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Intrauterine Inflammation Damages Placental Angiogenesis via

Wnt5a-Fltl Activation
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Abstract—

Intrauterine inflammation is the main reason for neonatal adverse outcomes

and normal placenta perfusion plays an important role in fetal development. However, wh-
ether inflammation will affect placental angiogenesis and the underlying mechanism are still
poorly understood. To investigate lipopolysaccharide (LPS)-induced intrauterine inflamma-
tion on placenta angiogenesis and Wnt5a-Fltl expression. LPS-induced intrauterine inflam-
mation rat model was established. Preterm rat outcomes were analyzed and angiogenesis of
placenta villi was calculated by immunohistochemistry (IHC) of CD34 staining, and placenta
Wnt5a-Fltl expression was detected by western blot and IHC. Compared to control group,
neonatal rats in LPS group showed higher death rate (1.4% vs 10.1%, p <0.05) and lower
birth weight (6.36 +0.48 vs 5.70 £ 0.67, p < 0.01); the villi vessel area and mean diameter in
the placenta were significantly reduced in the LPS group (total area %, 16.7% +0.6% vs
8.7% £0.4%, p < 0.01, n = 9; mean diameter (pixel), 15.6 £0.5vs 12.9+0.3,p<0.01,n=9).
Placenta Wnt5a-FItl expression was upregulated significantly (integrated optical density
(IOD) in IHC: Wnt5a, 1667 + 1204 vs 11,076 £ 4046, p <0.05; Flt1, 2554 +466.2 vs 7998

+1613, p <0.05; western blot: Wnt5a, 0.33 +0.05 vs 0.96 £0.06, p <0.05; Flt1, 0.36 £0.15
vs 1.08 +0.08, p <0.05). Intrauterine inflammation gave rise to offspring death rate and low
birth weight; the mechanism might be disordered placental angiogenesis via Wnt5a-Flt1

activation triggered by inflammation.
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INTRODUCTION

Intrauterine inflammation occurs in around 25%
preterm neonates and it is an independent risk factor
leading to adverse neonatal outcomes such as
bronchopulmonary dysplasia (BPD), necrotizing en-
terocolitis (NEC), ecarly-onset neonatal sepsis, and
abnormal neurodevelopment [1]. Previous studies
had showed co-occurrence of placental malperfusion
and inflammation may be a novel disorder resulting
in severe neonatal health consequences [2]. However,
whether placental inflammation will affect angiogen-
esis, thus leading to adverse birth outcomes and the
underlying mechanism, are still poorly understood.
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Intrauterine Inflammation Damages Placental Angiogenesis

Whnt5a plays a critical role in fetal normal cellular
processes, including placental morphogenesis and inflam-
matory response [3, 4]. It is induced in response to con-
served bacterial structures and lipopolysaccharide (LPS),
thus contributing to regulation of pro-inflammatory cyto-
kines [5]. Fltl, an important factor involved in angiogene-
sis, was regulated by Wnt5a [6-8]. Wnt5a-Fltl signaling
pathway has been reported to affect dermal and retina
angiogenesis [9, 10]. However, whether intrauterine in-
flammation affects placental angiogenesis and the role of
Wht5a-Flt1 signaling are still unclear.

Based on this evidence above, inflammation is known
for infiltration of neutrophils and increased expression of
Wnht5a [3, 11]. Because Flt1, regulated by Wnt5a, could
affect angiogenesis, it is very likely that intrauterine in-
flammation is regulating placental angiogenesis via
Whnt5a-Flt1 pathway. To investigate the effect of intrauter-
ine inflammation on placental angiogenesis and offspring
outcome, we built up an LPS-induced intrauterine inflam-
matory rat model and compared offspring outcome, pla-
cental angiogenesis, and placental Wnt5a-Fltl expression
between the inflammatory group and control group. Here,
we showed that activation of Wnt5a-Fltl pathway is cor-
related with impaired placental angiogenesis during intra-
uterine inflammation, which may lead to disordered pla-
cental function and a possible intrauterine hypoxia, finally
reduced birth weight and even dead-birth.

METHODS

Intrauterine Inflammatory Exposure Rat Models

All animal experiments were conducted under a pro-
tocol approved by the Chinese Institutional Animal Care
and Use Committee, which conforms to the Guide for the
Care and Use of Laboratory Animals and in accordance
with the Declaration of Helsinki principles. All rats used in
this study were housed in a specific pathogen-firee facility
under the care of the Central Research Department of
Guang Zhou Medical University. Sprague Dawley (SD)
rats were purchased from Animal research center in
Guangzhou Medical University certification number as
(SCXK(YUE)2013-0002). LPS 0.79 mg/kg was injected
intraperitoneally in 8, 10, and 12 gestational days (E 8, 10,
12) in pregnant SD rats [11-14]. The LPS preparation used
was serotype O26:B6 Escherichia coli LPS (Sigma Chem-
ical, St. Louis, MO). Pregnant rats were confirmed by
positive finding of sperm via vaginal smear after mating.
The day of mating was designated as day 0 of gestation.
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These pregnant rats were randomized into two groups and
injected with LPS (n = 6) or equal volume of saline (n = 6).
Preterm rats were then delivered at 21 gestational days via
cesarean section. Placentas were collected and conserved.
Survival rate was observed at birth and birth weight was
measured. Results were compared in the two groups.

Microscopic Analysis and Immunohistochemistry

After birth, placentas were washed with phosphate-
buffered saline (PBS) and examined. Four random full-
depth samples of the placentas were then taken from each
tissue. Some samples were fixed in paraformaldehyde
(4%) in phosphate buffer solution (NaCl 13.7 mM, KCI
2.7 mM, Na,HPO, 0.9 mM, KH,PO,4 1.8 mM, pH 7.4,
4 °C) and embedded in paraffin. Other samples were
immersed in liquid nitrogen and maintained at —80 °C
until used for protein extraction. Paraffin-embedded tissue
sections were cut into 5-pm slices to use for H&E staining
and immunodetection of CD34 (rabbit polyclonal anti-
body; Thermo Scientific, Waltham, MA), Wnt5a (rabbit
polyclonal antibody, Abcam, ab174963, USA), and Fltl
(rabbit monoclonal antibody, Abcam, ab32152, USA)
using commercial kits (Vector Laboratories, Burlingame,
USA). Antigen-antibody reaction was visualized by diami-
nobenzidine reaction, and image analysis was performed
using Image-Pro Plus software (Media Cybernetics, Rock-
ville, MD). CD34 is a marker of endothelial cells. Maternal
vessels are constructed of trophoblasts which are negative
for CD34 staining. The fetal vessels consist of endothelium
cells. CD34, a marker for the endothelium in fetal capil-
laries, separates fetal vessels from maternal vessels [15—
20]. Randomly selected high-power fields (x 200) from
chorion and subchorionic region in each slide were ana-
lyzed. The percent of placental villi fetal vessel area and
mean diameter in each filed were measured and expressed
as vessel area percent (%) and pixel [21, 22]. The expres-
sion of Wnt5a and Fltl was determined by counting inte-
grated optical density (IOD). Analysis of the section was
blinded.

Western Blot

Western blot was performed to evaluate gene ex-
pression at the protein level. Total protein was extract-
ed from placenta tissue using M-PER reagent (Pierce,
Rockford, IL, USA) and quantified using the BCA
protein assay kit (Pierce, Rockford, IL, USA). Homog-
enates were centrifuged at 14,000g at 4 °C for 10 min.
The supernatant was used for western blot analysis,
where protein extracts (50 mg) were separated by
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SDS-PAGE (12%), transferred to nitrocellulose mem-
branes, and probed with primary anti-Wnt5a, anti-FIt1,
and anti-GAPDH (Abcam, USA) antibodies for 12 h at
4 °C after being blocked with 5% fat-free milk for 1 h.
The membrane was further incubated for 1.5 h with
appropriate horseradish peroxidase—conjugated second-
ary antibodies (1:1000, goat anti-mouse/rabbit IgG-
HRP, Abcam) at room temperature. The proteins were
detected by enhanced chemiluminescence (Beyotime,
China). GAPDH was employed as an internal control.

Statistical Analyses

All experimental groups were carried out at least three
times in triplicates. Results are expressed as mean + SEM if
the data were normally distributed. Statistical analyses
were performed using an unpaired two-tailed Student’s ¢
test. A value of p < 0.05 was considered statistically signif-
icant. All statistical analyses were done using SPSS 21.0
(IBM).

RESULTS

Placenta Characteristics and Preterm Rat Outcomes

Acute chorioamnionitis in the LPS group was con-
firmed by abundant infiltration of neutrophil cells in cho-
rion and subchorionic fibrin of the placenta detected by
H&E under a microscope (Fig. 1). Compared to the control
group, neonatal rats in the LPS group showed higher death
rate (1.4% vs 10.1%, p <0.05) and lower birth weight
(6.36 £0.48 vs 5.70£0.67, p<0.01). Data are shown in
Table 1.
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Angiogenesis in Placenta Villi

To assess angiogenesis in placenta villi, CD34 stain-
ing was used to identify the fetal vascular endothelial cells.
Compared to the control group, the total area and mean
diameter of fetal vessels were decreased obviously in the
LPS group (vessel total area %, 16.7% +0.6% vs 8.7% +
0.4%, p <0.01, n=9; mean diameter, 15.6+£0.5 vs 12.9+
0.3, p<0.01, n=9). Furthermore, the mean diameter of
vessels was larger in the control group (Fig. 2).

Protein Expression of Wnt5a-FItl Signal in the
Placenta

The total protein expression of Wnt5a and Fltl was
both upregulated significantly during LPS-induced inflam-
matory response in placentas, which were testified via IHC
and western blot (integrated optical density in [HC: Wnt5a,
1667 +1204 vs 11,076 £4046, p <0.05; Fltl, 2554+
466.2 vs 7998 £1613, p<0.05; western blot: Wnt5a,
0.33£0.05 vs 0.96+0.06, p<0.05; Flt1, 0.36+0.15 vs
1.08 £0.08, p <0.05) (Figs. 3 and 4).

Correlation Analysis on Flt1 and Wnt5a with Placental
Villi Vessel Area

In the LPS group, there was a significantly positive
relationship between WntSa protein level and Flt1 protein
level (r=0.914, p < 0.001; Fig. 5a). Very interesting, it was
also revealed that both Wnt5a protein level and Flt1 protein
level correlated with placental villi vessel area negatively
(IOD of Wnt5a and vascular area%: r=—0.888, p <0.001;
10D of Fltl and vascular area: r=—0.862, p<0.003,
Fig. 5b, ¢). However, none of these relationships was
observed in the control group (Fig. S1).
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Fig. 1. Representative placental inflammation images detected by H&E staining. a Control group—few neutrophils are infiltrated in all levels of placental
membranes. b LPS group—acute chorioamnionitis. Abundant neutrophils are present in chorion and subchorionic fibrin at bottom. Arrow indicates

neutrophils (hematoxylin and eosin stain; scale bars represent 50 pum).
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Table 1. Outcomes of Preterm Rats in Control and LPS Group

Control group LPS group p
(n=72) (n=59)
Gestation (days) 21 21
Stillbirth (%) 1/72 (1.4%) 6/59 (10.1%) 0.032
Birth weight (g) 6.36£0.48 5.70+0.67 p <0.01
DISCUSSION

This study was undertaken to understand the possible
role of intrauterine inflammation and placental angiogenic
factors in adverse outcomes of neonatal rats of preterm
pregnancies. The key findings of this study are (1) placen-
tal inflammation could lead to intrauterine growth retarda-
tion and even neonatal death. (2) Placentas of the LPS-
induced intrauterine inflammation group had more infiltra-
tion of neutrophil cells and higher Wnt5a and Fltl expres-
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sion; and lower vessel area and diameter. (3) A significant-
ly positive correlation between Wnt5a and Fltl protein
level, and a negative correlation between WntSa or Fltl
protein level and placental villi vessel area was observed in
the inflammation group, but not in the control group.

Placental malperfusion caused by impaired angiogen-
esis led to reduced fetal growth and intrauterine hypoxia
[15, 23]. Previous studies have confirmed that intrauterine
inflammation is associated with neonatal complications
and increased mortality [2, 15]. Janet M. Catov. et al. [2]
revealed that co-occurrence of malperfusion and inflam-
mation/infection, especially among spontaneous preterm
births, may be a novel placental disorder resulting in severe
adverse outcomes [2]. However, whether the placental
inflammation will affect its angiogenesis and the underly-
ing mechanism still remained to be explored.

Different from vasculogenesis (de novo synthesis of
blood vessels accounting for the major part of new blood
vessel formation in the placenta during the first trimester),
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Fig. 2. Vessel total area and mean diameter in placental villi were calculated by immunohistochemistry for CD34. Representative slides are shown. a Control
group. b LPS group. ¢ and d Quantification of vessel area and diameter (*p < 0.01). Significant differences are indicated with respective p value. N=9 in each

group. Values are mean £ SEM.
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Fig. 3. WntSa-Flt] protein expression in placenta by IHC. Representative slides are shown. a Control. b LPS (original magnification x 200). Quantification
of the integrated optical density (IOD) is presented in the corresponding graph (*p <0.05). N=9 in each group. Values are mean + SEM.

angiogenesis is growth of existing vessels which is following
vasculogenesis in the following trimesters [12]. The ramifica-
tion or pruning of intervillous vessels is a main character of
angiogenesis [15]. Here, in our study, we built a rat model of
intrauterine inflammation by multiple injections of LPS dur-
ing pregnancy, and the success of the animal model was

confirmed by placental neutrophil infiltration. We used CD34
immunostaining (to quantify vessel area and size) as a mea-
sure of angiogenesis [21, 22] and found that in the LPS group,
villi vessel area and diameter declined obviously compared
with the control group. Therefore, we indicated that placental
malperfusion, symbolized by decreased vessel area, was
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Fig. 4. Wnt5a-Flt1 signal protein expression in placenta by western blot. a Wnt5a. b Flt1. Representative image of western blot for Wnt5a (42 kD) and Flt1
(151 kDa). GAPDH (36 kDa) was used as loading control. ¢ and d Densitometric analysis is presented in the corresponding bottom graph. Significant
differences are indicated with respective p value (*p < 0.05). N=9 in each group. Values are mean + SEM.
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Fig. 5. Correlations between Wnt5a-Flt1 protein level (by IHC) and placenta vascular area in LPS group. N =9. a A positive correlation between WntSa and
Flt1 protein levels. 7 =0.914, p <0.001. b Wnt5a protein level correlated negatively with placental vascular area. 7 =—0.888, p <0.001. ¢ Flt1 protein level

correlated negatively with placental vascular area. »=—0.862, p <0.003.

induced by placental inflammation. As we know, angiogene-
sis of chorionic villi is very important for maintaining normal
placental perfusion, which is the key factor to assure adequate
maternal-fetal exchanges therefore providing enough nutri-
tion and oxygen to fetus [15, 23, 24]. The direct result of
imbalanced angiogenesis of the placenta is insufficient
maternal-fetal exchanges and lack of oxygen, then causing
intrauterine fetal distress; sustained hypoperfusion and hyp-
oxia will lead to fetal growth retardation and even death [2,
25]. This is the first time to reveal the possible relationship
between inflammation and abnormal placenta angiogenesis,
thus partly illuminating the underlying mechanisms of ad-
verse neonatal outcomes caused by intrauterine inflammation.

In the next step, we explored the molecular pathway
involved in the inflammation-vascular pathology. Wnt5a
belongs to a family of secreted, lipid-modified glycopro-
teins. It was expressed abundantly in the placenta and
played a pivotal role in early fetal development by regu-
lating cell proliferation and survival. Recently, it was no-
ticed that Wnt5a expression was upregulated in bacterial
infection and acted as an effector that triggered inflamma-
tion [26-28]. Our research also demonstrated that Wnt5a
was activated in placental inflammation. In vitro studies
have showed that Wnt5a plays a role in regulating angio-
genesis. James A. Stefater I1I et al. [10] showed that a non-
canonical Wnt5a-Fltl pathway in myeloid cells could sup-
press angiogenic branching [10]. Fltl was an inhibitor of
vascular endothelial growth factor—mediated angiogenesis
[6]. It was demonstrated that Flt1 was regulated by Wnt5a,
and the Wnt5a-Fltl signaling pathway could affect
repairing via inhibiting dermal angiogenesis and regulating
neovascularization [8]. Our results revealed that LPS in-
jection during pregnancy led to an inflammatory response
in the placenta, thus triggering upregulation of Wnt5a-Flt1
signal, which was demonstrated through both IHC and
western blot. Increased Fltl expression is correlated with
decreased placental angiogenesis. A positive correlation
between WntSa and Fltl in our study was consistent with

previous study and demonstrated the Wnt5a’s regulatory
function of Flt1 [10]. It was very interesting that in the LPS
group, expression of Wnt5a-Flt1 was negatively correlated
with placenta villi vessel area, which suggested that
Wnt5a-Fltl activation may damage angiogenesis of the
placenta and thus resulted in adversed neonatal outcomes
mediated by malperfusion. However, there is lack of cor-
relation of Wnt5a or Fltl protein with vessel area in the
control group. This may be attributed to comparative low
expression of Wnt5a without inflammatory stimulation.
This low level of Wnt5a may not be able to activate Flt1
expression as well as affect vessel area. Here, we indicated
that Wnt5a-Fltl activation may mediate inflammation-
induced disordered angiogenesis. These results are consis-
tent with the published link between intrauterine inflam-
mation and poor offspring outcomes.

However, our study also has some limitations. First,
except for Wnt5a-Flt1 signal, there may be other pathways
playing a role in this pathological condition. A Wnt5a
knockdown or knockout animal model may be helpful to
demonstrate the specific function of Wnt5a-Flt1 signal in
intrauterine inflammation—induced placental malperfusion.
Second, observational clinical trials in patients with intra-
uterine inflammation and their offspring are needed to
further confirm the relationship between intrauterine in-
flammation and placental angiogenesis clinically.

In conclusion, we showed that intrauterine inflam-
mation may use the WntSa-Fltl pathway to damage
placental angiogenesis. This study provides an insight
into possible novel therapeutic approaches for treat-
ment of intrauterine inflammation—induced adverse
neonatal complications.
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