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Abstract: The present study aimed to explore the role of kelch-like ECH-associated protein-1 (Keapl)/Nuclear factor
erythroid 2-related factor 2 (Nrf-2) signaling pathway in regulating heme oxygenase-1 (HO-1) expression in adverse
outcomes of preeclampsia (PE). Adult Wistar rats, HTR-8/SVneo and hESC cells were used for models in vitro and in
vivo, respectively. Inhibition of Nrf-2 could slightly reduce the elevation of systolic blood pressure (SBP) and urinary
protein in PE rats. The percentages of dead fetuses during pregnancy and within seven days of birth were decreased
by Nrf-2 inhibitor. There was no significant effect on the pathology and HO-1 expression of Nrf-2 in placental tissue.
Deficiency of Nrf-2 increased significantly the levels of chemokine 2 (CCL2), interleukin-1B (IL-1B), tumor necrosis
factor-alpha (TNF-a), angiotensin Il receptor type 1 (AT1R) and reactive oxygen species (ROS) in the embryonic tis-
sues. Knockdown of Nrf-2 suppressed cell proliferation, improved cell apoptosis and invasion with an increase of
ROS and HO-1, but the effect on cells apoptosis was greater. Activation of Nrf-2 pathway could reduce oxidative
stress in PE rats and trophoblast cells induced by Ang I, and enhance the adverse outcome of PE via increasing HO-
1. Nrf-2 silence reshaped blood vessels and achieved the effect of treating PE. Our results might provide theoretical
guidance for the application of Nrf-2 in the treatment of PE.

Keywords: Preeclampsia, nuclear factor erythroid 2-related factor 2, heme oxygenase-1, oxidative stress, apopto-
sis

Introduction deficiency was a multifactorial process involv-
ing the decrease of NO production and the
increase of NO degradation by reactive oxygen
species (ROS). It had been proven that ROS
could be scavenged by antioxidant enzymes,

which were downstream molecules of Nrf-2 [6].

Preeclampsia (PE), a complex disorder of preg-
nancy, is the leading cause of rising incidence
and mortality rates among pregnant women
and perinatal infants in otherwise uncomplicat-
ed pregnancies in many developed countries

[4, 2]. The specific molecular mechanism of the
occurrence and development of PE remained
unclear, but several previous studies had
shown that the pathogenesis of PE includes
impaired infiltration of trophoblast cells, vascu-
lar endothelial deterioration and abnormal
increase in the apoptosis of trophoblast cells,
which were caused by oxidative damage and
hypertension [3, 4]. PE generally occurred in
about 20 weeks of pregnancy and involved
damage to several organs, including the heart,
kidney, brain and liver, in late pregnancy [5]. In
PE, the impairment of nitric oxide (NO) bioavail-
ability resulted in endothelial dysfunction. NO

Nuclear factor erythroid 2-related factor 2 (Nrf-
2), a classical cytoprotective transcription fac-
tor, had been reported to exert protective
effects against oxidative injury [7]. Nrf-2 was
combined with its inhibitor kelch-like ECH-
associated protein-1 (Keapl) as a heterodimer
in the cytoplasm under normal conditions [8].
However, under conditions where oxidative
stress was low, Nrf-2 moved into the nucleus
after separating from Keap-1, and its interac-
tion with antioxidant response elements
induced the expression of different antioxidant
enzymes [9]. Previous studies had shown that
oxidative stress contribute to PE, and patients
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with severe PE might be protected against oxi-
dative injury following an elevation in HO-1 and
Nrf-2 levels [10]. Nrf-2 was likely to have a syn-
ergistic effect on HO-1 in PE. The present study
was aimed at exploring the physiological roles
of HO-1 and Nrf-2 in PE.

Nezu et al. [11] established a mouse model of
pregnancy-associated hypertension (PAH) in
which the antioxidant system Nrf-2 had been
genetically or pharmacologically manipulated.
Further stimulation of Keap-1/Nrf-2 signaling
pathway (Keap-1 knock down) could indeed
reduce ROS, but inhibit fetal development,
reduce placental angiogenesis, and lead to
deterioration of maternal health condition;
however, Nrf-2 deficiency increased ROS levels,
but promoted placental angiogenesis, there-
fore improved maternal and fetal survival rate,
ameliorated intra-uterine growth retardation.
Additionally, the activation of Keap-1/Nrf-2 in
PAH pregnant mice could moderately induce
the expression of HO-1 coding gene Hmox1, but
it did not change the adverse outcomes.
Therefore, the relationship between Nrf-2 and
HO-1 in PE may not be a simple upstream and
downstream relationship as it used to be.

However, no further studies have been con-
ducted to explore the effects of Nrf-2 on tropho-
blast cells. Therefore, to evaluate the effects of
Nrf-2 on trophoblast, we mimicked the patho-
logical condition of oxidative stress in PE by
inducing HTR-8/SVneo and hESC cells and
employing angiotensin Il (Ang-Il) treatments in
vitro. This study mainly observed the roles of
Nrf-2 in placental tissues of PE rats and tropho-
blast cells belonging to the main components
of placenta.

Materials and methods
Animals and experimental designs

Adult Wistar rats (200 + 20 g) were procured
from Jinan Jinfeng Experimental Animal Center
(Shandong, China). Before experiments, rats
were allowed to acclimatize for one week.
Subsequently, rats were maintained at the con-
ditions with 22-25°C temperature, 50-70%
humidity and a 12/12 h light/dark cycle and
they were freely allowed standard rodent chow
and water. The male rats were raised in cages
with female rats, and the female rats were nat-
urally pregnant. On the morning after mating,
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the wet cotton swabs were gently inserted into
the vagina of female rats to obtain the vaginal
secretions, which were smeared on the slides
and observed under an optical microscope. The
presence of sperm in the vaginal smears was
indicative of gestational day O.

The female rats with a gestation of 1 week were
divided into 2 groups using a random number
table, including normal pregnancy group (con-
trol group) and PE model group. In PE model
group, rats received 50 mg/kg L-NAME injec-
tion into the rats at multiple subcutaneous
points at gestational day 7 to induce PE after
minor adjustments according to previous stud-
ies [12, 13]. In control group, equal dose of
0.9% normal saline (NS) was injected into the
rats. All treatments were maintained until ges-
tational day 11. After PE models were built, rats
were divided into three subgroups, including PE
group, PE+CDDO-Im group and PE+ML385
group. Rats were treated with Nrf-2 agonist,
CDDO-Im (1.5 mg/kg, i.p.) or Nrf-2 inhibitor
ML385 (30 mg/kg, i.p.; MCE Co. Ltd., Shanghai,
China) and vehicle (0.5% DMSO, 5 mL/kg, i.p.)
once daily for three days.

This study was approved by the Animal Ethics
Committee of Dongying People’s Hospital.
Housing and experimental treatment of the ani-
mals were in accordance with the Guide for the
Care and Use of Laboratory Animals from the
Institute for Laboratory Research [14].

Systolic blood pressure (SBP) measurement

Onday 6, 12 and 21, the SBP was measured by
the non-invasive tail cuff method when the rats
were pre-warmed in a healing chamber at 37°C
for 15 min. The SBP measurement was con-
ducted five times, and the mean value of each
rat was obtained.

Proteinuria measurement

On the day 6, 12 and 21 of pregnancy, 24 h
urine of rats was collected for the determina-
tion of urinary protein. Then, the proteinuria
was measured by a commercial kit (Sigma).

Sample collection and measurement of fetal
weight and dead fetuses

Animals were anesthetized with i.p. administra-
tion of 3% sodium pentobarbital (50 mg/kg)
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and sacrificed after administration (during early
pregnancy), and placenta tissues were dissect-
ed immediately. Then, the placentas and fetal
rats were taken out from the uterus, and the
placentas in each group were washed with the
normal saline to remove bloodiness. Fetal
weight and the following parameters: litter size,
number of stillbirths and neonatal survival were
evaluated. A portion of the placental tissues
was fixed for histological and immunohisto-
chemistry analysis and the remaining tissue
was stored at -80°C for further investigation.
Homogenate preparation was used for ELISA
assay, mRNA and protein detection.

Histopathology

Hematoxylin and eosin (H&E) staining (Boster,
Wuhan, China) was used to detect the patho-
logical changes of placental tissues of rats
among each group. Placental tissues were fixed
with paraformaldehyde and dehydrated with
different concentrations of ethanol, followed by
transparency with xylene. Then, the placental
tissues were embedded with paraffin and
sliced into approximately 5 pm-thick sections.
After dewaxing and processing, the sections
were stained with hematoxylin and eosin, and
then analyzed under an optical microscope for
pathological changes (Maghnification, x 200).

Immunohistochemistry

The paraffin placental tissue sections were
baked in an oven at 60°C for 30 min, followed
by deparaffinization in xylene (5 min x 3 times)
and incubated with citrate buffer for antigen
retrieval. Sections were rinsed with phosphate-
buffered saline (PBS) and the endogenous per-
oxidase was inhibited by 3% hydrogen peroxide-
methanol. The anti-HO-1 antibody was diluted
at 1:200 with PBS and incubated at 4°C over-
night, followed by washing with PBS on a shak-
ing table for 4 times. After the addition of sec-
ondary antibodies, the diaminobenzidine was
adopted for color development. After that, 6
samples were randomly selected from each
group, and five fields of vision were randomly
selected from each sample for photography un-
der a light microscope (Magnification, x 200).

Cell culture and transfection

Human trophoblast cell line (HTR-8/SVneo) and
human normal endometrial stromal cell line
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(hESC) were purchased from American Type
Culture Collection (ATCC) (Manassas, VA, USA).
HTR-8/SVneo cells were cultured in RPMI1640
and hESC cells were cultured in DMEM/F12
media, all containing 10% FBS, 100 U/mL peni-
cillin, and 100 ug/mL streptomycin at 37°Cin a
5% CO_-humidified incubator. Cells were sub-
cultured to 4-10 generations to obtain invasive
phenotype for follow-up experiments. Sub-
sequently, two cell lines were transfected with
plasmids of siRNA-Nrf-2-1, siRNA-Nrf-2-2, siR-
NA-NC, siRNA-Keapl-1 and siRNA-Keapl-2
using Lipofectamine 2000 kits according to the
manufacture’s protocol. qRT-PCR and western
blot assays were used to measure Nrf-2 expres-
sion to verify transfection efficiency. Eventually,
SiRNA-Nrf-2-1 and siRNA-Keapl-1 plasmids
were chosen as interfering plasmids for further
experiments.

Cells treatment and grouping

HTR-8/SVneo and hESC cells (all 1 x 10° cells/
ml) were treated with Angll (10 yM) for 48 h.
Then, two cell lines were divided into four
groups, respectively. Groups were as following:
Normal-1 group (normal HTR-8/SVneo cells),
Angll-1 group (HTR-8/SVneo cells were treated
with Angll), Angll-1+siRNA-Nrf-2-1 group (HTR-
8/SVneo cells were treated with Angll after
transfected with siRNA-Nrf-2-1) and Angll-
1+siRNA-Keap1-1 group (HTR-8/SVneo cells
were treated with Angll after transfected with
siRNA-Keap1-1); Normal-2 group (normal hESC
cells), Angll-2 group (hESC cells were treated
with Angll), Angll-2+siRNA-Nrf-2-1 group (hESC
cells were treated with Angll after transfected
with siRNA-Nrf-2-1) and Angll-2+siRNA-Keap1-1
group (hESC cells were treated with Angll after
transfected with siRNA-Keap1-1).

MTT assay for cell proliferation

Cell proliferation among above groups was
determined by the 3-(4, 5-dimethyl-2-thiazo-
lyl)-2, 5-diphenyl tetrazolium bromide (MTT)
assay. Cells were seeded in 96-well plates at
the density of 1 x 10° cells/well. Following 24 h
incubation, the supernatant was removed and
replaced with serum-free media. 20 yL of MTT
(5 mg/mL) was then added and incubated for
another 4 h. The absorbance at 490 nm was
measured by a microplate reader (BIO-RAD).
Values represent the mean + SD of at least
three independent experiments.
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Flow cytometry for cell apoptosis

Cell apoptosis in two cell lines was detected by
flow cytometry (FCM) using Annexin V-FITC/PI
double staining. Cells in the logarithmic phase
were fetched, digested and prepared into sus-
pension with 0.25% trypsin-EDTA, and seeded
into the medium with a 6-well plate. Then, cells
were harvested and washed with PBS and incu-
bated in binding buffer containing Annexin
V-FITC and PI (Beyotime, Shanghai, China) for
15 min at 37°C in the dark. The apoptosis rate
was calculated using FlowJo software (version
7.6.1).

Transwell assay for cell invasion

Cell invasion was measured using 24-transwell
inserts with 8-uym microporous membranes.
Cell suspensions (2 x 10° cells/ml) were added
to the upper chamber of a Transwell migration
system (BD Biosciences) and incubated for 12
h at 37°C. After starving for 8 h in FBS-free
DMEM, the indicated treatments were added
and the cells were allowed to migrate for 24 h.
Non-migrating cells were removed from the
upper surface of the insert with a cotton swab.
Cells were fixed with 100% ethanol for 20 min,
followed by staining with crystal violet solution.
Images of migrating cells were captured using a
microscope (Olympus).

Enzyme-linked immunosorbent assay (ELISA)

The placental tissues were homogenized with
tissue lysis buffer for 10 min, followed by cen-
trifugation. Then, the supernatant was collect-
ed from tissue homogenate and cells were col-
lected and the ROS level were detected using
the commercially-available kits according to
the instructions.

Quantitative real-time PCR (qRT-PCR) analysis
for Nrf-2 expression

Total RNA was isolated from cells among differ-
ent groups using Trizol reagent (Invitrogen;
Thermo Fisher Scientific, Irvine, CA, USA). The
complementary DNA (cDNA) was synthesized
using a cDNA reverse transcription kit (Invi-
trogen; Thermo Fisher Scientific, Irvine, CA,
USA). The mRNA level of Nrf-2 was detected by
gRT-PCR using the SYBR® Green Master Mix
(Invitrogen; Thermo Fisher Scientific, Irvine, CA,
USA) according to the manufacturer’s instruc-
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tions. The primer of Nrf-2 was following, for-
ward, 5-TCCAGTCAGAAACCAGTGGAT-3' and
reverse, 5-GAATGTCTGCGCCAAAAGCTG-3'. GA-
PDH was used to as control and the relative
expression of mMRNA was calculated using 224¢t
method. Three repeated experiments were per-
formed for each qPCR reaction.

Western blot analysis for proteins expression

The placental tissues and cells were homoge-
nized to obtain total protein using protein isola-
tion kits (Beyotime Institute of Biotechnology).
Protein concentrations were detected using a
bicinchoninic acid (BCA) protein assay kit
(Beyotime Institute of Biotechnology). The pro-
tein samples were separated on 8-12% SDS-
PAGE gels and were transferred to polyvinyli-
denedifluoride (PVDF) membranes. Membranes
were blocked in 5% TBST for 2 h at room tem-
perature and incubated overnight at 4°C with
primary antibodies including HO-1, CCL2, IL-1,
TNF-a, ATAR, Nrf-2, VEGFR, Bcl-2, Bax, Cleaved-
Caspase-3 and Caspase3. After washing, mem-
branes were incubated with horseradish peroxi-
dase (HRP)-conjugated anti-rabbit antibody for
1 h at room temperature. Membranes were
then washed three times in TBST and the pro-
tein signals were detected using electrochemi-
luminescence (ECL) detection system. Signals
were quantified by Image J software (National
Institutes of Health, Bethesda, MD, USA).

Statistical analysis

Data were expressed as the mean + standard
deviation (SD). Significant differences between
groups were assessed using GraphPad Prism
5.0 software (Graphpad Software, San Diego,
CA, USA). Differences between the means of
groups were calculated by one-way ANOVA fol-
lowed by the Tukey’'s post-hoc test and the
quantitative variables were compared using
the paired two-tailed Student’s-t test. Di-
fferences of P<0.05 were considered statisti-
cally significant.

Results

Effects of Nrf-2 on systolic blood pressure, pro-
teinuria and fetal weight in PE rats

The levels of systolic blood pressure (SBP) and

24 h proteinuria in rats were detected on the
day 6, 12 and 21 of pregnancy, as well as the
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Figure 1. The effects of Nrf-2 on SBP, proteinuria and fetal weight. The level of SBP (A) and 24 h proteinuria (B) in
rats of different groups on the day 6, 12 and 21 of pregnancy. The fetal weight (C) of rats in different groups. The
rate of dead fetuses of rats during pregnancy (D) and within 7 days after birth (E) in different groups. n=8, *P<0.05,
**P<0.01 and ***P<0.001 vs. Control; #P<0.05 and ###P<0.001 vs. PE. SBP, systolic blood pressure; CDDO-Im,

Nrf-2 agonist; ML385, Nrf-2 inhibitor.

fetal weight and the rate of dead fetuses were
assessed after rats were sacrificed. As shown
in Figure 1, compared with the control group
(normal pregnant rats), the levels of SBP and
proteinuria in PE rats were significantly elevat-
ed, which continued to rise after Nrf-2 activa-
tion (CDDO-Im treatment); however the levels
of SBP and proteinuria were decreased after
Nrf-2 inhibition (ML385 treatment) when com-
pared with PE+CDDO-Im group, but there were
all no significant difference with PE group on
day 12 and 21 (Figure 1A and 1B). Meanwhile,
the fetal weight was inversely correlated with
the Nrf-2 expression. The fetal weight was
markedly decreased in PE rats and CDDO-Im
(Nrf-2 agonist) could expand the downward
trend comparing to control, but ML385 (Nrf-2
inhibitor) could raise the fetal weight when
compared with PE group (Figure 1C). The mor-
tality of rats during pregnancy and after birth
were not entirely consistent. When compared
with control group, the rate of dead fetuses
increased significantly in PE rats both during
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pregnancy and within 7 days after birth, CDDO-
Im administration accelerated mortality of fetal
rat in PE group, which was suppressed greatly
with ML385 treatment during pregnancy
(Figure 1D). Inversely, CDDO-Im could decrease
the rate of dead fetuses of PE rats and ML385
could continue to enhance this trend within 7
days after birth (Figure 1E).

Effects of Nrf-2 on the changes in placental
pathology and HO-1 expression

As shown in Figure 2, HE staining showed that
the villous basement membrane was thick-
ened, thrombosis was formed, and hemorrhag-
ic infarction of placenta was observed in the
placenta tissue of PE rats. Placental villus cells
in the pregnant rats in the control group were
evenly distributed with normal cell morphology
and smooth tube wall. Additionally, the patho-
logical changes were not obvious with only
slight improvement in lumen stenosis after PE
rats were treated with CDDO-Im and ML385

Am J Transl Res 2021;13(3):1006-1021
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Figure 2. The effect of Nrf-2 on the changes in placental pathology and HO-1 expression. A. Representative photo-
graphs of HE-stained placental sections (200 x). B. Immunohistochemical detection of HO-1 (brow) in the placental
tissue in different groups (200 x). C. The expression of HO-1 in the placental tissue in different groups were exam-

ined by western blot. n=8. Scale bar =100 ym. CDDO-Im, Nrf-2 agonist; ML385, Nrf-2 inhibitor.

(Figure 2A). HO-1 was expressed in the placen-
tal tissue and the brown granules presented
positive expression. As shown in Figure 2B, in
PE group, the expression of HO-1 decreased
compared with the control group and increased
weakly after CDDO-Im intervention compared
with PE group; after treatment with ML385,
there was no significant effect on the expres-
sion of HO-1. These results from immunohisto-
chemical staining were consistent with the
results of Western blot showing in Figure 2C.

Levels of CCL2, IL-1B3, TNF-a, AT1R and ROS in
placental tissue

Western blot results showed that protein levels
of CCL2 and TNF-& were decreased with no dif-
ference, but IL-13 and AT1R increased markedly
in PE rats (Figure 3A). However, CDDO-Im could
suppress the expression of CCL2, IL-1B and
TNF-x, but ML385 could elevate their expres-
sion when compared with PE group (Figure 3A).
In addition, treatment with CDDO-Im or ML385
had no effect on ATAR expression in placental
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tissue of PE rats (Figure 3A). The level of ROS
raised significantly in PE rats, and CDDO-Im
could reduce the ROS while ML385 administra-
tion could upregulate ROS level sharply when
compared with PE group (Figure 3B).

Expression of Nrf-2 in human trophoblast cells
(HTR-8/SVneo) and human normal endome-
trial stromal cells (hESC) after transfection

After cells were transfected with siRNA-Nrf-2-1
and siRNA-Nrf-2-2, the mRNA level of Nrf-2 was
decreased significantly in both HTR-8/SVneo
and hESC cells (Figure 4A and 4B). The results
of protein expression from western blot (Figure
4C and 4D) were consistent with the results of
RT-PCR analysis. Both at the protein and mRNA
levels, the siRNA-Nrf-2-1 plasmid displayed the
best transfection effect, which was therefore
selected for subsequent experiments.

Meanwhile, siRNA-Keap1-1 and siRNA-Keap1-2
(Nrf-2 activator) were transfected into both
HTR-8/SVneo and hESC cells, the results from

Am J Transl Res 2021;13(3):1006-1021
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Figure 3. The effect of Nrf-2 on the level of CCL2, IL-1B, TNF-a, ATAR and ROS in placental tissue. A. The expression
of CCL2, IL-1B, TNF-a, and AT1R of placental tissue in different groups were examined by western blot. B. The level
of ROS in placental tissue was detected using ELISA kits. n=8, *P<0.05, **P<0.01 and ***P<0.001 vs. Control;
#P<0.05 and ###p<0.001 vs. PE. ROS, Reactive oxygen species; CDDO-Im, Nrf-2 agonist; ML385, Nrf-2 inhibitor.

RT-PCR (Figure 4E and 4F) and western blot
(Figure 4G and 4H) assays indicated that the
MRNA and protein levels of Nrf-2 were signifi-
cantly elevated when compared with normal
cells. The Nrf-2 expression increased most sig-
nificantly after transfection with siRNA-Keap1-1
plasmid, therefore, it was selected for follow-up
experiments.

Effects of Nrf-2 on cell proliferation, apoptosis,
and ROS level in HTR-8/SVneo and hESC cells

After cells were predisposed with Angll, sSiRNA-
Nrf-2-1 and siRNA-Keapl-1 were transfected
into both HTR-8/SVneo and hESC cells, respec-
tively. MTT assay showed that cell proliferation
was decreased significantly in Angll-induced
group both in HTR-8/SVneo (Figure 5A) and
hESC (Figure 5B) cells. Nrf-2 overexpression
could raise cell proliferation, which was inhibit-
ed following the knockdown of Nrf-2, when
compared with Angll group at 48 h and 72 h
(Figure 5A and 5B). Similarly, Nrf-2 overexpres-
sion upregulated the expressions of PCNA and
Ki67, but Nrf-2 silence suppressed their expres-
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sion when compared with Angll group both in
HTR-8/SVneo (Figure 5C) and hESC (Figure 5D)
cells. Treatment with Angll could induce cell
apoptosis in HTR-8/SVneo (Figure 6A) cells and
hESC cells (Figure 6B). After interfering with
siRNA-Nrf-2-1, cell apoptosis was significantly
elevated, while overexpression of Nrf-2 signifi-
cantly reduced cell apoptosis in both HTR-8/
SVneo (Figure 6A and 6C) and hESC (Figure 6B
and 6E) cells. Additionally, the ROS level was
higher in Angll-induced cells than that in nor-
mal cells, as well as ROS raised continuously
after Nrf-2 was suppressed, while declined
when Nrf-2 was overexpressed, both in HTR-8/
SVneo (Figure 6D) and hESC cells (Figure 6F).

Effects of Nrf-2 on cell invasion and the ex-
pression of related molecules in HTR-8/SVneo
and hESC cells

The results from Transwell assay demonstrated
that cell migration was increased following
Angll treatment both in HTR-8/SVneo and hESC
cells. Subsequently, Nrf-2 overexpression sup-
pressed cell migration, which was promoted

Am J Transl Res 2021;13(3):1006-1021
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Figure 4. Validation of transfection efficiency of Nrf-2 overexpressed or low-
expressed plasmids in human trophoblast cells (HTR-8/SVneo) and human
normal endometrial stromal cells (hESC). A, B. The analysis results of RT-
qPCR for Nrf-2 in HTR-8/SVneo and hESC cells after transfected with siRNA-
Nrf-2-1 and siRNA-Nrf-2-2 plasmids. C, D. Western blot images and quanti-
tative analyses of Nrf-2 in HTR-8/SVneo and hESC cells. E, F. The analysis
results of RT-qPCR for Nrf-2 in HTR-8/SVneo and hESC cells after trans-
fected with siRNA-Keap-1 and siRNA-Keap-2 plasmids. G, H. Western blot
images and quantitative analyses of Nrf-2 in HTR-8/SVneo and hESC cells.
*P<0.05, **P<0.01 and ***P<0.001 vs. Normal; #P<0.05, ##P<0.01 and
###P<0.001 vs. siRNA-NC.

in Figure 7C and 7D, data from
western blot demonstrated
that Angll caused an elevation
on the expression of MMP2
and MMP9 both in HTR-8/
SVneo and hESC cells. How-
ever, MMP2 and MMP9 were
reduced significantly in siRNA-
Keapl-1-induced groups and
were increased markedly in
SiRNA-Nrf-2-induced  group.
Meanwhile, in the Figure 8A
and 8B, Nrf-2 expression was
reduced rapidly in the Angll-
induced group comparing to
normal cells. Then, siRNA-
Keapl-1 (Nrf-2 overexpres-
sion) and siRNA-Nrf-2-1 (Nrf-2
interference) plasmids were
transfected into the Angll-in-
duced cells, and the results
of western blot showed that
the transfection effect of
these two plasmids was excel-
lent. The expression of HO-1
was lower in the Angll group
than that in normal group,
which trend was similar to its
expression in PE rats. Over-
expression of Nrf-2 could re-
verse the effect of Angll on
HO-1 expression to upregulate
HO-1 expression significantly,
and inhibition of Nrf-2 could
enhance the effect of Angll on
HO-1 expression to down-reg-
ulate HO-1 expression.

Meanwhile, Angll treatment
induced the upregulation of
VEGFR, TNF-a, Bax and
Cleaved caspase-3, and sup-
pressed Bcl-2 expression in
both HTR-8/SVneo and hESC
cells. Overexpression of Nrf-2
inhibited the expression levels
of VEGFR, TNF-&, Bax and
Cleaved caspase-3, and up-
regulated Bcl-2 expression
significantly. On the contrary,
knockdown of Nrf-2 had the

due to Nrf-2 knockdown (Figure 7A and 7B). We opposite effect from overexpression of Nrf-2
then examined the expression of proteins asso- (Figure 8A and 8B). These results suggested
ciated with migration, oxidative stress, angio- that Nrf-2 was associated with migration, oxida-
genesis, inflammation and apoptosis. As shown tive stress, angiogenesis, inflammation and
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Figure 5. The effect of Nrf-2 on cell proliferation of HTR-8/SVneo and hESC cells. In HTR-8/SVneo cells (A) and hESC
cells (B) transfected with siRNA-Nrf-2-1 and siRNA-Keap1-1, a three-day MTT assay was carried out to detect the pro-
liferation rates. (C, D) Western blot images and quantitative analyses of PCNA and Ki67 expressions in HTR-8/SVneo
and hESC cells. *P<0.05, **P<0.01 and ***P<0.001 vs. Normal; #P<0.05, ##P<0.01 and ###P<0.001 vs. AnglI.

apoptosis in cells on both sides of the mater-
nal-fetal interface.

Discussion

Trophoblast function is programmed by elabo-
rate and complicated genomic mechanism and
signal pathway. As a placenta-derived disorder,
the pathogenesis of PE is considered closely
related to the dysfunction of trophoblast, whi-
ch triggers placental angiogenesis disorder.
Several studies had supported an increase in
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angiotensin Il (Angll) receptor type 1 (AT1R) sig-
naling in preeclampsia patients [15, 16]. The
deficiency of HO-1 results in impaired placental
angiogenesis [17]. In the present study, our
finding revealed a decrease in HO-1 in PE rats,
and in HTR-8/SVneo and hESC cells induced by
Angll, which was a vasoactive octapeptide gen-
erated by enzymatic reaction cascades [18].
HO-1 is an antioxidant enzyme that protects
cells from oxidative stress and may have pro-
tective roles against PE [19]. In the vasculature
of PE patients, augmented AT1R signaling

Am J Transl Res 2021;13(3):1006-1021
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Figure 6. The effect of Nrf-2 on cell apoptosis and ROS level in HTR-8/SVneo and hESC cells. After staining with
Annexin V-FITC and PI, apoptotic cells in HTR-8/SVneo cells (A) and hESC cells (B) transfected with siRNA-Nrf-2-1
and siRNA-Keap1-1 were analyzed using a flow cytometer. Histograms of data statistics of A and B are showed in
(C) and (E). The level of ROS in HTR-8/SVneo cells (D) and hESC cells (F) transfected with siRNA-Nrf-2-1 and siRNA-
Keap1-1 was detected using ELISA kits. *P<0.05, **P<0.01 and ***P<0.001 vs. Normal; #P<0.05, ##P<0.01 and
###P<0.001 vs. Angll. ROS, Reactive oxygen species.
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Figure 7. The effect of Nrf-2 on cell invasion and the related proteins in HTR-8/SVneo and hESC cells. Representative
images of Transwell membranes (maghnification, x 200; stain 0.05% crystal violet) and quantification of migrated
cells of HTR-8/SVneo (A) and hESC cells (B) in each group. Scale bar =100 pm. Western blot analysis was performed
to detect the expression levels of MMP2 and MMP9, and statistical analysis of relative expression in HTR-8/SVneo
(C) and hESC (D) cells in different groups. *P<0.05, **P<0.01 and ***P<0.001 vs. Normal; #P<0.05, ##P<0.01
and ###P<0.001 vs. Angll.
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Figure 8. The effect of Nrf-2 on the expression of related molecules in HTR-8/SVneo and hESC cells. Western blot
analysis was performed to detect the expression levels of Nrf-2, HO-1, VEGFR, TNF-«, Bax, Bcl-2 and Cleaved cas-
pase-3 proteins and statistical analysis of relative these proteins expression in HTR-8/SVneo (A) and hESC (B) cells
in different groups. *P<0.05, **P<0.01 and ***P<0.001 vs. Normal; #P<0.05, ##P<0.01 and ###P<0.001 vs.

Angll.

induced the production of reactive oxygen spe-
cies (ROS) [20, 21], accompanied by an
increase in the tumor necrosis factor-a (TNF-)
and proinflammatory cytokines IL-13 in PE [22].
Activated inflammatory cells produced large
amounts of chemokines and cytokines, such as
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CCL-2, which further potentiated inflammation
and regulated placental vascularization [23,
24]. In PE rats, we found that except the inher-
ent features of PE, the levels of IL-13, ROS and
ATAR in the placental tissues were highly
expressed, and there was a slight decrease but
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no significant difference in the CCL-2 and TNF-«a
level (Figure 3). Interestingly, the levels of
VEGFR, TNF-a, Bax/Bcl-2, Cleaved caspase-3
and ROS were higher in the in HTR-8/SVneo
and hESC cells induced by Angll, with a decline
in Nrf-2 expression (Figure 8). Previous studies
had shown that appropriate amounts of ROS
were proangiogenic factors that act through
various mechanisms, including the enhance-
ment of VEGF and cell apoptosis [25, 26], which
facilitated the process of vascular remodeling
in PE. However, excess ROS accumulation
induced oxidative stress which modified and
damaged proteins, lipids, and nucleic acids
[27], thereby decreased proliferation and
increased apoptosis of other normal tropho-
blast cells or intimal cells in the placental tis-
sue through other signaling pathways [11].

The activation of Nrf-2 had been reported in
preeclampsia [28]. Others had found inactiva-
tion of Nrf-2 induced ROS accumulation and
angiogenic chemokine expression in PAH pla-
centas, whereas Nrf-2 over-activation impaired
angiogenesis and enhanced preeclampsia-
mediated adverse outcomes [11]. Nrf-2 had
been proven to be beneficial in the angiogenic
potential of brain tissues by improving vascular
endothelial growth factor (VEGF) [29]. VEGF
was one of the most important angiogenesis
regulating factors leading to angiogenesis to
ensure survival of the embryo and the VEGF
receptor (VEGFR) was crucial in the process of
angiogenesis and known to regulate endome-
trial angiogenesis [30, 31]. Over the past
decade, the Nrf-2-Keapl pathway had been
characterized as an important endogenous
mechanism for combating oxidative stress
[32]. From above, Nrf-2 could inhibit the pro-
duction of ROS, reduce the level of oxidative
stress, and inhibit apoptosis and chemotaxis in
vivo. However, it had been shown that normal
vascular recasting required oxidative stress,
apoptosis, and chemotaxis during eclampsia
recovery. The 2-cyano-3, 12 dioxooleana-1, 9
diene-28-imidazolide (CDDO-Im) also activated
the Nrf-2-Keapl pathway in both in vitro and in
vivo models [33] and the Nrf-2 inhibitor (ML385)
was used to inhibit the Nrf-2 antioxidant path-
way in vivo. The present study demonstrated
that overexpression of Nrf-2 induced by CDDO-
Im slightly upregulated the level of SBP and uri-
nary protein, indicating that Nrf-2 enrichment
was not beneficial to PE rats (Figure 1A and
1B). Unexpectedly, the inhibitor of Nrf-2 induced
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by ML385 had no effects on SBP level and uri-
nary protein in PE rats (Figure 1). We assumed
that the reasons for this phenomenon was due
to the Nrf-2 originally expressed little in PE rats,
accompanied by a high level of SBP and urine
protein at the same time. When the inhibitors of
Nrf-2 (ML385) was used to suppress the Nrf-2
expression, the inhibitory effect of ML385 was
very small because of Nrf-2 itself expression
was low in PE rats. Therefore, Nrf-2 inhibitor
had no a significant inhibitory effect to SBP and
the level of urine protein in PE rats. The specific
molecular mechanism by which Nrf-2 inhibitor
had no significant effect on SBP and urinary
proteins in PE rats need to be further validated
by further experiments.

Interestingly, fetal weight was decreased, while
the rate of dead fetuses during pregnancy and
7 days after birth was increased significantly in
PE rats. Inhibiting Nrf-2 levels significantly
restored fetal weight and reduced the rate of
dead fetuses. Astonishingly, overexpression of
Nrf-2 enhanced the rate of dead fetuses during
pregnancy but reduced the rate of dead fetus-
es during 7 days after birth (Figure 1), which
was not consistent with previous perceptions.
These results suggested that the mechanism
of Nrf-2's influence on the rate of dead fetus of
pregnant rats with PE during pregnancy and
within 7 days after birth was different. There
might be a time critical point, and the Nrf-2
might have opposite effects on both sides of
this time critical point. Although the inhibitory
effect of overexpression of nrf2 on fetal mortal-
ity is inconsistent with previous studies, the
conclusion that knocking down nrf2 can inhibit
fetal mortality remains unchanged, which is
consistent with the conclusion of this study. In
the other hand, whether Nrf-2 was activated or
not had a weak effect on the pathology of pla-
cental tissue and the expression of HO-1, just
HO-1 was slightly up-regulated after the activa-
tion of Nrf-2 (Figure 2). HO-1 and Nrf-2 belonged
to the protective proteins, which were involved
in combating oxidative stress. Nrf-2 was also
an essential upstream transcription factor reg-
ulating HO-1. These evidences indicated that
the role of Nrf-2 in PE rats during pregnancy
was complex.

Based on these observations, we found that

HO-1 was decreased, whereas CCL-2, IL-1(,
TNF-a0 and ROS were increased when lacking
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Nrf-2 (Figure 3). All these tests were performed
during placenta formation in the early stage of
pregnancy. Additionally, it had been shown that
normal vascular recasting required oxidative
stress, apoptosis, and chemotaxis during
eclampsia recovery. Therefore, deficiency of
Nrf-2 could increase oxidative stress, apoptosis
and inflammation in the placental tissue by
increasing the levels of CCL2, IL-1B, TNF-q,
AT1R, ROS, Bax/Bcl-2, Cleaved caspase-3, to
support the restoration of the damaged angio-
genesis. These results suggested that Nrf-2
knockdown was beneficial to the vascular
remodeling process in PE rats in vivo, which
could be developed as a key target for the treat-
ment of PE. Subsequently, we continued to cul-
ture the human trophoblast cell line (HTR-8/
SVneo) and human normal endometrial stromal
cell line (hESC) in vitro and transfected differ-
ent plasmids to knockdown or overexpress
Nrf-2 expression. Like experiments in vivo, after
the Nrf-2 was interfered by siRNA, cell prolifera-
tion was decreased, and cell apoptosis and
ROS level in both two cell lines were increased
(Figures 5 and 6). The invasion of trophoblast
cells were essential steps of normal placenta-
tion and successful pregnancy. Inadequate
invasion by trophoblast cells might lead to poor
perfusion of the placenta or complications
such as PE [34]. Additionally, knockdown of
Nrf-2 induced cell invasion, apoptosis, inflam-
mation and angiogenesis via upregulating
VEGFR, TNF-a, Bax/Bcl-2 and Cleaved cas-
pase-3 expressions both in HTR-8/SVneo and
hESC cells (Figure 8). These evidences also
confirmed that deficiency of Nrf-2 could pro-
mote vascular remodeling by up-regulating
appropriate oxidative stress, apoptosis and
infammation in cells on both side of the
matinal-fetal interface, thereby alleviating pre-
eclampsia. Subsequent experiments in the
future may require intermolecular interactions
or reverse suppression of inflammatory, oxida-
tive stress, and apoptosis processes to further
find the possible molecular mechanism of
Nrf-2.

Although the present study illustrates a series
of scientific conclusions, it also had some limi-
tations. One major viewpoint of our study was
that inhibition of Nrf-2 might alleviate or pre-
vent PE by upregulating ROS to promote pla-
centa angiogenesis. However, how Nrf-2 in tro-
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phoblast affected placenta angiogenesis func-
tion and the relevant underlying signaling me-
chanisms were not sufficiently studied and dis-
cussed. Only VEGFR was assessed but there
was no evaluation of other molecules and fur-
ther angiogenesis-supporting functional assay.
Importantly, it will be very interesting to further
find the possible molecular mechanism via defi-
ciency of Nrf-2 significantly increased the levels
of CCL2, IL-1B, TNF-&, ATAR and ROS in the
embryonic tissues, as well as the target mole-
cule by knockdown of Nrf-2 induced cell inva-
sion, apoptosis, inflammation and angiogene-
sis via upregulating VEGFR, TNF-a, Bax/Bcl-2
and Cleaved caspase-3 both in HTR-8/SVneo
and hESC cells. These shortcomings also indi-
cate our future research direction.

Conclusions

The main fertilized egg is a hapantigen, and
many links in the first trimester require certain
immune activity and certain immune tolerance.
These two contradictory processes should be
kept in a dynamic balance. Furthermore, the
present study was presented for the first time
that the relationship between Nrf-2 and HO-1 in
PE might not be a simple upstream and down-
stream relationship as often, and their role in
different stages of PE might vary significantly,
which also provided a theoretical basis for the
dialectical treatment of eclampsia. Although
excessive oxidative stress and apoptosis could
suppress the growth of normal cells in the pla-
centa; herein, we found that inhibition of Nrf-2
could increase oxidative stress, apoptosis and
inflammation in the placental tissue, to support
the restoration of the damaged angiogenesis,
ultimately achieve process for the treatment of
PE. In summary, data strongly suggested that
deficiency of Nrf-2 increased placental angijo-
genesis and improved fetal and maternal out-
comes. These findings would provide theoreti-
cal basis for developing new approaches to
treat preeclampsia.
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