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Angiopoietin-2 regulated by progesterone induces
uterine vascular remodeling during pregnancy
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Abstract. During pregnancy, the uterus undergoes intense
neovascularization and vascular remodeling to supply oxygen
and nutrients to the embryo. During this period, progesterone
secreted from the ovary has effects on vascular remodeling
in the endometrium and interacts with angiogenic factors.
However, the exact mechanism of uterine vascular remod-
eling during pregnancy is poorly understood. Therefore, the
aim of the present study was to investigate the association
between angiopoietin-2 (Ang-2), one of the angiopoietins,
and intrauterine vessel remodeling during pregnancy, and to
determine the effect of progesterone on Ang-2 levels. Changes
in Ang-2 expression were observed according to quantitative
modification of progesterone using pregnant mice and human
uterine microvascular endothelial cells. As a result, Ang-2 was
observed mainly in the mesometrial region (MR) of the uterus
during the period between implantation and placentation.
Furthermore, a substantial amount of Ang-2 also appeared in
endothelial cells, particularly of the venous sinus region (VSR).
Interestingly, Ang-2 expression was increased by proges-
terone, whereas estrogen had limited effects. To confirm the
association between Ang-2 and progesterone, the function of
the progesterone receptor (PR) was inhibited using RU486, a
blocker of PR. Ang-2 expression and vascular remodeling of
the VSR in the uterus were decreased when the functions of
progesterone were inhibited. Overall, the regulation of Ang-2
by progesterone/PR was associated with vascular remodeling
in the VSR during pregnancy. The present study proposed a
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solution to prevent pregnancy failure due to a lack of vascu-
larity in the uterus in advance.

Introduction

Each organ contains blood vessels that undergo neovascu-
larization and vascular remodeling processes for the organ's
growth. To understand the regulation of neovascularization
and vascular remodeling for each organ, it is necessary to
regulate these processes (1). The uterus is a unique organ;
it undergoes extensive neovascularization and vessel degen-
eration during the menstrual cycle, differing from typical
neovascularization, which occurs mostly during premenstrual
and postmenopausal stages of life. During early pregnancy,
the embryo rapidly develops in the uterus; the uterus supplies
sufficient oxygen and nutrients for neovascularization and
vascular remodeling until the placenta becomes structurally
complete and functional (2,3).

Furthermore, in early pregnancy, the decidua supplies a
vascular network for the developing embryo before placenta-
tion (4). Decidualization of the uterine endometrium involves
dramatic differentiation of the uterine tissue, including
morphological and functional transformations (5,6). However,
during this process, a lack of vascularity in the decidua leads to
early abortion and preeclampsia via nutritional deficiency (7).
It is fair to say that the uterus requires profuse vascularity
in the decidua to prevent pregnancy failure. Endometrium
formation resulting from decidualization is termed ‘decidual
angiogenesis’, and involves the impressive development of
uterine neovascularization; which includes angiogenesis,
vasculogenesis, arteriogenesis - and vascular remodeling
stimulated by steroid hormones (8-10).

The steroid hormones released from the ovaries stimulate
vascular remodeling and uterine neovascularization, which are
necessary for successful pregnancy. Progesterone and estrogen
are representative hormones which bind to the progesterone
receptor (PR) and estrogen receptor (ER), respectively, and
cooperate to regulate decidua formation during early preg-
nancy (11,12). In addition, progesterone promotes decidual
angiogenesis during this period via the vascular endothe-
lial growth factor-A/vascular endothelial growth factore
receptore-2 (VEGF-A/VEGFR-2) system. Furthermore,
progesterone and estrogen further regulate the induction of
angiogenesis in the uterus (1,13).
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Angiogenesis, one of the essential processes in blood
vessel formation, represents the development of new branching
vessels from existing vascular networks and is operated by
endothelial cells, the main components of blood vessels (14).
The phenomenon is essential for embryonic growth, wound
healing in recovery of adults, and the menstrual cycle in
thickening the uterus (15). Angiogenesis also contributes
to inflammatory disease and tumor growth. In some cases,
inappropriate angiogenesis may result in ischemia (16). Given
the variety of functions it performs, vascular remodeling,
which results from angiogenesis of the uterus, is essential for
successful pregnancy. Angiogenesis and vascular remodeling
are thought to be regulated by the cooperative interaction
between several angiogenic factors (17). There are two major
angiogenic factors and their respective responsive receptors:
VEGF and the receptor VEGF-R, and angiopoietin and the Tie
receptor, which regulate both neovascularization, including
vasculogenesis and angiogenesis, and vascular remodeling,
including enlargement and blood network formation, in the
uterus (18-20).

The VEGF, one of the major angiogenic factors of vascular
regulator in the endometrium, increases endothelial cells'
proliferation, permeability, and migration (21). Another
vascular growth factor, Angiopoietin-1 (Ang-1), increases
the recruitment of endothelial cells with pericytes and
vascular smooth muscle cells to remodel newly formed blood
vessels, stimulating and stabilizing their maturation (22).
Angiopoietin-2 (Ang-2), as an antagonist of Ang-1, plays an
important role alongside VEGF, as a regulator of vascular
remodeling, to migrate and proliferate endothelial cells. The
Ang-1/Ang-2 ratio is inversely associated with blood vessel
destabilization, a prerequisite for new blood vessel forma-
tion (23). During angiogenesis, Ang-2 binds to its receptor
named Tie-2, competitively with Ang-1 (24). Recently, many
studies have proved that Ang-2 holds a crucial role in female
reproduction (25). Overexpression of Ang-2 in mice resulted
in embryonic fatality in consequence to failure of angiogen-
esis (26). Interestingly, Ang-2 is initially expressed in the
ovaries and later, during early pregnancy, in the uterus and
placenta (23).

Previous research has shown that progesterone governs
uterine angiogenesis and vascular remodeling via VEGF-A/
VEGFR-2 signaling, especially in the anti-mesometrial
region (AMR), where the embryo resides during pregnancy (1).
However, the functional role of spatiotemporal-localized Ang-2
expression in the pregnancy uterus is not yet fully understood.
In our study, we hypothesized that spatiotemporal changes are
focused on the mesometrial region (MR) of the uterus because
decidual development and vascular remodeling are both devel-
oped by Ang-2 which is regulated by progesterone during
early pregnancy. To examine the relationship between Ang-2
and progesterone, we underwent in vitro and in vivo experi-
ments. Consequently, our results supported our hypothesis that
Ang-2 regulated by progesterone is a key regulator of vascular
remodeling in the uterus during pregnancy.

Materials and methods

Mice. C5TBL/6 mice aged 8 to 10 weeks were used for this
study and female mice were mated with adult male mice.
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Identification of a vaginal plug the following morning was
interpreted as successful mating, and designated 0.5 day
post coitum (dpc). Ang-2""Z mice were transferred and
bred in our pathogen-free animal facilities. The Specific
pathogen-free (SPF) C57BL/6J mice were all given ad libitum
access to standard diet (PMI Lab diet) and water. All animal
experiments were performed following approval from the
Institutional Animal Care and Use Committees (IACUC) of
Jeonbuk National University.

Histological analysis. Mice were sacrificed using the
cervical dislocation method on the indicated days. Segments
of the uterus containing implanted embryos were fixed in
4% paraformaldehyde (Biosesang; cat. no. PC2031) for 4 h,
followed by overnight dehydration in 20% sucrose solution.
Dehydrated samples were embedded with tissue freezing
medium (Scigen; cat. no. 4586) and the frozen blocks cut into
20 um sections.

Samples were blocked with 5% donkey serum (Jackson
ImmunoResearch; cat. no. 017-000-121) or goat serum (Jackson
ImmunoResearch; cat. no. 005-000-121) in PBST (0.03% Triton
X-100 in PBS) and then incubated for 4 h at room tempera-
ture (RT) with the following primary antibodies: anti-CD31
(hamster monoclonal, Millipore; cat. no. MAB1398Z), anti-
Ang-2 (rabbit polyclonal, Proteintech TM; cat. no. 24613-1-AP),
anti-PR (rabbit polyclonal, Cell signaling; cat. no. 8757), and
anti-Tie-2 (mouse monoclonal, Abcam; cat. no. ab24859).
After several washes, the samples were incubated for 2 h at
RT with the following secondary antibodies: Cy3-conjugated
anti-hamster IgG (Jackson ImmunoResearch; cat. no. 127-165-
160), and Cy3- or FITC-conjugated anti-rabbit IgG (Jackson
ImmunoResearch; cat. no. 711-165-152 or cat. no. 111-095-003).
Nuclei were stained with 4',6-diamidino-2-phenylindole (Enzo;
cat.no. BML-AP402). Afterward, the samples were mounted in
fluorescent mounting medium (DAKO; cat. no. S3023).

To examine [3-galactosidase activity, the cryo-sections were
incubated with a staining solution [2 mM magnesium chloride,
5 mM potassium ferricyanide,5 mM potassium ferrocyanide and
1 mg/ml 4-chloro-5-bromo-3-indolyl-f3-D-galactopyranoside
(X-gal) in PBS] at 37°C for 24 h. Immunofluorescent images
and B-gal activity were acquired using a Zeiss LSMS510
confocal fluorescence microscope (Carl Zeiss) and a micro-
scope equipped with a CCD camera (Carl Zeiss).

Detection of Ang-2 expression by reverse transcription
(RT)-gPCR. Total RNA was extracted from the uterus using
TRIzol® Reagent (Invitrogen; cat. no. 15596018) according to
the manufacturer's instructions. The RNA concentration was
measured using NanoDrop 2000 (Thermo Fisher Scientific,
Inc.). The RNA (2 ug) was reverse transcribed into cDNA
using SuperScript II Reverse Transcriptase (Invitrogen; cat.
no. 18064071). RT-qPCR was carried out using the following
conditions: preheating for 5 min at temperature 95°C; and
then repeating 32 cycles in temperature 95°C for 20 sec and
30 sec at 59°C. The primer sequences were as follows: (1)
Ang-2, Foward; 5'-GGATCTGGGGAGAGAGGAAC-3',
Reverse; 5'- CTCTGCACCGAGTCATCGTA -3'. (2) GAPDH,
Forward; 5'-ACCACAGTCCATGCCATCAC-3', Reverse;
5-TCCACCACCCTGTTGCTGTA-3". The PCR products
were loaded onto a 1.5% agarose gel containing Loading
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STAR nucleic acid dye (6X, Dynebio; cat. no. A750), electro-
phoresed, and photographed using a Fusion FX7 acquisition
system (Vilbert Lourmat). The band was semi-quantified
using Quantity One software (v4.6.2; Bio-Rad Laboratories,
Inc.) with GAPDH as the loading controls.

Cell culture. Human uterine microvascular endothelial
cells (HUtMEC) purchased from Lonza Group, Ltd., cat.
no. CC-2564) were grown in endothelial cell growth medium
(EGM-2MYV BulletKit; cat. no. CC-3202) with 5% fetal bovine
serum (FBS) and used at passage 3-4 in all the experiments.
Cell were incubated at 37 with 5% CO,. To examine the change
of Ang-2 expression in cultured HUtMEC due to progesterone,
the cells were starved for 6 h and then treated with proges-
terone and estrogen (10 xM) for 24 h.

Immunocytochemistry (ICC) analysis. HUtMEC were
cultured on glass slides, fixed with cold acetone, and blocked
by 5% FBS in PBST. They were incubated with anti-Ang-2
(rabbit polyclonal; proteintech TM; cat. no. 24613-1-AP)
and anti-VE-cadherin (rabbit polyclonal, Cell Signaling; cat.
no. 2500) at 4°C. Cells were incubated with anti-rabbit IgG
conjugated with Alexa Fluor®546 (Abcam; cat. no. ab60317)
and anti-human Ig G conjugated with Alexa Fluor®488 (Abcam;
cat. no. ab150129). Nuclei were stained with 4',6-diamidino-
2-phenylindole phenylindole (Enzo; cat. no. BML-AP402).
Afterward, the samples were mounted in fluorescent mounting
medium (DAKO; cat. no. S3023) and immunofluorescent
images were acquired using a Zeiss LSM510 confocal fluores-
cence microscope (Carl Zeiss).

Western blot analysis. The uterus tissues and cells were
homogenized in ice-cold RIPA buffer (150 mM NaCl,
1% Triton X-100, 1% Sodium deoxycholate, 0.1% SDS,
50 mM Tris-HCI pH 7.5,0 2 mM EDTA pH 8, Biosesang; cat.
no. R2002) on the indicated days. Total protein was quantified
using a bicinchoninic acid assay kit (Thermo Fisher Scientific,
Inc.; cat. no. 23225). Equal amounts of protein (40 ug per lane)
were separated on an 8~12% SDS-PAGE gel by 120 V for
90 min in 1X running buffer and transferred to nitrocellulose
(NC) membranes (EMD Millipore; cat. no. 66485). Each NC
membrane was blocked in Tris-buffered saline/Tween (TBST)
with 5% non-fat milk for 60 min with gently shaking at room
temperature (RT) and then incubated with the designated
primary antibodies (1:1,000) overnight at 4°C. The primary
antibodies used were as follows: anti-angiopoietin-2 (poly-
clonal, Proteintech; cat. no. 24613-1-AP), anti-progesterone
receptor (rabbit polyclonal, Cell Signaling; cat. no. 8757), and
anti- B-actin antibody (rabbit polyclonal, Sigma-Aldrich; cat.
no. A2066). Each NC membrane was washed three times
in TBST for 10 min per wash and then incubated with the
1:2,000 goat anti-rabbit IgG (Enzo; cat. no. ADI-SAB-300)
or goat anti-mouse IgG (Enzo; cat. no. ADI-SAB-100) in
TBST with 5% non-fat milk for 1 h at RT. The membranes
were washed three times in TBST for 10 min per wash and
visualized by horseradish peroxidease (HRP) substrate (Enzo;
cat. no. ADI-SAB-300-J) using a Fusion FX 7 (Vilber). The
band was semi-quantified using Quantity One software
(v4.6.2; Bio-Rad Laboratories, Inc.) with B-actin as the loading
controls.
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Statistical analysis. Values are presented as mean + standard
deviation (SD). Significant differences between means were
determined by unpaired Student's t-tests or analysis of vari-
ance with one-way and two-way ANOVA followed by the
Student-Newman-Keuls test or Bonferroni post hoc test. All
statistical analysis was performed using the GraphPad Prism
software. P<0.05 was considered to indicate a statistically
significant difference.

Results

Ang-2 expressed in the uterine endometrium during early
pregnancy, mainly in CD31" blood vessels. We analyzed
Ang-2 expression to investigate the role of Ang-2 in early
pregnancy (from 4.5 dpc to 8.5 dpc). Over time, Ang-2
expression increased remarkably around the embryo and
spatiotemporal area in the MR, focusing in the venous sinus
region (VSR) from implantation until placentation (Fig. 1A).
Protein and mRNA expression levels of Ang-2 also rose in
the pregnant uterus (Fig. 1B-D). In the 8.5 dpc uterus, Ang-2
protein expression was 2.7-fold higher that of the 4.5 dpc
uterus, and Ang-2 mRNA expression was 4.2-fold higher that
of the estrus non pregnant mice. We further examined regional
Ang-2 expression in early pregnancy through X-gal staining,
using Ang-2-LacZ reporter (Ang-2*"%) mice at 6.5, 8.5 and
10.5 dpc. Endothelial cells consisting of blood vessels' lumen
in VSR gave off a green color in the presence of Ang-2 to
confirm these results (Fig. 2A). During the post-implantation
period, expressed Ang-2 was localized on the VSR in the MR.
These results indicate that Ang-2 is associated with vascular
remodeling and is mainly expressed in CD31 positive blood
vessels in the MR. In addition, we performed co-staining of
CD31 and Ang-2 via immunofluorescence (IF) method in the
5.5 dpc uterus when the Ang-2 expression initiated to figure
out the relationship between endothelial cells and Ang-2.
We observed an overlapped color as a result of co-stain red
(CD31) and green (Ang-2). The result of stain showed us that
Ang-2 was mainly expressed in CD31 positive blood vessels
(Fig. 2B). Vascular remodeling of blood vessels regulated by
angiogenesis factors is associated with the Tie-2 receptor (27).
Therefore, Tie-2 and Ang-2 expressed in the uterus during early
pregnancy were observed. As a result, it was confirmed that
Tie-2 was also expressed in the CD31* blood vessel that was
expressing Ang-2 (Fig. 2C). Through these results, we were
able to predict that Ang-2 could be involved in intravascular
vascular remodeling via the Tie-2 receptor inside the uterus.

Expression of Ang-2 is regulated by progesterone. In previous
studies, it was found that vascular remodeling inside the uterus
is regulated by progesterone (1). In addition, vascular remod-
eling by progesterone occurs via the PR, which is a receptor
for progesterone. Based on these results, we expected that
Ang-2 expressed in the uterus may be related to progesterone.
To confirm this hypothesis, the expression regions of the PR
and Ang-2 were compared. As a result, it was confirmed
that PR was also expressed at the region where Ang-2 was
expressed (Fig. 3A). Ang-2 expression with progesterone
treatment in vitro using HUtMEC confirmed the in vivo data.
Progesterone treatment increased Ang-2 levels in HUtMEC
in comparison to untreated cells, the control, by 1.6-fold.



1238 PARK et al: UTERINE ANGIOGENESIS AND ANGIOPOIETIN-2 REGULATION DURING PREGNANCY

A 8.5 dpc

6.5 dpc

5.5dpc

Ang-2/DAP!

B dpc C % Ang-2 D 51 Ang-2
45 55 65 8.5 . P e
. = 3 8 4
Ang-2| S e q é 2 34
£ €
B-actin| W — —— — B 4 £
¥ i‘i 14
T T T 04
45 55 65 85 ENP 6.5 8.5
dpc dpc

Figure 1. Ang-2 expression in the uterus during pregnancy. (A) Image showing Ang-2 expression in mouse uteri during early pregnancy at 4.5, 5.5, 6.5 and
8.5 dpc. Scale bar, 500 ym. (B) Protein expression levels and (C) semi-quantitative analysis of Ang-2 in the uteri at 4.5, 5.5, 6.5 and 8.5 dpc were measured
by western blotting. Loading of similar amounts of protein for each sample was verified by a similar intensity of f-actin signal. Data are presented as the
mean + SD from three independent experiments. "P<0.05, “P<0.01 and ""P<0.001 vs. 4.5 dpc. (D) Ang-2 mRNA expression in the uteri of ENP, and at 6.5 and
8.5 dpc. Data is presented as relative fold change compared with the levels of ENP after normalization to GAPDH. n=4 in each group. "P<0.02 vs. ENP. Ang-2,
angiopoietin-2; dpc, days post coitum; UL, uterine lumen; Em, embryo; ENP, estrous of non-pregnancy.
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Figure 2. Ang-2 expression around vascular endothelial cells. (A) Image showing Ang-2 expression in the VSR of Ang-2*1“Z mice at 6.5, 8.5 and 10.5 dpc. The
tissues were counterstained with hematoxylin following X-gal staining. Scale bar, 500 m. (B) Image showing CD31* BVs and Ang-2* cells in the uterus at 5.5
dpc. Scale bar, 500 ym. The section in the square is magnified on the right. (C) Image showing CD31* BVs and Ang-2* and Tie-2* cells in the uterus at 6.5 dpc.
Scale bar, 500 ym. Ang-2, angiopoietin-2; BVs, blood vessels; dpc, days post coitum; UL, uterine lumen; VSR, venous sinus region; Em, embryo.

However, estrogen treatment was not much different to the = ment with only progesterone (Fig. 3B and C). We assumed that
control. In addition, there was no difference between treatment  progesterone known as a pregnancy hormone mainly controls
with both progesterone and estrogen in HUtMEC and treat-  Ang-2 in HUtMEC. Moreover, progesterone-treated HUtMEC
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Figure 3. Ang-2 expression is increased by progesterone treatment in HUtMECs. (A) Image showing PR* region and Ang-2* cells in the uterus at 6.5 days
post coitum. Scale bar, 100 gm. (B) Immunofluorescence staining of VE-Cadherin and Ang-2 in HUtMECs treated with Con, P4 (10 M), E2 (10 xM) and
P4 + E2 (each 10 pM). Nuclei were counterstained with DAPI (blue). Scale bar, 100 ym. (C) Comparisons of Ang-2* HUtMECs treated with Con, P4, E2,
P4 + E2 (10 uM). “"P<0.01 vs. Con. (D) Comparisons of Ang-2 protein expression levels and relative density (lower graph) in HUtMECsS treated with Con and
P4 (10 and 20 xM). Loading of similar amounts of protein for each sample was verified by a similar intensity of -actin, and the relative expression levels
of Ang-2 after normalization to f3-actin are shown. Three independent experiments exhibited similar results. "P<0.02 vs. Con. (E) Semi-quantitative reverse
transcription-PCR showing mRNA levels of Ang-2 in HUtMECS treated with Con and P4 (10 and 20 #M). The lower graph presents the relative fold change of
the levels of Ang-2 after normalization to GAPDH. n=5 in each group. “P<0.02 vs. Con. Ang-2, angiopoietin-2; Con, control; E2, estrogen; HUtMECs, human
uterine microvascular endothelial cells; P4, progesterone; PR, progesterone receptor; VSR, venous sinus region.

displayed higher Ang-2 protein and mRNA expression than
untreated cells (Fig. 3D and E).

Expression of Ang-2 related with PR in pregnancy uterus.
Through previous results, we recognized progesterone
controlled the expression of Ang-2 in HUtMEC, so we
assumed that vascular remodeling operated by Ang-2
regulated its expression in the presence of the progesterone
receptor, which binds to progesterone, exists in HUtMEC. To
test the hypothesis, we performed western blotting and ICC
to discover the progesterone receptor via progesterone treat-
ment. As a result, it was confirmed that PR was expressed
regardless of the concentration of the progesterone in
HUtMEC (Fig. 4A). Also, expression of PR and Ang-2 was
observed in HUtMEC (Fig. 4B). Therefore, Ang-2 in the
uterus is expressed by progesterone, and the expression of
Ang-2 proves that progesterone is involved via the PR. To
clarify the relationship between progesterone and Ang-2,
the function of the progesterone receptor was blocked
using RU486 (8 mg/kg). As a result, it was confirmed that
the remodeling of blood vessels inside the uterus was
significantly reduced by RU486, and indeed, the expression

of Ang-2 was also decreased by RU486 (Fig. 5A and C).
Compared to the control groups, treatment with RU486
dramatically decreased the number of blood vessels with
diameter of over 300 #m. Consequently, the number of blood
vessels diameter between 100-300 ym increased signifi-
cantly following RU486 treatment (Fig. 5B). This showed
that vascular remodeling is inhibited by RU486 as a pharma-
cological blockade of PR. Moreover, it was confirmed that
Ang-2 expressed in vascular endothelial cells also decreases
by the PR blockade (Fig. 5C). Through these results, it was
confirmed that when the function of the PR is blocked using
RU486, the intrauterine vascular remodeling regulated by
the progesterone decreases.

Discussion

The female uterus experiences cyclic changes from menstrual
periods and pregnancy, times of extraordinary neovascu-
larization and vascular remodeling (28). Especially during
pregnancy, the maternal body increases the volume of blood
towards the uterus to supply oxygen and nutrients for embryo
development. Blood vessels in the uterus undergo drastic
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Figure 4. Ang-2 expression is associated with PR in HUtMECs. (A) Comparison of PR protein levels and relative density (right graph) in HUtMECs treated
with control and P4 (5, 10 and 20 xM). Loading of similar amounts of protein for each sample was verified by a similar intensity of $-actin and relative density
was determined according to the control level. (B) Immunofluorescence staining of PR and Ang-2. Nuclei were counterstained with DAPI (blue). Scale bar,
100 ym. Ang-2, angiopoietin-2; HUtMECSs, human uterine microvascular endothelial cells; P4, progesterone; PR, progesterone receptor
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Figure 5. Vascular remodeling in VSR is decreased by RU486. (A) Images showing CD31* BVs in the uterus at 8.5 dpc following treatment with Con and
RU486 (8 mg/kg). n=4. Scale bar, 500 ym. (B) Number of BVs in MR (VSR) was dependent on their size, compared with Con and treatment RU486. n=4.
"P<0.02 vs. Con (t-test). (C) Images showing CD31* BVs and Ang-2 in the VSR at 8.5 dpc after treatment with RU486 (8 mg/kg). n=4. Scale bar, 100 ym. Ang-2,
angiopoietin-2; BVs, blood vessels; Con, control; dpc, days post coitum; UL, uterine lumen; Em, embryo; MR, mesometrial region; VSR, venous sinus region.

changes to accept the blood from the mother. In the case of
failed transformation, miscarriage and preeclampsia, which
are result from vascularity in the uterus, lead to an unsuccessful
delivery. Therefore, vascular remodeling in early pregnancy is
essential for embryonic growth.

Recently, research has shown that progesterone regulates
uterine angiogenesis and vascular remodeling via VEGF-A/
VEGFR-2 signaling in the AMR during pregnancy (1).

However, spatiotemporal vascular remodeling by progesterone
in the MR is not fully understood. Interestingly, it is known that
endothelial cell proliferation is due to progesterone (29). Thus,
in this study, we focused on spatiotemporal ang-2 expression
and vascular remodeling in the MR including the VSR during
early pregnancy. Furthermore, we investigated the relationship
between Ang-2 expression and progesterone treatment through
in vitro experiments.
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Our results demonstrated that Ang-2 steadily increases
after implantation until placentation. Remarkably, Ang-2 was
expressed spatiotemporally in the uterus - especially in the
VSR of the MR. In this period, Ang-2 also constantly rose
in terms of the total level of protein and mRNA in uterus.
Other studies indicated that the amount of mRNA of Ang-2
increased during early pregnancy (23). From this result, we
predicted Ang-2 has an effect on vascular remodeling in
VSR where lots of blood vessels are lined up by endothe-
lial cells. We found out the correlation between Ang-2 and
endothelial cell by performing an X-gal stain. Based on these
results, the treatment of HUtMEC with progesterone is very
different compared to treatment with progesterone in vitro.
Progesterone increased the expression of Ang-2. Progesterone
binds to a PR to activate its mechanism. As shown in Fig. 4,
PR expressed in the HUtMEC and PR expression was not
dose regulated by progesterone concentration. Expression
of PR is not related to progesterone level but other factors.
According to another study, PR is up-regulated by estrogen at
the level of gene expression (30). It seems that the concentra-
tion of progesterone has no influence on the expression of PR
in HUtMEC.

Progesterone is a biomarker for decidualization of
pregnant uterus (31). Ang-2 was observed in MR during
this period. Therefore, we tested the relationship between
Ang-2 and PR in decidual angiogenesis using PR blockade
named RU486. We injected it intraperitoneally in pregnant
mice to observe vascular remodeling during pregnancy.
RU486 inhibited Ang-2 mediated vascular remodeling in
the MR. Our results indicated that vascular remodeling and
decidual angiogenesis are related to signaling pathways that
are affected differently by progesterone and Ang-2 mediated
vascular remodeling. Notably, vascular remodeling induced
by Ang-2 expression was not dependent on VEGF-A-related
signaling in the MR. VEGF-A was mainly expressed in the
AMR and was not detected in the VSR during pregnancy (1).
Thus, vascular remodeling mediated by Ang-2 signaling
would be different to VEGF-A/VEGFR-2 signaling in the
pregnant uterus.

Taking all of this information into account, we speculate
that the expression of Ang-2 is stimulated by progesterone
which influences spatiotemporally different parts of the uterus
in early pregnancy. Progesterone most likely induces vascular
remodeling via VEGF-A/VEGFR-2 signaling only in the
AMR. In the MR, Ang-2 expression by progesterone affects
vascular remodeling for placentation.

In conclusion, our results provide insight on previously
undefined features of vascular remodeling in the pregnant
uterus by Ang-2-mediated signaling during early preg-
nancy. In the post-implantation period, the pregnant uterus
undergoes profound vascular remodeling in response to
progesterone for placentation, which has spatiotemporally
different effects on the AMR and MR. Progesterone-PR-
regulated Ang-2 is a key regulator for placentation and
prevention of pregnancy failure through spatiotemporal
vascular remodeling in the MR.
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