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A novel peptide relieves endothelial cell dysfunction
in preeclampsia by regulating the PI3K/mTOR/HIF1α pathway
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Abstract. Preeclampsia (PE) is a pregnancy‑specific complication characterized by hypertension and proteinuria, and it
is one of the primary global causes of maternal and perinatal
mortality. Poor remodeling of placental arteries and endothelial dysfunction serve important roles in the pathogenesis of
PE. Peptide derived from complement C4 A chain (PDCC4)
was identified in our previous peptidome analysis of serum
from patients with PE. The present study aimed to investigate
the effect of PDCC4 on endothelial dysfunction in PE. TNF‑α
stimulated HUVECs were employed to mimic endothelial
dysfunction in PE, and Cell Counting Kit 8 assay, wound
healing assay, tube formation assay, RNA‑sequencing (seq)
and western blot analysis were performed using HUVECs.
Moreover, an in vivo model of PE was established using pregnant rats treated with lipopolysaccharide (LPS), and blood
pressure monitoring, histopathological examination, ELISA
and immunohistochemistry were performed on rats. It was
found that TNF‑α impaired proliferation, migration and tube
formation of HUVECs, but pretreatment with PDCC4 moderated these effects. RNA‑seq and western blotting demonstrated
that the PI3K/mTOR/HIF1α signaling pathway was activated
by PDCC4, and a selective PI3K inhibitor reversed the protective function of PDCC4 on TNF‑ α stimulated HUVECs.
Additionally, PDCC4 alleviated hypertension, histopathological changes of placenta and kidney and the expression levels
of endothelial injury markers and inflammatory cytokines
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induced by LPS in rats. These results suggested that PDCC4
relieved endothelial dysfunction in PE via PI3K/mTOR/HIF1α
signaling pathway and may be a potential therapy for PE.
Introduction
Preeclampsia (PE), a specific complication of pregnancy characterized by hypertension and proteinuria (1), is a threat to
maternal and pediatric health and affects 5‑7% of all pregnant
women worldwide every year (2‑4). In severe cases, PE can
lead to multiorgan failure and even mortality (5,6). Low‑dose
aspirin treatment is reported to decrease the prevalence
of hypertension in pregnancy (7‑9). Moreover, trophoblast
complement inhibitory therapy with heparin reduced the
incidence of primary outcomes (such as severe pre‑eclampsia,
newborn weight ≤5th percentile or major abruptio placentae)
in women with adverse pregnancy outcomes in antecedent
pregnancy (10). As PE is life‑threatening and lacks effective
treatment, the development of specific therapies targeting the
pathogenesis of PE is urgently required.
Although the precise mechanisms underlying the occurrence of PE remain unknown, the leading hypotheses suggest
the involvement of inadequate uterine trophoblast invasion
and poor remodeling of placental spiral arteries (11‑13).
Importantly, the widespread endothelial dysfunction caused
by impaired remodeling of spiral arteries accelerates the
onset of symptomatic PE via the release of anti‑angiogenic
factors, such as soluble fms‑like tyrosine kinase 1 (sFLT‑1)
and soluble endoglin (sENG) (14‑16). Metformin is an oral
hypoglycaemic agent that is widely accepted for the treatment
of gestational diabetes. Recently, Brownfoot et al (17) revealed
that metformin decreased sFLT‑1 and sENG secretion, as well
as and improved endothelial dysfunction in patients with PE.
Hence, a medication that alleviates endothelial dysfunction
may demonstrate promise for the prevention and treatment
of PE.
Numerous peptides have been reported to be biologically
active and have been researched for therapeutic applications
in various diseases, including cancer, hypertension and
diabetes (18‑21). Apelin has been observed to function in
regulating fluid balance, local regulation of blood vessels
and cardiac contractility. For instance, Ho et al (22) revealed
that, in rodents, apelin prevented the development of systemic
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hypertension and preserved the cellular architecture of the
kidney that is often impaired in PE. Currently, increasing
numbers of peptides have been approved for clinical research,
such as liraglutide and abaloparatide (23,24), but specific
peptides available for PE treatment are limited. Our previous
study systemically evaluated the peptide profile in the serum
from patients with PE (25). However, additional efforts are
required to examine the peptides with unknown functions.
Based on previous findings, the present study aimed to
investigated the biological functions of a novel peptide derived
from the complement C4 A chain (PDCC4), which has a high
stability and a low molecular weight (25). Subsequently, the
potential mechanism underlying the protective effects provided
by PDCC4 on endothelial dysfunction were examined.
Materials and methods
Peptide synthesis and administration. The amino acid
sequence of PDCC4 is NGFKSHALQLNNRQIR. PDCC4
and N‑terminal fluorescein isothiocyanate‑labelled PDCC4
(FITC‑PDCC4) were chemically synthesized with >95% purity
by Shanghai Science Peptide Biological Technology Co., Ltd.
The peptide was dissolved in sterile water to a concentration of
10 mM for storage and diluted to the indicated concentration
before use.
Cell culture and treatment. Human umbilical vein endothelial
cells (HUVECs) were purchased from ScienCell Research
Laboratories, Inc. HUVECs were cultured using DMEM
(ScienCell Research Laboratories, Inc.) supplemented with
10% FBS (ScienCell Research Laboratories, Inc.) in a 37˚C
humidified incubator with 5% CO2. Cells were randomly
divided into four groups for treatment: Control group, PDCC4
group, TNF‑α group and TNF‑α + PDCC4 group. The TNF‑α
and TNF‑ α + PDCC4 groups were administered 20 ng/ml
TNF‑ α (23‑25), while the control group received an equal
volume of sterile water. A total of 30 min before TNF‑ α
treatment, the PDCC4 and TNF‑ α + PDCC4 groups were
administered 50 µM PDCC4, while the TNF‑α group received
an equal volume of sterile water.
HUVECs were administrated with 50 µM FITC‑PDCC4
and incubated for 1 h at 37˚C in the dark, then imaged with a
laser confocal fluorescence microscopy (Zeiss AG; magnification, x400) to observe the cell penetrating capacity of PDCC4.
To investigate the function of PDCC4, various concentrations
(10, 20, 50 and 100 µM) of PDCC4 were administrated to
HUVECs and then cells were cultured for 30 min at 37˚C.
Subsequently, HUVECs were incubated with 20 ng/ml TNF‑α
(Sigma‑Aldrich; Merck KGaA) for 24 h at 37˚C to induce
endothelial dysfunction, as previously described (26‑28).
Additionally, to investigate the effect of inhibiting PI3K on
function of PDCC4, HUVECs were preconditioned with 2 µM
LY294002 (Sigma‑Aldrich; Merck KGaA) for 1 h at 37˚C
before administration of PDCC4.
5‑Ethynyl‑2'‑deoxyuridine (EdU) assay. HUVECs were
seeded in 24‑well plates at a concentration of 5,000 cells/well,
and were then incubated for 12 h at 37˚C. After cells attached,
HUVECs were treated as aforementioned for 24 h. Then,
the proliferation of the HUVECs was measured with an
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EdU assay kit (Beyotime Institute of Biotechnology) as previously described (29). EdU was added to the culture medium
at a concentration of 10 µM. After incubation at 37˚C for 2 h,
the cells were fixed with 4% paraformaldehyde for 30 min at
room temperature. Cells were washed twice with PBS and
treated with 0.3% Triton X‑100 for 10 min at room temperature. Finally, Alexa Fluor 488 azide and DAPI were used
successively to stain the cells for 30 and 10 min in the dark at
room temperature. Images were acquired using a fluorescence
microscope (magnification, x200) (30,31).
Wound healing assays. HUVECs were seeded in 6‑well
plates at a concentration of 5x105 cells per well and cultured
until they reached confluency. After the cells were treated as
aforementioned, a scratch was made down the center of the
layers of cells in each well using a sterile 1,000 µl micropipette
tip. Cells were then washed with PBS twice and cultured in
medium without FBS. Images of three random visual fields
of each group were captured using a bright‑field microscope
(magnification, x40) at 0 and 24 h after scratching. The width
of the healed wound was quantified using ImageJ software
(v1.52a; National Institutes of Health), and the migratory rate
was calculated (32,33).
Tube formation assay. A total of 100 µl liquefied Matrigel
(Becton, Dickinson and Company) was added to the 24‑well
plate. The plate was incubated at 37˚C until the Matrigel solidified. Subsequently, 200 µl HUVECs (1x105 cells/ml) that were
treated as aforementioned were seeded in a 24‑well plate. The
preliminary experiment indicated that untreated HUVECs
completely formed tubular structures on the Matrigel after
6‑8 h of incubation (data not shown). Thus, the tube formation of the HUVECs was observed using a bright‑field
microscope (magnification, x200) at 6‑8 h, as also previously
described (34‑36). The branch number and length of the tubes
were quantified using ImageJ software (v1.52a; National
Institutes of Health).
Mitochondrial membrane potential assay. HUVECs were
seeded in 6‑well plates at a concentration of 5x105 cells per
well for treatment as aforementioned. Then, a 5,5',6,6',tetrachloro‑1,1',3,3'‑tetraethylbenzimidazolcarbocyanine iodide
(JC‑1) staining kit (Beyotime Institute of Biotechnology) was
used according to the manufacturer's instructions to detect the
mitochondrial membrane potential of the HUVECs (37,38).
Briefly, the culture medium in each well was replaced with
JC‑1 staining medium (5 µg/ml). After a 20 min incubation in
the dark at 37˚C, HUVECs were washed twice with PBS and
a fluorescence microscope (magnification, x400) was used to
capture images of the mitochondria.
Cell Counting Kit‑8 (CCK‑8) assay. A CCK‑8 assay kit
(cat. no. CK04‑13; Dojindo Molecular Technologies, Inc.)
was applied to evaluate the effect of different concentrations
of PDCC4 on the proliferation of HUVECs according to the
manufacturer's instructions. The cells were seeded in 96‑well
plates at a concentration of 3,000 cells/well. After the cells
were attached, they were pretreated with PDCC4 (10, 20,
50 and 100 µM) for 30 min at 37˚C and then cotreated with
20 ng/ml TNF‑α in a 37˚C humidified incubator with 5% CO2.
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At 0, 24, 48 and 72 h, 10 µl CCK‑8 solution was added to
the medium at 37˚C (39,40). The absorbance at 450 nm
was measured using a multifunctional microplate reader
(Hybrid Technology; BioTek Instruments, Inc.).
Animal protocol. All animal studies were approved by the
Animal Care and Ethical Committee of Nanjing Medical
University. Animal experiments were performed according to
the Guide for the Care and Use of Laboratory Animals (41). A
total of 72 Sprague‑Dawley (SD) rats (48 female, 24 male; age,
8 weeks; weight, 280‑320 g) were purchased from the Animal
Center of Nanjing Medical University. The rats were housed
with 60% humidity and a 12‑h light/dark cycle at 26˚C and free
to standard rat chow and water. Female rats were mated with
males after 7 days of acclimatization. Gestational day (GD) 0
was defined via a vaginal smear analysis of sperm. On GD14,
the female SD rats were randomly divided into four groups
(n=12 rats in each): Saline group, Saline + PDCC4 group, LPS
group and LPS + PDCC4 group. On GD14, the rats in the LPS
group and LPS + PDCC4 group were intravenously injected
with LPS (Sigma‑Aldrich; Merck KGaA; 1 µg/kg dissolved in
2 ml sterile saline) via an infusion pump (infusion rate, 2 ml/h)
as previously described (42), while the rats in the Saline group
and Saline + PDCC4 group were injected with an equal
volume of saline via an infusion pump (infusion rate, 2 ml/h).
Rats in the Saline + PDCC4 group and LPS + PDCC4 group
were intravenously injected with PDCC4 (10 mg/kg) once per
day on GD16, 17 and 18, while the rats in the Saline group and
LPS group were injected with an equal volume of saline.
Measurement of blood pressure, urinary protein and creatinine.
On GD7, 11, 14, 16 and 18, a non‑invasive volume-pressure
recording blood pressure monitoring system (Visitech BP2000;
VisiTech International Ltd.) was employed to measure the
systolic blood pressure (SBP) of the rats.
Beginning on GD19, 5 ml of 24‑h urine was collected from
the rats using individual metabolic cages. Then, the concentration of urinary protein was determined using the pyrogallol red
method as previously described (43), and the concentration of
creatinine was assayed using a commercial kit (cat. no. C011‑2;
Nanjing Jiancheng Bioengineering Institute), according to the
manufacturer's instructions.
Pathological examination. On GD20, the rats were anaesthetized and sacrificed. Then, the fetuses, placentas and kidneys
were isolated. Living and dead fetuses were counted, and
the live fetuses were weighed. The placentas and kidneys
were fixed with 4% paraformaldehyde overnight at room
temperature, embedded in paraffin and sliced into 3‑µm thick
sections. Then, tissue sections were subjected to hematoxylin
and eosin (H&E) staining, which was performed as previously described (44,45), and sections were imaged using light
microscopy (magnification, x100).
Immunohistochemistry. The protein expression levels
of proinflammatory and anti‑inflammatory factors in rat
placentas were estimated via immunohistochemistry analysis.
Paraffin‑embedded sections of placentas were washed with
xylene and ascending alcohol, for air‑drying and hydration,
and were then incubated in Tris EDTA buffer for 15 min

at 95˚C for antigen retrieval. The paraffin sections were incubated at room temperature in 3% hydrogen peroxide solution
for 20 min to eliminate endogenous peroxidase activity. The
sections were incubated in PBS containing 3% bovine serum
albumin (Sigma‑Aldrich; Merck KGaA) for 15 min at room
temperature to block non‑specific binding. The sections
were incubated overnight in a 4˚C humidified incubator with
primary antibodies against IL‑4 (1:200; cat. no. bs‑20686R;
BIOSS) and IL‑6 (1:200; cat. no. bs‑0782R; BIOSS). Then,
tissue sections were washed three times with PBS, and incubated with a secondary antibody (1:100; cat. no. bs‑0295G‑Bio;
BIOSS) and a tertiary antibody (1:500; cat. no. bs‑0437P‑HRP;
BIOSS) in a 37˚C incubator for 30 min. Finally, the labelled
antibody was visualized with a 3,3'‑diaminobenzidine kit (46).
The stained sections were imaged using light microscopy
(magnification, x100), and images were loaded to ImageJ
software (v1.52a; National Institutes of Health) to quantify the
expression of proteins.
ELISA. A total of 500 µl blood was drawn via the tail vein
before sacrifice. The supernatant serum was collected after the
blood samples centrifuged at 1,500 x g for 15 min at 4˚C. The
sFlt‑1 and sEng levels were determined according to the manufacture's instruction of the ELISA kits (cat. nos. CSB‑E07350r
and CSB‑EL007667RA; Cusabio Technology LLC). The
concentrations were measured according to the absorbance of
the samples and standards at the 450 nm wavelength (47).
RNA sequencing (seq). HUVECs were lysed using TRIzol®
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and total
RNA was extracted using RNAprep pure Cell/Bacteria kit
(cat. no. DP430; Tiangen Biotech Co., Ltd.), and then the
integrity of total RNA was inspected via a Bioanalyzer 2100
(Agilent Technologies, Inc.). Qualified total RNA was further
purified using RNA Clean XP kit (Beckman Coulter, Inc.) and
RNase‑Free DNase Set (Qiagen AB) according to the manufacturer's instructions. Ribosomal RNA (rRNA) was removed
from total RNA using the Ribo‑Zero™ Gold kit (Epicentre;
Illumina, Inc.), and fragmented rRNA‑depleted RNA was
converted to double‑stranded cDNAs using ScriptSeq™ v2
RNA‑Seq Library Preparation kit (Epicentre; Illumina, Inc.)
according to the manufacturer's instructions. cDNAs were
used for end repair, 3' adenylation, adapter ligation and cDNA
enrichment using a VAHTS Stranded mRNA‑seq Library
Prep kit (Illumina, Inc.). The quality of libraries and quantification were inspected using Bioanalyzer 2100 and qPCR
with a Library Quantification kit (KAPA Biosystems; Roche
Diagnostics, Inc.). Then, 4 nM cDNA libraries were run on
HiSeq. 2500 platform (Illumina, Inc.) in rapid run mode for
2X 100 bp paired‑end reads using a TruSeq PE Cluster kit and
a TruSeq SBS kit (cat. nos. PE‑401‑3001 and FC‑401‑3001;
Illumina, Inc.) and data were summarized, normalized and
quality controlled using HiSeq Control software (v 2.2.68;
Illumina, Inc.).
To analyze the differential expression of genes, the raw
reads were normalized to Fragments per Kilobase of exon
per Million mapped reads. The t‑test results and P‑values
were adjusted for the False Discovery Rate (FDR) using
the Benjamini‑Hochberg procedure, and a FDR‑adjusted
P‑value<0.05 was considered the threshold for statistical
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significance. Differentially expressed genes were uploaded
to Database for Annotation, Visualization and Integrated
Discovery (v6.8; https://david.ncifcrf.gov/tools.jsp) for
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis.
Reverse transcription‑quantitative PCR (RT‑qPCR). Cells
and placenta tissues of rats were lysed using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.). Total RNA was
extracted with a Total RNA Isolation kit (Tiangen Biotech
Co., Ltd.) and then subjected to reverse transcription using a
SuperScript IV kit (Thermo Fisher Scientific, Inc.) according
to the manufacturer's instructions. cDNA was synthesized
at 50˚C for 10 min and 80˚C for 10 min. RT‑qPCR was
performed using PowerUp™ SYBR™ Green Master mix
(Thermo Fisher Scientific, Inc.) and an ABI ViiA 7 System
(Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. The following thermocycling conditions
were used: Initial denaturation at 95˚C for 120 sec, denaturing
at 95˚C for 15 sec and extension at 60˚C for 60 sec for 40 cycles.
The primer sequences are listed in Table SI. Expression values
of targeted genes were normalized to the values of GAPDH
using the 2‑ΔΔCq method (48).
Western blotting. HUVECs were lysed with RIPA buffer
(Beyotime Institute of Biotechnology), and total protein was
extracted. The protein concentration was measured using
the BCA method (Beyotime Institute of Biotechnology).
After processing with loading buffer, proteins (30 µg) were
subjected to electrophoresis with a 10% polyacrylamide
gel. Subsequently, the proteins were transferred to PVDF
(EMD Millipore) membranes. After blocking with 5% fat‑free
milk for 1 h at room temperature, the membranes were
incubated with primary antibodies at 4˚C overnight. The
primary antibodies used in this study were phosphorylated
(p)‑PI3K (1:2,000; cat. no. bs‑3332R; BIOSS), PI3K (1:2,000;
cat. no. 4249; Cell Signaling Technology, Inc.), p‑mTOR
(1:2,000; Ser2481; cat. no. ab137133; Abcam), mTOR (1:2,000;
cat. no. 2983; Cell Signaling Technology, Inc.), HIF1α (1:2,000;
cat. no. 36169; Cell Signaling Technology, Inc.) and β‑actin
(1:5,000; cat. no. 20536‑1‑AP; ProteinTech Group, Inc.) (49).
After washing three times with TBST containing 0.1% Tween‑20
(10 min every time) at room temperature, the membranes were
incubated with goat anti‑rabbit IgG horseradish peroxidase
(1:2,000; cat. no. ab205718; Abcam) for 1 h at room temperature.
After washing again with TBST, the immunoblots were visualized using chemiluminescence reagents (EMD Millipore) and
grey value of immunoblots were semi‑quantified using ImageJ
software (v1.52a; National Institutes of Health).
Statistical analysis. GraphPad Prism 7 software (GraphPad
Software, Inc.) was used for statistical analysis and data plotting. Quantitative data are presented as the mean ± SD. Data
with two groups were compared using the two‑tailed Student's
t‑test, and multiple group comparisons were determined via
one‑way ANOVA and Bonferroni's multiple comparison test.
χ2 tests were used to compare survival rate of fetal rats. P<0.05
was considered to indicate a statistically significant difference.
All experiments were performed for three independent times
with six duplications each time.
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Results
PDCC4 at a concentration of 50 µM has a significant effect on
the expression of biomarkers of endothelial dysfunction. The
ability of PDCC4 to penetrate cells was first evaluated, before
analysis of its function in HUVECs. To track the delivery of
the peptide, PDCC4 was conjugated to FITC. HUVECs were
treated with 50 µM FITC‑labelled PDCC4 for 1 h. The fluorescent images demonstrated that PDCC4 crossed the membrane,
and the majority was located in the cytoplasm, suggesting a
favorable cell‑penetrating ability of PDCC4 (Fig. 1A). The
chemical formula of PDCC4 is presented in Fig. 1B.
To investigate the biological function of PDCC4 in
HUVECs, biomarkers of endothelial dysfunction were
detected via RT‑qPCR following treatment of cells with
different concentrations of PDCC4. A dose‑dependent decline
in the mRNA expression of relevant markers, including tissue
plasminogen activator (tPA) and endothelin‑1 (ET‑1), was
observed after PDCC4 treatment (Fig. 1C and D). Compared
with the TNF‑α treatment alone group, the group treated with
50 µM PDCC4 had the most significant effect on the mRNA
expression levels of tPA and ET‑1.
PDCC4 moderates the suppressed proliferation of
TNF‑ α‑induced HUVECs. A CCK‑8 assay was conducted to
determine whether PDCC4 (10, 20, 50 and 100 µM) reversed
the decreased proliferation capacity of HUVECs. The results
demonstrated that PDCC4 moderated proliferation inhibition
induced by TNF‑ α in a dose‑dependent manner (Fig. 1E).
PDCC4 had the most significant effect on the proliferation
capacity of HUVECs at 50 µM. Therefore, a concentration
of 50 µM was selected as the appropriate concentration for
further study. An EdU assay was performed to measure the
effect of PDCC4 on HUVEC proliferation. EdU was used to
label newly synthesized DNA with green fluorescence. The
total DNA was determined via staining with DAPI (blue fluorescence). Proliferation is indicated as the green/blue ratio. It
was found that the proliferation of HUVECs was significantly
inhibited in the TNF‑ α group, but that this inhibition was
reversed in the TNF‑α + PDCC4 group (Fig. 2A).
PDCC4 alleviates the damage to HUVEC migration and
tube formation. The results suggested that the migratory
capacity of TNF‑ α ‑induced HUVECs was suppressed
compared with that of the control group. After treatment with
PDCC4, the impaired migratory function was significantly
reversed (Fig. 2B). Representative images indicated that the
number of branch points of the tube‑like structures of the
TNF‑α + PDCC4 group was greater compared with that of the
TNF‑α group, suggesting that tube formation was enhanced by
PDCC4 treatment (Fig. 2D).
PDCC4 relieves the mitochondrial depolarization induced by
TNF‑α. By examining mitochondrial depolarization, the protective effect of PDCC4 on TNF‑α‑induced cell death in HUVECs
were further determined (Fig. 2C). Control HUVECs stained
with JC‑1 emitted mitochondrial orange‑red fluorescence and
exhibited little green fluorescence. The fluorescence images
in the TNF‑α group demonstrate obvious green fluorescence
and little orange‑red fluorescence. Compared with the TNF‑α
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Figure 1. PDCC4 is located in the cytoplasm and reduces the expression of markers of endothelial dysfunction induced by TNF‑α. (A) Representative fluorescent image of HUVECs after incubation with FITC‑labelled PDCC4 for 1 h and staining with DAPI indicating the cell‑penetrating and cytoplasm‑localized
properties of PDCC4. Scale bar, 20 µm. (B) Chemical formula of PDCC4. Reverse transcription‑quantitative PCR indicated that PDCC4 moderated the
increase in (C) tPA and (D) ET‑1 expression levels induced by TNF‑α in a dose‑dependent manner. (E) HUVECs were stimulated with different concentrations
of PDCC4 (10, 20, 50 and 100 µM) and assessed using a Cell Counting Kit‑8 assay (n=3 per group). *P<0.05 and **P<0.01 vs. NC group; #P<0.05, ##P<0.01 and
###
P<0.001 vs. TNF‑α (+) group. HUVEC, human umbilical vein endothelial cells; PDCC4, peptide derived from complement C4 A chain; ET‑1, endothelin‑1;
tPA, tissue plasminogen activator; NC, negative control.

group, the TNF‑α + PDCC4 group had decreased mitochondrial depolarization and notable orange‑red fluorescence.
PI3K/mTOR/HIF1α pathway may be involved in the
PDCC4‑mediated rescue of endothelial dysfunction. To

determine the underlying mechanism of PDCC4 function,
the transcriptome after PDCC4 treatment was examine via
RNA‑seq. A total of 442 genes, including 178 downregulated
genes and 264 upregulated genes, had significant differences
when comparing the group treated with PDCC4 and the
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Figure 2. PDCC4 rescues the impaired proliferation, migration, mitochondrial function and tube formation of HUVECs treated with TNF‑α. (A) Proliferative
HUVECs were treated with EdU, representative fluorescent images were captured and the rate of EdU labelling was calculated. The proliferation of HUVECs
was inhibited by TNF‑α, and this change was rescued by PDCC4 (n=3 per group). Scale bar, 50 µm. (B) Representative images of wound healing were captured
at 0 and 24 h after scratching the cells, and the wound healing rate was calculated. PDCC4 prevented the migration of HUVECs from inhibition by TNF‑α (n=3
per group). Scale bar, 100 µm. (C) Representative fluorescent images of HUVECs after staining with JC‑1; the mitochondrial membrane potential is presented
as the ratio of red to green fluorescent density. PDCC4 increased the mitochondrial membrane potential of HUVECs exposed to TNF‑α (n=3 per group). Scale
bar, 50 µm. (D) Representative images of the tube formation assays indicated that PDCC4 preserved the HUVEC tube formation capacity, which was impaired
by TNF‑α (n=3 per group). Scale bar, 100 µm. *P<0.05 and **P<0.01 vs. negative control group; #P<0.05 and ##P<0.01 vs. TNF‑α (+) group. HUVEC, human
umbilical vein endothelial cells; PDCC4, peptide derived from complement C4 A chain; EdU, 5‑ethynyl‑2'‑deoxyuridine; NS, not significant.
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Figure 3. PDCC4 reverses the dysregulation of the PI3K/mTOR/HIF1α pathway in response to TNF‑α treatment. (A) HUVECs in the TNF‑α group and
TNF‑α + PDCC4 group were sent for RNA‑sequencing analysis. Differentially expressed genes were identified with cut‑off values of P<0.05 and |logFC|>1.
(B) A heat map of the differentially expressed genes is presented, in which red represents high expression and blue represents low expression. (C) Gene
Ontology and (D) Kyoto Encyclopedia of Genes and Genomes enrichment analyses were performed with the differentially expressed genes. (E) Immune
blotting indicated that the dysregulation of the PI3K/mTOR/HIF1α pathway induced by TNF‑α was reversed by PDCC4 treatment (n=3 per group). *P<0.05
vs. negative control group; #P<0.05 and ##P<0.01 vs. TNF‑ α (+) group. HUVEC, human umbilical vein endothelial cells; PDCC4, peptide derived from
complement C4 A chain; HIF1α, hypoxia inducible factor‑1α; p‑, phosphorylated.

control group (Fig. 3A and B). GO analysis identified enrichment in important biological processes, which included the
‘regulation of chronic inflammatory response’ and ‘thyroid
hormone transport’, indicating that the relevant genes may be
involved in these processes (Fig. 3C). KEGG pathway analysis
was also applied to analyze the dysregulated genes involved
in various signaling pathways, and it was observed that the
‘thyroid hormone signaling pathway’ had the highest enrichment (Fig. 3D).
Previous studies have revealed that key proteins of the
thyroid hormone signaling pathway, including PI3K, mTOR
and HIF1α, can be involved in the pathological process of
PE development (50,51). Therefore, it was hypothesized that
PDCC4 may function via the PI3K/mTOR/HIF1α signaling
pathway. Western blot analyses were conducted to assess the
key proteins involved in these pathways. After treatment with
PDCC4, increase in protein expression levels were observed
for p‑PI3K, mTOR and total HIF1α (Fig. 3E). These results
suggested that the activation of the PI3K/mTOR/HIF1α
signaling pathway may be associated with the functions of
PDCC4.
Relationship between the PI3K/mTOR/HIF1α pathway and the
role of PDCC4 in relieving endothelial dysfunction. To further
determine the relationship between the PI3K/mTOR/HIF1α

pathway and PDCC4 functions, the highly selective PI3K
inhibitor LY294002 was used to treat HUVECs. The results
demonstrated that administration of 2 µM LY294002 inhibited the proliferation and migration promoted by PDCC4
(Fig. 4A and B). Moreover, LY294002 dampened the reversal
effect of PDCC4 on impaired mitochondrial membrane
potential induced by TNF‑α (Fig. 4C). However, treatment of
LY294002 alone had no effect on mitochondrial membrane
potential of HUVECs (data not shown). The number of branch
points of tube‑like structures was also diminished following
treatment with the inhibitor LY294002 in comparison with the
TNF‑α + PDCC4 group (Fig. 4D).
PDCC4 moderates the pathological process of LPS‑induced
PE in a rat model. To evaluate the effects of PDCC4 on
LPS‑stimulated rat, a three treatment protocol (5, 10 and
20 mg/kg) was established in the preliminary experiment. It
was found that 5 mg/kg had no effect on SBP and the urinary
protein of rat, while 10 and 20 mg/kg significantly attenuated LPS induced hypertension and proteinuria. However, no
obvious difference between the effect of 10 and 20 mg/kg was
observed (data not shown). Thus, 10 mg/kg PDCC4 was used in
the following experiments. There were significant differences
in the SBP values among the four groups on GD16 after treatment with LPS. The high SBP values in the LPS group persisted
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Figure 4. PDCC4 attenuates the endothelial dysfunction induced by TNF‑α via the PI3K/mTOR/HIF1α pathway. (A) Proliferative HUVECs were treated with
EdU, representative fluorescent images were captured, and the rate of EdU labelling calculated. PDCC4 attenuated the antiproliferative effect of TNF‑α, which
was inhibited by LY294002 (n=3 per group). Scale bar, 50 µm. (B) Representative images of wound healing were captured at 0 and 24 h after scratching, and
the wound healing rate was calculated. PDCC4 attenuated the antimigration effect of TNF‑α, which was inhibited by LY294002 (n=3 per group). Scale bar,
100 µm. (C) Representative fluorescent images of HUVECs after staining with JC‑1 are illustrated, and the mitochondrial membrane potential is presented
as the ratio of red to green fluorescent density. LY294002 inhibited PDCC4's ability to increase the mitochondrial membrane potential of HUVECs exposed
to TNF‑α (n=3 per group). Scale bar, 50 µm. (D) Representative images of the tube formation assay indicated that PDCC4 prevented HUVEC tube formation
from being impaired by TNF‑α, which was inhibited by LY294002 (n=3 per group). Scale bar, 100 µm. **P<0.01 vs. negative control group; #P<0.05 and
##
P<0.01 vs. TNF‑α (+) group; &P<0.05 vs. TNF‑α (+) + PDCC4 group. HUVEC, human umbilical vein endothelial cells; PDCC4, peptide derived from
complement C4 A chain; EdU, 5‑ethynyl‑2'‑deoxyuridine.
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Figure 5. PDCC4 relieves the pathological manifestations of preeclampsia in a rat model. (A) SBP of the four groups was evaluated on GD7, 11, 14, 16 and 18.
The SBP of the rats increased significantly after treatment with LPS, and this change was rescued by PDCC4 (n=18 per group). (B) Ratio of urinary protein
to creatinine in the four groups was analyzed (n=12 per group). (C) Representative pictures of fetal appearance were captured for the four groups (n=12 per
group). (D) Fetal weight and the (E) numbers of live and dead fetuses in each group were determined (n=12 per group). (F) Pathological alterations of the
kidneys and placentas were observed after hematoxylin and eosin staining. Black arrows indicated glomerulus in kidney (upper) and basal zone in placenta
(lower). The PDCC4‑treated group exhibited mild inflammation compared with the LPS‑treated group in a microscopic analysis of morphology. Scale bar,
100 µm. PDCC4 decreased the expression levels of markers of endothelial dysfunction, (G) ET‑1 and (H) tPA, in the rat placentas (n=12 per group). Increasing
serum levels of (I) sFlt‑1 and (J) sEng in each group were declined by PDCC4 (n=12 per group). (K) Immunohistochemical staining demonstrated that PDCC4
decreased proinflammatory cytokines (IL‑6) and increased anti‑inflammatory cytokines (IL‑4) in PE rats (n=12 per group). Scale bar, 50 µm. *P<0.05, **P<0.01
and ***P<0.001 vs. negative control group; #P<0.05, ##P<0.01 and ###P<0.001 vs. PE group. SBP, systolic blood pressure; GD, gestational day; PDCC4, peptide
derived from complement C4 A chain; tPA, tissue plasminogen activator; ET‑1, endothelin; sFlt‑1, soluble fms‑like tyrosine kinase 1; sEng, soluble endoglin;
NS, not significant; LPS, lipopolysaccharide; OD, optical density.
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after treatment with only LPS during pregnancy. Treatment
with 10 mg/kg PDCC4 significantly alleviated the SBP values
compared with the LPS group (Fig. 5A). The ratio of urinary
protein and creatinine in the LPS group was increased, while
PDCC4 treatment decreased the urinary protein level (Fig. 5B).
There were more live fetuses in the LPS + PDCC4 group
compared with in the LPS group (Fig. 5C). In addition, the
LPS + PDCC4 group had an increase in the birth weight of survivors compared with the LPS group (Fig. 5D). The numbers of
live fetuses and resorptions were significantly different among
the groups (Fig. 5E). Stillbirth was induced by LPS, resulting in
an increased fetal mortality rate, and the LPS + PDCC4 group
had a decreased rate of stillbirth (Fig. 5E).
Changes in kidney structure and function in the pregnant
rats injected with LPS exhibited an increased glomerular area,
capillary structure disorder and abnormal protein production. After treatment with PDCC4, the renal histology of
pregnant rats was significantly relieved compared with that
of the LPS group (Fig. 5F). For instance, the placentas of
the LPS‑treated rats mostly displayed severe inflammation,
whereas those of the LPS + PDCC4 group generally exhibited
less severe inflammation (Fig. 5F).
The expression levels of markers of endothelial dysfunction, including tPA and ET‑1, in the placentas were detected.
The results demonstrated that LPS increased the expression
levels of these marker, while PDCC4 decreased the mRNA
expression levels (Fig. 5G and H). ELISA was conducted to
investigate the effect of different treatments on circulating
angiogenic factors, such as sFlt‑1 and sEng. The LPS group
had a significant increase in the sFlt‑1 and sEng levels
compared with the Saline group, and this increase was
attenuated by PDCC4 (Fig. 5I and J). The expression of the
proinflammatory cytokine IL‑6 in the placentas was increased
in the LPS‑treated group compared with the Saline group. By
constant, this expression level was significantly decreased by
PDCC4 (Fig. 5K). The anti‑inflammatory cytokine IL‑4 was
significantly downregulated in the LPS group but upregulated
in the LPS + PDCC4 group (Fig. 5K).
Discussion
PE is unique to human pregnancy, and the most effective
treatment for this complication is delivery (52). It is widely
accepted that disturbances in placental blood vessel function
and in placental development contribute to the pathophysiology of PE (53‑55). However, the etiology of PE is yet to be
fully elucidated. In the present study, PDCC4 was identified
as a novel peptide that moderated endothelial dysfunction by
regulating the PI3K/mTOR/HIF1α pathway. The present findings indicated that PDCC4 was a promising candidate for PE
treatment.
Various peptides have been researched for potential applications in the diagnosis and treatment of PE. For example,
Szabo et al (56) reported that increased B‑type natriuretic
peptide (BNP) levels serve as biomarkers for severe PE.
Additionally, BNP levels in patients with early‑onset PE are
significantly higher compared with those in patients late‑onset
PE (57). VG1177, a competitive antagonist peptide for MHC
class II invariant chain peptide, could also both prevent and
treat PE‑like features in mice (58).
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It has been reported that immune system activation serves
a major role in the pathophysiology of PE, characterized by
imbalanced proinflammatory and anti‑inflammatory cytokines (49). In patients with PE, circulating proinflammatory
cytokines, such as TNF‑ α, are increased in maternal and
cord blood, resulting in endothelial dysfunction via diverse
mechanisms, such as oxidative stress (59). Other proinflammatory cytokines, such as IL‑6, IL‑8 and monocyte
chemotactic protein 1, are secreted by endothelial cells in
response to TNF‑ α (60). Additionally, there is an increase
in the expression levels of tPA and ET‑1, two biomarkers of
endothelial dysfunction (61,62). In the present study, treatment with PDCC4 resulted in a decline in the expression of
IL‑6 in placental tissue. The peptide PDCC4 also attenuated
endothelial dysfunction, as demonstrated by a decrease
in the expression levels of tPA and ET‑1 both in vitro and
in vivo. Several clinical studies have revealed that serum
and placental anti‑inflammatory cytokines, IL‑4 and IL‑10,
are decreased in patients with PE. Consistently, the present
results indicated that the expression of IL‑4 in the placentas
of PE‑like rats was decreased, but it was upregulated in the
PDCC4‑treated group. Therefore, PDCC4 may participate in
the regulation of immune responses and moderate endothelial dysfunction.
PE is a complicated pathological process involving various
molecules and signaling pathways. For instance, PI3Ks
modulate cell metabolism, proliferation and survival by
phosphorylating the 3‑OH group of inositol membrane lipids
to activate or deactivate intracellular proteins (63,64). mTOR,
one of the conserved PI3Ks, integrates various biochemical
and growth factor signals, such as glucose, insulin, amino
acids and ATP (65). Previous studies have revealed a decline in
the phosphorylation of PI3K and mTOR in response to oxidative stress in PE (47,50,66). Consistently, the present findings
indicated that the expression levels of p‑PI3K and p‑mTOR
were downregulated in response to endothelial dysfunction
induced by TNF‑ α, which was attenuated by PDCC4. The
expression of HIF1α is shown to be upregulated in response
to activation of the PI3K/mTOR signaling pathway, which
contributes to neovascularization in benign and malignant
diseases (51,67,68). In the present study, the expression of
HIF1α was downregulated in response to TNF‑ α treatment
and was partially rescued by PDCC4 in vivo or in vitro,
which suggested that neovascularization promotes PDCC4.
Additionally, inhibition of PI3K decreased the proliferation,
migration and tube formation of HUVECs. It was also identified that the mitochondrial potential of HUVECs increased
after PI3K inhibition. Therefore, the current results suggested
that PDCC4 relieved endothelial dysfunction by influencing
the PI3K/mTOR/HIF1α signaling pathway.
To investigate the anti‑PE effect of PDCC4 in vivo, SD
rats were injected with LPS on GD14 to establish a model of
PE. To the best of our knowledge, PDCC4 is a novel peptide
discovered for the first time by our previous study, and
its pharmacokinetic parameters mostly remain unknown.
PDCC4 treatment decreased SBP and urinary protein levels
in rats with PE, which was similar to the major clinical characteristics observed in patients with PE (4). As later clinical
manifestations include poor placental vessel remodeling and
placental ischemia, there is an increased prevalence of fetal
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growth restriction and low birth weight (69). In the present
study, the low fetal weight and fetal length in rats with PE
were attenuated by PDCC4 treatment. Aberrant immune
responses during pregnancy are considered a major pathogenic
characteristic of PE (70). In the current study, not only were
the relative expression levels of inflammatory cytokines and
chemokines elevated, as described previously (71), but the
placenta and kidney tissues from the rats exhibited inflammatory cell infiltration and tissue necrosis, which were relieved
by PDCC4 treatment.
In the current research, the anti‑PE effect of PDCC4 was
verified both in vitro and in vivo, and an underlying mechanism was proposed. However, due to the unavailability of
liquid chromatography and mass spectrum equipment, it was
not possible to detect the exact amounts of PDCC4 in rats.
Moreover, short duration between first PDCC4 intervention
and SBP detection may partially interfere the evaluation of
the effects of PDCC on LPS induced hypertension. In a future
investigation, the effects of PDCC on SBP will be investigated
for a longer duration. Additionally, the direct target of PDCC4
remains unknown and requires further research.
In conclusion, the present study provides insight into a
newly identified peptide that moderates vascular endothelial
cell injury by activating the PI3K/mTOR/HIF1α signaling
pathway, which is promising for PE treatment.
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