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Abstract

Pre-eclampsia (PE) is a life-threatening multisystem disorder leading to maternal and neonatal mortality and morbidity. Emerging evidence
showed that activation of the complement system is implicated in the pathological processes of PE. However, little is known about the detailed
cellular and molecular mechanism of complement activation in the development of PE. In this study, we reported that complement 5a (C5a)
plays a pivotal role in aberrant placentation, which is essential for the onset of PE. We detected an elevated C5a deposition in macrophages and
C5a receptor (C5aR) expression in trophoblasts of pre-eclamptic placentas. Further study showed that C5a stimulated trophoblasts towards an
anti-angiogenic phenotype by mediating the imbalance of angiogenic factors such as soluble fms-like tyrosine kinase 1 (sFlt1) and placental
growth factor (PIGF). Additionally, C5a inhibited the migration and tube formation of trophoblasts, while, C5aR knockdown with siRNA rescued
migration and tube formation abilities. We also found that maternal C5a serum level was increased in women with PE and was positively corre-
lated with maternal blood pressure and arterial stiffness. These results demonstrated that the placental C5a/C5aR pathway contributed to the
development of PE by regulating placental trophoblasts dysfunctions, suggesting that C5a may be a novel therapeutic possibility for the
disease.
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Introduction

PE, characterized by new-onset hypertension and proteinuria, is a
severe obstetric complication leading to maternal and foetal morbidity
and mortality [1, 2]. Although PE is well known as a “pregnancy-spe-
cific” syndrome, women who develop this disorder are more vulnera-
ble to long-term cardiovascular consequences in later life [3–5].
Despite the complicated etiopathogenesis, it is generally agreed that
the placenta is the central organ in the pathogenesis of PE because
the only current ‘cure’ for the disorder is to deliver the placenta [6].
Abnormal trophoblast function and poor uterine spiral artery remod-
elling are hallmarks of aberrant placentation, a process associated
with the development of PE [7–9]. However, the cellular and molecu-
lar mechanisms underlying PE are still unclear.

The immune system is thought to play a pivotal role in the
pathophysiology of PE. Women who have autoimmune diseases,
such as systemic lupus erythematosus or anti-phospholipid syn-
drome, are more likely to develop PE [10, 11], indicating the
association of immune responses and PE. The complement sys-
tem is an integral component of the innate immune system and
regulates the adaptive immune system as well [12]. Growing evi-
dence suggests that complement system plays a vital role in the
pathogenesis of PE. Previous study showed that complement C1q
prevents the development of PE through regulating placental
oxidative stress and angiogenic molecule expression. Pregnant
C1q-deficient mice recapitulate the key features of human PE
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including hypertension and albuminuria [13]. In contrast, comple-
ment C3 appeared to mediate adverse pregnancy outcomes. Wang
et al. reported that angiotensin II type 1 receptor agonistic
autoantibody contributes to C3 and C3aR signalling is a key
mechanism underlying the pathogenesis of PE [14]. As a key
downstream component of the complement cascade, C5a exerts a
pro-inflammatory effect by binding to its respective receptor,
C5aR [15]. Our previous study showed that C5a, the major pro-
duction from C3 activation, contributes to vascular injury in
hypertensive model [16]. Yet, whether C5a could regulate placen-
tal vascular remodelling is not clear. It has been reported that
plasma levels of C5a were increased in women with PE [17].
However, the resident distribution of C5a in placentas and the
detailed cellular and molecular mechanism of the C5a/C5aR path-
way in PE are still unknown. Thus, we investigated the effect of
the C5a/C5aR pathway on trophoblasts and the association
between C5a and maternal arterial stiffness.

Materials and methods

Ethics statement

This study was approved by the Ethics Committee of Ruijin Hospital,

Shanghai Jiao Tong University School of Medicine, China, and con-
ducted in accordance with the Declaration of Helsinki. Signed informed

consent was obtained from all study participants.

Tissue collection

Placenta tissues were obtained from women (PE group and normal

pregnant group, n = 6 per group) who were hospitalized in the Depart-
ment of Gynecology and Obstetrics of Shanghai Jiao Tong University

School of Medicine. Placenta tissue blocks (1 cm3) from central parts

of the maternal side were collected after the placentas delivered, and

immediately washed in ice-cold phosphate-buffered saline (PBS) 2 or 3
times to clear the blood, then placed in liquid nitrogen or 4%

paraformaldehyde for further study.

Animal model

Pregnant mice were given Nx-nitro-l-argininemethyl ester hydrochloride

(L-NAME, a NOS inhibitor; Sigma-Aldrich N5751, St. Louis, MO, USA)
in drinking water (100 mg/kg/d (1 g/l)) at gestational day 8 (gd 8) to

mimic the PE-like symptoms. Mice were killed at day 12 and day 20,

and the placentas were collected for further study.

Western blot

Western blot analysis was performed as previously described [16]. Pri-
mary antibodies were C5a (Comp Tech, Tyler, TX, USA), C5aR (Biole-

gend, San Diego, CA, USA) and GAPDH (PTG, USA). Secondary

antibodies were obtained from Santa Cruz Biotechnology (Dallas, TX,
USA). GAPDH was used to normalize for loading variability. All experi-

ments were performed with at least three replications.

Histology and immunofluorescence staining

The placentas were fixed in 4% paraformaldehyde and were subse-

quently embedded in paraffin. Then the 5-lm-thick sections were pro-
cessed and stained with haematoxylin and eosin (HE, Maixin, Fuzhou,

China). Immunofluorescence analysis was performed as previously

described [16]. The human placenta slices were blocked in 10% normal

goat serum for 30 min., then incubated with primary antibodies against
CD31 (Santa Cruz), CD11b (BD Biosciences, San Jose, CA, USA), C5a

(Comp Tech, A221), C5aR (Biolegend), cytokeratin 7 (Cy7, Santa Cruz),

PIGF (Proteintech group, Wuhan, Hubei, China), sFlt1 (Life Technolo-

gies, Waltham, MA, USA), IL-1b (Boster), IL-6 (Boster) and MCP-1
(Boster, Wuhan, Hubei, China) at 4°C overnight. HTR-8/SVneo cells

were stained by immunofluorescence on coverslips. Briefly, cells were

washed with phosphate-buffered saline (PBS), fixed in 4%
paraformaldehyde for 20 min., and permeabilized with 0.25% Triton X-

100 for 10 min., followed by incubation with PIGF and sFlt1 primary

antibodies. Subsequently, sections and coverslips were stained with flu-

orescent secondary antibodies. Nuclei were stained with DAPI. Sections
were observed and imaged using a laser scanning confocal microscope

(LSM 710; Carl Zeiss, Germany).

Cell proliferation

Human extravillous trophoblast cell line HTR-8/Svneo (obtained from

ATCC) was incubated at 37°C with 5% CO2. C5aR-specific small interfer-
ing RNA (siRNA, Santa Cruz) was transfected into HTR-8/SVneo cells

using Lipofectamine 2000 (Invitrogen, Waltham, MA, USA), according to

the manufacturer’s instructions. A cell counting kit-8 (Dojindo Molecular

Technologies, Kumamoto, Japan) was used to evaluate the effect of C5a
on trophoblast cell viability as the manufacturer’s protocol. In brief, HTR-

8/SVneo cells were seeded in 96-well plates at a density of 5 9 103 cells/

well. After incubation for 24 hrs at 37°C, cells were starved for 6 hrs in

serum-free medium, and then treated with C5a (human C5a peptide ago-
nist, which can bind to its respective receptor, will be represented as C5a

throughout the paper) at different concentration (0, 25, 50, 100 nM) for

24 or 48 hrs. Subsequently, 10 ll CCK-8 solution (10%) was added to
each well and incubated for another 1 hr. The absorbance was measured

at 450 nm using a microplate reader (ThermoFisher, Waltham, MA, USA).

Trophoblasts transwell migration assay

In vitro, migration of HTR-8/SVneo cells was assessed by the transwell

migration chambers (24-well inserts, 8.0 lm pores, Corning Costar, Cam-

bridge, MA, USA). Cells were pre-treated with C5a (100 nM) for 24 hrs.

Then, 500 ll DMEM/F12 medium containing 10% FBS was added to the
lower chamber, and 1 9 105 cells suspended in 100 ll serum-free

DMEM/F12 with 100 nM of C5a (and PBS as control) were seeded into

the upper chamber respectively. After incubating for 24 hrs, the chambers
were fixed with 4% paraformaldehyde and stained with 0.1% crystal vio-

let. The number of migrated cells attached to the other side of the upper
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chamber was counted under the microscope (10 random fields per well).
Results are expressed as mean � S.E.M.

HTR-8/SVneo capillary-like tube formation assay

The tube formation assay was performed to examine the effect of C5a

on angiogenesis of HTR-8/SVneo cells. BD Matrigel was thawed at 4°C
overnight, and the 96-well plates and pipette tips were pre-cooled.
50 ll Matrigel was added into each well of the 96-well plate, and then

the plate was incubated for at least 30 min. at 37°C. After the Matrigel

solidified, HTR-8/SVneo cells (1.5 9 104 per well) with C5a peptide

(100 nM) or PBS were added on the top of the gel. After incubation for
6 hrs, the capillary-like tube formation was observed, and the images

were taken from at least five randomly selected fields per well. Quantifi-

cation of the tubular network was measured by the Image Pro Plus

software.

RNA isolation and quantitative real-time PCR

Total RNA was isolated from placentas or cultured cell lines using TRI-

zol reagent (T9424, Sigma-Aldrich) according to the manufacturer’s

instructions. After RNA, concentrations and quality were detected on a

NanoDrop spectrophotometer (ThermoFisher, USA), 1 lg total RNA was
reverse transcribed into cDNA using Tanscriptor First Strand cDNA Syn-

thesis Kit (Roche, Mannheim, Germany). Quantitative real-time PCR was

performed on Viia 7 Real-Time PCR System and StepOne Plus System

(Applied Biosystems, Foster City, CA, USA) with the Faststart Universal
SYBR Green Master (Roche). The following PCR cycle was conducted:

10 min. at 95°C and 40 cycles, each cycle containing 10 sec. at 95°C,
30 sec. at 60°C. The value of each sample was normalized to the b-
actin mRNA expression. Sequences of the primers were listed Table S1.

Study subjects

We recruited 56 women in total: 24 women with established PE and

32 normal pregnant women. PE was defined as hypertension (blood

pressure of 140 mmHg systolic or higher or 90 mmHg diastolic or
higher occurred after 20 weeks of gestation in previously normoten-

sive women) with proteinuria (≥300 mg total protein in a 24-hrs

urine collection or two readings of dipstick measurement of 1+ or

more) according to the American College of Obstetricians and Gyne-
cologists guidelines [18]. Women with diabetes mellitus, cardiovascu-

lar disease, renal disease, autoimmune disease, malignancies or

women who had recent trauma or surgery were excluded. Normal

pregnant women were selected on the basis of having a normoten-
sive and uncomplicated pregnancy with a normal term delivery.

Maternal age, gestational weeks at entry, gestational weeks at deliv-

ery, parity, body mass index (BMI), blood pressure (BP) and birth-

weight were recorded.

Measurement of C3a and C5a

Blood samples were collected using BD Vacutainer� tubes. After cen-

trifugation at 3000 r.p.m. for 10 min. at 4°C, serum specimens were

separated from the clot. The supernatant obtained was then aliquoted
and kept at �80°C until analysed. Serum concentrations of C3a and

C5a were detected with C3a and C5a ELISA kit (BD Biosciences),

respectively. The samples were assayed according to the manufacturer’s

instructions.

Arterial stiffness and wave reflection
measurement

The pulse wave analysis was measured by a high-fidelity SPC-301

micromanometer (Millar Instruments, Houston, TX, USA) interfaced with
a laptop computer running the SphygmoCor software version 7.1 (AtCor

Medical, West Ryde, Australia) as previously described [19]. From the

radial signal, the SphygmoCor software calculates the aortic pulse wave

by means of a validated generalized transfer function. The central (aor-
tic) systolic and diastolic blood pressures were derived from the aortic

pulse wave. The AIx was the ratio of the second to the first peak of the

pressure wave expressed in percentage. AIx values were automatically
recalculated and standardized to a heart rate of 75 beats per minute.

For the measurement of carotid–femoral pulse wave velocity (cf-PWV),

the operator recorded in succession the right carotid and femoral wave-

forms (12 sec. each). With the simultaneously recorded electrocardio-
gram (lead 2), the time delay between the rapid upstroke of the right

common carotid artery and the right femoral artery was measured. The

distance travelled by the pulse wave was estimated by measuring the

distance between the two recording sites over the body surface with a
tape measure. PWV was calculated as the distance travelled divided by

the transit time.

Brachial–ankle pulse wave velocity (ba-PWV) was performed using
Vascular Profiler-1000 device (Omron, Kyoto, Japan) as previously

described and validated [20, 21]. The subjects were examined in the

supine position after at least 10 min. of rest. The device then simultane-

ously measured bilateral brachial and posterior tibial arterial pulse vol-
ume waveforms and BP using an oscillometric cuff technique. The

transmission distance was calculated automatically according to the

height of the subject. The ba-PWV was measured as the ratio of trans-

mission distance divided by the time interval between the pulse wave-
forms transmitted from brachial to ankle arteries. The higher value of

ba-PWV between the right and left sides was used for the analyses.

Statistical analysis

All statistical analysis was carried out with SPSS version 20.0 and

Graphpad Prism 5. Student’s t-test was used to analyse the normally
distributed continuous variables and Mann–Whitney U-test was used

to analyse the skewed variables. All values were presented as

mean � S.E.M. or median (interquartile range). For determination of

potential predictors of PE, a univariate logistic regression analysis
was used to evaluate the predictive power of each variable. The vari-

ables that were statistically significant in the univariate regression

analysis were subsequently tested in a multiple logistic regression
model. The odds ratios (OR) with their confidence intervals (CI) of

95% are presented. Correlations between variables were calculated

with Pearson correlation coefficient. Longitudinal data were analysed

by repeated measures ANOVA with Bonferroni post hoc test for
pairwise comparisons. A P-value < 0.05 was considered statistically

significant.
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Results

Histological findings

Compared to the placentas in the control group, the placentas in the
PE group had increased fibrinoid necrosis and syncytial knot (a multi-
nucleated aggregate of syncytial nuclei at the surface of terminal villi
in the placenta) formation (Fig. 1A). Expression of CD31 (endothelial
cell marker) was significantly decreased in placentas of PE group

(Fig. 1B, C). The data revealed that placentas of women with PE
displayed histopathologic abnormalities and poor placentation.

Expression of C5a and C5aR in placentas

Placental C5a level was increased in mice placentas in early preg-
nancy with L-NAME treatment and further enhanced in late
pregnancy (Fig. S1). We also detected the expression of C5a in
pre-eclamptic and normal pregnant women. C5 mRNA level and
C5a protein level in the placentas were significantly higher in PE
group compared with normal pregnant group (P < 0.05,
mean � S.E.M.; Fig. 2A, B). Furthermore, immunofluorescence
staining showed that the expression of C5a was dramatically
enhanced in pre-eclamptic placentas and was colocalized with
CD11b+ macrophages (Fig. 2C). We also found that C5aR was
mainly colocalized with syncytiotrophoblast and cytotrophoblast
(Fig. 2D). In vitro, we further demonstrated that C5a was expressed
in macrophages (Thp-1 cell) and C5aR was dominantly expressed
on trophoblasts (Fig. S2). The data suggest a potential link between
C5a/C5aR pathway and trophoblasts dysfunction in the PE.

Effect of C5a on generation of angiogenic factors
in trophoblasts

The imbalances of placenta-released angiogenic factors contribute to
placental dysfunction, leading to the onset of PE. Therefore, we
detected the expression of placental pro-angiogenic and anti-angio-
genic factors in PE and normal pregnant groups. The mRNA levels of
IL-1b, TNF-a, IL-6, MCP-1, sFlt1 and IL-8 were significantly increased,
and mRNA levels of PIGF and IL-10 were dramatically decreased in
women with PE as compared to normal controls (Fig. 3A). Immunoflu-
orescence staining further confirmed that expressions of IL-1b, MCP-1
and sFlt1 were higher but PIGF was lower in pre-eclamptic placentas
compared to the normal controls (Fig. 3B).

Next, we detected the effects of C5a on regulating angiogenic-
related factors expression in trophoblast cells. C5a significantly
elevated the mRNA levels of anti-angiogenic factors such as IL-1b,
TNF-a, IL-6, MCP-1 and sFlt1, but reduced the expression of pro-
angiogenic factors such as PIGF and IL-10 in HTR-8/SVneo cells
(Fig. 4A). Immunofluorescent analysis further confirmed increasing
of sFlt1 and decreasing of PIGF in HTR-8/SVneo cells upon C5a
stimulation (Fig. 4B).

Effect of C5a on trophoblasts proliferation,
migration and capillary-like tube formation

To detect the role of the C5a/C5aR axis in trophoblasts prolifera-
tion, migration and differentiation, HTR-8/SVneo trophoblast cells
were transfected with C5aR siRNA (siC5aR) or control siRNA,
and the knockdown efficiency was assessed by Western blot and
qPCR (Fig. S3). C5a had no significant effects on trophoblast

Fig. 1 Histopathologic abnormalities in placentas of PE group (A) HE

staining of placental sections from women with PE and compared to

normal pregnant women shows an increased level of fibrinoid necrosis

(thick arrow) and syncytial knot (thin arrow). (B) Immunofluorescence
staining showed decreased expression of CD31 (red, endothelial cell

marker) in placentas of women with PE. Scale bar: 100 lm. (C) Statisti-
cal data of CD31 staining. N = 6 in each group. Data are shown as

mean � S.E.M.; **P < 0.01.
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proliferation as assessed by CCK-8 assay (Fig. S4). The transwell
assay was used to evaluate trophoblast migration. C5a (100 nM)
dramatically reduced the migration of HTR-8/SVneo cells, while
siC5aR-transfection rescued the trophoblast migration (Fig. 5A).
In addition, C5a (100 nM) stimulation resulted in a significant
attenuation of HTR-8/SVneo tube formation, with a decrease in
total sprout length in matrigel assay. In contrast, cells transfected

with siC5aR showed high levels of capillary-like network forma-
tion (Fig. 5B). We also detected the effect of macrophages (thp-1
cells) on the migration and tube formation ability of HTR-8/SVneo
cells, with result showing that macrophages could block the
migration and tube formation ability of trophoblasts (Fig. 5C, D).
These data suggested that the C5a/C5aR axis is involved in the
anti-angiogenesis of trophoblasts.

Fig. 2 Expression of complement in

maternal circulation and placentas. (A) C5
mRNA levels in human placentas of nor-

mal pregnant women and women with PE.

Data are shown as mean � S.E.M.,

*P < 0.05. (B) Western blot and quantifi-
cation of C5a protein expression in

placentas of two groups. Data are

shown as mean � S.E.M., **P < 0.01.

(C) Immunofluorescence analysis of
CD11b+ macrophages (green) and C5a

(red) expression in human placenta. Scale

bar: 100 lm. (D) Colocalization of C5aR
(red) with Cy7 (green, trophoblast cells

marker) in human placentas. Nuclei were

counterstained with DAPI (blue). Scale

bar: 100 lm.
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Clinical characteristics of the study population

The clinical and laboratory characteristics are presented in
Table 1. Compared to the normal controls, women with PE were

more likely to deliver smaller babies earlier. Levels of creatinine,
high-density lipoprotein cholesterol and C5a were significantly
increased in women with PE compared to normal controls
(P < 0.05). Additionally, we investigated the longitudinal changes

Fig. 3 Expression of angiogenesis-related factors in human placenta. (A) Relative mRNA levels of anti-angiogenic factors (IL-1b, TNF-a, IL-6, MCP-1

and sFlt1) and pro-angiogenic (PIGF, IL-10) in normal and pre-eclamptic placentas. Data are represented as mean � S.E.M. N = 4–6 in each group.

*P < 0.05, **P < 0.01, ***P < 0.001. (B) Immunofluorescence analysis of representative angiogenesis-related factors (red) and Cy7 (green) in
normal and PE placentas. Nuclei were counterstained with DAPI (blue). Scale bar: 60 lm.
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Fig. 4 Trophoblasts stimulated with C5a display an anti-angiogenic phenotype. (A) HTR-8/SVneo cells treated with C5a showed a polarization towards an

anti-angiogenic phenotype with significantly increased mRNA levels of IL-1b, TNF-a, IL-6, MCP-1, sFlt1 and decreased mRNA level of PIGF and IL-10. The
respective mRNA was normalized to b-actin housekeeping gene. Data are represented as mean � S.E.M. N = 3 in each group *P < 0.05, **P < 0.01.

(B) Immunofluorescence staining for sFlt1 and PIGF expression in HTR-8/SVneo cells in the presence of C5a or PBS (CON). Scale bar: 60 lm.
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in serum C5a levels in 10 women with PE. Compared to
1 month before delivery, C5a levels were significantly higher
3 days after delivery, and then reduced to a lower level
3 months after delivery (Fig. S5). Importantly, univariate and
multivariate logistic regression analyses indicated that C5a and
creatinine were recognized as independent prognostic factors in
patients with PE (Table 2).

Maternal vascular characteristics of the study
population

The vascular characteristics of study population are given in Table 3.
The peripheral and central systolic blood pressure, diastolic blood
pressure, pulse pressures, mean arterial blood pressure, AIx,
AIx@75HR (AIx at heart rate of 75/min.) and PWVs (carotid–femoral

Fig. 5 C5a/C5aR axis inhibited the migration and tube formation of trophoblast cells in HTR-8/SVneo cells. HTR-8/Svneo cells were transfected with

C5aR SiRNA (SiC5aR) or Control SiRNA (CON SiRNA) and treated with C5a or PBS. (A) Transwell assay was used to evaluate the migration capacity

of HTR-8/SVneo cells. Scale bar = 100 lm. Bar graphs showed quantification of migrated cell numbers. **P < 0.01, ***P < 0.001. Data are repre-

sented as mean � S.E.M. (B) Tube formation assay was conducted to analyse the ability of HTR-8/SVneo cells to form capillary-like structures.
Representative photomicrographs were taken, and bar graphs showed quantification of tubule lengths. Data are presented as mean � S.E.M.;

**P < 0.01; ***P < 0.001. (C and D), HTR-8/SVneo cells were co-cultured with macrophages (Thp-1 cells). Migration and tube formation abilities

of HTR-8/SVneo cells were significantly inhibited. Bar graphs showed quantification of migrated cell numbers. Data are presented as

mean � S.E.M.; ***P < 0.001.
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and brachial–ankle) were significantly higher in women with PE com-
pared to normal controls. We next explored the relationship between
maternal circulating C5a and blood pressure and arterial stiffness
using Pearson correlation analysis. The results revealed a significant
positive correlation between maternal serum C5a concentration and
systolic blood pressure, diastolic blood pressure, ba-PWV, cf-PWV
and AIx, respectively (Fig. 6). However, we use multiple linear regres-
sion to explore the relation between C5a and all these factors and the
result showed that the coefficients between C5a and all these factors
have no statistical significance (Table S2).

Discussion

Our findings indicated that activation of C5a in placenta could regulate
the function of trophoblast cells. Mechanically, placental C5a interact
with its receptor C5aR, interrupts trophoblasts function via inhibiting
the migration, tube formation and angiogenesis of trophoblasts. Addi-
tionally, increased serum levels of C5a were well correlated with
maternal blood pressure and arterial stiffness.

The complement system includes a variety of complement com-
ponents and some of them have been reported to be associated with
PE [22–26]. Upon activation of the complement cascade, the forma-
tion of C3 and C5 convertase results in the cleavage of the comple-
ment component C5 to C5a and C5b. As we know, eculizumab is a
monoclonal antibody inhibitor of C5, preventing its cleavage to C5a
and C5b. Burwick and Feinberg reported the case that eculizumab
treatment effectively reduced haemolysis and normalized platelet
counts in one woman with HELLP syndrome and prolonged the preg-
nancy by 17 days [27]. In addition, they confirmed that urinary mar-
ker C5b-9 correlated strongly with the anti-angiogenic factors.
Urinary C5a and C5b-9 may be more specific to severe PE and more
useful in guiding response to eculizumab [28, 29]. However, further
in vivo studies are necessary. In the non-pregnant state, C5 is pre-
dominantly secreted by the liver, and then C5a activation occurs and
consequently elicits a broad range of biological functions by activat-
ing different cell types such as neutrophils, monocytes, vascular
smooth muscle cells and cardiomyocytes [30]. Whereas, our study is
the first to explore the effect of C5a on trophoblast cells, which are
only found in the placenta. We confirmed that the enhanced C5a
levels were mainly derived from infiltrated placental CD11b+ macro-
phages. Taken together, we provide the evidence that activation of
macrophages could exert a negative effect on trophoblast function.

As is well known, insufficient spiral arterial remodelling causes
abnormal placentation, and inadequate placental perfusion is a central
stage in the onset of PE [6]. Trophoblasts are the major component
of the placenta tissue, presenting a placenta-specific property. Defec-
tive trophoblasts proliferation, migration/invasion accompanied by
poor angiogenesis, are involved in poor spiral arterial remodelling.
Previous study [31] reported that C5aR antagonist attenuated placen-
tal ischaemia-induced hypertension and followed endothelial dysfunc-
tion in rat reduced uterine perfusion pressure (RUPP) model, but the
mechanism was still unknown. Here, we provided direct evidence that
C5a/C5aR axis exerts an inhibitory role in regulating the trophoblasts
function, which could be involved in the spiral arterial remodelling.

Our data demonstrated that C5a inhibited the migration and tube for-
mation abilities of trophoblast cells via its receptor C5aR. C5a is also
reported to be an angiogenic factor, which exerts a crucial role in
stimulating macrophages towards an angiogenesis-inhibitory pheno-
type in the model of retinopathy of prematurity [32]. In contrast, a
pro-angiogenic effect of C5a was observed on endothelium cells in
age-related macular degeneration and lung cancer mouse model [33,
34]. Whereas our study suggested that trophoblasts displayed an
anti-angiogenic phenotype when stimulated by C5a. Taken together,
the various effects of C5a on angiogensis are influenced by patho-
physiological states and tissue microenvironment. Previous studies

Table 1 Clinical and laboratory characteristics of the study

population

Normal pregnant
group (n = 32)

PE group
(n = 24)

P
Value

Maternal age,
years

29.2 � 0.7 30.7 � 0.9 0.18

Gestational weeks
at entry, week

28.7 � 0.7 28.6 � 0.8 0.91

Gestational weeks
at delivery, week

39.3 � 0.2 33.3 � 0.7 <0.0001

BMI, kg/m2 21.6 � 0.6 23.4 � 0.7 0.06

Nulliparity, n (%) 27 (84.4) 20 (83.3) >1.0

Systolic
blood pressure,
mmHg

120.2 � 1.2 161.4 � 4.2 <0.0001

Diastolic
blood pressure,
mmHg

75.4 � 1.0 100.1 � 2.4 <0.0001

Proteinuria,
g/24 hrs

– 5.5 � 0.9 –

Birthweight, g 3415 � 70.2 1871 � 193.9 <0.0001

Creatinine,
lmol/l

40.2 � 1.3 49.4 � 2.0 0.0002

TC, mmol/l 5.4 � 0.2 5.9 � 1.2 0.06

TG, mmol/l 2.0 � 0.1 3.1 � 0.6 0.05

HDL-C, mmol/l 2.1 � 0.1 1.7 � 0.1 0.0002

LDL-C, mmol/l 2.7 � 0.1 3.0 � 0.2 0.11

C5a, ng/ml 76.4 � 3.0 100.4 � 5.9 0.001

C3a, lg/ml 25. 9 � 2.1 30.1 � 3.3 0.28

BMI, body mass index; TC, total cholesterol; TG, triglyceride; HDL-C,
high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol.
Values are presented as mean � S.E.M. or median (interquartile
range).
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have demonstrated that the imbalance of pro-angiogenic factor PIGF
and the anti-angiogenic factor sFlt1 is involved in the development of
PE [35–37]. In the present study, we confirmed that C5a reduced the
expression of PIGF and simultaneously increased expression of sFlt1
in trophoblast cells. Besides, C5a had a similar effect on expression
of IL-6, IL-10 and TNF-a in trophoblasts, which were regarded as
angiogenic factors as well [32]. The severe poor placental growth

would ultimately lead to clinical manifestations including hypertension
and proteinuria. PE is a systemic vascular disorder characterized by
widespread maternal endothelial dysfunction [38]. Of note, increased
arterial stiffness is associated with an increased risk of cardiovascular
morbidity and mortality [39, 40]. Arterial stiffness is a key determi-
nant of central aortic pressure and reflects the early structural and
functional damage of the vascular wall. PWVs and AIx are useful

Table 2 The risk factors of pre-eclampsia in simple logistic regression

Univariant Multivariate

OR 95%CI P OR 95%CI P

Maternal age, years 1.093 0.959–1.245 0.184

BMI, kg/m2 1.165 0.987–1.376 0.072

C5a, ng/ml 1.052 1.018–1.086 0.002 1.056 1.014–1.099 0.0009

C3a, lg/ml 1.023 0.982–1.065 0.279

Creatinine, lmol/l 1.128 1.045–1.217 0.002 1.106 1.014–1.207 0.023

TC, mmol/l 1.669 0.879–3.172 1.118

TG, mmol/l 1.777 0.980–3.221 0.058

HDL-C, mmol/l 0.066 0.013–0.347 0.001 0.101 0.016–0.646 0.101

LDL-C, mmol/l 1.669 0.879–3.172 0.118

BMI, body mass index; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein choles-
terol.

Table 3 Vascular characteristics of study populations

Normal pregnant group (n = 32) PE group (n = 24) P Value

Heart rate, bmp 83.8 � 1.9 78.5 � 2.0 0.077

Peripheral SBP, mmHg 110.3 � 1.5 151.0 � 4.2 <0.0001

Peripheral DBP, mmHg 64.0 � 1.1 92.9 � 2.5 <0.0001

MAP, mmHg 79.5 � 1.1 112.3 � 2.9 <0.0001

Peripheral PP, mmHg 46.5 � 1.0 58.2 � 2.7 0.0006

Central SBP, mmHg 93.1 � 1.4 137.9 � 4.5 <0.0001

Central DBP, mmHg 65.7 � 1.2 93.5 � 2.4 <0.0001

Central PP, mmHg 27.4 � 0.9 42.4 � 2.9 <0.0001

AIx, % �0.3 � 2.1 25.6 � 1.9 <0.0001

AIx@HR75, % 3.8 � 2.1 27.5 � 1.7 <0.0001

cf-PWV, m/sec. 5.3 � 0.1 7.7 � 0.3 <0.0001

ba-PWV, cm/sec. 997.6 � 19.7 1556 � 59.4 <0.0001

Values are mean � S.E.M.
SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; PP, pulse pressure; AIx, augmentation index;
AIx@HR75; AIx at heart rate of 75/min.; cf-PWV, carotid–femoral pulse wave velocity; ba-PWV, brachial–ankle pulse wave velocity.
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indexes for evaluating arterial stiffness, and cf-PWV is considered the
‘gold standard’ measurement for the stiffness of the aorta. Previous
studies have shown that normal pregnancy is associated with a
decrease in maternal blood pressure, AIx and PWV value in the sec-
ond trimester [21, 41], and then the physiological decrease gradually
reverts to pre-pregnancy levels. Some studies have reported
increased arterial stiffness in women with PE, as measured by cf-
PWV, AIx and other indexes. However, Anastasakis et al. [42] found
no significant association between cf-PWV and PE, although the small
sample size (n = 6) may reduce the reliability of the result. Several
longitudinal studies suggested the predictive value of arterial stiffness
measurements for the onset of PE [21, 43]. Notably, our findings
revealed that women with PE suffer poor vascular function during
their pregnancy with enhanced maternal peripheral and central pres-
sures and arterial stiffness. Consistent with this, systemic activation
of C5a was observed in women with PE. However, C5a levels
decreased when women recover from PE. We and others have
demonstrated that C5a was related to vascular injury in hypertensive
animal models [44, 45]. Of interest, our data suggest that maternal
serum levels of C5a were positively correlated with systolic and

diastolic blood pressure, ba-PWV, cf-PWV and AIx, respectively. It
indicated that C5a was associated with maternal vascular dysfunction
in PE. Further study is needed to support the perspective.

In conclusion, excessive complement activation is involved in the
dysfunction of trophoblasts. Besides its pro-inflammatory effect, C5a
directly regulates the migration and angiogenesis of trophoblasts and
is also associated with maternal blood pressure and arterial stiffness.
Overall, our study provides a novel insight into the possibility that
potential agents targeting the C5a/C5aR axis may prevent the devel-
opment of PE without disturbing the remainder of the complement
cascade for host defence.
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