accordance with the manufacturer’s instructions.
Nesfatin-1 level in cell culture supernatant was measured
using an enzyme-linked immunosorbent assay (Phoenix
Pharmaceuticals, Inc., Burlingame, CA).

Flow Cytometry Assay

After transfection for 48 h, cells were typsinized and washed
with PBS three times and fixed in 70% ice-cold ethanol over-
night. Then, cells were incubated with 1 mg/ml RNase A at
37 °C for 30 min and stained with PI for 1 h in the dark. Cell
cycle distribution analysis was conducted with a BD FACS
Caliber flow cytometer (BD Biosciences, San Jose, USA).

Statistical Analysis

All experiments were repeated three times, and the data were
presented as mean ± SD. Data analysis was performed using
SPSS version 17.0 (SPSS Inc., Chicago, USA). The statistical
significance of the difference was analyzed by ANOVA
followed by Tukey’s post hoc test. P < 0.05 was considered
to indicate a statistically significant difference.

Results

Nesfatin-1 Knockdown Suppressed HTR-8/SVneo Cell
Proliferation, Migration, and Invasion

HTR-8/SVneo cells were transfectedwith shRNA-Nesfatin-1-
1 and shRNA-Nesfatin-1-2, and both of the mRNA level and
protein expression of Nesfatin-1 were significantly decreased
(Fig. 1a–b). In addition, the Nesfatin-1 level was also detected
from the cell culture supernatants (Fig. 1c), indirectly
confirming the clinical findings of Nesfatin-1 expression in
the serum of PE patients [22]. Due to a higher transfection
efficacy, shRNA-Nesfatin-1-1 was used for further investiga-
tion. Then, inhibition of Nesfatin-1 exhibited an obvious de-
crease on cell proliferation ability by CCK-8 assay (Fig. 1d).
Flow cytometry assay showed that Nesfatin-1 knockdown
significantly promoted cell arrest in G1 phase and decreased
cell amount in S phase (Fig. 1e–f). Considering a well cell
growth and a relatively high cell viability (over 70%) upon
inhibition of Nesfatin-1 from CCK-8 assay, inhibition of
Nesfation-1 was considered noncytotoxic on HTR-8/SVneo
cells, and inhibition of Nesfation-1 might exert its suppressive
function in cell proliferation ability through inhibiting cell
cycle progression. Wound-healing assay revealed a decreased
migration rate after Nesfatin-1 knockdown, and transwell as-
say also revealed a decreased invasion rate after Nesfatin-1
knockdown (Fig. 1g–j). In addition, Nesfatin-1 knockdown
significantly reduced the protein expression of matrix
metalloproteinase-2 (MMP2) and MMP9, two important
markers for cell invasion (Fig. 1k). These results indicated that
Nesfatin-1 knockdown could suppress HTR-8/SVneo cell
proliferation, migration, and invasion.
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Nesfatin-1 Knockdown Suppressed HTR-8/SVneo Cell
EMT

Western blotting analysis was used to determine EMT of
HTR-8/SVneo cell. As shown in Fig. 2a, Nesfatin-1 increased
the protein expression of E-cadherin whereas reduced the pro-
tein expression of vimentin. Furthermore, this result was also
verified by immunofluorescence assay. As shown in Fig. 2b,
the fluorescence intensity of E-cadherin was enhanced after
Nesfatin-1 knockdown (Fig. 2b), whereas vimentin was re-
duced after Nesfatin-1 knockdown (Fig. 2c). These results

indicated that Nesfatin-1 knockdown significantly inhibited
EMT.

Nesfatin-1 Knockdown Suppressed HTR-8/SVneo Cell
Oxidative Stress

The ROS level was assayed by DCFH-DA, and the results
showed that Nesfatin-1 knockdown significantly increased
the level of ROS (Fig. 3a–b). Besides, MDAwas significantly
elevated by Nesfatin-1 knockdown, while the level of SOD
was significantly reduced by Nesfatin-1 (Fig. 3c–d). These
results indicated that Nesfatin-1 could trigger oxidative stress
of HTR-8/SVneo cells.

Nesfatin-1 Regulated the Activation of
PI3K/AKT/mTOR and AKT/GSK3β Signaling

To understand how Nesfatin-1 exerted its function on cell
migration, invasion, and oxidative stress of HTR-8/SVneo
cells, some proteins related to PI3K/AKT/mTOR and AKT/
GSK3β signaling were detected. As shown from Fig. 4a, the
protein expressions of p-PI3K, p-AKT, p-mTOR, and p-
GSK3β were markedly downregulated when Nesfatin-1 was
inhibited, indicating that Nesfatin-1 knockdown inhibited the
activation of PI3K/AKT/mTOR and AKT/GSK3β signaling

Fig. 2 Nesfatin-1 knockdown suppressed HTR-8/SVneo cell epithelial-
to-mesenchymal transition (EMT). (a) After transfection, the protein ex-
pressions of E-cadherin and vimentin were measured using western blot-
ting assay, and the band intensities were quantified. (b) The expression

level of E-cadherin in HTR-8/SVneo cell was detected using immunoflu-
orescence assay. (c) The expression level of vimentin in HTR-8/SVneo
cell was detected using immunofluorescence assay. *, **p < 0.05 and
0.01 vs shRNA-NC

�Fig. 1 Nesfatin-1 knockdown suppressed HTR-8/SVneo cell migration
and invasion. (a) HTR-8/SVneo cells were transfected with shRNA-
Nesfatin-1-1 and shRNA-Nesfatin-1-2, and the mRNA level of
Nesfatin-1 was measured using qRT-PCR. (b) After transfection, protein
expression of Nesfatin-1 was measured using western blotting assay. (c)
After transfection, the expression level of Nesfatin-1 from cell culture
supernatants was measured using the ELISA kit. (d)After transfection,
the OD value of HTR-8/SVneo cells at 24 h, 48 h, and 72 h was mea-
sured, respectively, by CCK-8 assay to determine cell proliferation abil-
ity. (e, f) Cell cycle distribution was detected using flow cytometry. (g, h)
Wound-healing assay was performed to determine cell migration ability.
(i, j) Transwell assaywas performed to determine cell invasion ability. (k)
The protein expressions of MMP2 and MMP9 were measured using
western blotting assay, and the band intensities were quantified. **,
***p < 0.01 and 0.001 vs shRNA-NC
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(Fig, 4a). On the contrary, these protein expressions were
markedly upregulated when Nesfatin-1 was overexpressed,
which was then reversed by PI3K inhibitor LY294002 or
AKT inhibitor MK-22-6 2HCl or GSK3β inhibitor

SB21676310 to some degree (Fig. 4b). These results indi-
cated that Nefatin-1 might exert its function by regulating
the activation of PI3K/AKT/mTOR and AKT/GSK3β
signaling.

Fig. 4 Nesfatin-1 regulated the
activation of PI3K/AKT/mTOR
and AKT/GSK3β signaling. (a)
HTR-8/SVneo cells were
transfected with shRNA-
Nesfatin-1 and its negative con-
trol, and the expression of pro-
teins related to PI3K/AKT/mTOR
and AKT/GSK3β signaling, in-
cluding p-PI3K/PI3K, p-AKT/
AKT, p-mTOR/mTOR, and p-
GSK3β/GSK3β, was measured
using western blotting. (b) HTR-
8/SVneo cells were transfected
with pcDNA-Nesfatin-1 and its
negative control, and the
transfected cells were treated with
PI3K inhibitor LY294002 or
AKT inhibitor MK-22-6 2HCl or
GSK3β inhibitor SB21676310.
Then, the expression of proteins
related to PI3K/AKT/mTOR and
AKT/GSK3β signaling was
measured using western blotting

Fig. 3 Nesfatin-1 knockdown suppressed HTR-8/SVneo cell oxidative stress. (a–b) After transfection, intracellular ROS level was determined using
DCFH-DA. (c–d) The MDA level and SOD level were detected using their corresponding commercial kits. **, ***p < 0.01 and 0.001 vs shRNA-NC
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Nesfatin-1 Promoted HTR-8/SVneo Cell Migration and
Invasion and EMT Through Activating AKT-Mediated
Signaling Pathway

To further investigate the role of PI3K/AKT/mTOR andAKT/
GSK3β signaling in Nesfatin-1-affected HTR-8/SVneo cell,
cells were first transfected with pcDNA-Nesfatin-1, and the

expression of Nesfatin-1 was significantly increased (Fig. 5a).
Then, HTR-8/SVneo cells were treated with PI3K inhibitor
LY294002 or AKT inhibitor MK-22-6 2HCl or GSK3β in-
hibitor SB21676310, respectively. A series of cell functional
experiments showed that Nesfatin-1 overexpression signifi-
cantly promoted cell proliferation, migration, and invasion
abilities and promoted cell process from G1 phase to S phase;

Fig. 5 Nesfatin-1 promoted HTR-8/SVneo cell migration and invasion
through activating AKT-mediated signaling pathway. (a) HTR-8/SVneo
cells were transfected with pcDNA-Nesfatin-1 or its negative control, and
the expression of Nesfatin-1 was measured by qRT-PCR. (b) After trans-
fection, cells were treated with LY294002 or MK-22-6 2HCl or
SB21676310. The OD value of HTR-8/SVneo cells at 24 h, 48 h, and
72 h was measured, respectively, by CCK-8 assay to determined cell

proliferation ability. (c, d) Cell cycle distribution was detected using flow
cytometry. (e, g) Wound-healing assay was performed to determine cell
migration ability. (f, h) Transwell assay was performed to determine cell
invasion ability. (i) The protein expressions of MMP2 and MMP9 were
measured using western blotting assay, and the band intensities were
quantified. ***p < 0.001 vs NC; #, ##, ###p < 0.05, 0.01, and 0.001 vs
Nesfatin-1
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however, these effects were weakened by LY294002 or MK-
22-6 2HCl or SB21676310 (Fig. 5b–h). Meanwhile, the pro-
tein expressions of MMP2 and MMP9 were increased after
Nesfatin-1 overexpression but were then inhibited by
LY294002 or MK-22-6 2HCl or SB21676310 (Fig. 5i).
Furthermore, the expression of E-cadherin was inhibited by
Nesfatin-1 overexpression, whereas vimentin was elevated by
western blotting assay (Fig. 6a) or immunofluorescence assay
(Fig. 6b–c), indicating Nesfatino-1 overexpression promoted
EMT. However, the two detection methods also exhibited an
upregulated E-cadherin and a downregulated vimentin after the
treatment of LY294002 or MK-22-6 2HCl or SB21676310.
These results indicated that Nesfatin-1 overexpression could
promote HTR-8/SVneo cell proliferation, migration, invasion,
and EMT, but blocking AKT-mediated signaling pathway was
able to weaken these promotive effects caused by Nesfatin-1.

Nesfatin-1 Promoted HTR-8/SVneo Cell Oxidative
Stress Through Activating AKT-Mediated Signaling
Pathway

Furthermore, we also found that cellular ROS level was sig-
nificantly reduced after Nesfatin-1 overexpression, which was
then reversed by LY294002 or MK-22-6 2HCl or
SB21676310 (Fig. 7a). Meanwhile, the total ROS level and
MDA level were also reduced after Nesfatin-1 overexpres-
sion, whereas total SOD level was elevated after Nesfatin-1
overexpression, indicating that Nesfatin-1 overexpression
inhibited oxidative stress in HTR/SVneo cells. However, the
inhibitory effect of Nesfatin-1 on oxidative stress was weak-
ened by LY294002 or MK-22-6 2HCl or SB21676310
(Fig. 7b–d). These results indicated that Nesfatin-1 overex-
pression could inhibit oxidative stress in HTR-8/SVneo cells
by activating AKT-mediated signaling pathway.

Discussion

PE is one of the most frequently encountered complications in
all pregnancies and also is the leading cause of prematurity
and associated complications. Up to date, the therapeutic strat-
egies for PE are lacking, and delivery of the placenta and fetus
is currently the only effective way to relieve maternal symp-
toms [26]. The pathogenesis in early-onset PE was closely
associatedwith the placental abnormality attributed to reduced
invasion of trophoblast [27]. Abnormal expression of key
genes in PE has been reported by researchers, and some of
these genes participated into the development of PE by regu-
lating trophoblast migration and invasion. For example,
hsa_circ_0005243 was significantly reduced in the placenta
of gestational diabetes mellitus patients, and knockdown of
hsa_circ_0005243 in trophoblast cells suppressed cell prolif-
eration and migration ability [28]. Tissue factor pathway

inhibitor-2 (TFPI-2) was reported to be upregulated in both
the placenta and serum of PE patients, and downregulation of
TFPI-2 could promote HTR-8/SVneo cell invasion and inhibit
cell apoptosis, demonstrating its critical role in monitoring the
biological function of trophoblast cells [29]. Lower levels of
Nesfatin-1 were reported in PE patients [22]; thus, decoding
the role of Nesfatin-1 in trophoblast migration and invasion
might reveal the molecular aspects of the above pregnancy
complications.

Herein, we investigated the effect of Nesfatin-1 on human
trophoblast using an in vitro model. HTR-8/SVneo cell line
has been demonstrated to be appropriate and widely used for
functional research on human trophoblast proliferation and
invasion [30]. In the present study, we constructed a plasmid
with high expression of Nesfatin-1 and a Nesfatin-1 shRNA
fragment to transfect HTR-8/SVneo cells to verify the effect
of abnormal expression of Nesfatin-1 on trophoblast cells’
function. The low expression of Nesfatin-1 inhibited prolifer-
ation, migration, and invasion activities of HTR-8/SVneo
cells through inhibiting EMT, whereas the high expression
of Nesfatin-1 had the opposite effects. These findings sug-
gested that abnormal expression of Nesfatin-1 may contribute
to the dysfunction of extravillous trophoblasts, and high ex-
pression of Nesfatin-1 might be involved in the pathological
mechanism of PE.

Although the precise mechanism behind Nesfatin-1-
mediated invasion is still unclear, it may be possible that the
anti-oxidative activity of Nesfatin-1 contributes to the protec-
tion of trophoblast invasion. Placental oxidative stress might
be involved in the pathophysiologic characteristics of PE, and
oxidative stress induced by ischemic and hypoxic microenvi-
ronment of placental trophoblast during gestation results in
impairment of trophoblast invasion and abnormalities in hu-
man placenta [31, 32]. Thus, antioxidant therapy has been
applied during pregnancies to reduce oxidative stress and the
occurrence of PE [33, 34]. Zhou Y et al. found that resveratrol
reversed the oxidative stress reaction in pregnant rats with
hypertension by decreasing the level of the oxidant MDA
and increasing the antioxidant SOD, which demonstrated the
protective role of resveratrol in PE-model rats due to its sup-
pressive effect on oxidative stress [32]. Ebegboni VJ et al.
reported that pretreatment with flavonoids or their metabolites
exerted the cytoprotective effect against oxidative stress by
reducing the generation of superoxide/hydrogen peroxide in
trophoblasts, indicating that increasing the intake of in
flavonoids-rich food might benefit early pregnancy [34]. In
the present study, we confirmed that low expression of
Nesfatin-1 in HTR-8/SVneo cells induced obvious oxidative
stress presented as the elevated levels of ROS and MDA and
the decreased activity of SOD, and overexpression of
Nesfatin-1 exerted the opposite effects. The strong oxidative
stress induced by Nesfatin-1 knockdown might be one of the
reasons for impairment of trophoblast invasion, which is in
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line with the results that HTR-8/SVneo cell invasion ability
was inhibited by Nefastin-1 knockdown.

Furthermore, human trophoblast invasion is precisely reg-
ulated by numerous signaling mediators, including JAK,
STAT, and MAPK [35]. The balance between activating and
inhibiting these proteins influences cell invasion activity.

PI3K/AKT/mTOR axis transmits cell surface receptor signals
and influences various tissue-dependent cellular functions,
crucial to many aspects of cell growth and survival, in phys-
iological as well as in pathological conditions [36]. Jin Xu
et al. confirmed that PI3K/AKT/mTOR signaling pathway
was involved in regulation of trophoblast viability and

Fig. 6 Nesfatin-1 promoted HTR-8/SVneo EMT through activating
AKT-mediated signaling pathway. (a) After treatment, the protein ex-
pressions of E-cadherin and vimentin were measured using western blot-
ting assay, and the band intensities were quantified. (b) The expression

level of E-cadherin in HTR-8/SVneo cell was detected using immunoflu-
orescence assay. (c) The expression level of vimentin in HTR-8/SVneo
cell was detected using immunofluorescence assay. ***p < 0.001 vs NC;
#, ###p < 0.05 and 0.001 vs Nesfatin-1
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invasion by lncRNA-H19 [37]. Shen H et al. found that CD97
was demonstrated to be downregulated in PE placentas, and
further mechanism investigation showed that CD97 promoted
trophoblast invasion through PI3K/Akt signaling pathway
[38]. In our study, the phosphorylation levels of PI3K, AKT,
and mTOR were reduced by Nesfatin-1 downregulation
whereas elevated by Nesfatin-1 overexpression, indicating
that Nesfatin-1 promoted the activation of PI3K/AKT/
mTOR pathway. Blocking of this pathway using LY294002
or MK-22-6 2HCl reversed the promotive effects of Nesfatin-
1 on trophoblast invasion and reversed the inhibitory effects of
Nesfatin-1 on oxidative stress in HTR-8/SVneo cells, suggest-
ing that Nesfatin-1 exerted its function partly depending on

the activation of PI3K/AKT/mTOR pathway. GSK3β, anoth-
er downstream target of AKT, was investigated and found to
be phosphorylated following Nesfatin-1 overexpression.
AKT-mediated inhibition of GSK3β was found to be in-
volved in regulating trophoblast apoptosis by hepatocyte
growth factor [39]. The phosphorylation of AKT and
GSK3β is regarded as an indicator of the activation of PI3K/
AKT pathway, and PI3K/AKT/GSK3β signaling pathway
has been demonstrated to be closely correlated with tropho-
blast proliferation [40]. Here, we found that GSK3β inhibitor
SB21676310 also significantly affected the effects of
Nesfatin-1 on trophoblast invasion and oxidative stress.
Thus, it can be seen that PI3K/AKT/mTOR and AKT/

Fig. 7 Nesfatin-1 promoted HTR-8/SVneo cell oxidative stress through
activating AKT-mediated signaling pathway. (a–b) After treatment, in-
tracellular ROS level was determined using DCFH-DA. (c–d) The MDA

level and SOD level were detected using their corresponding commercial
kits. ***p < 0.001 vs NC; #, ##, ###p < 0.05, 0.01, and 0.001 vsNesfatin-
1
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GSK3β pathway is probably the key mechanism underlying
deregulated Nesfatin-1 leading to PE.

Conclusions

In this study, we found that Nesfatin-1 knockdown suppressed
trophoblast proliferation, migration, and invasion abilities by
inhibiting EMT while driving oxidative stress, while overex-
pression of Nesfatin-1 exerted the opposite effects.
Subsequent mechanistic studies showed that the expression
level of Nesfatin-1 influenced the activation of PI3K/AKT/
mTOR and AKT/GSK3β pathway, which might be the mech-
anism underlying deregulated Nesfatin-1 leading to PE.
Although our study decodes the role and potential mechanism
of Nesfatin-1 in trophoblast invasion and oxidative stress, ad-
ditional in vivo and in vitro researches are recommended due
to the complexity of the regulator mechanisms.
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