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Fluid shear stress regulates vascular remodeling via
VEGFR-3 activation, although independently of its
ligand, VEGF-C, in the uterus during pregnancy
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Abstract. Early pregnancy is characterized by an increase in
the blood volume of the uterus for embryonic development,
thereby exerting fluid shear stress (FSS) on the vascular walls.
The uterus experiences vascular remodeling to accommodate
the increased blood flow. The blood flow-induced FSS elevates
the expression of vascular endothelial growth factors (VEGFs)
and their receptors, and regulates vascular remodeling through
the activation of VEGF receptor-3 (VEGFR-3). However, the
mechanisms responsible for FSS-induced VEGFR-3 expres-
sion in the uterus during pregnancy are unclear. In this study,
we demonstrate that vascular remodeling in the uterus during
pregnancy is regulated by FSS-induced VEGFR-3 expression.
We examined the association between VEGFR-3 and FSS
through in vivo and in vitro experiments. In vivo experiments
revealed VEGFR-3 expression in the CD31-positive region of
the uterus of pregnant mice; VEGF-C (ligand for VEGFR-3)
was undetected in the uterus. These results confirmed that
VEGFR-3 expression in the endometrium is independent of its
ligand. In vitro studies experiments revealed that FSS induced
morphological changes and increased VEGFR-3 expression in
human uterine microvascular endothelial cells. Thus, VEGFR-3
activation by FSS is associated with vascular remodeling to
allow increased blood flow in the uterus during pregnancy.
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Introduction

Fluid shear stress (FSS) is the blood flow-induced force per unit
area of the blood vessel walls, which results in the vascular
remodeling of blood vessels (1-4). The type of FSS may be
laminar and disturbed, and the endothelial cell response varies
with the type of FSS acting on the vessel wall (5,6). Thus,
vascular endothelial cells undergo structural alterations to
adapt to the blood flow-induced FSS, thereby maintaining the
homeostasis of the organ system (7).

The uterus is a special organ that undergoes periodic
changes in blood vessels during the menstruation cycle and
pregnancy (8,9). Pregnancy is characterized by active neovascu-
larization and vascular remodeling, with a progressive increase
in the maternal blood volume (8,10). There is a simultaneous
increase in the blood flow to the uterus, and the endometrial
vessels experience vascular remodeling to accommodate the
increased blood flow (8,11). Through vascular remodeling, the
placenta that delivers maternal blood to the fetus is formed
stably (12-14). The failure in vascular remodeling at this stage
may be associated with pre-eclampsia and fetal growth retarda-
tion. Thus, vascular remodeling at the early stage of pregnancy
is a necessary process for the development of the fetus (15).
Recent studies have shown that endothelial cells may undergo
changes in their morphologies and cytoskeletal structures to
adapt to FSS (16-18). Furthermore, vascular remodeling by
FSS is attributed to the expression of the vascular endothelial
growth factor receptor-3 (VEGFR-3) (18,19).

VEGFR-3 is a receptor of VEGF-C/D and a close homolog
of VEGFR-2 (20,21). It is predominantly expressed on
lymphatic cells and vessels (21). Studies have indicated that the
VEGF-C-mediated activation of VEGFR-3 results in the initia-
tion of lymph angiogenesis through proliferation and migration
of lymphatic cells (22,23). It has been reported that VEGFR-3
is expressed in the endometrium of the uterus (24) and that
VEGFR-3 expression was spatiotemporally similar to that of
VEGFR-2 in the uterus during pregnancy (25).

A recent study demonstrated that angiogenesis associated
with VEGFR-3 failed to occur in the absence of VEGFR-2 (26).
In addition, it has been reported that VEGFR-3-mediated FSS
regulates the remodeling of the arteries (18), suggestive of a
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plausible role of VEGFR-2 and VEGFR-3 in the process of
vascular remodeling through the same or different stimulation.
However, the mechanisms underlying vascular remodeling
mediated via VEGFR-3 expression in the uterus during preg-
nancy are not yet fully understood.

According to previous studies (18,26), we expected that
VEGFR-3 expressed during pregnancy may be associated with
FSS. In this study, we investigated the association between FSS
and VEGFR-3, and the role of VEGFR-3 in vascular remodeling
in the uterus during pregnancy. We demonstrate that VEGFR-3
is expressed in vascular endothelial cells of the endometrium in
the uterus during pregrancy. We used lymphatic vessel endo-
thelial hyaluronan receptor-1 (LY VE-1) staining to determine
the expression of VEGFR-3 in lymphatic cells of the uterus.
VEGFR-3 expression in the endometrium was distinct from
the region expressing LY VE-1, while its expression in the
myometrium coincided with the region expressing LY VE-1.
Furthermore, we investigated the response of endothelial
cells to FSS using an in vitro FSS model (19) and found that
VEGFR-3 expression in human uterine microvascular endothe-
lial cells (HUtMEC:sS) is dependent on FSS.

Materials and methods

Mice. All animal experiments were performed following
approval from the Animal Care Committees of Chonbuk National
University, Iksan, Korea. Specific pathogen-free C57BL/6 mice
were purchased from the Samtako Bio Korea (Osan, Korea). All
mice were transferred and bred in pathogen-free animal facili-
ties and fed a standard diet (PMI Laboratory Diet, Richmond,
IN, USA) and provided with water ad libitum. Female mice
(weighing 20 + 1.25 g; aged 7 weeks; n=40) and male mice
(weighing 23 + 0.83 g; aged 8 weeks; n=10) were used in this
study; female mice were mated with male mice. Copulation was
indicated by the presence of vaginal plugs the following morning,
and the plug day was designated as 0.5 days post coitum (dpc).
The animals were divided into 4 groups as follows: the estrus
non-pregnancy (ENP) group, and the 4.5, 6.5 and 8.5 dpc groups.

Histological analysis. The mice were sacrificed by the cervical
dislocation method on the indicated days. Segments of the
uterus containing implanted embryos were fixed in 4% para-
formaldehyde (PFA) for 4 h, followed by overnight dehydration
in 20% sucrose solution. Dehydrated samples were embedded
with tissue-freezing medium (Leica, Wetzlar, Germany) and
the frozen blocks were cut into 20-um-thick sections. The
samples were blocked with 5% donkey (or goat) serum in
0.03% Triton X-100 in phosphate-buffered saline (PBST)
and incubated for 4 h at room temperature with the following
primary antibodies: anti-CD31 (hamster, clone 2HS;
cat. no. MABI1398Z; Millipore, Temecula, CA, USA),
anti-VEGFR-3 (goat polyclonal; cat. no. AF743; R&D Systems,
Minneapolis, MN, USA), anti-VE-cadherin (mouse monoclonal;
cat. no. sc-9989; Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, USA), anti-LYVE-1 (rabbit, cat. no. 11-034; AngioBio,
Del Mar, CA, USA), and anti-VEGF-C (goat polyclonal,;
cat. no. sc-1881; Santa Cruz Biotechnology, Inc.). Following
incubation, the samples were washed 3-5 times and incubated
for 2 h at room temperature with the following secondary
antibodies: Cy3-conjugated anti-hamster IgG (127-165-160;
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Jackson ImmunoResearch Laboratories, West Grove, PA, USA),
fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG
(A90-216F; Bethyl Laboratories, Montgomery, TX, USA),
FITC-conjugated anti-goat IgG (ab6881; Abcam, Cambridge,
MA, USA) and Cy3-conjugated anti-rabbit IgG (711-615-152;
Jackson ImmunoResearch Laboratories). Nuclei were stained
with 4',6-diamidino-2-phenylindole (DAPI). Samples were
mounted in fluorescent mounting medium (DAKO) and immu-
nofluorescent images acquired using a Zeiss LSM510 confocal
fluorescence microscope (Carl Zeiss, Oberkochen, Germany).
The samples were overnight fixed in 4% PFA for hematoxylin
and eosin (H&E) staining. The tissue was processed using stan-
dard procedures and embedded in paraffin. Tissue blocks were
cut into 3-um-thick sections and subjected to H&E staining.

Morphometric analysis. Densities and different sizes of
blood vessels in the uterus of pregnant mice were analyzed
using photographic analysis with ImagelJ software (http://rsb.
info.nih.gov/ij) and LSM Image Browser (Carl Zeiss). The
CD31-positive blood vessels were measured in the venous
sinus region (VSR) and presented as percentage per measured
area. Different sized blood vessels were measured in the meso-
metrial region (MR) of the uterus at 6.5 and 8.5 dpc.

Cell culture. HUtMECs purchased from Lonza Group, Ltd.
(Basel, Switzerland) (CC-2564) were grown in endothelial cell
growth medium (EGM-2 MV BulletKit, CC-3202) and used at
passage 3-4 in all the experiments.

FSS model. The FSS model for in vitro experiments was used as
previously described (19). The shear stress across each monolayer
was approximated as the maximal wall shear stress as follows:

« 3 where o is the radius of orbital rotation
Tnae = P17 (1.25 cm), o and n are the density (1.0 g/ml)

and viscosity (7.5x10% dynes/sec/cm) of the medium, respec-
tively, and f is the frequency of rotation (rotations/sec). Using
this equation, a shear stress of 10 dynes/cm® was achieved
at a rotating frequency of 91 rpm (rotation/min), which was
within the range of physiological shear stress (0-20 dynes/cm?).
HUtMEC: at the same passage stage and not subjected to shear
stress were incubated in the same incubator and served as the
static controls. The alignment of the HUtMECs was detected
using a Nikon Eclipse TS 100 microscope with a digital camera
system under a 10X objective.

RNA extraction and reverse transcription-quantitative (real-
time) polymerase chain reaction (RT-qPCR). Total RNA was
extracted from the uterus using TRIzol® reagent (Invitrogen,
Carlsbad, CA,USA) according to the manufacturer's instructions.
The extracted RNA (2 ug) was reverse transcribed into cDNA
using SuperScript II Reverse Transcriptase (Invitrogen).
Quantitative PCR was performed using Bio-Rad™ CFX96
Real-Time PCR detection system (Bio-Rad, Hercules, CA,
USA) with the following primers: VEGFR-3 forward, 5'-CCT
GAAGAAGATCGCTGTTC-3' and reverse, 5'-GAGAG
CTGGTTCCTGGAGAT-3'; and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; internal control) forward, 5“TGCCT
CCTGCACCACCAACT-3' and reverse, 5'-CGCCTGCTTCA
CCACCTTC-3.
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Western blot analysis. The uterus tissue and cells were homog-
enized in cold radioimmunoprecipitation assay (RIPA) buffer
supplemented with protease inhibitor cocktail on the indicated
days. Each protein was separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
onto nitrocellulose membranes. After blocking with 5% skim
milk, the membranes were incubated overnight with goat poly-
clonal anti-VEGFR-3 (dilution 1:1,000; cat. no. sc-321; Santa
Cruz Biotechnology, Inc.) and mouse monoclonal anti-B-actin
antibody (dilution 1:1,000; cat. no. A5441; Sigma-Aldrich,
St. Louis, MO, USA) at 4°C. Following incubation, and then
probed with horseradish peroxidase (HRP)-conjugated
secondary antibody [goat anti-mouse (dilution 1:5,000;
cat. no. ADI-SAB-100-J) and goat anti-rabbit (dilution 1:5,000;
cat. no. ADI-SAB-300); both from Enzo Life Sciences, Inc.,
Farmingdale, NY, USA] for 2 h at room temperature and the
signal developed with the enhanced chemiluminescence HRP
substrate (Millipore) was detected using the Fusion FX7 acqui-
sition system (Vilbert Lourmat, Eberhardzell, Germany).

Immunocytochemistry. The HUtIMECs were cultured on glass
slides, fixed with cold acetone, and blocked with 5% donkey
serum in Tris-buffered saline, 0.1% Tween-20 (TBST). The
cells were incubated with goat polyclonal anti-VEGFR-3 (goat
polyclonal; cat. no. AF743; R&D Systems) and mouse mono-
clonal anti-VE-cadherin (mouse monoclonal; cat. no. sc-9989;
Santa Cruz Biotechnology, Inc.) at 4°C, followed by treatment
with FITC-conjugated anti-goat IgG (cat. no. ab6881; Abcam)
and Cy3-conjugated anti-mouse IgG (cat. no. 715-165-150;
Jackson ImmunoResearch Laboratories). Nuclei were stained
with DAPI (cat. no. BML-AP402; Enzo Life Sciences, Inc.).
Samples were mounted in a fluorescent mounting medium
and immunofluorescent images were acquired using a
Zeiss LSM510 confocal fluorescence microscope.

Statistical analysis. Values are presented as the means + stan-
dard deviation (SD). Statistical significance between groups
was determined using an unpaired Student's t-test or one-way
analysis of variance (ANOVA) followed by the Student-
Newman-Keuls test. Statistical significance was set at p<0.05
or p<0.01.

Results

The endometrium undergoes gradual vascular remodeling
during early pregnancy. We obtained a fertilized uterine
sample to observe morphological changes in the uterus during
early pregnancy (Fig. 1). According to the embryo morphology,
we divided the uterus into the MR and anti-mesometrial
region (AMR); MR was further subdivided into the uterus
lumen (UL) region and VSR. Immunofluorescence staining
using CD31 antibody, an endothelial cell marker, was performed
to observe changes in blood vessels in the uterus of pregnant
mice. As shown in Fig. 1A, the changes in blood vessels within
the uterus of pregnant mice were observed. A higher magni-
fication revealed significant changes in the vascular diameter
and size of the VSR. The blood vessel density (BVD) in the
VSR gradually increased by 14.7 and 27.3% at 6.5 and 8.5 dpc,
respectively, as compared with that at 4.5 dpc (Fig. 1B). Within
the MR, the number of blood vessels with a diameter >300 ym
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increased, while those with a diameter <300 ym decreased at
8.5 dpc compared to 6.5 dpc (Fig. 1C). In addition, significant
morphological changes were observed in the uterus during
early pregnancy (Fig. 1D). There was a gradual increase in the
proportion of embryos in the uterus, and the vascular lumen of
the MR became enlarged and elonged. In particular, changes
in the VSR within the uterus were easily noticeable (Fig. 1E).
These results demonstrate that blood vessels in the endome-
trium of uterus undergo neovascularization and vascular
remodeling during pregnancy.

Expression of VEGFR-3 in the endometrium gradually
increases during pregnancy. It has been reported that
vascular remodeling within the uterus is controlled with
progesterone-mediated VEGF-A/VEGFR-2 signaling (25).
In addition, it has been shown that angiogenesis associated
with VEGF-3 fails to occur in the absence of VEGFR-2 (26).
Therefore, we hypothesized that VEGFR-3 plays a role in the
vascular remodeling of the uterus during pregnancy. Our results
revealed an increase in the expression of VEGFR-3 in the uterus
during the post-implantation periods (Fig. 2C). In comparison
to the level observed 4.5 dpc, VEGFR-3 expression exhib-
ited an increase of approximately 60% at 8.5 dpc (Fig. 2D).
Furthermore, VEGFR-3 was predominantly expressed in
the myometrium and MR of the endometrium (Fig. 2A). In
particular, VEGFR-3 exhibited a strong expression in the VSR
and myometrium. VEGFR-3 expression in the endometrium
coincided with a CD31-positive region (Fig. 2B). These results
suggest that VEGFR-3 expression in the endometrium may
be involved in vascular remodeling during post-implantation
periods.

VEGFR-3 expression in the endometrium is not associated
with lymphatic vasculature and is independent of VEGF-C
expression. VEGFR-3 is known to be strongly expressed in
lymphatic endothelial cells. Therefore, we evaluated the expres-
sion of VEGFR-3 in lymphatic cells by immunofluorescence
staining of VEGFR-3 using LY VE-1 (a lymphatic endothelial
cell marker) (Fig. 3A). We confirmed VEGFR-3 expression
in the region of the myometrium which stained positive for
LYVE-1. On the contrary, VEGFR-3 expression in the endo-
metrium failed to coincide with the region exhibiting LY VE-1
expression (Fig. 3C). Furthermore, VEGF-C and LYVE-1
were co-stained to evaluate the expression of VEGF-C, a
ligand for VEGFR-3, in the lymphatic endothelial cells of the
uterus (Fig. 3B and D). The staining results confirmed that
VEGF-C exhibited no detectable expression in the endome-
trium. In addition, the protein expression of VEGF-C was
hardly detected (Fig. 3E). We confirmed the same results as
those of a previous study (25). Taken together, these results
demonstrate that VEGFR-3 is expressed in vascular endothelial
cells undergoing vascular remodeling during early pregnancy
and is independent of the expression of its ligand, VEGF-C.

FSS induces VEGFR-3 expression in HUtMECs. To determine
whether VEGFR-3 expression in vascular endothelial cells of
the endometrium actually responds to FSS, HUtMECs were
used to observe the effects of FSS on vascular endothelial
cells. The FSS experiments were performed using the method
described in a previous study (19). Our results revealed that
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Figure 1. Changes (vascular remodeling) occurring in the endometrium during pregnancy. (A) Images showing CD31* BVs in the uterus at ENP, 4.5, 6.5 and
8.5 days post coitum (dpc). Scale bars, 500 ym. Each numbered magnification image (square-dotted line) shows endometrial CD31* BVs in the VSR. Scale bars,
100 pm. (B) Comparisons of CD31* BV densities (BVD, %) in the VSR at 4.5, 6.5 and 8.5 dpc. Each group, n=5-6. "p<0.05 vs. 4.5 dpc; “p<0.01 vs. 4.5 dpc by
unpaired t-test. (C) Comparisons of numbers of different sized BVs in the MR at 6.5 and 8.5 dpc. Each group, n=5-6. "p<0.05 vs. 6.5 dpc; “p<0.01 vs. 6.5 dpc by
unpaired t-test. (D) Cross-sectioned uterus from 6.5 to 8.5 dpc stained with hematoxylin and eosin. Scale bars, 500 ym. (E) Magnified images showing enlarged
and elongated vascular lumen (arrowheads) in the uterus at 6.5 to 8.5 dpc. Scale bars, 100 gm. MR, mesometrial region; AMR, anti-mesometrial region; UL,
uterus lumen; VSR, venous sinus region; Em, embryo; BVs, blood vessels.
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Figure 2. Vascular endothelial growth factor receptor-3 (VEGFR-3) expression increases during pregnancy in the uterus. (A) Image showing CD31* BVs and
VEGFR-3* cells in the uterus at 6.5 days post coitum (dpc). Scale bars, 500 y¢m. (B) Magnified images showing VEGFR-3 expressed CD31* BVs (arrowheads) in the
endometrium and myometrium of uterus at 6.5 dpc. Scale bars, 50 ym (C) Comparison of VEGFR-3 protein levels in the uterus at 4.5 to 8.5 dpc. Levels of VEGFR-3
were normalized to those of B-actin. (D) The VEGFR-3 protein levels in the uterus at 4.5 to 8.5 dpc as shown in (C). Each group, n=5-6."p<0.05 vs. 4.5 dpc; “p<0.01
vs. 4.5 dpc by unpaired t-test. VR-3, VEGFR-3; MR, mesometrial region; AMR, anti-mesometrial region; UL, uterus lumen; VSR, venous sinus region; Em, embryo.
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Figure 3. Vascular endothelial growth factor receptor-3 (VEGFR-3) expression in the endometrium does not coincide with that of lymphatic vessel endothelial
hyaluronan receptor-1 (LY VE-1) and is independent of VEGF-C. (A) Image showing LY VE-1* regions and VEGFR-3* regions in the uterus at 6.5 days post
coitum (dpc). Scale bars, 500 ym. (B) Image showing LY VE-1* regions and VEGF-C* regions in the uterus at 6.5 dpc. Scale bars, 500 ym. (C) Magnified images
showing VEGFR-3* regions and LY VE-1* regions in the endometrium and myometrium of uterus at 6.5 dpc. Scale bars, 50 gm. (D) Magnified images showing
VEGF-C* regions and LY VE-1* regions in the endometrium and myometrium of uterus at 6.5 dpc. Scale bars, 50 ym. (E) Comparison of VEGF-C protein levels
in the uterus of 4.5-8.5 dpc. Levels of VEGF-C were normalized to those of $-actin. MR, mesometrial region; AMR, anti-mesometrial region; UL, uterus lumen;

VSR, venous sinus region; Em, embryo.

VEGFR-3 expression in the vascular endothelial cells was
regulated by FSS. Changes in the morphology of the HUIMECs
were observed at varying FSS strengths (Fig. 4A); an increase
in FSS resulted in the alignment of cells in the direction of
the flow. Cells subjected to direct FSS exhibited a strong
expression of VEGFR-3 around the nucleus and exhibited
morphological changes (Fig. 4F). Furthermore, FSS increased
the mRNA expression of VEGFR-3, as well as its protein
expression (Fig. 4B and D). Based on the static controls, in the
cells exposed to FSS at 10 and 20 dyne/cm?, mRNA expression
increased by approximately 85.4 and 100.5%, respectively, and
the protein expression increased by approximately 12.9 and
85.8%, respectively (Fig. 4C and E). In addition, VEGF-C was
not found to be expressed in the HUtMECs (Fig. 4G). These
results confirm that the vascular remodeling induced by FSS
in vascular endothelial cells is dependent on VEGFR-3 expres-
sion, but not on that of its ligand, VEGF-C.

Discussion

Vascular remodeling is a process that occurs to maintain the
homeostasis of blood vessels by adapting to changes in blood
flow and is an essential process for the survival of vascular
endothelial cells on blood vessels (7). Thus, neovascularization
and vascular remodeling are frequently observed in developing

tissues or organs (8,9). The uterus is a special organ that
experiences periodic vascular remodeling due to menstrua-
tion (8,10,11). The uterus exhibits marked neovascularization and
vascular remodeling during early pregnancy, which promotes
the stable development of the embryo (13,14). The failure of
this process may be associated with pre-eclampsia, miscarriage
and fetal growth restriction (25,27). Therefore, remodeling of
the blood vessels occurring in the early stages of pregnancy is
a very important process for embryonic development. During
pregnancy, the maternal body experiences increased levels of
hormones, such as estrogen and progesterone and increased
body temperature and blood flow (8,25). Due to changes in
blood flow, the blood vessel wall is subject to stimulations, such
as increased blood pressure and FSS, through which the blood
vessel is remodeled to adapt to the changed blood flow (3,4,17).

A previous study demonstrated that progesterone governs
vascular remodeling via VEGF-A/VEGFR-2 signaling during
early pregnancy (25). The expression of VEGFR-3 in the uterus
is spatiotemporally similar to that of VEGF-2. However, the
association between VEGFR-3 and vascular remodeling during
early pregnancy is not yet fully understood. Recently, FSS has
been shown to activate VEGFR-3 and regulate vascular remod-
eling in a VEGFR-3-dependent manner (18). In addition, it has
been demonstrated angiogenesis associated with VEGFR-3
failed to occur in the absence of VEGFR-2 (26). All these data
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Figure 4. Fluid shear stress regulates vascular endothelial growth factor receptor-3 (VEGFR-3) expression in human uterine microvascular endothelial
cells (HUtMECs). (A) Morphology of HUtMECs following 24 h of exposure to static (0 dyne/cm?) and fluid shear stress (FSS) (10-20 dyne/cm?) condition.
(x100 magnification). (B) Comparison of VEGFR-3 mRNA expression in HUtMECs after 24 h exposure to static (0 dyne/cm?) and FSS (10-20 dyne/cm?)
conditions. Levels of VEGFR-3 were normalized to GAPDH. (C) The vascular endothelial growth factor receptor-3 (VEGFR-3) mRNA levels in human uterine
microvascular endothelial cells (HUtMECS) as described in (B). “p<0.01 vs. controls (0 dyne/cm?) by unpaired t-test. (D) Comparison of VEGFR-3 protein
expression in HUtMECs after 24 h exposure to static (0 dyne/cm?) and fluid shear stress (FSS) (10-20 dyne/cm?) conditions. Levels of VEGFR-3 were normal-
ized to B-actin. (E) The VEGFR-3 protein levels in HUtMECs as described in (D). “p<0.01 vs. controls (0 dyne/cm?) by unpaired t-test. (F) Representative
immunocytochemistry of HUtMECs after 24 h exposure to static (0 dyne/cm?) and FSS (10-20 dyne/cm?) conditions to determine VEGFR-3 and VE-Cadherin
protein levels. Scale bars, 100 zm. (G) Comparison of VEGF-C protein expression in HUtMECs after 24 h exposure to static (0 dyne/cm?) and FSS (10-20 dyne/
cm?) conditions. Levels of VEGF-C were normalized to those of B-actin.
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suggest that VEGFR-3 may play an important role in vascular
remodeling within the uterus during pregnancy and that FSS
may regulate its expression. Thus, we hyopthesized that VEGFR-
3-related signaling may be involved in vascular remodeling.

In this study, we examined the association between FSS and
VEGFR-3 expression in uterus of pregnant mice (Fig. 5). Prior to
demonstrating our prediction, we observed vascular remodeling
within the uterus and identified areas where vascular remodeling
was actively occurring (Fig. 1). As expected, VSR character-
ized by active vascular remodeling exhibited a high expression
level of VEGFR-3 (Fig. 2). We confirmed VEGFR-3 expression
in the uterus of pregnant mice and observed an increase in its
expression during post-implantation periods (Fig. 2). Both blood
and lymph vessels in the uterus were positive for VEGFR-3
expression. VEGFR-3 expression in the myometrium coincided
with the region expressing LY VE-1; however, in the endome-
trium, VEGFR expression was confirmed in the CD31-positive
region (Fig. 3A and C). VEGF-C and LY VE-1 were co-stained
to evaluate the expression of VEGF-C in lymphatic endothelial
cells of the uterus (Fig. 3B and D). As a result, it was confirmed
that VEGF-C was barely observed in the uterus. Our results
revealed that VEGFR-3 expression in vascular endothelial cells
of the endometrium was independent of VEGF-C expression.
We confirmed the effect of FSS on the expression of VEGFR-3
in vascular endothelial cells using a previously described shear
stress model (19). Changes in FSS increased the expression of
VEGFR-3 and induced morphological changes (cell elongation)
in HUtMECs.

Taken together, both progesterone-mediated VEGF-A/
VEGFR-2 signaling and FSS-induced VEGFR-3 expression
are thought to be involved in the regulation of vascular remod-
eling in the uterus during pregnancy. However, the correlation
between VEGFR-3 and vascular remodeling was not clarified
clearly. Further studies are required to focus on the relationship
between VEGFR-3 and vascular remodeling. Nevertheless,
our results indicated that VEGFR-3 expression is observed in
vascular endothelial cells of the uterus and that blood flow-
induced FSS contribute to the process of vascular remodeling
through the regulation of VEGFR-3 expression. Thus, changes
in blood flow can affect the intrauterine environment and regula-
tion of VEGFR-3 expression to induce vascular remodeling may
prevent pre-eclampsia, miscarriage and fetal growth restriction.
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