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Abstract

In women of childbearing age, extensive decidualization, shedding and remodeling of the endometrium during the menstrual
cycle are fundamental for successful pregnancy. The role of prostaglandins (PGs) in menstruation has long been proposed in
humans, and the rate-limiting enzyme cyclooxygenase was shown to play a key role in endometrial breakdown and shedding
in a mouse menstrual-like model in our previous study. However, the specific types of PGs involved and their respective
roles remain unclear. Therefore, our objective was to investigate the mechanism through which PGs regulate endometrial
disintegration. In this study, the microscopy was observed by HE; the protein levels of prostaglandins E1 (PGE1), prosta-
glandins E2 (PGE2), prostaglandin F2a (PGF2a) and Prostaglandin 12 (PGI2) were detected by ELISA; the mRNA level
of Pfgfr2, Vascular Endothelial Growth Factor(Vegf), Angiostatin and Hypoxia inducible factor-1a (Hifl ) were examined
by real-time PCR; PTGFR Receptor (PTGFR), VEGF, Angiostatin and HIF-1a protein levels were investigated by western
blotting; the locations of protein were observed by Immunohistochemistry; HIF-1a binding PTGFR promoter was detected
by Chromatin Immunoprecipitation (ChIP) and real-time PCR. We found that the concentrations of PGE1, PGE2, and PGF2a
all increased significantly during this process. Furthermore, Prgfr mRNA increased soon after Progesterone (P4) withdrawal,
and PTGEFR protein levels increased significantly during abundant endometrial breakdown and shedding processes. PTGFR
inhibitors AL8810 significantly suppressed endometrial breakdown and shedding, promoted Angiostatin expression, and
reduced VEGF-A expressions and vascular permeability. And HIF-1o and PTGFR were mainly located in the luminal/gland
epithelium, vascular endothelium, and pre-decidual zone. Interestingly, HIF-1« directly bound to Ptgfr promoter. Moreover, a
HIF-1a inhibitor 2-methoxyestradiol (2ME) significantly reduced PTGFR expression and suppressed endometrial breakdown
which was in accord with PTGFR inhibitor’s effect. Similar changes occurred in human stromal cells relevant to menstruation
in vitro. Our study provides evidence that PGF2a/PTGFR plays a vital role in endometrial breakdown via vascular changes
that are regulated by HIF-1a during menstruation.
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Introduction

In women of childbearing age, the functional layer of the
endometrium undergoes extensive breakdown and remod-
eling under the influence of hormonal regulation during
the menstrual cycle, which is fundamental for successful
pregnancy. In 1957, it was reported that menstrual fluid
contained substances with characteristics of prostaglan-
dins (PGs), which were later identified as Prostaglandin
F2a (PGF2a) and Prostaglandin E2 (PGE2) [1]. Interest-
ingly, the levels of these substances in the menstrual fluid
show cyclic changes, especially in the secretory phase
and during menstruation. PGs, which are members of a
group of hormonally active fatty acids, are short-range
lipid signaling molecules. PGs signaling begins with ara-
chidonic acid converted into prostaglandin intermediates
prostaglandin G2 (PGG2) and prostaglandin H2 (PGH2)
by the rate-limiting enzyme Cyclooxygenase (COX) [2].
All other PGs [Prostaglandin 12 (PGI2), PGE2, PGF2a,
Prostaglandin D2 (PGD2), and Thromboxane 2 (TXA2)]
are derived from PGH2 via a variety of prostanoid syn-
thases and isomerases [3]. Furthermore, prostanoids func-
tion through G-protein coupled receptors.

PGs have the effect of enhancing uterine contraction and
play a major role in menstrual bleeding [4]. It has been
hypothesized that PGs might cause spiral arterioles con-
striction in the endometrium, ultimately leading to endome-
trial breakdown and menstruation [5]. In our previous study,
we explored COX regulates endometrial breakdown using a
mouse menstrual-like model, which provide evidence that
PGs play an important role in triggering menstruation [6].
However, which PGs signaling molecules play a dominant
role in endometrial disintegration in mouse menstrual-like
model remains to be further explored.

PGF2a, acting through its receptor PGF2a Receptor
(PTGFR), is a vasoconstrictor and might induce uterine
myometrium contractility and can also increase the permea-
bility of the bronchial artery [7]. In a previous study, PGF2a
induced Vascular endothelial growth factor (VEGF) expres-
sion in female reproduction, such as luteolysis, implantation,
and cell proliferation in the endometrium [8]. VEGF is a key
factor in angiogenesis that regulates vascular permeability
and neutrophil influx into the uterus. Moreover, angiostatin,
a proteolytic fragment of plasminogen, is a potent endog-
enous anti-angiogenic agent that can induce vascular regres-
sion in tumors and inhibit the activation and migration of
neutrophils [9, 10]. Therefore, we hypothesized that PGF2o/
PTGEFR regulates VEGF and angiostatin, affecting vascular
permeability during endometrial breakdown.

In humans, it was assumed that tissue hypoxia may
cause endometrial breakdown due to vasoconstriction
of spiral arterioles [11]. However, in our previous study,

we found that hypoxia was involved but was not essential
for endometrial breakdown, and hypoxia-inducible
factor 1-alpha (HIF-1a) is activatedduring endometrial
breakdown in a mouse menstrual-like model and has been
identified in the human endometrium during the menstrual
phase [12—14]. In previous study, it had been demonstrated
that hypoxia acts via HIF-1a to increase VEGF, whereas
PGF2a induces VEGF expression independently of HIF-1a
during human endometrial repair [15]. The relationship
between HIF-1a and PGF2a/PTGFR during endometrial
breakdown is unclear.

In this study, based on the mouse menstrual-like model,
we investigated the dynamic changes in PGE1, PGE2, and
PGF2a levels during endometrial breakdown in a mouse
menstrual-like model. Furthermore, we elucidated that
PGF2o/PTGFR, played a key role in this process via changes
in vascular permeability, which were regulated by HIF-1a in
the mouse menstrual-like model.

Materials and Methods
Mouse Menstrual-Like Model System

All experimental and surgical procedures were approved
by the Animal Ethics Committee of the National Research
Institute for Family Planning. 8 weeks old virgin C57BL/6J
mice (19-20 g) were obtained from the Institute of
Laboratory Animal Services, Chinese Academy of Medical
Sciences. The mice were maintained under controlled
conditions with unrestricted access to food and water.

Animal manipulations were performed following the
procedures as previously described [16]. Briefly, mice
were ovariectomized and recovered for two weeks. Then,
on days 1-3, the mice were subcutaneously (s.c.) injected
with 100 ng of 17p-estradiol (17-E2; Alfa Aesar Inc.,
United Kingdom). On day 7, 5 ng of 17-E2 and 50 ng of
Progesterone (P4) (Sigma Aldrich, USA) were injected
s.c. and P4 implants were inserted into the back of each
mouse. On days 8-9, 5 ng of 17-E2 was injected s.c.. On
day 9, 15 pL arachis oil was injected into the lumen of the
uterine horns to induce decidualization. Control groups were
injected 0.9% saline solution 0.49 h after, the P4 implants
were removed (P4 withdrawal, regarded as O h). Mice from
both the treatment and control groups were sacrificed at 0, 8,
12, 16, and 24 h after P4 withdrawal (total n=15-20 mice/
time point). Their uterine horns were collected and stored
in 4% paraformaldehyde solution or at -80 °C for further
analysis. The uterine specimens underwent pathological
processing, being embedded in paraffin and subsequently
sectioned. Histological observation was carried out through
Hematoxylin and Eosin (HE) staining.
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Mice in the menstrual-like model were treated with intra-
peritoneal (i.p.) injections of the PTGFR inhibitor AL8810
(APExBIO b4575; 10 mg/kg) dissolved in PBS with 2%
DMSO, as well as the HIF-1a inhibitor 2-methoxyestradiol
(2ZME, Selleck, S1233, 100 mg/kg) dissolved in arachis oil
with 2% DMSO, at 4 h before P4 withdrawal, and at 4 h and
12 h after P4 withdrawal (n=3 for each time point). The cor-
responding solvent were served as negative controls. The per-
centage of endometrial breakdown was represented by the ratio
of endometrial breakdown zone to total decidual zone [17].

Each mouse was injected with 100 pL of 2% Evans blue
physiological saline solution by tail vein injection. The
mice were euthanized 30 min later. The entire uterine tissue
was weighed and placed in a test tube containing 450 pL
formamide solution for 24 h (n=3). The relative content
of Evans blue in a formamide solution was detected using
a 620 nm wavelength spectrophotometer. The vascular
permeability was directly proportional to the Evans blue
content per uterine tissue weight.

Enzyme-Linked Immunosorbent Assay (ELISA)

PGF2, PGE1, PGE2, and PGI2 concentrations in mouse
uteri were determined using the following ELISA Kkits:
Prostaglandin F2 ELISA Kit, Cayman, No. 516011;
Prostaglandin E1 ELISA Kit, Enzo, No. ADI-900-005;
Prostaglandin E2 ELISA kit, R&D SYSTEMS, KGE004B;
Urinary Prostacyclin (PGI2) ELISA Kit, Enzo, No. ADI-
900-025. Approximately 20 mg of each uteri samples was
homogenate and extracted to a consistent dilution rate, and
then performed according to the manufacturer’s instructions.

Real-Time PCR

Total RNA extraction and real-time PCR were performed
according to the manufacturer’s instructions. Firstly, RNA
was extracted using TRIzol reagent (Invitrogen, USA)
(n=3). First Strand cDNA Synthesis Kit (PrimeScript RT
Master Mix, RR036A, TAKARA) was used for cDNA
synthesis. Real-time PCR was performed on a Smart Cycler
II System (Applied Biosystems, USA) using SYBR Premix
Ex Taq II (TAKARA). The thermal cycling for cDNA
amplifications was: initial activation cycle at 95 °C for
10 min, followed by 40 cycles of denaturation (95 °C for
5 s), annealing, and amplification (60 °C for 60 s). The Prgfr
primer sequences were as follows: forward, 5'-CATGTT
TGCTGTGTTCGTGG-3', reverse, 5'-GTCTTCCCAGTC
TTCFATFTG-3'; mouse Ptger2 forward, 5'-ACCATCTCA
CCCGCCATATG-3', reverse, 5'-GAGGTCCCACTTTTC
CTTTAGG-3"; mouse f#-Actin forward, 5'-ACCGTGAAA
AGATGACCCAG-3/, reverse, 5'-GTACGACCAGAGGCA
TACAG-3'; Mouse Hif-1a forward, 5'-TGACTGTGCACC
TACTATGTCACTT-3', reverse, 5'-GGTCAGCTGTGGTAA
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TCCACTC-3". All values were normalized to the f-Actin
expression levels. Relative quantification was performed
using the 2724 method.

Western Blotting

Cytoplasmic and nuclear extracts of mouse uterine were
prepared according to the manufacturer’s instructions
using the NE-PER Nuclear and Cytoplasmic Extraction
Reagents kit (Thermo Scientific, USA), a phosphatase
inhibitor (Roche, Germany), and a protease inhibitor
(Merck KGaA, Germany). The protein concentrations
were determined using colorimetric BCA protein assays
(Thermo Scientific, USA), and equal amounts of nuclear
and cytoplasmic proteins were subjected to SDS-PAGE
Tris—glycine gels (Amresco, USA) and then transferred
onto polyvinylidene fluoride membranes (Millipore,
Massachusetts). Subsequently, the membranes were
blocked for 1 h at room temperature using Tris-buffered
saline with Tween 20 (50 mM Tris—HCI, 150 mM NaCl,
and 0.1%[v/v] Tween 20) containing 5% (w/v) non-fat
dried milk, and were incubated with primary antibodies of
PTGFR (1:2500; Abcam, ab176493), PTGER2 (1:2500;
Abcam ab124419), Angiostatin (1:1500;Abcam ab154560),
VEGFA (Santa Cruz sc-7269), HIF-1a (1:500, NB100-134;
Novus Biologicals, USA), LAMIN-B1 (D9V6H) (1:1 000,
Cell Signaling Technology, 13435S), or -ACTIN (1:2000;
CoWin, Beijing, China) respectively, overnight at 4 °C.
After washing and incubation with the respective secondary
antibodies, either anti-goat antibody (1:5000, Zhongshan,
Beijing, China) or anti-rabbit antibody (1:10000, Zhongshan,
Beijing, China), at room temperature for 1 h, protein bands
were detected using an enhanced chemiluminescence system
(TransGen, Beijing, China) and quantified using Quantity
One software (Bio-Rad, California).

Immunohistochemical Analysis

Briefly, the serial cross-sections were rehydration, and
then treated with an antigen retrieval procedure (citrate
buffer, pH 6.0; 98 °C for 20 min). Sections were incubated
in 3% H,0, at room temperature for 10 min to quench
endogenous hydrogen peroxidase activity. Non-specific
staining was blocked with 5% goat serum for 30 min at room
temperature. Sections were then incubated with rabbit anti-
PTGFR antibody (1:200, ab203342, Abcam), rabbit anti-
PTGER?2 antibody (1:200, ab124419, Abcam) or rabbit anti-
HIF-1a (1:100, NB100-479; Novus Biologicals) overnight
at 4 °C. Matched rabbit non-immune immunoglobulin G
(IgG) was used as the negative control. Subsequently,
the sections were treated with secondary antibodies
(PV-6001 or PV-6002; Zhongshan, China) for 30 min at
37 °C. The protein immunoactivity was visualized using
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a 3,3-diaminobenzidine tetrahydrochloride kit (ZLI-9032,
Zhongshan, China), and counterstained with hematoxylin.
The sections were dehydrated and finally mounted using
neutral balsam mounting medium.

Chromatin Immunoprecipitation Assay (ChIP)

Chromatin immunoprecipitation (ChIP) assay was performed
using SimpleChIP® Plus Enzymatic Chromatin IP Kit (9004,
Cell Signaling Technology, USA). The assay was performed
in accordance with the manufacturer’s instructions. Uterine
tissues (25 mg/IP) of 3 individual mouse of O h and 16 h each
were prepared. 10 pl HIF-1A (NB100-134, Novus) were used
for each IP. Primers used to detect the Ptgfr promoter were
as follows: 5’-GCCTTGGTTTTCCTTGTTTCTG-3’ and
5’-CTTTTAGCCACCAGGCAACTAC-3’. The result was
analyzed using the percent of input method in the following
equation: 2(CT of the 2%Input Sample—CT of the IP Sample) % 2% = Percent

total input [18].
Human Endometrial Stromal Cells Culture

The immortalized human endometrial stromal cells
(T-HESC:s) initial source was American Type Culture Col-
lection (ATCC) (CRL-4003). T-HESCs were prepared and
cultured as previously described [19]. Decidualization was
induced by incubating the stromal cells in a medium contain-
ing 2% charcoal-stripped fetal bovine serum, antibiotics (100
U/mL penicillin, 100 mg/mL streptomycin, Gibco), 100 nM
medroxy progesterone acetate (MPA; Sigma-Aldrich, USA),
10 nM 17B-E2, and 0.5 mM 8-bromoadenosine 3',5'-cyclic
monophosphate sodium salt (cAMP; Sigma-Aldrich) for
8 days. The concentration of prolactin (PRL) in the culture
supernatant of the decidual cells was elucidated by a chemilu-
minescence immunoassay (CLIA). After decidualization, the
T-HESCs underwent HIF-1a knock down assay using Lipo-
fectamine™ 3000 (Invitrogen) in accordance with the manu-
facturer’s instructions. Transfection induced HIF-1a knock-
down in T-HESC cells with HIF-1a siRNAs (sense: 5’-CUG
AUGACCAGCAACUUGAJdTAT-3', antisense sense: 5'-UCA
AGUUGCUGUCAUCAGATAT-3'") or scrambled oligonucleo-
tide designed by Shanghai Jima Pharmaceutical Technology.
The scrambled oligonucleotide served as negative control.
After the transfection treatment lasted for 24 h. After knock-
down of HIF-1a, the medium was replaced with fresh medium
without MPA and 17f-E2, noted as O h of P4 withdrawal,
and the T-HESCs were harvested at 0, 8, 16, and 24 h. Each
experiment was performed independently 3 times. The knock-
down of HIF-1a were confirmed by HIF-1a Real-time PCR
applying the following primers: forward 5’-TGGCAGCAA
CGACACAGAAACT-3’, reverse 5’-TTGGCGTTTCAGCGG
TGGGT-3’. Then the relative expression of PTGFR mRNA

were further investigated by the primers: forward 5’-GAA
ATCATTCTCTGGAAACCTGTG-3’, reverse 5’-GCATTG
ACTGGCAAGCTTATAG-3’. The human p-actinserved as
internal control: forward 5’-ACATCCGCAAAGACCTGT
AC-3’, reverse 5’- TGATCTTCATTGTGCTGGGTG-3".

Statistical Analysis

The results are expressed as mean values + SD. The mean
values of multiple samples were compared by one-way
ANOVA, and mean values of two samples were compared
by t-tests. P<0.05 was considered to indicate a significant
difference, and P <0.01 was considered a highly significant
difference.

Results

PGs Levels in the Uterus during Endometrial
Breakdown and Shedding in a Mouse
Menstrual-Like Model

PGs include PGF2a, PGE1, PGE2, and PGI. We first studied
the PGs levels from O to 24 h after P4 withdrawal, which led
to endometrial breakdown and shedding (Fig. 1A). Macro-
scopic observations revealed a light pink in the uterus at
0 h, witch progressively deepens over time, culminating in
dark red at 24 h. HE staining of the uterus demonstrated
histomorphological features consistent with decidualization
at 0 h, and comparable histomorphology persisted until 8 h
after P4 withdrawal. At 16 h after P4 withdrawal, most of
the decidualized stromal cells were dead. At 24 h after P4
withdrawal, the death of primary decidualized stromal cells
were widespread, and the functional layer was shed from the
basal layer in the mouse menstrual-like model. The period
from 16 to 24 h after P4 withdrawal was the key period
for endometrial breakdown and shedding. PGs levels were
assessed during this period employing ELISA. Compared
to its level at 0 h, PGEI level was increased significantly
at 8 h, 16 h and 24 h after P4 withdrawal compared with
0 h (P=0.0065, P=0.0076 and P =0.0470 respectively)
(Fig. 1B). The concentration of PGE2 was low at 0 h
and 8 h and then increased at 16 h (P =0.0009), and 24 h
(P=0.0098) after P4 withdrawal (Fig. 1C). Moreover, com-
pared to the level at 0 h, PGF2«a level increased at 8, 16, and
24 h after P4 withdrawal (P < 10~, P< 10~ and P=0.0040
respectively) (Fig. 1D). However, there was no change in
PGI from 0 to 24 h after P4 withdrawal (Fig. 1E), that is,
throughout the entire process of endometrial breakdown and
shedding. In sum, the protein levels of PGE1, PGE2, and
PGF2a increases during endometrial breakdown and shed-
ding in the mouse menstrual-like model.
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Fig. 1 Macroscopic and
morphologic changes and

PGs expressions in a mouse
menstrual-like model at 0 h,

8 h, 16 h and 24 h after P4
withdrawal A: Representative
macroscopic and morphological
changes in mice menstrual-

like model. (The left panel
scale bar =400um; the right
panel scale bar=100 pm.)

B-E: ELISA detections of
PGE1(B), PGE2(C), PGF2a(D)
and PGI2(E) protein levels in
mice menstrual-like model.
(*P<0.05, **P<0.01, n=3)
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PTGFR and PTGER2 Expressions in the Uterus
during Endometrial Breakdown and Shedding
in a Mouse Menstrual-like Model

The expression levels of Prger2 and Prgfr mRNA and
PTGER2 and PTGFR proteins in the mouse uterus were
assayed during whole endometrial breakdown and shed-
ding applying real-time quantitative PCR and western blot
assay. Ptger2 mRNA levels were low at 0—16 h after P4
withdrawal, and increased significantly by 24 h after P4
withdrawal (P=0.0065) (Fig. 2A). However, Ptgfr mRNA
level increased from 8-24 h after P4 withdrawal relative to
0h (P=0.0002, P<1 0~* and P=0.0058 respectively), and
reached a peak at 16 h (Fig. 2B). The levels of PTGER2 sig-
nificantly reduced from 8 to 24 h, especially at 16 h and 24 h
while the endometrium breakdown was abundant (P =0.004
and P < 107 respectively) (Fig. 2C, D). Moreover, PTGFR
protein also showed significantly higher levels from 16-24 h
after P4 withdrawal than that at 0-12 h (P=0.007 and
P=0.003 respectively) (Fig. 2C, E). Moreover, the locations
of PTGFR (Fig. 2F) and PTGER?2 (Fig. 2G) proteins in the
mouse uterus were also assayed throughout the process of
endometrial breakdown and shedding. In the immunoas-
say, PTGER2 protein was weakly identified in the vascular
endothelium, intrauterine epithelium, and decidual stromal
cells in the endometrium at 0 h (Fig. 2F). At 8 h after P4
withdrawal, immunostaining results were stronger than those
at 0 h, while the locations were similar. At 16 and 24 h,
PTGER2 immunostaining resulted in very strong stains,
with this protein being located in the intrauterine epithe-
lium, glandular epithelium, and the whole dead decidual-
ized zone. Meanwhile, PTGFR was weakly identified in the
primary decidualized zone and strongly identified in the
pre-primary decidualized zone at O h (Fig. 2G). At 8 h after
P4 withdrawal, PTGFR was strongly identified in the intrau-
terine epithelium and whole decidual cells. At 16 h after P4
withdrawal, the location of the protein was similar to that
at 8 h; however, the stains in the pre-primary decidualized
zone were stronger than those in the basal layer, where the
endometrium was shed.

Role of PTGFR in Endometrial Breakdown
and Shedding

To verify the role of PTGFR in endometrial breakdown and
shedding, a PTGFR inhibitor AL8810 was administered to
the mice before P4 withdrawal. The effect of PTGFR on tis-
sue breakdown was evaluated via gross changes in the uter-
ine horns and endometrial histology from 0-24 h after P4
withdrawal. In the control group, the horns were congested
and enlarged, and the color changed from pink to dark red
from 0-24 h, indicating uterus bled (Fig. 3A). Histologi-
cal analysis by HE staining showed that the endometrium

decidualized well at 0 h, and there was only a minor degree
of necrosis observed under the luminal epithelium at 8 h.
The number of necrotic stromal cells in the decidualized
zone increased further by 16 h, and nearly all the stromal
cells were dead and the whole functional layer was shed
from the basal zone till 24 h. Therefore, the endometrium in
the control group underwent changes between the processes
of decidualization and shedding.

In the group treated with the PTGFR inhibitor AL8810,
from O to 24 h, the horns were also congested and enlarged,
but were always light pink in color throughout the process,
indicating that relatively less or no uterine bleeding occurred
in the PTGFR inhibitor treatment group (Fig. 3B). The
endometrial stromal cells were decidualized at 0 h. At
8-16 h after P4 withdrawal, nearly all the stromal cells
in the endometrium had been decidualized and were in a
good decidualized state, and there were only a few dead
stromal cells under the luminal epithelium. At 24 h after P4
withdrawal, the decidualized zone remained mostly intact,
with dead stromal cells observed only at the adjacent area
under the luminal epithelium. Moreover, the percentage of
endometrial breakdown in the PTGFR inhibitor treatment
group was 36.8% at 24 h (Fig. 3C), which was significantly
lower than that in the control group (P =0.0002). These
results shown that the PTGFR inhibitor could inhibit
endometrial breakdown and shedding.

PTGFR Inhibitors Promote Angiostatin Expression
and Reduce VEGF Expression and Vascular
Permeability

The expression of VEGF and Angiostatin that related to vas-
cular permeability was assessed in the mouse menstrual-
like model in control group and PTGFR inhibitor AL8810
group. In the control group, real-time quantitative PCR
reveals that Vegfa mRNA levels were highest at 16 h after P4
withdrawal, and AL8810 treatment significantly reduced in
comparison to those of the control group at 16 h (P=0.0024,
P=0.0022 and P=0.013 respectively) (Fig. 4A). A similar
pattern was observed for the amount of VEGF protein, inves-
tigated through the western blot assay, which was relatively
high at 8 h to 24 h after P4 withdrawal (Fig. 4B), and the
PTGFR inhibitor also significantly reduced VEGFA protein
levels in comparison to the control group at 16 h after P4
withdrawal (P =0.0096). Moreover, Angiostatin mRNA in
the control group was at a low level from 8-24 h, and the
PTGEFR inhibitor significantly increased Angiostatin mRNA
levels at 8—24 h compared to the control group (P =0.0038,
P=0.0025 and P=0.0162 respectively) (Fig. 4C), and
Angiostatin protein levels were also increased signifi-
cantly at 16 h (P=0.0247) and 24 h (P <107%) compared
with the control group (Fig. 4D). VEGF and Angiostatin
are both related to vascular permeability. The Evans blue
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Fig.3 The effect of PTGFR on A

Control

AL8810

the endometrial breakdown in

the mice menstrual-like after

P4 withdrawal A-B: The mouse 0Oh
uterine horns and the endo-

metrial histology changes in

control group (A) and PTGFR

inhibitor (AL8810) treated 8h |
group (B). (The left panel 7
scale bar =400um; the right
panel scale bar=100 pm.) C:
The percentage of endometrial
breakdown at 24 h after P4
withdrawal in control group
and PTGFR inhibitor (AL8810)
treated group. Black dash line
circle =decidual zone; red dash
line circle =breakdown zone.
(**P<0.01,n=3)

16 h

80

60

40

Breakdown/Decidual
Ratio(%)

T
Control

concentrations results represent the vascular permeability
in uterus. Evans blue concentration in uterus following the
PTGEFR inhibitor and HIF-1a inhibitor treatments were both
significantly lower at 16 h after P4 withdrawal in comparison
with that in the control group (P=0.0423 and P=0.0343
respectively) (Fig. 4E, F) [12]. These data confirmed that
PTGEFR inhibition suppressed vascular permeability and its
relative factors Angiostatin and VEGF expression.

PTGFR Regulation by HIF-1a in Endometrial
Breakdown

The regulatory relationship between PTGFR and HIF-1a was
assessed. Firstly, immunohistochemical staining of serial sec-
tions revealed consistent localization of PTGFR and HIF-1a at
16 h and 24 h after P4 withdrawal in the mouse menstrual-like
model (Fig. 5A). At 16 h after P4 withdrawal, PTGFR was
localized in the cytoplasm, while HIF-1o was predominantly
found in the nucleus. However, both PTGFR and HIF-1a were
confined to the luminal epithelium and the pre-decidualized
zone. At 24 h after P4 withdrawal, immunostaining of PTGFR
and HIF-1a proteins in the pre-primary zone gave stronger
results than at 16 h after P4 withdrawal; this is the main zone
from where the endometrium shed. Furthermore, similarly to
the PTGFR inhibitor, the HIF-1a inhibitor inhibited endome-
trial breakdown was revealed by HE staining (Fig. 5B).

To define the direct regulatory relationship of HIF-1a
to Ptgfr, we applied ChIP assay that indicated the binding

oh
8h
16h|

24n|

AL8810

rate of HIF-1a to Ptgfr promoter. In mouse menstrual-
like model, the percent of input of Ptgfr promoter binding
with HIF-1a was relatively low at 0 h, while significantly
increased at 16 h after P4 withdrawal (Fig. 5C).

The regulating mode where further investigated by Ptgfr
mRNA and protein levels in the mouse menstrual-like model
after HIF-1a inhibitor administration. At 8 h, there were no sig-
nificance in Ptgfr mRINA between the inhibitor treatment group to
the control group; however, at 16 h and 24 h, Prgfr mRNA in the
treatment groups was significantly lower than that in the control
group (P< 107 and P=0.0028) (Fig. 5D). Meanwhile, PTGFR
protein levels in the treatment group were also obviously lower
than those in the control group at 16 h (P=0.0017) (Fig. 5E).
HIF-1a protein levels in the uterus were analyzed from 8 -24 h
after P4 withdrawal (Fig. SF). In the control group, HIF-1a protein
levels in the nucleus increased by 16 h and then decreased at 24 h,
relative to the levels at 8 h. HIF-1a inhibitor 2ME significantly
lower the levels of HIF-1a at 16 h (P< 107*) in comparison to the
control groups, which ensures the efficiency of HIF-1a inhibitor.
HIF-1a inhibition significantly reduced the expressions of PTGFR
in the mouse menstrual-like model.

PTGFR Regulation by HIF-1a in vitro in Human
Stroma Cells Relevant to Menstruation

To further explore whether PTGFR is regulated by HIF-1a in
human, we applied decidual-like human endometrial stromal
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Fig.4 The effect of PTGFR inhibitors on expressions of VEGF and
Angiostatin, and vascular permeability in the mice menstrual-like
after P4 withdrawal A-B: Real-time PCR results indicated the rela-
tive mRNA expressions of Vegf (A) and Angiostatin (B) in control
group and PTGFR inhibitor (AL8810) treated group. C-D: Western
blot analysis and gray value calculation of VEGF (C) and Angiosta-

cells following steroid deprivation, which mimicked the process
of menstruation in vitro. Firstly, the decidual marker prolactin
significantly increased from 48 days of decidual inducement
(P=0.0015, P=0.0028 and P=0.0068 respectively)
(Fig. 5G). It was also observed that the morphology of HESC
after 8 days of decidual inducement showed characteristics
of decidualization, that were larger nuclei and abundant
cytoplasm. The deprivation of steroid in culture medium was
marked as O h.

@ Springer

tin (D) protein level in the menstrual-like model. E: Macroscopic of
mouse uterus at 16 h by Evans blue administration in the AL8810 and
2ME treatment groups to explored vascular permeability. F: Evans
blue concentration in the AL8810 and 2ME treatment groups and the
control group. (*P <0.05, **P<0.01, n=3)

siRNA-HIF-1a knock down efficiency was verified by
mRNA quantification. HIF-1a mRNA expression was signifi-
cantly suppressed by siRNA-HIF-1a knock down compared
with the siRNA-scrambled (negative) control group (P < / 0
(Fig. SH). The expression levels of PTGFR mRNA increased at
16 h after P4 withdrawal (P=0.0054). P4 withdrawal elevated
PTGFR mRNA expression at 16 h (P=0.0054), while siRNA-
HIF-1a treatment significantly inhibited PTGFR mRNA
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«Fig.5 The PTGFR was regulated by HIF-1o during endometrial break-
down. A: Immunohistochemistry of PTGFR and HIF-1a protein in the
mouse uterine at 16 h and 24 h after P4 withdrawal. (The left panel scale
bar=400um; the right panel scale bar=100pm. NC =Negative control;)
B: The uterine histomorphology of the mouse menstrual-like model
at 24 h in control group and HIF-la inhibitor (2ME) treated group.
Black dash line = decidual zone; red dash line=breakdown zone.
(The left panel scale bar=400um; the right panel scale bar=100pm.)
C: The ChIP assay with the HIF-1a antibody to uterus at O h and 16
h. Real-time PCR were performed with the primers of Ptgf promoter
region, and values were corrected for Input DNA as a ratio (white
column). The negative control (Mock IgG) represents the IP background
(dark column). D: Real-time PCR results indicated the relative mRNA
expressions of Ptgfr in mouse menstrual-like model in control group and
HIF-1a inhibitor (2ME) treated group. E-F: Western blot analysis and
gray value calculation of PTGFR (E) and HIF-1a (F) protein in con-
trol group and 2ME treated group. G: T-HESC decidualization induce-
ments. The chemiluminescence was used to detect PRL concentration in
cell culture supernatant. Cell morphology of non-induced and induced
decidualized cells (X200) was also observed. H-I: Real-time PCR
results of and HIF-1a (H) before and after siRNA knock down, and
PTGFR (I) in decidual T-HESC with or without siRNA-HIF-1a treat-
ment at 0-24 h after P4 withdrawal. (*P <0.05, **P<0.01, n=3)
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Fig.6 The summary of PGF2a and PTGFR related signaling path-
ways in menstruation
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expression from 8 to 24 h after P4 withdrawal compared to
that in the control group (all P < 107%) (Fig. 5I).

Discussion

In this study, we first explored different types of PGs,
and their receptors in the mice uterus during endometrial
breakdown which suggested that PTGF2a and PTGFR was
strongly involved. This was further confirmed by PTGFR
inhibitor administration that significantly suppressed endo-
metrial breakdown. Molecular regulation mechanism inves-
tigation revealed that PTGFR inhibition suppressed angio-
statin expressions and vascular permeability and HIF-1a was
also involved by directly binding to PTGF gene promoter. At
last, PTGFR regulated by HIF-1a in vitro was investigated
in human stroma cells relevant to menstruation.

Investigation of PGs levels in mouse uterus showed, except
for PGI2, all PGs levels including PGE1, PGE2, and PGF2«
increased during endometrial breakdown and shedding.
In previous studies, PGE2 and PGF2a were found in the
menstrual fluid of women [1], and especially elevated in the
secretory phase and during menstruation [20]. The changes of
PGE and PGF2a in our study are consistent with previously
reported data, which indicated that they play a key role
during endometrial breakdown and shedding. Interestingly,
PGE2 and PGF2a function through their PTGER2 and
PTGEFR receptors, respectively [21]. Therefore, PTGER2
and PTGFR expression during endometrial breakdown
was explored. The mRNA levels of Ptger2 did not increase
until 24 h after P4 withdrawal, while the protein level
gradually decreased from 8-24 h; Ptgfr mRNA increased
soon after P4 withdrawal at 8 h, increased steadily at 16 h,
and decreased while endometrium breakdown completed at
24 h, that is PTGFR protein were highest during endometrial
shedding, which indicated PTGFR has a closer relationship
than PTGER2 with endometrial breakdown and shedding.
However, there has been no comparison of P4 receptor
proteins in humans with our data from mice; thus, further
exploration is warranted. Further, a PTGFR inhibitor was
administrated to the mice in our study, and the uterine and
histological morphology showed that the decidualized stoma
zone shedding was significantly inhibited in comparison to
the control group, which provide a substantial evidence that
PTGFR plays a critical role in endometrial breakdown and
shedding. Although the hypothesis that increased production
of PGF2a leads to myometrial contractions, vasoconstriction,
and the onset of menstruation is generally accepted [22], the
role of PTGFR in endometrial breakdown and shedding has
been demonstrated for the first time.

Downstream regulation of PTGFR was also explored in
the present study. As PGF2o/PTGFR may exert its effects via
vascular changes, the related genes VEGF, and Angiostatin
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were studied. Here, the PGF2oa/PTGFR inhibitor markedly
decreased Vegf mRNA and protein expression at 16 h, indi-
cating that PGF2o/PTGFR positively regulated VEGF in the
process, these results were consistent with previous study in
bovine endometrial explants [23] and in the proliferation of
endometrial endothelial cells [24, 25]. In addition, we found
that the PGF2o/PTGFR inhibitor promoted Angiostatin
mRNA and protein expression, so PGF2a/PTGFR negatively
regulated Angiostatin in the process. VEGF plays a key role
in promoting angiogenesis and increasing vascular perme-
ability [10, 26]; however, Angiostatin has the opposite effect,
that is inhibiting angiogenesis and reducing vascular per-
meability [10, 26]. Vascular permeability of the uterus was
reduced by PGF2o/PTGFR inhibitor indicating associated
with VEGF and Angiostatin during endometrial breakdown
and shedding. Meanwhile, we also found that HIF-1a inhibi-
tor suppressed vascular permeability in mouse menstrual-like
model. In fact, HIF-1a play a role not only in endometrial
breakdown but also in endometrial repair [12, 27]. In previ-
ous studies, it had been demonstrated that HIF-1a increase
VEGEF level during endometrial breakdown and repair [12,
28]. Whether or not HIF-1a regulates PTGFR during endo-
metrial breakdown is another topic of interest. Interestingly,
we found HIF-1« directly binds with Pzgfr promoter, and a
HIF-1a inhibitor not only reduced PTGFR expression, but
also blocked the breakdown and shedding, as well as the vas-
cular permeability induced by PTGFR. Similar regulation
patterns of HIF-1a and PTGFR were also found to occur in
human stromal cells related to menstruation in vitro. Collec-
tively, these results indicate that PTGFR is positively regu-
lated by HIF-1a during endometrial breakdown. It might be
the case that P4 withdrawal triggers an increase in cyclooxy-
genase (COX-2) levels and an increase in PGF2a synthesis,
while high PGF2a/PTGEFR levels regulate VEGF and Angio-
statin to induce vascular changes, including vascular perme-
ability and spiral arteriole constriction, causing hypoxia and
inducing HIF-1a production, which in turn positively regu-
lates PTGFR (Fig. 6). In our earlier research, we observed the
histomorphological changes at various time points (0, 8, 16,
24 h) after P4 withdrawal in a mouse menstrual model. We
noticed that localized necrosis of the subepithelial stromal
cells in the endometrium began at 8 h, and by 24 h, the whole
uterus endometrium was completely disintegrated [29]. Sub-
sequently, P4 was replenished at 8, 12, 16, and 24 h after its
withdrawal, and it was found that 16 h is a critical irreversible
time point post-P4 withdrawal [30]. Therefore, the selection
of time points in this study was based on the focus of the
content to be demonstrated.

In summary, our study provides evidence that PGF2a/
PTGFR plays a vital role in endometrial breakdown
via effecting on vascular permeability, which regulated
by HIF-la. We investigated the dynamic changes in
PGE1, PGE2, PGF2a, PGER2 and PTGFR levels during

endometrial breakdown in a mouse menstrual-like model.
PTGEFR inhibitor blocked endometrial breakdown, reduced
vascular permiability, down-regulated VEGF and upregu-
lated Angiostatin. HIF-1a bound Prgfr promoter and pro-
moted PTGFR expression. Our findings are possibly useful
for the clinic treatment of menstrual disorders and other
related diseases.
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