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Abstract

Purpose PE is a pregnancy-specific syndrome and one of the main causes of maternal, fetal, and neonatal mortality. PRDX1
is an antioxidant that regulates cell proliferation, differentiation, and apoptosis. The aim of this study is to investigate the
effect of PRDX1 on the regulation of trophoblast function by affecting autophagy and oxidative stress in preeclampsia.
Methods Western blotting, RT-qPCR, and immunofluorescence were used to examine the expression of PRDX1 in placentas.
PRDX1-siRNA was transfected to knockdown PRDX1 in HTR-8/SVneo cells. The biological function of HTR-8/SVneo
cells was detected by wound healing, invasion, tube formation, CCK-8, EdU, flow cytometry, and TUNEL assays. Western
blotting was used to detect the protein expression of cleaved-Caspase3, Bax, LC3II, Beclinl, PTEN, and p-AKT. DCFH-DA
staining was used to detect ROS levels by flow cytometry.

Results PRDX1 was significantly decreased in placental trophoblasts in PE patients. Following the exposure of HTR-8/
SVneo cells to H,0,, PRDX1 expression was significantly decreased, LC3II and Beclinl expression was notably increased,
and ROS level was also markedly increased. PRDX1 knockdown impaired migration, invasion, and tube-formation abili-
ties and promoted apoptosis, which was accompanied by an increased expression of cleaved-Caspase3 and Bax. PRDX1
knockdown induced a significant decrease in LC3II and Beclinl expression, along with an elevated p-AKT expression
and a decreased PTEN expression. PRDX1 knockdown increased intracellular ROS levels, and NAC attenuated PRDX1
knockdown-induced apoptosis.

Conclusion PRDX1 regulated trophoblast function through the PTEN/AKT signaling pathway to affect cell autophagy and
ROS level, which provided a potential target for the treatment of PE.
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Introduction

Preeclampsia (PE) is a relatively common and serious com-
plication of pregnancy that is strongly associated with mor-
bidity and mortality in pregnant women, fetuses, and new-
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borns [1]. Hypertension and proteinuria are the main clinical
manifestations of PE after the 20th week of pregnancy [2].
Pregnant women with PE have a higher risk of placental
abruption, fetal intrauterine growth restriction, premature
delivery, and severe complications, such as cerebrovascu-
lar dysfunction, ischemic heart disease, kidney disease, and
liver injury [1, 3, 4]. Although the mechanism of PE is still
unclear, it may involve abnormal placental formation char-
acterized by the disorder of spiral artery remodeling caused
by trophoblast dysfunction, which decreases placental perfu-
sion and endothelial dysfunction [5, 6]. Thus, it is necessary
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to further explore the mechanisms related to trophoblast dys-
function, which may provide a potential treatment strategy
for PE.

Several studies have shown that oxidative stress (OS)
plays a crucial role in the occurrence and development of
PE [1, 7]. OS is characterized by the excessive accumulation
of reactive oxygen species (ROS) caused by the imbalance
between ROS production and the antioxidant defense sys-
tem, which eventually leads to cell death [1, 8]. ROS plays
an important role in initiating placental and endothelial dys-
function as the second messenger. Excessive ROS can cause
placental dysfunction by inhibiting placental angiogenesis
and inducing endothelial damage and immune dysfunction,
thus leading to PE [9, 10]. As highly reactive molecules,
unwanted ROS can have a devastating impact on proteins,
nucleic acids, and lipids if they cannot be eradicated by the
antioxidant defense system of the cells. The antioxidant sys-
tem involves superoxide dismutase, catalase, and glutathione
peroxide, which are enzymatic antioxidants, vitamin C,
B-carotene, and glutathione, which are non-enzymatic anti-
oxidants [11-13]. Therefore, there is a feasible potential
therapeutic strategy to prevent PE by eliminating harmful
ROS and inhibiting OS.

Peroxiredoxins (PRDXs) are ubiquitous cysteine-depend-
ent peroxidases that can eliminate H,0,, lipid peroxide, and
peroxynitrite to keep the balance of oxidoreductase in the
cells [14, 15]. PRDXs have been reported to have a high
sensitivity to the change in H,0, concentration [16]. As
ROS scavengers, PRDXs play a major role in regulating
cellular function, such as proliferation and differentiation
[17]. The PRDX family consists of six human subtypes,
namely PRDX1-6, which exist widely in cells [18]. PRDX1
is a typical 2-cysteine peroxidase protein that is expressed
and interacts with many signaling molecules in the cyto-
plasm [17, 19]. PRDXI is also found to be associated with
ROS-dependent signaling pathways and is considered to be
a key regulator coordinating cell signal transduction [20].
In addition to the H,O,-scavenging function, PRDX1 also
acts as a molecular chaperone to regulate the effect of mul-
tiple molecules [21]. PRDX1 is involved in several signal-
ing pathways, such as p38MAPK and PI3K/AKT, through
redox-specific protein—protein interactions [14, 22]. Cur-
rently, most research on PRDX1 focuses on tumors, where
it regulates tumor cell proliferation and apoptosis in vitro in
several ways [23, 24]. However, the role of PRDX1 in PE
development remains unclear.

Autophagy is a self-degrading process used to remove
harmful cell contents and injured organelles and is
involved in a variety of biological processes, such as cell
growth, differentiation, and senescence [25]. Autophagy
responds to changes in a variety of pathological and physi-
ological conditions, which means it has a dual effect on
cells: protecting and causing death. An increasing number
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of studies show that autophagy plays a significant role in
several pathological and physiological processes that lead
to human infertility and gestational complications [26]. It
has been reported that autophagy plays an essential role
in protecting trophoblast cells in the hypoxic and nutrient-
restricted environment of the early stages of pregnancy
[27]. However, excessive autophagy of placental tropho-
blasts can lead to trophoblast death, which can result in
placental dysplasia [28]. Therefore, there is still much con-
troversy regarding the specific mechanism of autophagy’s
role in pregnancy-associated disease, which needs to be
further explored.

In the present study, we investigated the role of PRDX1
in regulating trophoblast biological function using PE pla-
centa samples and HTR-8/SVneo cells. Clinical samples of
placental tissue were used to detect differential expression of
PRDX1 in PE patients. Knockdown of PRDX1 was used to
reveal the role of PRDX1 in regulating trophoblast function
in the PE oxidative stress HTR-8/SVneo cell model estab-
lished by H,0,. NAC was used to confirm that PRDX1 regu-
lates trophoblast function in relation to ROS. The present
study shed light on the involvement of PRDX1 in regulating
the biological function of trophoblast cells in PE develop-
ment and may be a potential target for the prevention and
treatment of PE.

Materials and methods
Patient and sample collection

The clinical samples were derived from the Maternal and
Child Health Care Hospital of Shandong Province. Informed
consent was provided by all participants for scientific
research in the study. Placental samples were selected from
10 women with PE (aged 21-34 years) and 10 normotensive
pregnant women at the same age as controls (normotensive
pregnancies). These patients with PE had obvious symp-
toms of hypertension and proteinuria, as seen by the follow-
ing values: systolic blood pressure, > 140 mmHg; diastolic
blood pressure, > 90 mmHg; proteinuria, > 300 mg/day (or
random proteinuria > 1 +). Placental tissue was taken from
the maternal side of the placenta. Placental tissue was imme-
diately rinsed with precooled PBS to remove residual blood.
Part of the tissue was stored in liquid nitrogen for RNA and
protein extraction, and the rest was fixed with 4% paraform-
aldehyde, embedded in paraffin, and sectioned for immuno-
fluorescence staining.

All the experiments were performed in compliance with
the guideline and protocol approved by the Ethics Commit-
tee of the Maternal and Child Health Care Hospital of Shan-
dong Province.
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Cell culture and small interfering RNA (siRNA)
transfection

HTR-8/SVneo cell line, which stemmed from human pla-
cental trophoblast cells, was obtained from the American
Type Culture Collection. HTR-8/SVneo cells were grown
in RPMI-1640 medium (Gibco; Thermo Fisher Scientific,
Inc.) supplemented with 10% fetal bovine serum (Gibco;
Thermo Fisher Scientific, Inc.), 1% sodium pyruvate, and
1% penicillin—streptomycin (cat. no., P1400; Solarbio) in
an incubator at 37 °C with 5% CO,. Different concentra-
tions (50 pM, 150 pM, 300 pM, and 500 pM) of H,O, were
used to stimulate HTR-8/SVneo cells. N-Acetyl-L-cysteine
(NAC; cat. no. A7250; Sigma-Aldrich; Merck KGaA) is an
ROS inhibitor used to treat HTR-8/SVneo cells.

For the transient transfection assay, the siRNA against
human PRDX1 (PRDX1-siRNA, 5’-CAUCAAGCCUGA
UGUCCAA-3’) and the corresponding negative con-
trol (scramble-siRNA) were designed and synthesized by
Tsingke Biotechnology. The above siRNAs were trans-
fected into cells using the Lipofectamine RNAIMAX (cat.
no. 13778150; Thermo Fisher Scientific, Inc.). The whole
transfection process was conducted according to the Lipo-
fectamine RNAiIMAX reagent instructions. Subsequently,
the cells were incubated with H,O, for 24 h. The final cells
were collected for reverse transcription-quantitative PCR
(RT-gPCR), western blotting, immunofluorescence staining,
migration, invasion, tube formation, proliferation, apopto-
sis, and ROS assays. The transfected cells were treated with
3 mM NAC for 90 min prior to H,O, stimulation.

RNA extraction and RT-qPCR

Total RNA was isolated from the placental tissue and
cells using Trizol reagent (Takara Bio, Inc.). RNA (1 pg)
was reverse-transcribed into cDNA using the ReverTra
Ace qPCR RT kit (Toyobo Life Science). RT-qPCR was
performed using SYBR Green on the LightCycler II 480
instrument (Roche Diagnostics). The expression level of
the housekeeping gene GAPDH was used as a control. The
expression level of mRNA was measured by calculating the
27AACt value. The primers used were as follows: PRDX1,
5'-GAAGGCATCTCGTTCAGG-3' forward and 5-GCA
CACTTCCCCATGTTT-3' reverse; GAPDH, 5'-GTCTCC
TCTGACTTCAACAGCG-3' forward and 5'-ACCACCCTG
TTGCTG TAGCCAA-3' reverse.

Protein isolation and western blotting

Placental tissues were ground on ice using a tissue homog-
enizer (Wuhan Servicebio Technology Co., Ltd.) and dis-
solved in RIPA lysate (cat. no. PO013B; Beyotime Institute
of Biotechnology) with 1 mmol/l phenylmethylsulfonyl

fluoride (cat. no. ST506; Beyotime Institute of Biotechnol-
ogy). The protein of each sample was quantified using a
BCA kit (cat. no. PC0020; Solarbio). Protein (30 ug) was
separated by SDS-PAGE and then transferred to a PVDF
membrane, followed by blocking with 5% milk for 1 h at
room temperature. The blots were incubated with specific
primary antibodies overnight at 4 °C. The primary anti-
bodies were as follows: anti-PRDX1 (cat. no. 15816-1-
AP; dilution, 1:2000; ProteinTech), anti-LC3A/B (cat. no.
12741; dilution, 1:500; Cell Signaling Technology, Inc.),
anti-Beclin1(cat. no. 3495; dilution, 1:1000; Cell Signaling
Technology, Inc.), anti-Bax (cat. no. 2772; dilution, 1:1000;
Cell Signaling Technology, Inc.), anti-cleaved-Caspase3
(cat. no. 9664; dilution, 1:500; Cell Signaling Technology,
Inc.), anti-phosphorylated (p)-AKT (cat. no. 4060; dilu-
tion, 1:1000; Cell Signaling Technology, Inc.), anti-PTEN
(cat. no. 9188; dilution, 1:1000; Cell Signaling Technology,
Inc.), and anti-fB-actin (cat. no. 66009-1-Ig; dilution, 1:2000;
ProteinTech). The next day, the blots were incubated with
HRP-conjugated secondary antibodies (cat. no. GB23204 or
GB23301; dilution, 1:3000; Servicebio) at room temperature
for 1 h. The protein bands were generated using the ECL
Detection Kit (Thermo Fisher Scientific, Inc.) and semi-
quantified using an Amersham Imager 600 (Amersham,;
Cytiva). The results were analyzed using Imagel software
(National Institutes of Health).

Cell proliferation assay

A cell counting kit-8 (CCK-8) assay was performed to
detect cell viability. The transfected cells (6 X 10°/well) were
seeded in 96-well plates and were stimulated with H,O, for
24 h. Then, CCK-8 (10 pl/well; Elabscience) was added to
the cells for 1 h. The absorbance at 450 nm was tested using
a microplate reader (BioTek Instruments, Inc.).
5-ethynyl-2'-deoxyuridine (EdU) was used to examine
cell proliferation. The transfected cells (6 X 103/well) were
seeded in a 96-well plate and were stimulated with H,O, for
24 h. An EdU kit (Beyotime Institute of Biotechnology) was
used to measure cell proliferation in accordance with the
manufacturer’s instructions. The cells were covered by DAPI
solution (Boster Biological Technology) for 15 min at room
temperature. The images and positive rates were achieved
by ImageXpress Micro Confocal (Molecular Devices, LCC).

Wound healing assay

The transfected cells (4 x 10°/well) were seeded in a 6-well
plate. A wounded scrape was created using a sterile 200 pl
tip crossing the cell layer. Cell debris was dislodged by rins-
ing with PBS, and the FBS-free medium was added to the
cells with H,O, stimulation for 24 h. Wound closing was
monitored and photographed at O and 24 h using a phase
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Table 1 Demographic and
clinical characteristics of groups

Patient characteristics Normotensive pregnant Preeclampsia (n=10) P-value
(n=10)

Age (years) 26.10+3.48 28.80+3.77 0.1131

Gestational age (weeks) 40.03+£0.51 38.73+1.19 0.0051

Body mass index (kg/m?) 27.50+2.00 27.38+2.68 0.9183

Systolic blood pressure (mm/Hg) 117.60+4.14 150.70 +8.39 <0.0001

Diastolic blood pressure (mm/Hg) 72.00+4.29 93.60+3.31 <0.0001

Neonatal birth weight (g) 3305.00+399.28 2979.00+378.67 0.0773

Proteinuria Negative Positive

Smoking status No No

Abnormal fetus No No

Fetal growth restriction No No

contrast microscope (Zeiss GmbH). The tube length was
analyzed using ImageJ software.

Cell invasion assay
Cell invasion assays were conducted in an 8-um pore

Transwell chamber (Corning, Inc.) with Matrigel® (BD
Biosciences). The Transwell chamber was covered by
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Fig. 1 The expression of PRDX1 in human PE placenta decreases. A
The protein expression of PRDX1 in placentas of PE and normoten-
sive pregnancies was detected by western blotting. Protein levels were
quantified by densitometry analyzing using Image J software. B The
mRNA expression of PRDX1 in the placenta was detected using RT-

@ Springer

60 ul Matrigel diluted with RPMI-1640 medium (1:8)
for 1 h at 37 °C. Next, 8 x 10*/well-treated cells were
resuspended with 100 pl serum-free RPMI-1640 medium
and planted in the top chamber. The bottom chamber was
supplemented with 600 ul RPMI-1640 medium, including
10% FBS. After 24 h, the Transwell-treated cells on the
chamber’s bottom surfaces were rinsed with PBS, and 4%
paraformaldehyde was used to fix these cells for 30 min.
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qPCR. GAPDH was used as an internal parameter. C The expression
and localization of PRDX1 were detected by immunofluorescence.
Scale bars =50 um. All data are shown as the mean+ SD. **P <0.01.
PRDX1, peroxiredoxin 1; PE, preeclampsia; NP, normotensive preg-
nancies; RT-qPCR, reverse transcription-quantitative PCR
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Fig.2 H,0,-treated HTR-8/
SVneo cells resulted in the
decrease of PRDX1 expres-
sion and increase of autophagy
and ROS. A-C The expression
of PRDX1, as well as that of
autophagy-related proteins
LC3II and Beclin 1, was meas-
ured by western blotting after
stimulating HTR-8/SVneo cells
with different concentrations
of H,0, (including 50, 150,
300, and 500 pM for 24 h). D,
E The intracellular ROS level
was measured by immunofluo-
rescence and flow cytometry.
Scale bars =50 um. All data
are shown as the mean +SD.
*P<0.05; **P<0.01. PRDX1,
peroxiredoxin 1; ROS, reactive
oxygen species
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«Fig.3 PRDXI1 knockdown aggravated the inhibitory effect of H,O,
on the migration, invasion and tube-formation capacity of HTR-8/
SVneo cells. A-C RT-qPCR, western blotting and immunofluores-
cence were used to analyze the expression of PRDX1 after 48 h of
PRDX1-siRNA transfection. Scale bars=50 pym. D Wound healing
assays were performed to detect the effect of PRDX1 knockdown on
the migration ability of HTR-8/SVneo cells treated with H,0,. Scale
bars =200 um. E Transwell assays were used to examine the effect of
PRDX1 knockdown on the invasive ability of H,O,-treated HTR-8/
SVneo cells. Scale bars =20 pm. F Tube-formation assays were used
to explore the effect of PRDX1 knockdown on the tube-forming abil-
ity of HTR-8/SVneo cells treated with H,O,. Scale bars=100 um.
All data are shown as the mean+SD. *P<0.05; **P<0.01;
*#%P <(0.001. PRDX1, peroxiredoxin 1; RT-qPCR, reverse transcrip-
tion-quantitative PCR

Next, 0.1% crystal violet was used to stain these cells for
30 min. The stained cells were photographed using an
orthogonal microscope (Olympus Corporation) and were
calculated in five random fields for quantification.

Tube formation assay

The Matrigel was thawed at 4 °C and diluted with RPMI-1640
medium at a ratio of 1:1. Next, 60 pl of diluted Matrigel was
added to each well of a 96-well plate and incubated at 37 °C
for 30 min. Treated cells were then added to each well (3 x 10%/
well) and incubated at 37 °C for 4 h. Cells were then stained
with 5 pM calcein AM (Beyotime Institute of Biotechnology)
at 37 °C for 30 min. The stained cells were photographed using
a fluorescence inverted microscope (Olympus Corporation).

Apoptosis assay

Flow cytometry was used for measuring cell apoptosis
using the Annexin V-FITC/Propidium Iodide (PI) Apopto-
sis Detection Kit (BD Biosciences). The treated cells were
digested, washed twice with cold PBS, and then resuspended
with 1xbinding buffer to make the cell concentration
amount to 1 x 10%/100 pl. A total of 5 pl annexin V-FITC
and 5 pl PI were added to the cell suspension. Cells were
mixed gently and incubated at room temperature away from
the light for 15 min. Each sample was then supplemented
with 400 pl 1 X binding buffer and analyzed by flow cytom-
etry (BD Biosciences).

Immunofluorescence staining assay

The paraffin slices were baked at 58 °C for 1 h. Following
dewaxing and hydration, the slices were put into boiling
citric acid buffer for antigen repair and cooled at room
temperature. The permeabilization of slices was per-
formed using 0.5% Triton X-100 for 20 min. The slices
were blocked with 5% BSA for 1 h and then incubated with
primary antibodies against PRDX1 (cat. no. 15816-1-AP;

dilution, 1:200; Proteintech) and cytokeratin 7 (CK7; cat.
no. 17513-1-AP, dilution, 1:200; Proteintech) overnight
at 4 °C. The slices were then incubated with FITC-goat
anti-rabbit IgG (cat. no. GB22303; dilution, 1:500; Ser-
vicebio) and CY3-goat anti-mouse IgG (cat. no. GB21301;
dilution, 1:500; Servicebio) secondary antibodies for 1 h at
room temperature. DAPI solution (Boster Biological Tech-
nology) was then added to the slices for 15 min at room
temperature. The images were generated using an inverted
fluorescence microscope (Olympus Corporation).

TUNEL assay

A TUNEL assay was conducted according to the instructions
of the One-step TUNEL In Situ Apoptosis Kit (Elabscience).
Briefly, the cells were fixed with 4% formaldehyde for 20 min.
The permeabilization of cells was performed using 0.2% Tri-
ton X-100 for 10 min at 37 °C. Each sample was covered with
100 pl terminal deoxynucleotidyl transferase equilibration
buffer for 10 min at 37 °C. The cells were exposed to 50 pl of
labeled working solution at 37 °C for 60 min in the dark. DAPI
solution was added to the cells for 15 min at room temperature.

ROS staining assay

The treated cells were digested, washed twice with PBS, and
then resuspended with 1 pM 2'-7'dichlorofluorescin diacetate
(DCFH-DA; cat. no. 35845; Sigma-Aldrich; Merck KGaA).
Cells were mixed gently and incubated away from light for
30 min at 37 °C. Following staining, cells were washed twice
with PBS and then used for subsequent assays. ROS staining
was estimated and analyzed using an inverted fluorescence
microscope (Olympus Corporation) and the BD FACSCali-
bur™ Flow Cytometer (BD Biosciences).

Statistical analysis

All experiments were performed at least three times. All data
are expressed as the mean + standard deviation (SD) and ana-
lyzed using GraphPad Prism 5 (GraphPad Software, Inc.). The
differences were calculated using a two-tailed Student’s t-test.
The images were analyzed using ImageJ software. P <0.05 was
considered to indicate a statistically significant difference.

Results
PRDX1 is highly expressed in placental trophoblasts
of normal pregnancies and downregulated in PE

patients

To explore the potential relationship between PRDX1
and PE, the expression of PRDX1 was detected in
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Fig.4 PRDX1 knockdown has
an inhibitory proliferative and
pro-apoptotic effect on HTR-8/
SVneo cells exposed to H,0,.
A CCK-8 assays were used

to detect cell proliferation in
HTR-8/SVneo cells knocked
down by PRDX1 following
exposure to H,O, stimulation.
B Flow cytometry was used

to detect apoptosis in HTR-8/
SVneo cells knocked down by
PRDX1 following exposure to
H,0, stimulation. C EdU assays
were used to detect cell prolif-
eration in HTR-8/SVneo cells
knocked down by PRDX1 fol-
lowing exposure to H,O, stimu-
lation. Scale bars =100 pm. D
TUNEL assays were performed
to evaluate apoptosis in HTR-8/
SVneo cells knocked down by
PRDX1 following exposure

to H,0, stimulation. Scale

bars =100 pm. E Western blot-
ting assays were performed to
detect apoptotic protein cleaved-
Caspase3 and Bax expression
following PRDX1 knockdown
in HTR-8/SVneo cells exposed
to H,O,. All data are shown

as the mean+ SD. *P <0.05;
**P<0.01; ***P<0.001.
PRDX1, peroxiredoxin 1; CCK-
8, cell counting kit-8; EdU,
5-ethynyl-2’-deoxyuridine
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placental tissues from normal pregnant women and PE
patients (Table 1). PRDX1 protein expression was mark-
edly decreased in PE placentas compared with controls, as
shown by western blotting analysis (Fig. 1A). The mRNA
expression of PRDX1 in PE placentas was significantly
lower than that of the control group, as shown by RT-qPCR
(Fig. 1B). To further confirm the localization and expression
of PRDX1 in PE placentas, marker of placental trophoblast
cells CK7 [29] and PRDX1 double immunofluorescent stain-
ing were performed. The results showed that PRDX1 was
localized in the trophoblast of the placental tissue, and the
staining intensity of PRDX1 was visibly weaker than that of
the control group (Fig. 1C). These results indicate that the
downregulation of PRDX1 expression is associated with PE.

HTR-8/SVneo cells treated with H,0, results
in the decrease of PRDX1 and increase of autophagy
and ROS

H,0, was used to imitate the OS environment of PE and
construct a PE trophoblast cell model in vitro. Different
concentrations of H,O, were selected to stimulate HTR-8/
SVneo cells, and then detected the changes in PRDX1
expression. Western blotting results showed that the expres-
sion of PRDX1 decreased gradually with increasing H,0O,
concentrations compared with the control group (Fig. 2A).
In particular, at a concentration of 300 pM, the expression of
PRDX1 was the most significantly downregulated (Fig. 2A).
In addition, western blotting was used to detect the expres-
sion of autophagy-related proteins, LC3II and Beclinl, in
HTR-8/SVneo cells stimulated with different H,O, con-
centrations. As shown, the protein expression of LC3II and
Beclinl was distinctly elevated at a concentration of 300 puM
of H,0, compared with the control group (Fig. 2B and C).
In addition, the expression of ROS was also significantly
elevated in H,O,-treated HTR-8/SVneo cells (Fig. 2D and
E). These results demonstrate that PRDX1 may affect troph-
oblast autophagy and ROS in different H,0, concentration.

PRDX1 knockdown aggravates the inhibitory
effect of H,0, on the migration, invasion,
and tube-forming capacity of HTR-8/SVneo cells

Given that trophoblast dysfunction is intrinsically linked to
PE development, the effect of PRDX1 knockdown on the
biological function of H,O,-treated HTR-8/SVneo cells was
explored in vitro. HTR-8/SVneo cells were transfected with
PRDX1-siRNA, and the transfection efficiency was detected
by RT-qPCR and western blotting (Fig. 3A and B). The
immunofluorescence results showed that PRDX1 was local-
ized in the cytoplasm, and PRDX1 expression was signifi-
cantly downregulated in PRDX1-siRNA cells compared with

that in scramble-siRNA cells (Fig. 3C). To explore the role
of PRDX1 in OS in trophoblasts, wound healing, Transwell,
and tube formation assays were performed. The migration
ability of the PRDX1-siRNA group was evidently slower
than that of the scramble-siRNA group in H,O,-stimulated
cells (Fig. 3D). Compared with the scramble-siRNA group,
the invasive ability of the PRDX1-siRNA group was sig-
nificantly decreased in H,O,-stimulated cells (Fig. 3E).
The tube-formation assay showed that PRDX1 knockdown
reduced total tube length, as compared with the scramble-
siRNA group in H,O,-stimulated cells (Fig. 3F). The above
results indicate that PRDX1 can regulate the biological func-
tion of trophoblast cells.

PRDX1 knockdown inhibits H,0,-stimulated HTR-8/
SVneo cell proliferation and induces their apoptosis

PRDX1-siRNA was transfected into cells to explore the
effect of PRDX1 knockdown on trophoblast proliferation
and apoptosis. CCK-8 assay results showed that PRDX1
knockdown aggravated cell damage in H,O,-stimulated
HTR-8/SVneo cells (Fig. 4A). Annexin V-FITC/PI double
staining was used to measure HTR-8/SVneo cell apoptosis
through flow cytometry. The results showed that PRDX1
knockdown increased the apoptosis of HTR-8/SVneo cells
after H,0, stimulation by flow cytometry (Fig. 4B). EAU
assay demonstrated that PRDX1 knockdown reduced the
proportion of EdU-labeled positive cells (Fig. 4C). TUNEL
staining assays showed that PRDX1 knockdown resulted in
an increase in apoptosis (Fig. 4D). Western blotting results
showed that PRDX1 knockdown led to a distinct elevation in
the expression of apoptosis markers cleaved-Caspase3 and
Bax protein following H,O, exposure (Fig. 4E). In conclu-
sion, these results suggest that PRDX1 knockdown leads to
the inhibition of proliferation and promotion of apoptosis in
HTR-8/SVneo cells following H,O, treatment.

PRDX1 knockdown attenuates H,0,-induced
autophagy by regulating the PTEN/AKT pathway

To further explore the mechanism of PRDX1 in regulating
the proliferation and apoptosis of trophoblasts, the expres-
sion of autophagy-related proteins and the potentially
related signaling pathway were examined. Immunofluo-
rescence staining showed that the autophagy marker LC3
was significantly elevated in HTR-8/SVneo cells treated
with H,0,, while it was not detected in PRDX1 knock-
down and H,O,-treated cells (Fig. SA). Western blotting
showed that following H,0, exposure, the expression of
autophagy-related proteins, including LC3II and Bec-
linl, were increased in the scramble-siRNA group, while
PRDX1 knockdown inhibited their increase (Fig. 5B). In
H,0,-treated HTR-8/SVneo cells, phosphorylated (p)-AKT
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«Fig.5 PRDX1 knockdown attenuates H,O,-induced autophagy
by regulating the PTEN/AKT pathway. A Immunofluorescence
assays were performed to detect the effect of PRDX1 knockdown on
H,0,-induced autophagy in HTR-8/SVneo cells. Scale bars=50 um.
B Western blotting was performed to examine the effect of PRDX1
knockdown on the expression of H,0,-induced autophagy-related
proteins LC3II and Beclinl in HTR-8/SVneo cells. C Western blot-
ting was performed to examine the protein expression of p-AKT
and PTEN in HTR-8/SVneo cells using different experimental set-
tings. All data are shown as the mean+SD. *P<0.05; **P<0.01;
*##%P <(0.001. PRDX1, peroxiredoxin 1

protein expression was significantly reduced and PTEN
protein expression was markedly elevated, while PRDX1
knockdown reversed this change, as shown by western blot-
ting (Fig. 5C). These results suggest that PRDX1 regulates
trophoblast autophagy via the PTEN/AKT pathway.

PRDX1 knockdown enhances H,0,-induced ROS
levels in HTR-8/SVneo cells, and NAC attenuates
PRDX1 knockdown-induced apoptosis

To explore the role of PRDX1 and ROS in PE, the ROS
inhibitor NAC was used to detect apoptosis in HTR-8/SVneo
cells. DCFH-DA staining was performed to assess the
expression levels of intracellular ROS. The results showed
that the PRDX1 knockdown resulted in a significant increase
in ROS level following H,0, exposure in HTR-8/SVneo
cells, as shown by fluorescent staining and flow cytometry
(Fig. 6A and B). NAC attenuated PRDX1 knockdown-
induced apoptosis following H,O, stimulation through flow
cytometry (Fig. 6C). PRDX1 knockdown led to a significant
increase in cleaved-Caspase3 protein expression, while NAC
reversed this effect (Fig. 6D). It is speculated that the regula-
tion of PRDX1 on proliferation and apoptosis of trophoblasts
is closely linked to ROS.

Discussion

The placenta is a crucial organ involved in the exchange
of gases, nutrients, and waste products between the mother
and the fetus and maintains homeostasis in the mother-
fetus interface [30]. Placental hypoxia during pregnancy
is connected to excessive ROS production, leading to OS,
which in turn causes endothelial cell injury and systemic
vessel constriction [31]. OS is thought to be an imbalance
between pro- and anti-oxidant capacity [32]. PE is caused
by hypoxia-induced placental dysfunction during pregnancy.
The increase in OS in the placenta is closely related to the
onset of PE [33]. As a complication of pregnancy, PE is
characterized by an injured fetal trophoblastic infiltrate,
which leads to the abnormal remodeling of the spiral arter-
ies, resulting in the reduction of blood flow between mother

and fetus [34]. There is no accepted method to prevent PE.
Therefore, it is of great significance to clarify the mechanism
of placental trophoblast dysfunction for the prevention and
treatment of PE.

ROS is a double-edged sword. When the level of ROS
is low, it acts as a signal molecule to regulate a wide range
of cellular processes. On the contrary, excessive accumula-
tion of ROS damages cellular macromolecules, thus causing
damage to cellular functions [35]. The excessive accumula-
tion of trophoblast ROS induces OS, which is a crucial factor
in the development of PE [36]. HTR-8/SVneo cell line was
generated from early gestational extravillous trophoblasts
infected with SV40 Large T antigen, which is often chosen
for research on the pathogenesis of placental diseases [9].
H,0, was selected for modeling OS in vitro [37].

In normal physiological conditions, antioxidant enzymes
containing catalase, glutathione peroxidase, and peroxire-
doxins can convert ROS to H,O to prevent excessive ROS
production [11, 35]. PRDX1 is a member of the peroxire-
doxin family and has been proven to be a multifunctional
molecule for regulating cell growth, differentiation and
apoptosis [23]. It has been reported that PRDX1 can reduce
ROS and inhibit tumor cell apoptosis [20]. Recent studies
have shown that PRDX1 prevents the damage of hydrogen
peroxide and peroxynitrite to pancreatic § cells [38]. How-
ever, the role of PRDXI1 in regulating trophoblast function
is virtually unknown. The present study found that PRDX1
knockdown elevated ROS levels in HTR-8/SVneo cells with
and without H,O, stimulation. PRDX1 knockdown led to
HTR-8/SVneo cell dysfunction, including migration and
invasion inhibition and tube-forming capacity impairment.
Moreover, PRDX1 knockdown inhibited HTR-8/SVneo
cell proliferation and promoted apoptosis upon exposure to
H,0,. PRDX1 expression inhibition resulted in a significant
increase in the expression levels of the apoptosis-related pro-
teins, cleaved-Caspase3 and Bax, following H,O, treatment.
In addition, NAC as a ROS inhibitor was able to attenu-
ate PRDX1 knockdown-induced apoptosis following H,0,
treatment. Thus, these results indicate that PRDX1 affects
trophoblast function by regulating ROS in PE.

Autophagy is a catabolic process that maintains cell
growth and differentiation, as well as homeostasis under
harmful conditions such as nutrient deprivation and hypoxia,
by removing excess proteins and damaged organelles (e.g.,
peroxisomes and mitochondria) [39]. Autophagy has been
identified as an essential mediator of pathological responses,
which is related to ROS in cell signaling and cell injury [40].
ROS can directly oxidize autophagy regulatory proteins,
such as SUMO-specific peptidase 3, autophagy-related 3
(ATG3), and ATG?7, thus inhibiting autophagy [41]. PRDX1
is reported to inhibit cellular autophagy activation by nega-
tively regulating ubiquitination [18]. PRDX1 can also acti-
vate autophagy and inhibit ROS accumulation and apoptosis
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«Fig.6 PRDXI1 knockdown enhances H,O,-induced ROS levels in
HTR-8/SVneo cells, and NAC, as an inhibitor of ROS, attenuates
PRDX1 knockdown-induced apoptosis. A, B DCFH-DA staining
and flow cytometry were performed to detect the effect of PRDX1
knockdown on H,0O,-induced ROS level in HTR-8/SVneo cells.
Scale bars=50 um. C Flow cytometry was used to detect apoptosis
in HTR-8/SVneo cells using several experimental settings. D Western
blotting was performed to examine the protein expression of cleaved-
Caspase3 in HTR-8/SVneo cells using several experimental settings.
All data are shown as the mean+ SD. *P<0.05, **P <0.01. PRDX1,
peroxiredoxin 1; NAC, N-acetyl-L-cysteine; ROS, reactive oxygen
species

in spiral ganglion neurons through the PTEN-AKT pathway
[42]. PRDX1 deletion has an impact on biological pathways
critical to the survival of pancreatic ductal adenocarcinoma
cells, as well as STAT3 and autophagy [43]. In the present
study, PRDX1 exerted an inhibitory effect on H,O,-induced
elevated expression of autophagy-related proteins LC3II
and Beclinl. In addition, PRDX1 promoted the prolifera-
tion and inhibited the apoptosis of HTR-8/SVneo cells by
inhibiting the accumulation of ROS. It is speculated that
PRDX1 affects the biological function of trophoblast cells
by inhibiting autophagy activation through regulating ROS
production.

PRDX1 participates in various physiological activities of
different cells in its own specific ways, which in turn regu-
lates the biological functions of cells. It has been reported
that PRDX1 overexpression can attenuate OS and cardio-
myocyte apoptosis through the ASK1/p38 pathway, thereby
ameliorating doxorubicin-induced cardiotoxicity [44].
PRDXI1 has been shown to repress nasopharyngeal carci-
noma cell proliferation, migration, invasion, and epithelial-
mesenchymal transition in vitro by inactivating the PI3K/
AKT/TRAFI1 pathway [45]. PRDX1 knockdown leads to
the inhibition of proliferation and increase of apoptosis in
non-small cell lung cancer cells through the Wnt/p-catenin
pathway [24]. PRDX1 deficiency induces an increase in the
death of streptozotocin-treated pancreatic f-cells via the
AKT/GSK-3p/p-catenin signaling pathway [46]. PRDX1
is involved in the inhibition of tumorigenesis by regulating
the PTEN/AKT signaling pathway [47] and the activation
of NF-kB and autophagy of TLR4 induction by restrain-
ing the activity of TRAF6 ubiquitin ligase [18]. PRDX1
has been reported to inhibit AKT-driven tumorigenesis and
then invoke cell death by preventing the oxidative-induced
inactivation of PTEN lipid phosphatase activity [20]. In the
present study, PRDX1 knockdown resulted in an increased
p-AKT expression and reduced PTEN expression in
H,0,-treated HTR-8/SVneo cells. These results suggest that
PRDX1 knockdown regulates trophoblast function might
through the PTEN/AKT pathway following H,O, treatment
in vitro. However, the specific role between PRDX1 and
PTEN-AKT needs to be further explored.

There are some limitations in our study, such as the type
and number of PE clinical samples. In vivo animal experi-
ments are also needed for validation in our study. We will
next delve into the mechanisms of PRDX1 action in PE
by increasing the type and number of samples and in vivo
experiments in mice.

In conclusion, the present study demonstrated that
PRDX1 expression was markedly decreased in trophoblasts
in PE placenta. These results provided evidence that PRDX1
knockdown impaired the biological functions of migration,
invasion, and tube formation in HTR-8/SVneo cells exposed
to H,0,. Furthermore, PRDX1 knockdown inhibited pro-
liferation and promoted apoptosis through autophagy inhi-
bition and ROS accumulation pathways in HTR-8/SVneo
cells exposed to H,0,. Mechanistically, PRDX1 knockdown
regulated trophoblast function in HTR-8/SVneo cells follow-
ing H,0O, stimulation via the PTEN/AKT pathway. These
findings support the role of PRDX1 as an emerging and
essential factor in the regulation of the biological function
of trophoblasts and may provide new clues for understanding
the molecular mechanisms of PE.
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