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Background: Preeclampsia (PE) is a serious risk to the health of pregnant women

and fetuses during pregnancy, and there is no effective treatment for this condition.

Although many reports have confirmed the therapeutic effects of peptides in diseases,

the role of peptides in PE remains poorly understood.

Methods: A differentially expressed peptide in PE (AEDPPE) is derived from heat-shock

protein beta-1 (HSPB1), amino acids 100 to 109 (DVNHFAPDEL), which we identified

in a previous study. We synthesized AEDPPE and investigated its effect on HTR-

8/SVneo cell function using a Cell Counting Kit-8, flow cytometric assay, and Transwell

and wound-healing assays. Quantitative reverse transcription-PCR and ELISA were

used to determine cytokine expression. Pull-down assay, mass spectrometry, Western

blot analysis, and immunofluorescence were used to explore the potential targets and

signaling pathways regulated by AEDPPE. Finally, we assessed the effect of AEDPPE in

the lipopolysaccharide (LPS)-induced PE-like rat model.

Results: AEDPPE significantly promoted the migration and invasion of HTR-8/SVneo

cells, and it decreased the expression of interleukins 1 beta (IL-1β), interleukin 6 (IL-

6), and interleukin 8 (IL-8). These functions performed by AEDPPE remained evident

after injury to HTR-8/SVneo cells with tumor necrosis factor-alpha (TNF-α), and AEDPPE

reversed the elevated sFlt-1/PlGF ratio induced by TNF-α. AEDPPE may exert these

biological effects by binding to heat-shock protein 90β (HSP 90β) and, thus, affect the

NF-κB signaling pathway. In an LPS-induced PE-like rat model, AEDPPE significantly

improved PE symptoms and fetal rat outcomes.

Conclusion: Our study showed that AEDPPE enhanced trophoblast migration and

invasion and reduced inflammatory cytokine expression, and we hypothesized that these

actions involved the NF-κB signaling pathway. The use of AEDPPEmay thus develop into

a novel modality in the treatment of PE.
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BACKGROUND

Preeclampsia (PE) is a systemic disease with or without
proteinuria that occurs for the first time after 20 weeks
of pregnancy, affecting 3–5% of pregnant women (1). The
pathogenesis of PE involves inflammation (2), oxidative stress
(3), and the renin-angiotensin system (4). PE can affect almost
every organ and system, and thus leads to various adverse
complications such as placental abruption and fetal growth
restriction (5).

Although the pathogenesis of PE is presently unclear,
it is widely recognized to primarily involve two stages:
insufficient trophoblast invasion of the spiral arteries through
the uterine meconium that causes inadequate placental perfusion
and systemic inflammation followed by extensive systemic
endothelial injury (1, 6, 7). Trophoblast cells invade the
endometrium during normal pregnancy, causing remodeling of
the spiral arteries so as to increase the blood and nutritional
supplies of the placenta (8, 9). However, in patients with
PE, the decline in trophoblast invasion results in insufficient
remodeling of the spiral arteries, and the blood supply of the
placenta diminishes, leading to systemic inflammatory reactions
and endothelial dysfunction (2, 10, 11). Recent studies have
shown that the expression of soluble FMS-like tyrosine kinase
1 (sFlt-1), placental growth factor (PlGF), and other factors also
changes; and that these factors play an important role in different
pathogenic processes (12, 13). In addition to these factors, tumor
necrosis factor-α (TNF-α); interleukins 1 beta (IL-1β), 6 (IL-
6), and 8 (IL-8); and other inflammation-related factors are
increased in the serum of patients with PE (14, 15). These factors
are extremely important in the pathogenesis and prediction of
PE. However, PE remains an intractable condition. Prophylactic
low-dose aspirin reduces the risk of preterm delivery in PE;
but once PE is diagnosed, there is no curative treatment other
than the delivery of the fetus. As no drugs have been shown to
affect disease progression (16), there is an urgent need for such
pharmaceutical agents in the treatment of PE.

A recent study has revealed that peptides can no longer be
simply regarded as amino acid chains but rather as bioactive
substances. Peptide research involves many fields, such as
investigations of tumors (17), diabetes (18), and infections
(19). A polypeptide from the junction region sequence of
EWS-fli 1 inhibits cell cloning, cell-cycle kinetics, and the
uptake of bromodeoxyuridine in Ewing’s sarcoma cells (20).
Antimicrobial peptides (AMPs) from tilapia also manifest an
antitumor effect by destroying the microtubular network in cells
(21). In our previous study, we found that peptides derived from
the serum of patients with PE significantly protected against
endothelial dysfunction in umbilical vein vessels (22, 23). Thus,
the exploration of peptides with therapeutic properties for PE
may provide novel candidates for the future treatment of PE.

In a previous study, we analyzed the differences in peptide
content in the placenta of patients with PE and healthy
pregnant women by peptidomic analysis (24), and we uncovered
a differentially expressed peptide in PE (AEDPPE) that
increased the migration and invasion of HTR-8/SVneo cells
and downregulated the expression of inflammatory factors. We

subsequently explored a role for AEDPPE and its underlying
mechanism in trophoblast dysfunction and then investigated the
in vivo effects of AEDPPE on lipopolysaccharide (LPS)-induced
PE-like model in rats.

MATERIALS AND METHODS

The Peptides
AEDPPE is located at amino acid positions 100 to 109
(DVNHFAPDEL) of heat-shock protein beta-1 (HSPB1).
AEDPPE was synthesized by Shanghai Science Peptide Biological
Technology Co., Ltd., with a purity of >95%. The carrier
peptide of the HIV TAT protein (GRKKRRQRRPPQQ) was
covalently attached to the N-terminal end of AEDPPE to
increase the efficiency of peptide entry into the cell and to
enhance its biological activity (25, 26). AEDPPE was dissolved
in suitable double-distilled water at concentrations of 1, 5, 10,
and 20µM for the experiments. N-terminal isothiocyanate
fluorophore-labeled AEDPPE (FITC-AEDPPE) and N-terminal
biotin-labeled AEDPPE (biotin-AEDPPE) were also chemically
synthesized with a purity of >95%. FITC-AEDPPE was used
at a concentration of 10µM. FITC-AEDPPE was co-incubated
with HTR-8/SVneo cells for 1 h to observe the intracellular
distribution of AEDPPE.

Cell Culture and Treatment
The immortalized human first-trimester trophoblast cell-line
HTR-8/SVneo cells (ATCC, Rockville, MD, USA) were grown
in RPMI 1640 medium (Gibco, Rockville, MD, USA) containing
10% fetal bovine serum (FBS; Gibco, Rockville, MD, USA) in a
humid environment containing 5% CO2 and 95% air at 37◦C.
Different concentrations of AEDPPE (1, 5, 10, and 20µM)
were used to stimulate HTR-8/SVneo cells for 24 h. For the
treatment of HTR-8/SVneo cells, TNF-α obtained from Sigma-
Aldrich (T6674-10UG; St. Louis, MO, USA) was dissolved in
double-distilled water, and TNF-α at 20 ng/ml was used to induce
inflammation and dysfunction of HTR-8/SVneo cells (27–30).

Cell Counting Kit-8 Assay
The HTR-8/SVneo cells (3 × 103 cells/well) were pre-cultured
in 96-well plates in 5% CO2 at 37◦C, and then, these cells were
treated with different concentrations of AEDPPE or TNF-α.
Furthermore, 10 µl of Cell Counting Kit-8 (CCK-8, Dojindo,
Kumamoto, Japan) was added to each well at 0, 24, 48, and
72 h. After incubation of the cells in the incubator for 2 h, the
absorbance of each well at a wavelength of 450 nm was measured
by a multifunctional microplate reader (Hybrid TechnologyTM,
BioTek, Winooski, VT, USA).

Wound-Healing Assay
When HTR-8/SVneo cells were cultured to full fusion in a
six-well plate, wounds were created with the tip of a 200-µl
pipette, and three spots were randomly marked. Six-well plates
were rinsed with phosphate-buffered saline (PBS) until dead
cells were completely removed, and then, 2ml of RPMI 1640
medium (Gibco, Rockville, MD, USA) without FBS was added.
Different concentrations of AEDPPE or TNF-α were added to
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the culture medium. Images were taken at the marker sites at 0,
24, and 48 h after culture and analyzed by the ImageJ software
(National Institutes of Health, Bethesda, MD, USA) to determine
the wound area and calculate the wound healing rate. The wound
healing rate was the difference between the scratch area at the 24-
h or 48-h time point and the scratch area at the 0-h time point
divided by the scratch area at the 0-h time point (31).

Cell Migration Assay and Invasion Assay
Cell Migration Assay
A total of 30,000 HTR-8/SVneo cells and 200 µl of RPMI
1640 medium without FBS were added to the upper chamber
of the Transwell (Costar, cat. no. 3422, Corning Inc., Corning,
NY, USA), and 700 µl of RPMI 1640 medium containing 10%
FBS was added to the lower chamber. Different concentrations
of AEDPPE were added to the upper cavity and cultured
in an incubator for 48 h with or without TNF-α. After the
culture medium in the upper chamber was removed, 700
µl paraformaldehyde at a concentration of 4% was added,
and the samples were fixed for 30min. The cells were dyed
with 0.5% crystal violet dye solution for 30min in the
dark, the cells and excess dye solution that have not passed
through the polycarbonate membrane in the upper chamber
were wiped away with cotton swabs, and then, the chamber
was dried. Cells penetrating the polycarbonate membrane
were photographed using a Zeiss inverted microscope (Zeiss,
Oberkochen, Germany), and the number of cells was counted
by the ImageJ software (National Institutes of Health, Bethesda,
MD, USA).

Transwell Invasion Assay
Before the experiment, RPMI 1640 culture medium and Matrigel
matrix glue (Corning Inc., Corning, NY, USA) were fully mixed
in a volume of 1:7, and then, 60 µl of the mixture was added to
the upper chamber of the Transwell and incubated overnight.
Other experimental steps were the same as those in the cell
migration assay.

Quantitative Reverse Transcription PCR
Total RNA of HTR-8/SVneo cells was extracted by TRIzol
reagent. According to the reagent instructions of the
manufacturer, cDNA was synthesized by using HiScript II
QRT Super Mix for qPCR (Vazyme, Jiangsu, China). Primers
used in quantitative reverse transcription-PCR (qRT-PCR) were
designed by Primer 5.0 (Premier, Canada) or other relevant
literature and were blasted in NCBI. The expression level of
all target genes was standardized to that of glyceraldehyde 3-
phosphate dehydrogenase (GAPDH). qRT-PCR was performed
by a Viia7 real-time PCR System (Applied Biosystems, Life
Technologies, Carlsbad, CA, USA). The relative RNA expression
was calculated by 2−11CT. The primer sequences were as follows:

human IL-1β, 5
′

-CCAGGGACAGGTATGGAGCA-3
′

(forward)
and 5

′

-TTCAACACGCAGGACAGGTACAG-3
′

(reverse);
human IL-6, 5

′

-CTCAATATTAGAGTCTCAACCCCCA-3
′

(forward), and 5
′

-GTGGGGCGGCTACATCTTT-3
′

(reverse);
human IL-8, 5

′

-CTTGGCAGCCTTCCTGATTT-3
′

(forward)
and 5

′

-AACCCTCTGCACCCAGTTTT-3
′

(reverse); human

sFlt-1, 5
′

-TTTGCCTGAAATGGTGAGTAAGG-3
′

(forward)
and 5

′

-CTTCCCAGCAAATCCTTCGGG-3
′

(reverse); human
PlGF, 5

′

-GAGACCCACAGACTGCCAC-3
′

(forward) and
5
′

-ACCTTGGCCGGAAAGAACAA-3
′

(reverse); human
MMP-2, 5

′

-CCCCAGACAGGTGATCTTGAC-3
′

(forward)
and 5

′

-GCTTGCGAGGGAAGAAGTTG-3
′

(reverse); human
GAPDH, 5

′

-GGAGCGAGATCCCTCCAAAAT-3
′

(forward),
and 5

′

-GGCTGTTGTCATACTTCTCATGG-3
′

(reverse).

Cell Apoptosis Assay
Cell apoptosis was assessed by using the flow cytometry
assay (BD, Franklin Lakes, NJ, USA). HTR-8/SVneo cells were
stimulated by AEDPPE or TNF-α for 24 h and re-suspended in
100 µl binding buffer. Cells were then stained with Annexin
V-FITC and propidium iodide (PI) for 15min in the dark.
Apoptosis was then measured using flow cytometry.

Enzyme-Linked Immunosorbent Assay
Venous blood was collected from the inferior vena cava of
rats on day 20 of gestation, and the serum was collected after
centrifugation of venous blood at 2,000 × g for 20min. HTR-
8/SVneo cells were treated for 24 h, and the supernatant was
collected after centrifugation at 2,000× g for 20min. The levels of
rat TNF-α, IL-6, sFlt-1, PlGF, and human IL-6, sFlt-1, PlGF were
measured according to the instructions of ELISA Kit (MLBIO,
Shanghai, China).

Pull-Down Assay and Mass Spectrometry
The samples from the AEDPPE group and control group were
placed in 30 µl of DynabeadsTM M-280 Streptavidin (Thermo
Fisher Scientific, Waltham, MA, USA) in a 1.5-ml Eppendorf
(EP) tube and placed on a magnetic rack. After the liquid was
clear, the supernatant was removed, 1ml of premixed RIPA and
PMSF (100:1) was added to an EP tube, and the sample was
mixed well and placed on a magnetic rack. The AEDPPE group
was treated with 200 µg biotin-AEDPPE, whereas the control
group was treated with scrambled peptide and shaken overnight
at 4◦C. After the samples were washed with a mixed solution six
times, a proper amount of protein solution of HTR-8/SVneo cells
collected in advance was added, and the sample was shaken at
4◦C overnight and then washed six times. Then, 20 µl of the
mixed solution of RIPA buffer and PMSF and 5 µl of 1 × SDS
were added. Appropriate amounts of samples were taken from
each group for electrophoresis. Silver staining was carried out
according to the instruction of Pierce Silver Stain Kit for Mass
Spectroscopy (Thermo Fisher Scientific, Waltham, MA, USA),
and the final bands were photographed. Different bands were cut
out and analyzed by mass spectrometry analysis provided by BGI
(Shenzhen, China). The target protein was screened preliminarily
by Gene Ontology (GO) annotation analysis.

Western Blotting
The HTR-8/SVneo cells were treated with TNF-α and AEDPPE
for 24 h. The cells were washed twice with PBS, and 60 µl
containing amixture of RIPA lysate (Beyotime, Shanghai, China),
benzene methyl sulfonyl fluoride (Beyotime, Shanghai, China),
and phosphorylated protease inhibitor (SericeBio, Wuhan,
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China) was added to each well to lyse the cells thoroughly on
ice. The BCA Protein Assay Kit (Beyotime, Shanghai, China)
was used to measure the concentration of protein solution.
Proteins (25 µg) were subjected to electrophoresis with a
10% polyacrylamide gel and transferred to a polyvinylidene
fluoride membrane, which was blocked at room temperature
for 2 h. The diluted primary antibody was incubated with the
membrane at 4◦C overnight. The membrane was washed with
Tris-buffered saline Tween (TBST) on a shaker for 10min each
time, three times in total. The membrane was incubated with
the corresponding secondary antibody at room temperature for
1 h and washed three times. Visualization of the immunoblots
was performed by chemiluminescent reagents (WBKLS0500,
Merck, Kenilworth, NJ, USA), and the grayscale values of the
immunoblots were semi-quantified using the ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

The antibodies used in the study were as follows: IKK
α (1:1,000, ab178870, Abcam, Cambridge, MA, USA),
phosphorylated (p)-IKK α/β (Ser176/180, 1:1,000, 2697T,
Cell Signaling Technology, Danvers, MA, USA), IκB α (1:1,000,
ab32518, Abcam), p-IκBα (phospho S36, 1:10,000, ab133462,
Abcam), NF-κB p65 (1:1,000, ab32536, Abcam), p-NF-κB p65
(phospho S536, 1:2,000, ab86299, Abcam), MMP-2 (1:1,000,
ab97779, Abcam), HSP 90β (1:5,000, ab203085, Abcam), β-actin
(1:2,500, ab8227, Abcam), goat anti-rabbit IgG H&L (HRP)
(1:2,000, ab205718, Abcam), and goat anti-mouse IgG H&L
(HRP) (1:2,000, ab205719, all the above antibodies are from
Abcam, Cambridge, MA, USA).

Immunofluorescence
The HTR-8/SVneo cells were collected and plated in a 24-
well plate and pretreated with AEDPPE and TNF-α for 24 h.
The cells were washed with preheated PBS, fixed with 4%
paraformaldehyde at room temperature for 15min, and treated
with 0.5% Triton X-100 for 15min. After the samples were
blocked with goat serum for 30min, a diluted antibody (1:200)
was added overnight. The fluorescent secondary antibody (1:500,
ab150081, Abcam, Cambridge, MA, USA) was incubated for
2 h at room temperature in the dark. After the addition
of the secondary antibody, PBS washes were performed,

4
′

,6-diamidino-2-phenylindole (DAPI, 1:1,000, D1306, Thermo
Fisher Scientific, Waltham, MA, USA) was added, and the cells
were incubated for 5min in the dark. DAPI was rinsed away,
PBS was added, and the images were taken with a fluorescence
microscope (Zeiss, Oberkochen, Germany).

Animal Experiment
The animal experiment scheme was approved by the animal
ethics committee of Nanjing Medical University (Approval No.
IACUC-2005040), and all animal experiments met the ethical
requirements of animal experiments. Sprague-Dawley (SD) rats
were purchased from Viton Lihua Company (Beijing, China),
weighing ∼300 g and aged ∼12 weeks. All rats were raised in
a suitable environment. When the rats were acclimated to the
environment, male and female adult rats were mated at a ratio
of 1:2. The presence of sperm in the vaginal smear was used to
confirm the success of maternal pregnancy and was recorded as
gestational Day 0 (G0).

A PE-like rat model was constructed according to previously
published studies with a little modification (32–34). All pregnant
rats were randomly divided into three groups (n = 6 per group):
normal saline group rats were injected with normal saline via the
tail vein on the 5th day of pregnancy, the rats in the LPS group
and LPS+AEDPPE group were injected with LPS (0.5 µg/kg)
via the tail vein on the 5th day of pregnancy, and the rats in
the LPS+AEDPPE group were injected with AEDPPE diluted
with normal saline (5 mg/kg) via the tail vein on the 11, 14,
and 17th days of pregnancy. On the 20th day, the pregnant rats
were euthanized, and the placenta and fetal rats were weighed.
Rat kidneys and placentas were collected for histological analysis,
kidney slices were stained for hematoxylin–eosin (H&E), and
sections from the placental labyrinth were stained for H&E and
periodic acid-Schiff (PAS).

The systolic blood pressure of the rat tail artery was measured
on the 4, 7, 15, 17, and 19th days of pregnancy by a BL series
biological function experimental system (Chengdu Taimeng
Software Co., Ltd., Chengdu, China), and the average value was
calculated after the systolic pressure of each rat was measured
three times. Urine samples of rats were collected for 24 h on the
4, 7, and 19th days of pregnancy and centrifuged at 2,000 rpm at
room temperature. The supernatant was collected, and the total
amount of urine protein was measured by a urine protein test kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Statistical Analysis
The results of the present study are presented as the mean ± SD.
Statistical analyses were performed by using the GraphPad Prism
7 software (San Diego, CA, USA). Significant differences between
the two groups were analyzed using Student’s t-test, and a p-value
< 0.05 was considered a statistically significant result.

RESULTS

Characterization of Peptide AEDPPE
The AEDPPE is a peptide containing 10 amino acids from
HSPB1 with an average molecular weight of 1,156.19 g/mol
(Figure 1A). The chemical structure and synthetic mass spectra
of AEDPPE are shown in Figures 1B,C, respectively. To
investigate whether AEDPPE can cross the cell membrane, FITC-
labeled AEDPPE was synthetized and added to the culture
medium of HTR-8/SVneo cells. We found that AEDPPE crossed
the cell membrane and was distributed in both the nucleus and
cytoplasm (Figure 1D).

AEDPPE Downregulates the Production of
Inflammatory Factors and Promotes
Migration and Invasion of HTR-8/SVneo
Cells
To determine the in vitro effects of AEDPPE, we treated
HTR-8/SVneo cells with different concentrations of AEDPPE
(0, 1, 5, 10, and 20µM). The CCK-8 assay showed that
AEDPPE did not exert an effect on the proliferation of HTR-
8/SVneo cells (Figure 2A), and flow cytometric results showed
that AEDPPE did not affect the apoptotic rate of the various
treatment groups (Figure 2B). There was also no significant
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FIGURE 1 | Characterization of peptide AEDPPE. (A) AEDPPE is located at amino acids 100 to 109 of heat-shock protein beta-1 (HSPB1). (B) Chemical structure of

AEDPPE. (C) Mass spectral analysis of chemically synthesized AEDPPE. (D) HTR-8/SVneo cells were incubated with FITC-AEDPPE (green) for 1 h and then stained

with DAPI (blue). AEDPPE was widely distributed throughout the cytoplasm and nucleus after penetrating the cell membrane (scale bar = 100µm).

cytotoxicity of AEDPPE on HTR-8/SVneo cells, which is
requisite for its future use as a therapeutic agent. Moreover,
AEDPPE significantly downregulated mRNA expression of
IL-1β, IL-6, and IL-8 relative to the control. In addition,
ELISA of cell supernatant for IL-6 confirmed the superior
secretory ability of anti-inflammatory factors due to AEDPPE
(Figure 2C).

Therefore, wound-healing and Transwell assays were used
to investigate the effects of AEDPPE on HTR-8/SVneo cell
migration and invasion. Compared with the control group,

the wound-healing rate of HTR-8/SVneo cells was significantly
increased after AEDPPE treatment (especially at 10µM)
at 24 and 48 h (Figure 2D). In addition, our results from
the Transwell assay were generally consistent with those
of the wound-healing assay, as different concentrations of
AEDPPE significantly promoted the migration and invasion
of HTR-8/SVneo cells (Figure 2E). Collectively, AEDPPE
occupies a significant role in suppressing inflammatory
factor expression and promoting the migration and invasion
of HTR-8/SVneo cells.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 5 December 2021 | Volume 8 | Article 738378

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Wang et al. Peptide and Preeclampsia

FIGURE 2 | Effects of different concentrations of AEDPPE on HTR-8/SVneo cell function. (A) AEDPPE had no significant effect on the proliferation of HTR-8/SVneo

cells. (B) Different concentrations of AEDPPE did not affect apoptosis of HTR-8/SVneo cells. (C) The effects of various concentrations of AEDPPE on the expression

levels of IL-1β, IL-6, and IL-8 mRNA and the protein content of IL-6 in the cellular supernatant. (D) Wound healing was significantly enhanced by AEDPPE treatment of

HTR-8/SVneo cells (scale bar = 400µm). (E) AEDPPE promoted the migration and invasion of HTR-8/SVneo cells (scale bar = 200µm). *p < 0.05, **p < 0.01, ***p

< 0.001 vs. the control group.
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FIGURE 3 | AEDPPE ameliorates TNF-α-induced dysfunction in HTR-8/SVneo cells. (A) Treatment of HTR-8/SVneo cells with TNF-α or AEDPPE+TNF-α did not

significantly affect cellular proliferation. (B) Stimulation with TNF-α and AEDPPE did not affect HTR-8/SVneo cell apoptosis. (C) AEDPPE significantly reduced

(Continued)

Frontiers in Cardiovascular Medicine | www.frontiersin.org 7 December 2021 | Volume 8 | Article 738378

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Wang et al. Peptide and Preeclampsia

FIGURE 3 | TNF-α-induced mRNA expression of IL-1β, IL-6, IL-8, and IL-6 in cellular supernatants. (D) Effects of TNF-α and TNF-α+AEDPPE on mRNA expression

of sFlt-1 and PlGF in HTR-8/SVneo cells, and concentrations of sFlt-1 and PlGF protein in cellular supernatant. (E) AEDPPE significantly improved wound healing in

HTR-8/SVneo cells after TNF-α injury (scale bar = 400µm). (F) AEDPPE promoted migration and invasion of HTR-8/SVneo cells even after TNF-α injury (scale bar =

200µm). (G,H) Effects of TNF-α and TNF-α+AEDPPE on mRNA and protein expression of MMP-2. *p < 0.05, **p < 0.01, ***p < 0.001. IL, interleukin; PlGF,

placental growth factor; sFlt-1, soluble FMS-like tyrosine kinase 1; TNF-α, tumor-necrosis factor alpha.

AEDPPE Reverses TNF-α-Induced Injury in
HTR-8/SVneo Cells
The dysfunction associated with PE in vivo was mimicked by
the exploitation of an in vitro TNF-α-injured HTR-8/SVneo
cell model (27–30), and the effects of AEDPPE on cellular
proliferation and apoptosis were explored using CCK-8 assays
and flow cytometry. We observed no effect on the proliferation
or apoptosis of HTR-8/SVneo cells after TNF-α treatment with or
without AEDPPE compared to the control group (Figures 3A,B).
Although induction of HTR-8/SVneo cell injury with 20 ng/ml
of TNF-α did not increase apoptosis, it resulted in significant
upregulation of IL-1β, IL-6, and IL-8 mRNA expression.
Compared with the TNF-α group, the mRNA expression levels
for IL-1β, IL-6, and IL-8 were significantly downregulated in
the TNF-α+AEDPPE group. Changes in IL-6 protein content in
cellular supernatants between groups were also consistent with
changes in mRNA (Figure 3C). Therefore, AEDPPE significantly
reduced the expression and secretion of inflammatory factors
induced by TNF-α in HTR-8/SVneo cells.

In addition, the mRNA expression levels of sFlt-1 (a
predictor of PE) were significantly altered in response to TNF-
α, and that the sFlt-1/PlGF ratio was significantly elevated;
however, AEDPPE reversed these changes (Figure 3D). We also
determined sFlt-1 and PlGF protein alterations in the cellular
supernatant by ELISA, which was consistent with the mRNA
expression (Figure 3D).

The TNF-α stimulation of HTR-8/SVneo cells for 24 h resulted
in a significant decline in the wound-healing area, whereas
AEDPPE and TNF-α co-stimulation increased the area after 24
and 48 h (Figure 3E). Similarly, Transwell assays showed that
stimulation with AEDPPE improved the migration and invasion
of TNF-α-injured HTR-8/SVneo cells (Figure 3F). Using qRT-
PCR and Western blotting analyses, we demonstrated that
TNF-α significantly downregulated MMP-2 mRNA and protein
expression, whereas AEDPPE upregulated its expression; this
may be how AEDPPE promoted the migration and invasiveness
of HTR-8/SVneo cells (Figures 3G,H). MMP-2, a protein
conjectured to influence trophoblast migration and invasion (35),
may thus be involved in the biology of such AEDPPE-induced
cellular effects on HTR-8/SVneo cells. AEDPPE also showed a
singular ability to reverse the damage caused by TNF-α. This then
led us to explore the mechanism by which AEDPPE exerted its
actions and whether it functioned similarly in vivo.

Improvement of HTR-8/SVneo Cells
Function by AEDPPE may Involve the
NF-κB Signaling Pathway by Binding to
HSP 90β
The pull-down assay revealed that AEDPPE bound a variety
of proteins (Figure 4A), and mass spectrometric analysis of

different portions of the gel identified several proteins that may
interact with AEDPPE. Based on the effect of AEDPPE on
HTR-8/SVneo cells, we selected HSP 90β from 174 specifically
bound proteins in combination with the results of GO analysis
of proteins bound to AEDPPE (Figure 4B) and showed that
AEDPPE bound HSP 90β in vitro (Figure 4C). HSP 90β
binds to the HSP 90 co-chaperone Cdc37 (CDC37), which in
turn forms a complex with IKK to regulate the IKK/IκB/NF-
κB pathway—a process necessary for TNF-α-induced NF-κB
activation (36–39). Western blotting then showed that AEDPPE
inhibited TNF-α-induced upregulation of p-IKK α/β, p-IκB α,
and p-P65 expression (Figure 4D). We further examined the
distribution of P65 in the cells by immunofluorescence assays
and demonstrated that TNF-α promoted significant aggregation
of p-P65 in the nucleus, while AEDPPE inhibited this effect
(Figure 4E). The decrease in P65 in the nucleus, therefore,
indicated that NF-κB activation was inhibited (40). Binding to
HSP 90β and perturbation of the NF-κB pathway may be one
of the mechanisms by which AEDPPE reduces inflammatory-
factor production and promotes HTR-8/SVneo cell migration
and invasion.

AEDPPE Improves Symptoms in the
LPS-Induced PE-Like rat Model
To evaluate the protective effect of AEDPPE in vivo, rat
systolic pressure, urinary protein, placental, and fetal rat
weights, and renal and placental pathology were monitored
in an LPS-induced PE-like rat model. On days 15 and 19 of
gestation, systolic blood pressure in the LPS+AEDPPE group
was significantly reduced compared with the LPS group. In
addition, we plotted blood pressure waveforms from pregnant
rats on day 19 of gestation (Figure 5A), and noted that
the LPS-induced upregulation of urine protein levels was
significantly reversed with AEDPPE treatment (Figure 5B).
The elevated blood pressure and increased urinary protein in
rats indicated the success of our PE-like rat model, whereas
AEDPPE effectively reduced these symptoms that were induced
by LPS.

In addition to the clinical signs in the rats, we executed
a preliminary analysis of the fetal conditions of rats. The
fetal rats in the LPS group were significantly smaller in size
compared with the saline group and showed significant signs
of growth restriction (Figure 5C), and placental and fetal rat
masses and the sum of fetal rat and placental masses were
also significantly reduced (Figure 5D). In the LPS+AEDPPE
group, the placental and fetal rat weights, and the combined
weight of the two were significantly higher relative to the
LPS group.

Furthermore, we analyzed the renal and placental lesions
to clarify their damage. Glomeruli in the LPS group exhibited
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FIGURE 4 | Improvement in HTR-8/SVneo cell function by AEDPPE may involve the NF-κB signaling pathway by binding to HSP 90β. (A) Pull-down assay showed

that more proteins specifically bound to biotin-AEDPPE at the markers shown compared to those in the control group. (B) Gels with differences between the AEDPPE

(Continued)
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FIGURE 4 | and control groups were analyzed using mass spectrometry and subjected to GO analysis, and we noted protein differences between the two groups. (C)

AEDPPE bound specifically to HSP 90β in vitro. (D) TNF-α strongly activated the NF-κB pathway, resulting in increased p-IKK expression, catabolic depletion of IκB α,

and increased p-IκB α–ultimately leading to increased expression levels of p-P65. Activation of the NF-κB signaling pathway was inhibited when AEDPPE was

co-stimulated with TNF-α compared to TNF-α alone. (E) The distribution of P65 (green) in HTR-8/SVneo cells was localized by immunofluorescence. Only

unstimulated phosphorylated P65 translocated into the nucleus (blue), although stimulation by TNF-α caused a large amount of P65 to translocate into the nucleus;

and P65 in the nucleus was reduced when co-stimulated with TNF-α and AEDPPE (scale bar = 100µm). IL, interleukin; PlGF, placental growth factor; sFlt-1, soluble

FMS-like tyrosine kinase 1; TNF-α, tumor-necrosis factor alpha.

mild chronic hyperplasia and swelling compared to the saline
group, but these symptoms were significantly improved in
the AEDPPE group. H&E staining of the placental labyrinth
area showed that LPS resulted in severe vascular congestion,
whereas PAS staining showed that LPS resulted in essentially
no fibrin deposition, which may be associated with inadequate
remodeling of the spiral arteries. In the LPS+AEDPPE group,
we observed reduced vascular congestion and a small amount
of fibrin deposition compared to the LPS group (Figure 5E).
Compared with the saline group, the concentrations of TNF-
α, IL-6, and sFlt-1 were significantly augmented in the serum
of LPS rats, whereas, in contrast, the LPS+AEDPPE group
showed significantly attenuated concentrations of TNF-α, IL-
6, sFlt-1, and sFlt-1/PlGF compared with the LPS group
(Figures 5F,G). Collectively, our data revealed that AEDPPE
not only improved the clinical signs of the dams, but it
also effectively improved the prognosis with respect to the
fetal rats.

DISCUSSION

Preeclampsia causes at least 42,000maternal deaths per year, with
low- and middle-income countries facing the highest burden
of major complications (16), and dysfunctional delivery of the
placenta currently comprises the only effective and essential
treatment (41). In previous studies, researchers have focused
on exploring the causes of endothelial damage and how to
improve and treat such damage (42, 43), whereas only a few
investigators have focused on the impairment and improvement
in trophoblast function. Chaudhary et al. (44) found that
hepatocyte growth factor modulated migration and invasion
of HTR-8/SVneo cells by regulating HIF-1α (44); and Baryla
et al. established that prostaglandin F2α promoted adhesion,
migration, invasion, and proliferation of HTR-8/SVneo cells (31).
Yoshida et al. (45) showed that Lactobacillus crispatus promoted
HTR-8/SVneo cell invasion via activation of MMP-2, and our
previous work revealed that such peptides play a significant role
in improving trophoblast and umbilical vein endothelial cell
function (23).

It has been reported that elevated levels of intra-trophoblastic
inflammation and decreased invasion are the principal
manifestations of trophoblast dysfunction in PE (46). In
our study, 10µM AEDPPE was shown to significantly promote
the migration and invasion of HTR-8/SVneo cells. Other reports
revealed that the mRNA expression of IL-1β, IL-6, and IL-8
in HTR-8/SVneo cells was significantly downregulated by
AEDPPE. TNF-α is elevated in PE (47), and several studies
have shown that TNF-α treatment induced HTR-8/SVneo

cell dysfunction—including a diminution in invasive capacity
and elevated inflammatory-factor expression—which emulates
the dysfunction of PE in vivo (48–50). In our study, TNF-α
was found to cause significant upregulation of inflammatory-
factor expression and impairment of migration and invasion
in HTR-8/SVneo cells. Co-stimulation of HTR-8/SVneo
cells by TNF-α and AEDPPE resulted in significantly higher
migratory and invasive capabilities and lowered expression of
inflammatory factors compared to TNF-α treatment alone. In
addition, the TNF-α-induced increase in the sFlt-1/PlGF ratio
improved after co-stimulation with AEDPPE. In an animal
experiment, serum sFlt-1 of the LPS groups was increased, but
the change in the sFlt-1/PlGF ratio was not obvious; however,
the ratio was significantly reduced in the LPS+AEDPPE group
compared with the LPS group. sFlt-1 is an antagonist of
vascular endothelial growth factor (VEGF) and PlGF, and its
induction of vasoconstriction and endothelial injury may lead
to PE (11). The sFlt-1/PlGF ratio also exhibits high predictive
significance for PE (51, 52). In Yoshida’s study, Lactobacillus
crispatus precisely promoted the expression and activity of
MMP-2 to increase the invasive capacity of HTR-8/SVneo cells,
whereas no significant changes were observed in MMP-9 (45).
In addition, when the mRNA and protein expression levels of
MMP-2 were evaluated, AEDPPE reversed the TNF-α-induced
downregulation of MMP-2.

Through pull-down assays combined with mass spectrometry
and in vitro binding experiments, we uncovered significant
coupling of AEDPPE to HSP 90β. HSP 90β regulates the NF-κB
pathway by binding to its chaperone protein CDC 37 and then
forms a complex with IKK and other molecules (36–39). Our
results indicated that AEDPPE inhibited TNF-α-induced NF-κB
activation, and immunofluorescence demonstrated that AEDPPE
reduced the translocation of P65 into the nucleus. Thus, we
speculated that the improvement in HTR-8/SVneo cell function
by AEDPPE may involve the NF-κB signaling pathway.

It has been found in numerous studies that LPS leads
to the destruction of trophoblast function and activation of
the NF-κB pathway in rats, thereby establishing a PE-like rat
model (22, 32, 53), and we similarly generated a PE-like rat
model by administering LPS to pregnant rats. Twenty-four-
hour urinary protein of LPS-stimulated rats was significantly
increased on the 7th day of pregnancy, as was systolic blood
pressure after the 11th day. By tail-vein injection of AEDPPE,
both blood pressure and elevated urinary protein levels were
then improved in rats treated with LPS, indicating that the PE
status of pregnant rats was improved. Furthermore, in addition
to the amelioration of rat symptoms, fetal rat and placental
weights and kidney and placental damage were improved. In
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FIGURE 5 | Lipopolysaccharide (LPS) injection causes a variety of symptoms similar to PE, including increased urinary protein, elevated blood pressure, kidney, and

placental damage, and very pronounced fetal growth restriction in fetal rats. These symptoms were significantly improved in the LPS+AEDPPE group. (A) Blood

(Continued)
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FIGURE 5 | pressure in rats of the physiological saline group (n = 6), LPS group (n = 6), and LPS+AEDPPE group (n = 6). (B) Urine protein levels on day 4, day 7

and day 19 of pregnancy of each group. (C) Fetal rats in the LPS group exhibited significant growth restriction compared to those in the saline group. AEDPPE

exerted a protective effect against fetal growth restriction. (D) Weight of fetal rats and placenta in each group. (E) The glomeruli in the LPS group showed mild chronic

hyperplasia and swelling compared to the glomeruli of the saline group. Compared to the saline group, H&E staining showed significant vascular congestion in the

placental labyrinth, which was improved in the LPS+AEDPPE group. PAS staining in the saline group showed significant fibrin deposition; in contrast, in the

LPS-treated group there was little fibrin deposition; and in the LPS+AEDPPE group, a small amount of fibrin could be observed. SA, spiral artery (bar [H&E] =

200µm, Bar [PAS] = 400µm). (F) Compared with the control group, the serum concentrations of TNF-α (p < 0.01) and IL-6 (p < 0.05) were significantly higher in the

LPS rats; and the concentrations of TNF-α (p < 0.05) and IL-6 (p < 0.05) were significantly lower in the LPS+AEDPPE group compared with the LPS group. (G) The

concentrations of sFlt-1 and PlGF in the serum of each group. *p < 0.05, **p < 0.01, ***p < 0.001. H&E, hematoxylin–eosin; IL, interleukin; LPS, lipopolysaccharide;

PAS, periodic acid-Schiff; PlGF, placental growth factor; sFlt-1, soluble FMS-like tyrosine kinase 1; TNF-α, tumor-necrosis factor alpha.

particular, LPS caused congestion in the labyrinthine area of
the placenta and reduced fibrin deposition, whereas AEDPPE
reversed these injuries, which may reflect the underlying impetus
for the improvement observed in rat symptoms and fetal
rat outcome with AEDPPE. Rats in the present study also
manifested a significantly belated increase in blood pressure
compared with other studies (54), which may relate to the
route of administration, the environment in which the rats
were housed, and/or the source of the animals. However,
increases in blood pressure and urinary protein were sufficient
to demonstrate that our PE-like rat model was successfully
created and implemented. As fetal growth restriction was evident
in our LPS-induced PE model, it is likely that other animal
models of PE will be used in future studies to validate the role
of AEDPPE.

Trophoblast dysfunction is central to the pathogenesis of PE
through the action of TNF-α on trophoblast cells, and LPS-
injected rats sustain injuries to trophoblast cells; the activation
of NF-κB is then the inevitable result of the action of TNF-α
and LPS (27–30, 32). It has been demonstrated in several studies
that the NF-κB pathway was robustly activated in patients with
PE (12, 13), and the NF-κB pathway has thus been identified
as a potential signaling pathway in the treatment of PE by
improving trophoblast function or symptoms in animal models
(55). Activation of the NF-κB pathway not only promotes the
expression of inflammatory factors but also mitigates invasion by
trophoblast cells (56, 57). Additionally, we generated predictors
of PE by assessing sFlt-1, PlGF, and their ratios. In other
animal models of PE, a reduction in circulating sFlt-1 or the
administration of exogenous PlGF significantly improved clinical
signs (58, 59). We also found that LPS produced an elevation in
sFlt-1 concentrations and an increase in the sFlt-1/PlGF ratio in
rat serum, whereas AEDPPE reversed both indices. These results
indicated the excellent potential of employing AEDPPE in the
treatment of PE.

Numerous studies of PE have been conducted using the HTR-
8/SVneo cell line (31, 44, 45). However, since a recent study
showed that heterogeneous cells exist in the HTR-8/SVneo cell
line (60) (which we did not consider in our study), we expect
to determine the effects of AEDPPE in the future using different
trophoblast cell lines.

Whether the binding of AEDPPE to HSP 90β directly affected
the binding of HSP 90β to CDC 37 or the formation of complexes
with IKK was not determined in the present study. Although we

found that the downstream targets of NF-κB signaling (such as
IL-6) were altered upon AEDPPE treatment, the in vivo effect
of AEDPPE on the NF-κB signaling pathway remains arcane.
We will, therefore, address these investigational shortcomings in
future studies. In summary, our preliminary exploration revealed
that AEDPPE constitutes a promising therapeutic agent in the
treatment of PE.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary materials, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The animal study was reviewed and approved by Ethics
Committee of Nanjing Medical University (Approval
No: 2005040).

AUTHOR CONTRIBUTIONS

YW and YC: design of experiments, conduct of experiments,
data analysis, and writing of the manuscript. XJ and CL:
design and conduct of experiments, data analysis, and guidance
on manuscript revision. LX and TL: design and guidance of
experiments and data analysis. HD and RJ: design and guidance
of experiments, editorial review of the manuscript, and financial
support. All authors contributed to the article and approved the
submitted version.

FUNDING

This research was financially supported by the National Natural
Science Foundation of China (81771604, 81801470) and Jiangsu
Provincial Key Research and Development Program (Grant
No. BE2021614).

ACKNOWLEDGMENTS

We thank LetPub (https://www.letpub.com) for
its linguistic assistance during the preparation of
this manuscript.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 12 December 2021 | Volume 8 | Article 738378

https://www.letpub.com
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Wang et al. Peptide and Preeclampsia

REFERENCES

1. Mol BWJ, Roberts CT, Thangaratinam S, Magee LA, De Groot

CJM, Hofmeyr GJ. Pre-eclampsia. Lancet. (2016) 387:999–

1011. doi: 10.1016/S0140-6736(15)00070-7

2. Tenório MB, Ferreira RC, Moura FA, Bueno NB, De Oliveira ACM, Goulart

MOF. cross-talk between oxidative stress and inflammation in preeclampsia.

Oxid Med Cell Longev. (2019) 2019:8238727. doi: 10.1155/2019/8238727

3. Aouache R, Biquard L, Vaiman D, Miralles F. Oxidative stress

in preeclampsia and placental diseases. Int J Mol Sci. (2018)

19:1496. doi: 10.3390/ijms19051496

4. Gathiram P, Moodley J. The role of the renin-angiotensin-aldosterone

system in preeclampsia: a review. Curr Hypertens Rep. (2020)

22:89. doi: 10.1007/s11906-020-01098-2

5. Staff AC, Fjeldstad HE, Fosheim IK, Moe K, Turowski G, Johnsen GM, et al.

Failure of physiological transformation and spiral artery atherosis: their roles

in preeclampsia. Am J Obstet Gynecol. (2020). doi: 10.1016/j.ajog.2020.09.026

6. Phipps E, PrasannaD, BrimaW, Jim B. Preeclampsia: updates in pathogenesis,

definitions, and guidelines. Clin J Am Soc Nephrol. (2016) 11:1102–

13. doi: 10.2215/CJN.12081115

7. Garrido-Gómez T, Castillo-Marco N, Cordero T, Simón C. Decidualization

resistance in the origin of preeclampsia. Am J Obstet Gynecol.

(2020). doi: 10.1016/j.ajog.2020.09.039

8. Solano ME. Decidual immune cells: Guardians of human

pregnancies. Best Pract Res Clin Obstet Gynaecol. (2019)

60:3–16. doi: 10.1016/j.bpobgyn.2019.05.009

9. Sato Y. Endovascular trophoblast and spiral artery remodeling. Mol Cell

Endocrinol. (2020) 503:110699. doi: 10.1016/j.mce.2019.110699

10. Ridder A, Giorgione V, Khalil A, Thilaganathan B. Preeclampsia: the

relationship between uterine artery blood flow and trophoblast function. Int J

Mol Sci. (2019) 20:3263. doi: 10.3390/ijms20133263

11. Jena MK, Sharma NR, Petitt M, Maulik D, Nayak NR. Pathogenesis

of preeclampsia and therapeutic approaches targeting the placenta.

Biomolecules. (2020) 10:953. doi: 10.3390/biom10060953

12. Chang X, Yao J, He Q, Liu M, Duan T, Wang K. Exosomes

from women with preeclampsia induced vascular dysfunction

by delivering sFlt-1 (Soluble Fms-Like Tyrosine Kinase)-1 and

sEng (Soluble Endoglin) to endothelial cells. Hypertension. (2018)

72:1381–90. doi: 10.1161/HYPERTENSIONAHA.118.11706

13. Rana S, Powe CE, Salahuddin S, Verlohren S, Perschel FH, Levine

RJ, et al. Angiogenic factors and the risk of adverse outcomes

in women with suspected preeclampsia. Circulation. (2012)

125:911–9. doi: 10.1161/CIRCULATIONAHA.111.054361

14. Aggarwal R, Jain AK, Mittal P, Kohli M, Jawanjal P, Rath G. Association of

pro- and anti-inflammatory cytokines in preeclampsia. J Clin Lab Anal. (2019)

33:e22834. doi: 10.1002/jcla.22834

15. Matias ML, Gomes VJ, Romao-Veiga M, Ribeiro VR, Nunes PR, Romagnoli

GG, et al. Silibinin down-regulates the NF-κB Pathway and NLRP1/NLRP3

inflammasomes in monocytes from pregnant women with preeclampsia.

Molecules. (2019) 24:1548. doi: 10.3390/molecules24081548

16. Chappell LC, Cluver CA, Kingdom J, Tong S. Pre-eclampsia. Lancet. (2021)

398:341–54. doi: 10.1016/S0140-6736(20)32335-7

17. Wu P, Mo Y, Peng M, Tang T, Zhong Y, Deng X, et al. Emerging role of tumor-

related functional peptides encoded by lncRNA and circRNA. Mol Cancer.

(2020) 19:22. doi: 10.1186/s12943-020-1147-3

18. Smith EL, Peakman M. Peptide immunotherapy for type 1 diabetes-clinical

advances. Front Immunol. (2018) 9:392. doi: 10.3389/fimmu.2018.00392

19. Schütz D, Ruiz-Blanco YB, Münch J, et al. Peptide and peptide-based

inhibitors of SARS-CoV-2 entry. Adv Drug Deliv Rev. (2020) 167:47–

65. doi: 10.1016/j.addr.2020.11.007

20. Thangaretnam KP, Gopisetty G, Ramanathan P, Rajkumar T, A. polypeptide

from the junction region sequence of EWS-FLI1 inhibits Ewing’s sarcoma

cells, interacts with the EWS-FLI1 and partner proteins. Sci Rep. (2017)

7:7172. doi: 10.1038/s41598-017-07482-4

21. Ting CH, Liu YC, Lyu PC, Chen JY. Nile Tilapia derived antimicrobial peptide

TP4 exerts antineoplastic activity through microtubule disruption. Marine

Drugs. (2018) 16:462. doi: 10.3390/md16120462

22. Xue L, Xie K, Wu L, Yu X, Long W, Li C, et al. A novel

peptide relieves endothelial cell dysfunction in preeclampsia by

regulating the PI3K/mTOR/HIF1α pathway. Int J Mol Med. (2021)

47:276–88. doi: 10.3892/ijmm.2020.4793

23. Ji X, Wang X, Ling Z, Lv Y, Yu W, Jia R, et al. Cys-peptide mediates the

protective role in preeclampsia-like rat and cell models. Life Sci. (2020)

251:117625. doi: 10.1016/j.lfs.2020.117625

24. Huang J, Ling Z, Zhong H, Yin Y, Qian Y, Gao M, et al. Distinct expression

profiles of peptides in placentae from preeclampsia and normal pregnancies.

Sci Rep. (2020) 10:17558. doi: 10.1038/s41598-020-74840-0

25. Howl J, Nicholl ID, Jones S. The many futures for cell-

penetrating peptides: how soon is now? Biochem Soc Trans. (2007)

35:767–9. doi: 10.1042/BST0350767

26. Guidotti G, Brambilla L, Rossi D. Cell-penetrating peptides:

from basic research to clinics. Trends Pharmacol Sci. (2017)

38:406–24. doi: 10.1016/j.tips.2017.01.003

27. Wang Z, Zibrila AI, Liu S, Zhao G, Li Y, Xu J, et al. Acetylcholine ameliorated

TNF-α-induced primary trophoblast malfunction via muscarinic receptors
†
.

Biol Reprod. (2020) 103:1238–48. doi: 10.1093/biolre/ioaa158

28. Xu B, Charlton F, Makris A, Hennessy A. Nitric oxide (NO) reversed TNF-

α inhibition of trophoblast interaction with endothelial cellular networks.

Placenta. (2014) 35:417–21. doi: 10.1016/j.placenta.2014.03.009

29. Kotani T, Iwase A, Ino K, Sumigama S, Yamamoto E, Hayakawa H, et al.

Activator protein-2 impairs the invasion of a human extravillous trophoblast

cell line. Endocrinology. (2009) 150:4376–85. doi: 10.1210/en.2008-1645

30. Bouwmeester T, Bauch A, Ruffner H, Angrand PO, Bergamini G,

Croughton K, et al. A physical and functional map of the human TNF-

alpha/NF-kappa B signal transduction pathway. Nat Cell Biol. (2004) 6:97–

105. doi: 10.1038/ncb1086

31. Baryla M, Kaczynski P, Goryszewska E, Riley SC, Waclawik A. Prostaglandin

F(2α) stimulates adhesion, migration, invasion and proliferation of the

human trophoblast cell line HTR-8/SVneo. Placenta. (2019) 77:19–29.

doi: 10.1016/j.placenta.2019.01.020

32. Li ZH, Wang LL, Liu H, Muyayalo KP, Huang XB, Mor G, et al. Galectin-

9 Alleviates LPS-induced preeclampsia-like impairment in rats via switching

decidual macrophage polarization to M2 subtype. Front Immunol. (2018)

9:3142. doi: 10.3389/fimmu.2018.03142

33. Gong P, Liu M, Hong G, Li Y, Xue P, Zheng M, et al. Curcumin improves LPS-

induced preeclampsia-like phenotype in rat by inhibiting the TLR4 signaling

pathway. Placenta. (2016) 41:45–52. doi: 10.1016/j.placenta.2016.03.002

34. Cotechini T, Komisarenko M, Sperou A, Macdonald-Goodfellow S, Adams

MA, Graham CH. Inflammation in rat pregnancy inhibits spiral artery

remodeling leading to fetal growth restriction and features of preeclampsia.

J Exp Med. (2014) 211:165–79. doi: 10.1084/jem.20130295

35. Lee CL, Veerbeek JHW, Rana TK, Van Rijn BB, Burton GJ, Yung HW.

Role of endoplasmic reticulum stress in proinflammatory cytokine-mediated

inhibition of trophoblast invasion in placenta-related complications of

pregnancy. Am J Pathol. (2019) 189:467–78. doi: 10.1016/j.ajpath.2018.

10.015

36. Chen G, Cao P, Goeddel DV. TNF-induced recruitment and activation

of the IKK complex require Cdc37 and Hsp90. Mol Cell. (2002) 9:401–

10. doi: 10.1016/S1097-2765(02)00450-1

37. Hinz M, Broemer M, Arslan SC, Otto A, Mueller EC, Dettmer R,

et al. Signal responsiveness of IkappaB kinases is determined by Cdc37-

assisted transient interaction with Hsp90. J Biol Chem. (2007) 282:32311–

9. doi: 10.1074/jbc.M705785200

38. Lei Q, Gu H, Li L, Wu T, Xie W, Li M, et al. TNIP1-mediated TNF-α/NF-κB

signalling cascade sustains glioma cell proliferation. J Cell Mol Med. (2020)

24:530–8. doi: 10.1111/jcmm.14760

39. Hayden MS, Ghosh S. Regulation of NF-κB by TNF family cytokines. Semin

Immunol. (2014) 26:253–66. doi: 10.1016/j.smim.2014.05.004

40. Zhang JN, Ma Y, Wei XY, Liu KY, Wang H, Han H, et al. Remifentanil

protects against lipopolysaccharide-induced inflammation through

PARP-1/NF-κB signaling pathway. Mediators Inflamm. (2019)

2019:3013716. doi: 10.1155/2019/3013716

41. Staff AC. Long-term cardiovascular health after stopping pre-eclampsia.

Lancet. (2019) 394:1120–1. doi: 10.1016/S0140-6736(19)31993-2

Frontiers in Cardiovascular Medicine | www.frontiersin.org 13 December 2021 | Volume 8 | Article 738378

https://doi.org/10.1016/S0140-6736(15)00070-7
https://doi.org/10.1155/2019/8238727
https://doi.org/10.3390/ijms19051496
https://doi.org/10.1007/s11906-020-01098-2
https://doi.org/10.1016/j.ajog.2020.09.026
https://doi.org/10.2215/CJN.12081115
https://doi.org/10.1016/j.ajog.2020.09.039
https://doi.org/10.1016/j.bpobgyn.2019.05.009
https://doi.org/10.1016/j.mce.2019.110699
https://doi.org/10.3390/ijms20133263
https://doi.org/10.3390/biom10060953
https://doi.org/10.1161/HYPERTENSIONAHA.118.11706
https://doi.org/10.1161/CIRCULATIONAHA.111.054361
https://doi.org/10.1002/jcla.22834
https://doi.org/10.3390/molecules24081548
https://doi.org/10.1016/S0140-6736(20)32335-7
https://doi.org/10.1186/s12943-020-1147-3
https://doi.org/10.3389/fimmu.2018.00392
https://doi.org/10.1016/j.addr.2020.11.007
https://doi.org/10.1038/s41598-017-07482-4
https://doi.org/10.3390/md16120462
https://doi.org/10.3892/ijmm.2020.4793
https://doi.org/10.1016/j.lfs.2020.117625
https://doi.org/10.1038/s41598-020-74840-0
https://doi.org/10.1042/BST0350767
https://doi.org/10.1016/j.tips.2017.01.003
https://doi.org/10.1093/biolre/ioaa158
https://doi.org/10.1016/j.placenta.2014.03.009
https://doi.org/10.1210/en.2008-1645
https://doi.org/10.1038/ncb1086
https://doi.org/10.1016/j.placenta.2019.01.020
https://doi.org/10.3389/fimmu.2018.03142
https://doi.org/10.1016/j.placenta.2016.03.002
https://doi.org/10.1084/jem.20130295
https://doi.org/10.1016/j.ajpath.2018.10.015
https://doi.org/10.1016/S1097-2765(02)00450-1
https://doi.org/10.1074/jbc.M705785200
https://doi.org/10.1111/jcmm.14760
https://doi.org/10.1016/j.smim.2014.05.004
https://doi.org/10.1155/2019/3013716
https://doi.org/10.1016/S0140-6736(19)31993-2
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Wang et al. Peptide and Preeclampsia

42. Ali SM, Khalil RA. Genetic, immune and vasoactive factors in the vascular

dysfunction associated with hypertension in pregnancy. Expert Opin Ther

Targets. (2015) 19:1495–515. doi: 10.1517/14728222.2015.1067684

43. Ziganshina MM, Yarotskaya EL, Bovin NV, Pavlovich SV, Sukhikh GT. Can

endothelial glycocalyx be a major morphological substrate in pre-eclampsia?

Int J Mol Sci. (2020) 21:3048. doi: 10.3390/ijms21093048

44. Chaudhary P, Babu GS, Sobti RC, Gupta SK. HGF regulate HTR-8/SVneo

trophoblastic cells migration/invasion under hypoxic conditions through

increased HIF-1α expression via MAPK and PI3K pathways. J Cell Commun

Signal. (2019) 13:503–21. doi: 10.1007/s12079-019-00505-x

45. Yoshida T, Takada K, Komine-Aizawa S, Kamei Y, Ishihara O, Hayakawa S.

Lactobacillus crispatus promotes invasion of the HTR-8/SVneo trophoblast

cell line. Placenta. (2021) 111:76–81. doi: 10.1016/j.placenta.2021.06.006

46. Albrecht C, Chamley L, Charnock-Jones DS, Collins S, Fujiwara

H, Golos T, et al. IFPA meeting 2018 workshop report II:

Abnormally invasive placenta inflammation and infection preeclampsia

gestational trophoblastic disease and drug delivery. Placenta. (2019)

84:9–13. doi: 10.1016/j.placenta.2019.02.006

47. Koçyigit Y, Atamer Y, Atamer A, Tuzcu A, Akkus Z. Changes in

serum levels of leptin, cytokines and lipoprotein in pre-eclamptic

and normotensive pregnant women. Gynecol Endocrinol. (2004)

19:267–73. doi: 10.1080/09513590400018108

48. Luo R, Shao X, Xu P, Liu Y, Wang Y, Zhao Y, et al. MicroRNA-

210 contributes to preeclampsia by downregulating potassium

channel modulatory factor 1. Hypertension. (2014) 64:839–

45. doi: 10.1161/HYPERTENSIONAHA.114.03530

49. Kim S, Lee KS, Choi S, Kim J, Lee DK, Park M, et al. NF-κB-responsive

miRNA-31-5p elicits endothelial dysfunction associated with preeclampsia

via down-regulation of endothelial nitric-oxide synthase. J Biol Chem. (2018)

293:18989–9000. doi: 10.1074/jbc.RA118.005197

50. Tian FJ, Qin CM Li XC, Wu F, Liu XR, Xu WM, et al. Decreased

stathmin-1 expression inhibits trophoblast proliferation and invasion and

is associated with recurrent miscarriage. Am J Pathol. (2015) 185:2709–

21. doi: 10.1016/j.ajpath.2015.06.010

51. Zeisler H, Llurba E, Chantraine F, Vatish M, Staff AC, Sennström M,

et al. Predictive value of the sFlt-1:PlGF ratio in women with suspected

preeclampsia. N Engl J Med. (2016) 374:13–22. doi: 10.1056/NEJMoa1414838

52. Perry H, Binder J, Kalafat E, Jones S, Thilaganathan B,

Khalil A. Angiogenic marker prognostic models in pregnant

women with hypertension. Hypertension. (2020) 75:755–

61. doi: 10.1161/HYPERTENSIONAHA.119.13997

53. Zhang Z, Jiang S, Tian H, Zeng Y, He K, Lin L, et al. Ethyl acetate fraction

from Nymphaea hybrida Peck modulates inflammatory responses in LPS-

stimulated RAW 264. 7 cells and acute inflammation murine models. J

Ethnopharmacol. (2021) 269:113698. doi: 10.1016/j.jep.2020.113698

54. Xue P, Zheng M, Gong P, Lin C, Zhou J, Li Y, et al. Single administration

of ultra-low-dose lipopolysaccharide in rat early pregnancy induces TLR4

activation in the placenta contributing to preeclampsia. PLoS ONE. (2015)

10:e0124001. doi: 10.1371/journal.pone.0124001

55. Wang Z, Zibrila AI, Liu S, Zhao G, Li Y, Xu J, et al. Acetylcholine

ameliorated hypoxia-induced oxidative stress and apoptosis in trophoblast

cells via p38 MAPK/NF-κB pathway. Mol Hum Reprod. (2021)

27:gaab045. doi: 10.1093/molehr/gaab045

56. Fan Y, Dong Z, Zhou G, Fu J, Zhan L, Gao M, et al. Elevated miR-23a

impairs trophoblast migration and invasiveness through HDAC2 inhibition

and NF-κB activation. Life Sci. (2020) 261:118358. doi: 10.1016/j.lfs.2020.1

18358

57. Xue P, Fan W, Diao Z, Li Y, Kong C, Dai X, et al. Up-regulation

of PTEN via LPS/AP-1/NF-κB pathway inhibits trophoblast

invasion contributing to preeclampsia. Mol Immunol. (2020)

118:182–90. doi: 10.1016/j.molimm.2019.12.018

58. Kumasawa K, Ikawa M, Kidoya H, Hasuwa H, Saito-Fujita T, Morioka Y,

et al. Pravastatin induces placental growth factor (PGF) and ameliorates

preeclampsia in a mouse model. Proc Natl Acad Sci USA. (2011) 108:1451–

5. doi: 10.1073/pnas.1011293108

59. Turanov AA, Lo A, Hassler MR, Makris A, Ashar-Patel A, Alterman JF, et al.

RNAi modulation of placental sFLT1 for the treatment of preeclampsia. Nat

Biotechnol. (2018) 19:10.1038/nbt.4297. doi: 10.1038/nbt.4297

60. Abou-Kheir W, Barrak J, Hadadeh O, Daoud G. HTR-8/SVneo

cell line contains a mixed population of cells. Placenta. (2017)

50:1–7. doi: 10.1016/j.placenta.2016.12.007

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Wang, Cao, Ji, Li, Xue, Li, Jia and Ding. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 14 December 2021 | Volume 8 | Article 738378

https://doi.org/10.1517/14728222.2015.1067684
https://doi.org/10.3390/ijms21093048
https://doi.org/10.1007/s12079-019-00505-x
https://doi.org/10.1016/j.placenta.2021.06.006
https://doi.org/10.1016/j.placenta.2019.02.006
https://doi.org/10.1080/09513590400018108
https://doi.org/10.1161/HYPERTENSIONAHA.114.03530
https://doi.org/10.1074/jbc.RA118.005197
https://doi.org/10.1016/j.ajpath.2015.06.010
https://doi.org/10.1056/NEJMoa1414838
https://doi.org/10.1161/HYPERTENSIONAHA.119.13997
https://doi.org/10.1016/j.jep.2020.113698
https://doi.org/10.1371/journal.pone.0124001
https://doi.org/10.1093/molehr/gaab045
https://doi.org/10.1016/j.lfs.2020.118358
https://doi.org/10.1016/j.molimm.2019.12.018
https://doi.org/10.1073/pnas.1011293108
https://doi.org/10.1038/nbt.4297
https://doi.org/10.1016/j.placenta.2016.12.007
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	The Novel Peptide AEDPPE Alleviates Trophoblast Cell Dysfunction Associated With Preeclampsia by Regulating the NF-κB Signaling Pathway
	Background
	Materials and Methods
	The Peptides
	Cell Culture and Treatment
	Cell Counting Kit-8 Assay
	Wound-Healing Assay
	Cell Migration Assay and Invasion Assay
	Cell Migration Assay
	Transwell Invasion Assay

	Quantitative Reverse Transcription PCR
	Cell Apoptosis Assay
	Enzyme-Linked Immunosorbent Assay
	Pull-Down Assay and Mass Spectrometry
	Western Blotting
	Immunofluorescence
	Animal Experiment
	Statistical Analysis

	Results
	Characterization of Peptide AEDPPE
	AEDPPE Downregulates the Production of Inflammatory Factors and Promotes Migration and Invasion of HTR-8/SVneo Cells
	AEDPPE Reverses TNF-α-Induced Injury in HTR-8/SVneo Cells
	Improvement of HTR-8/SVneo Cells Function by AEDPPE may Involve the NF-κB Signaling Pathway by Binding to HSP 90β
	AEDPPE Improves Symptoms in the LPS-Induced PE-Like rat Model

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


