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Abstract

Previous studies revealed the increasing risk of tubal pregnancy following failure of levonorgestrel (LNG)-induced
emergency contraception, which was attributed to the reduced ciliary motility in response to LNG. However,
understanding of the mechanism of LNG-induced reduction in the ciliary beat frequency (CBF) is limited. The
transient receptor potential vanilloid (TRPV) 4 channel is located widely in the female reproductive tract and
generates an influx of Ca?* following its activation under normal physiological conditions, which regulates the
CBF. The present study aimed to explore whether LNG reduced the CBF in the Fallopian tubes by modulating
TRPV4 channels, leading to embryo retention in the Fallopian tubes and subsequent tubal pregnancy. The study
provided evidence that the expression of TRPV4 was downregulated in the Fallopian tubes among patients with
tubal pregnancy and negatively correlated with the serum level of progesterone. LNG downregulated the expression
of TRPV4, limiting the calcium influx to reduce the CBF in mouse oviducts. Furthermore, the distribution of ciliated
cells and the morphology of cilia did not change following the administration of LNG. LNG-induced reduction in the
CBF and embryo retention in the Fallopian tubes and in mouse oviducts were partially reversed by the progesterone
receptor antagonist RU486 or the TRPV4 agonist 4a-phorbol 12,13-didecanoate (4a-PDD). The results indicated
that LNG could downregulate the expression of TRPV4 to reduce the CBF in both humans and mice, suggesting
the possible mechanism of tubal pregnancy.
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Fallopian tubes is principally capable of transporting
embryos [6]. Previous findings indicated that LNG and
progesterone did not affect the tubal morphological
structure or its epithelial receptivity in humans, but
rapidly reduced the ciliary beat frequency (CBF) [7],
leading to embryo retention in the Fallopian tubes and
allowing early implantation [4]. Although many studies
have demonstrated reduced CBF at high progesterone
levels in mammals [8§—10], its underlying mechanism is
still unclear.

A motile cilium is a microtubule-based cytoskeleton
characterized by a typical ‘9 4 2’ architecture, with nine
outer microtubule doublets and a central pair of micro-

Introduction

Ectopic pregnancy is a major cause of maternal mor-
bidity and even mortality, and occurs in approximately
1.4% of pregnancies [1]. A previous epidemiological
study revealed the increased risk of ectopic pregnancy
following levonorgestrel (LNG)-induced emergency
contraceptive failure [2]. Tubal pregnancy (TP) accounts
for approximately 95% of all cases of ectopic pregnancy
[3]. The Fallopian tube is an important reproductive
organ involved in physiological processes including
oocyte pickup, ovum maturation, fertilization, embryo

development, and embryo transport. TP is a conse-
quence of ectopic implantation in the Fallopian tubes,
which might be attributed to impaired embryo trans-
port in the Fallopian tubes and/or alterations in the
tubal microenvironment [4,5]. Ciliary motility in the

tubules. The ciliary beat is produced by dynein, which
can be affected by several intracellular factors, including
progesterone, cAMP, prostaglandins, adrenomedullin,
and Ca?t [11-14]. Calcium was found to be involved
in the regulation of CBF in response to mechanical
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and chemical stimuli, including progesterone [15]. Tran-
sient receptor potential vanilloid (TRPV) is a family
of transient receptor potential cation channels including
six members in mammals, TRPV1-6. Among the six
TRPVs, TRPVI1-4 are moderately calcium-selective
[16]. The activation of TRPV4 especially can lead to
the influx of calcium, subsequently increase cellular
excitability, and regulate microtubule-based motor pro-
teins [11,17], because an increase in cytosolic Ca’* is
associated with an increase in CBE.

Recently, TRPV4 was reported as a calcium-
permeable ion channel expressed in ciliated epithe-
lia which accelerated Ca®* influx, leading to an increase
in intracellular Ca>* concentration and the consequent
enhancement of CBF [18,19]. Furthermore, a study by
Jung et al indicated that progesterone could repress the
transcription of TRPV4 via its receptor, leading to a
reduction in intracellular Ca>* concentration and depo-
larization of the membrane potential. This effect could
be reversed by the progesterone receptor antagonist
RU486 [20]. The alteration in the expression of TRPV4
was believed to be associated with the regulation of CBF
[17]. However, only two studies have explored TRPV4
and CBF in the Fallopian tube [11,21] and neither study
focused on human diseases related to tubal pregnancy.

Considering the involvement of TRPV4 in the regula-
tion of CBF and progesterone-induced reduction in the
CBEF, the present study was designed to investigate the
effect of LNG, a synthetic analog of progesterone, on
TP via TRPV4 channels and the mechanism underlying
this effect.

Materials and methods

Collection of clinical information and human
Fallopian tube samples

Women who underwent surgical treatment for TP at the
International Peace Maternity and Child Health Hos-
pital between September 2014 and October 2015 were
included as the study group (n=34). Among these
women were 12 patients with TP following failure of
LNG-induced contraception and 22 patients with TP
exposed to the traditional risk factors for TP. Patients
undergoing hysterectomies for benign conditions (uter-
ine leiomyoma) in the luteal phase without using any
hormonal medication within 3 months were included
as the control group (n=24). The Fallopian tube sam-
ples were collected for the study after obtaining writ-
ten informed consent from the patients and approval of
the local ethical committee (GKLW No 201630). Blood
samples (5 ml) were also collected on the day of surgery
for progesterone assay.

Reagents and chemicals

Crystalline LNG (Y0001379; Sigma-Aldrich, St Louis,
MO, USA) and progesterone receptor antagonist
(M8046; Sigma-Aldrich) were dissolved in dimethyl
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sulfoxide (DMSO; D2650; Sigma-Aldrich) for
experiments. The TRPV4 agonist 4a-phorbol 12,13-
didecanoate  (4a-PDD)  was  purchased from
Sigma-Aldrich (P8014). The antibodies used in this
study are listed in the supplementary material, Table S1.

Assessment of serum progesterone levels

Serum samples were collected in 10 ml vacutainer tubes,
centrifuged, and the progesterone concentration was
measured using the Access Progesterone Reagent Pack
(33550; Beckman Coulter, CA, USA) and a chemilumi-
nescence immunoassay system (UniCel DxI 800; Beck-
man Coulter).

Cell line culture, isolation of primary ciliated cells,
and transfection

OE-E6/E7, a human Fallopian tubal epithelial cell line
expressing progesterone receptor [22], was obtained
from Dr Kai-Fai Lee, University of Hong Kong. Epithe-
lial ciliated cells were isolated from collected human
Fallopian tubal tissues according to the protocol from
Chan etal [23]. siRNA-mediated knockdown and
TRPV4 reconstitution were performed 48h before
functional experiments. Details of cell line culture,
isolation of primary ciliated cells, and transfection are
given in the supplementary material, Supplementary
materials and methods.

Gene expression analysis

Details of RNA isolation, cDNA synthesis, and RT-
gPCR analysis are given in the supplementary material,
Supplementary materials and methods.

Western blotting analysis

Fallopian tubal tissues or cells were homogenized
in RIPA buffer. The homogenate was incubated on ice
for 40 min and centrifuged at 15000x g for 15 min.
The protein concentration of supernatants was deter-
mined using the Bradford assay (Bio-Rad Laboratories,
Hercules, CA, USA). Samples (30 pg per lane) were
separated on a 12% SDS-polyacrylamide gel. The
separated samples were transferred to nitrocellulose
membranes; exposed to primary antibody (listed in the
supplementary material, Table S1) at 4°C overnight,
followed by horseradish peroxidase-conjugated
goat anti-rabbit immunoglobulin G for 1h at room
temperature; and visualized using an enhanced chemi-
Iuminescence detection reagent.

Immunohistochemistry and immunofluorescence

For immunohistochemical staining, the Fallopian tubal
tissues were formalin-fixed, paraffin-embedded, sec-
tioned, and mounted onto slides. Tissue sections were
deparaffinized and rehydrated. The slides were then
incubated in a 3% H,0O, solution to block endogenous
peroxidase and rinsed with PBS. The sections were
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treated with heated antigen retrieval solution contain-
ing EDTA and then incubated with 5% bovine serum
albumin for 30 min and then with the primary antibody
rabbit anti-TRPV4 at 4°C for 12h. After incubation
with goat anti-rabbit secondary antibody for 60 min, the
sections were treated with diaminobenzidine (K3467;
DakoCytomation, Glostrup, Denmark), counterstained
with hematoxylin, dehydrated, and mounted in Distrene
dibutyl phthalate xylene (DPX). For immunofluores-
cence, the tissues were paraformaldehyde-fixed and then
embedded in optimal cutting temperature compound; a
10 um section was then cut and mounted. The sections
were blocked for 1 h at room temperature and incubated
with the primary antibody (listed in the supplementary
material, Table S1) at 4°C for 12h. A secondary
fluorescent antibody was used after the sections
were washed three times with PBS. The sections
were mounted with Antifade Mounting Medium
containing  4,6-diamidino-2-phenylindole ~ (DAPI;
VECTASHIELD, Vector Laboratories, Burlingame,
CA, USA).

Scanning electron microscopy

The length of cilia was measured using scanning
electron microscopy (SEM). Primary ciliated cells
were fixed with 2% paraformaldehyde and 2.5% glu-
taraldehyde. After washing with phosphate buffer (PB),
the samples were post-fixed with 1% osmium tetroxide
in PB at 4°C for 2 h; dehydrated through a graded
ethanol—water series, followed by #-butyl alcohol; and
freeze-dried overnight under vacuum. The samples
were then mounted onto an aluminum stub with a sticky
carbon tab, sputter-coated with an ion sputter coater,
and observed using a Hitachi SU1080 scanning electron
microscope (Hitachi, Ltd, Tokyo, Japan).

Ciliary length measurement

Images were taken with a Leica DMi8 microscope
and scanning electron microscope. Scale bars were
automatically embedded into all images for fur-
ther ciliary length analysis. To calibrate the length
of 10-um scale bars, the ‘Straight-line’ tool was used
to draw a line and set to a known distance of 10 pm
using the ‘Set Scale’ tool. Then the ciliary length
of each ciliated epithelial cell was measured from
the apical membrane (base of the cilia) to the tip
of the cilia using the ‘Straight-line’ tool, as previously
described [24].

Measurement of CBF

The CBF was measured as previously described at 37 °C
[25]. An inverted bright-field microscope equipped with
a 12-bit high-speed camera and a temperature controller
(Leica DMi8 Microsystems, Wetzlar, Germany) was
used to record a video sequence of moving cilia at a
rate of 120 frames per second for 20s. The CBF was
calculated using the ciliaFA software system. A plugin
for ImagelJ (software version 1.49t; NIH, Bethesda, MD,
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USA) was developed that extracted pixel intensities and
performed fast Fourier transformation using Microsoft
Excel.

Calcium influx measurement

Calcium influx was analyzed by measuring the increase
of intracellular calcium indicated by Fluo-4 AM
(F14201; Thermo Fisher, Waltham, MA, USA). The
mean fluorescence intensity (MFI) of each 30s his-
togram was normalized against the basal MFI before
adding the TRPV4 agonist 4a-PDD, and plotted as a
time course. Details of the calcium influx measurement
are given in the supplementary material, Supplementary
materials and methods.

Animal experiments and embryo-tube transport

All animal experiments were approved by the
Medical Ethics Committee of Shanghai Research
Center for Model Organisms. After being injected
intraperitoneally with saline, LNG, LNG + RU486, or
LNG + TRPV4 agonist 4a-PDD, mice were sacrificed
for the experiments of oviductal TRPV4 expression
and localization detection, CBF measurements, and the
embryo-tube transport assay as described by Ning et al
[26]. Details of the animal experiments are given in the
supplementary material, Supplementary material and
methods.

Statistical analysis

The results were expressed as means + standard error
of the mean (SEM). Student’s #-test or one-way analysis
of variance and Tukey—Kramer multiple comparison
tests were performed to compare the relative efficiency
of groups where appropriate (PRISM software version
6.0; GraphPad, Inc, San Diego, CA, USA) and hence to
determine the statistical significance of each treatment.
The correlation coefficient of the association between
TRPV4 levels and serum progesterone level was calcu-
lated using Pearson correlation analysis. All P values
were calculated using two-sided tests and differences
were considered significant if the P value was less
than 0.05.

Results

LNG downregulated the expression of TRPV4
in human Fallopian tubal epithelial cell line
and mouse oviduct

TRPV1-4 were detected at the transcript level following
the administration of 1 pM LNG for 24 h in OE-E6/E7
cell lines to determine the expression of TRPV1-4,
whose proteins are moderately calcium-selective, in
response to LNG exposure. Only the transcript level of
TRPV4 was significantly downregulated (Figure 1A).
The protein level of TRPV4 was decreased after LNG
treatment (Figure 1B), which was partially reversed in

J Pathol 2019; 248: 77-87
www.thejournalofpathology.com



80
Asg
02 45 M Vehicle (n=5) B LNG (n=5)
2o
2y ns ns ns dekk
g8
SN 10
55
x £ 0.5
)
) hi
23
g 00
43 TRPV1 TRPV2 TRPV3 TRPV4
B Cuz *
$3
©
& sate x
& o & ES
o
& 55 § 805
TRPV4*  — 98 kDa E g
i o
B-Actin S s 45kDa = £ 0.0 n;
& o
KU &
R
D Control LNG LNG+RU486

TRPV4

Control LNG

Merged
with DAPI  Ac-Tub

LNG+RU486

TRPV4

FM 4-64

M Merged
with DAPI

TRPV4 @& . &= 98 kDa

B-Actin NI S 45 kDa

<,
TRPV4 Protein levels
(normalized to B-Actin)

Figure 1. Effects of LNG on the expression of TRPV4 in human
Fallopian tubal epithelial cell line and mouse oviduct. (A) mRNA
expression of TRPV1-4 in OE-E6/E7 by RT-qPCR following treat-
ment with vehicle and LNG (n=5 per group; ns, not significant;
*p < 0.05; Student's t-test for each gene). (B, C) Protein expression
of TRPV4 in OE-E6/E7 following treatment with LNG and RU486
(n=5 per group; *p<0.05; one-way ANOVA followed by a Tukey
post hoc test). (D) Immunofluorescence analysis of the localization
and expression of TRPV4 in mouse oviducts following intraperi-
toneal injection with saline controls, LNG, and LNG plus block-
ing progesterone receptor with RU486. Ac-Tub, acetyl-a-tubulin,
marker of cilia; DAPI, nucleus; FM 4-64, cell membrane. Scale bar
=10 um. (E, F) Protein expression of TRPV4 in mouse oviducts fol-
lowing intraperitoneal injection with saline, LNG, and LNG + RU486
(n="5 per group; ns, not significant; *p < 0.05; **p < 0.01; one-way
ANOVA followed by a Tukey post hoc test). TRPV, transient recep-
tor potential vanilloid; LNG, levonorgestrel; RU486, progesterone
receptor antagonist.
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the presence of the progesterone receptor antagonist
RU486 (Figure 1C). Figure ID-F shows the his-
tologic localization and quantitative expression of
TRPV4 in mouse oviducts after intraperitoneal injec-
tion using saline, LNG, and LNG +RU486. TRPV4
was localized to cilia and apical membranes, and the
localization of TRPV4 did not change with LNG treat-
ment. The expression of TRPV4 in mouse oviducts
was significantly reduced after LNG treatment, and
was reversed by the progesterone receptor antagonist
RU486.

Downregulation of TRPV4 was found in human
Fallopian tubes for patients with traditional tubal
pregnancies and patients with tubal pregnancy
following failure of LNG-induced contraception

The Fallopian tubal tissues partly obtained from
non-pregnant controls and patients with TP were used
to detect the expression and localization of TRPV4,
specifically in tubal epithelium. TRPV4 was expressed
in human Fallopian tubes and was especially local-
ized in the epithelial cells rather than stromal cells or
smooth muscles (Figure 2A). Notably, a significant
decrease in the expression of TRPV4 was found in
the Fallopian tube epithelium in patients with tubal
pregnancies compared with non-pregnant controls
(Figure 2A—C). Interestingly, even lower expression of
TRPV4 was observed in 12 patients with TP following
LNG-induced contraceptive failure compared with 22
patients with TP who were exposed to the traditional risk
factors for TP, including tubal inflammatory diseases
(Figure 2B,C). The association between expression
of TRPV4 and serum progesterone level was further
assayed in 34 patients with TP and 24 controls. A
similar trend toward decreased expression of TRPV4 in
the Fallopian tube was noted with the increase of serum
progesterone level in both patients with TP and controls
(Figure 2D).

LNG inhibited TRPV4-mediated Ca?* influx via
progesterone receptor in OE-EG/E7 cells

As the progesterone analog LNG performs its biologi-
cal functions via the progesterone receptor, we propose
that LNG decreases the expression of TRPV4 through
progesterone receptor signaling, and the progesterone
receptor antagonist RU486 can block this effect. Flow
cytometry analysis was conducted in the OE-E6/E7
cell line with the expression of progesterone receptor
and TRPV4, to assess whether LNG reduced Ca?*
influx by modulating TRPV4. Basal intracellular Ca>*
was significantly reduced following the LNG treatment,
and was reversed after blocking progesterone receptor
with RU486 (Figure 3A,B). After stimulation using the
TRPV4 agonist 4a-PDD, intracellular Ca?t increased
almost 1.7-fold. However, LNG markedly inhib-
ited the 4a-PDD-evoked intracellular Ca®* increase.
Intriguingly, when the cells were pretreated with
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Figure 2. Clinical evidence of the association between expression
of TRPV4 and tubal pregnancy. (A) Immunohistochemical analysis
of the expression and localization of TRPV4 in the ampulla of
human Fallopian tubes in non-pregnant control and patients with
TP (scale bar = 200 um for A,a and A,c; and 50 pm for A,b and Ad).
(B, C) Expression of TRPV4 protein in human Fallopian tubes for
patients who were stratified into non-pregnant controls (n=24),
traditional TP (n=22), and LNG-induced TP (n=12) subgroups
(*p<0.05; *p<0.01; *p<0.001; one-way ANOVA followed by
a Tukey post hoc test). (D) Negative relationship between TRPV4
protein level and serum progesterone level among patients with
TP (n=34, r=-0.5851, p<0.001; Pearson correlation test) and
controls (n=24, r=-0.5298, p<0.01; Pearson correlation test).
LNG, levonorgestrel; TP, tubal pregnancy; TRPV4, transient receptor
potential vanilloid 4; P4, progesterone.

LNG in the presence of progesterone receptor antagonist
RU486, the intracellular Ca?t concentration was
partially recovered after stimulating with 4a-PDD
(Figure 3C-E).
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TRPV4 was required for LNG-evoked CBF reduction
in cultured primary ciliated cells of human
Fallopian tube

Primary cultured human Fallopian tubal ciliated cells
were identified by specific markers of cilia and basal
body, acetyl-a-tubulin, and ninein. TRPV4 was also
found to co-localized with cilia (Figure 4A). An siRNA
was designed to silence TRPV4 by reducing its protein
level in primary ciliated cells compared with scrambled
siRNA-transfected cells, and reconstitution with TRPV4
was also used to confirm the specificity of TRPV4
siRNA (Figure 4B).

As TRPV4 is a thermosensitive channel, and the CBF
was greatly varied by temperature, we first tested the
effect of a warm temperature on the generation of Ca’*
signals and modulation of CBF in scrambled siRNA,
siTRPV4, and siTRPV4+rTRPV4-treated ciliated
cells. Switching the temperature from 24 °C to 37°C
triggered a Ca’* response indicated by an increased
fluorescence intensity toward the baseline. Compared
with scrambled siRNA control cells, cells in which we
interfered with the expression of TRPV4 responded with
a smaller increase in Ca>* influx when exposed to warm
temperatures (supplementary material, Figure STA-C).
Accordingly, siTRPV4-treated cells exposed to warm
temperatures responded with a smaller increase in CBF
(supplementary material, Figure S1D,E).

The function of TRPV4 on calcium and CBF was
detected at a temperature of 37°C. After interfering
with the expression of TRPV4, the 4a-PDD-induced
Ca’* influx was significantly reduced (Figure 4C—E).
Notably, interfering with the expression of TRPV4 in
tubal ciliated cells significantly reduced the CBF to
6.66 £ 0.49Hz, as opposed to 8.58+0.59Hz in the
scrambled siRNA control group (Figure 4F,G). Impor-
tantly, LNG largely reduced the CBF (Figure 4H,I;
8.75+0.42Hz in vehicle-treated scrambled siRNA
versus 6.75 +0.41 in LNG-treated scrambled siRNA,
p <0.01), which was abolished via TRPV4 knockdown
(Figure 4H,I; 6.60 +0.34 Hz in vehicle-treated TRPV4
siRNA versus 6.65+0.32Hz in LNG-treated TRPV4
siRNA). These results suggested that TRPV4 is involved
in LNG-induced CBF reduction.

LNG did not affect the distribution of cilia in mice
oviducts or cilia length in human primary ciliated
cells of human Fallopian tubes

CBF in female oviducts largely depends on the per-
centage of ciliated cells and their length. Full length
oviducts were obtained from mice following intraperi-
toneal injection of saline, LNG, or LNG + RU486
to assess whether the ciliation frequency of each part
in the oviduct was influenced by LNG. Although
the distribution of ciliated cells decreased from
the ampulla to the isthmus of oviducts, it showed
no difference between the saline control, LNG or
LNG + RU486 (Figure 5A,B). Furthermore, the length
of cilia of primary human Fallopian tubal cells was
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Figure 3. Effect of LNG on TRPV4-mediated Ca2* influx by binding with progesterone receptor in human Fallopian tube cells. (A, B) Basal
cytosolic free Ca** measurement in Fallopian tubal cells pretreated with DMSO control, LNG, and LNG + RU486 for 24 h. Fluorescence was
recorded from single cells loaded with Fluo-4-AM dye (n=5 per group; *p < 0.01; **p < 0.001; one-way ANOVA followed by a Tukey post
hoc test). (C) The transient influx of Ca?* was measured as the increase in fluorescence intensity following 4a-PDD stimuli in Fallopian
tubal cells pretreated with DMSO control, LNG, or LNG + RU486 for 24 h. The blank space in the graphs is the pause time during which
40-PDD was added to the cuvette. The plots in the graphs indicate cells detected and the intensity. (D, E) MFI and the AUC for each group
(n="5 per group; **p < 0.001; one-way ANOVA followed by a Tukey post hoc test). 4a-PDD, 4a-phorbol 12,13-didecanoate; DMSO, dimethy!

sulfoxide; LNG, levonorgestrel; RU486, progesterone receptor antagonist; MFl, mean fluorescence intensity; AUC, area under the curve.

also not influenced by in vitro treatments of the DMSO
control, LNG, or LNG+ RU486 for 24h, as indi-
cated by immunofluorescence (Figure 5C,D) and SEM
(Figure 5E,F).

TRPV4 played a critical role in LNG-induced
retention of embryo-tube transport

Retention of embryos in the oviduct is a critical role
of the CBF in embryo transport in the oviduct. The
CBF in mouse oviduct was significantly reduced fol-
lowing LNG treatment compared with saline control
(Figure 6A,B; 11.94 +0.32 Hz in saline control versus
8.77+0.53 Hz in LNG, p <0.001). The LNG-induced
reduction in the CBF was reversed by either the pro-
gesterone receptor antagonist RU486 (11.89+0.52 Hz
versus 8.77+0.53Hz, p<0.001) or the TRPV4 ago-
nist 40-PDD (11.56 +£0.46 Hz versus 8.77 +0.53 Hz,

© 2019 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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p<0.01) (Figure 6A,B). As expected, none of the
mice yielded any embryos within the oviducts of the
saline-treated control. However, after administration
of LNG, nine of ten mice were found to suffer from
embryo retention in the oviduct (Figure 6C). The
number of mice experiencing embryo retention in the
oviduct was reduced after administration of proges-
terone receptor antagonist RU486 or TRPV4 agonist
4a-PDD (Figure 6C, 6/10 in the LNG + RU486 group;
7/10 in the LNG+4a-PDD group). In addition, the
percentage of embryos recovered from oviducts or the
uterus was calculated. No embryos were retained in
the oviducts in the saline-treated control. However,
12.7% of embryos were not transported to the uterus
after administering LNG. The percentage of embryos
retained in the oviducts was partially reversed by either
progesterone receptor antagonist RU486 (5.6%) or
TRPV4 agonist 4a-PDD (6.1%) (Figure 6D).
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Figure 4. Identification of TRPV4 siRNA on the inhibition of TRPV4-mediated Ca* influx and CBF in human Fallopian tubal ciliated cells.
(A) Identification of primary tubal ciliated cells. Ac-Tub, acetyl-a-tubulin, marker of cilia; ninein, marker of the basal body; DAPI, nucleus.
Scale bar = 10 um. (B) Protein level of TRPV4 in ciliated cells treated with scrambled siRNA, targeted specific siRNA TRPV4 (siTRPV4), or
siRNA TRPV4 with rescuing TRPV4 reconstitution. (C) The transient influx of Ca** was measured as the increase in fluorescence intensity
following 4a-PDD stimuli in three cells. (D, E) Relative MFI and AUC of three groups (n=5 per group; **p<0.001; one-way ANOVA
followed by a Tukey post hoc test). (F) Orthographic views of cilia beat within 20's in three cells (one cilia beat is represented as one shift
of bright or dark in the timeline). (G) TRPV4 siRNA-treated ciliated cells showed a lower CBF in vitro compared with scrambled siRNA and
SiTRPV4 + rTRPV4-treated cells (n=5 per group; *p < 0.05; one-way ANOVA followed by a Tukey post hoc test). (H) Orthographic views of
cilia beat within 20 s in scrambled siRNA- or siTRPV4-treated ciliated cells following the administration of vehicle and LNG, respectively
(one cilia beat is represented as one shift of bright or dark in the timeline). (I) LNG reduced CBF in scrambled siRNA-treated ciliated cells
compared with DMSO vehicle control, and siTRPV4-treated ciliated cells showed no difference in the CBF following LNG treatment. (n=5
per group; **p < 0.01; ns, not significant; one-way ANOVA followed by a Tukey post hoc test). TRPV4, transient receptor potential vanilloid
4; 40-PDD, 4a-phorbol 12,13-didecanoate; MFI, mean fluorescence intensity; AUC, area under the curve; LNG, levonorgestrel.
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Figure 5. Effect of LNG on the distribution of cilia in mouse oviduct and cilia length in human Fallopian tubal ciliated cells. (A, B)
Immunofluorescence analysis of the percentage of ciliated cells in the ampulla, middle part, and isthmus of mouse oviducts following
intraperitoneal injection of saline control, LNG, or LNG + RU486 for 24 h. Ac-Tub, acetyl-a-tubulin, marker of cilia; FM 4-64, cell membrane;
DAPI, nucleus; scale bar = 50 um; n=5 per group; ns, not significant; one-way ANOVA for each part. (C, D) Immunofluorescence analysis
of the length of ciliated cells following administration of DMSO control, LNG, or LNG + RU486 for 24 h. Ac-Tub, acetyl-a-tubulin, marker
of cilia; DAPI, nucleus; scale bar = 10 pm; n=5 per group; ns, not significant; one-way ANOVA). (E, F) Scanning electron microscopy of
the length of ciliated cells following administration of DMSO control, LNG, or LNG + RU486 for 24 h (scale bar = 5 pm; n=5 per group;

ns, not significant; one-way ANOVA). LNG, levonorgestrel; RU486, progesterone receptor antagonist.

Discussion

Our novel study provided evidence that the downregu-
lation of the expression of TRPV4 in Fallopian tubes
was negatively correlated with the level of progesterone.
Furthermore, LNG could inhibit the transcriptional level
of TRPV4, and result in a downregulation of TRPV4
of oviduct ciliated cells, limiting the calcium influx
to reduce the CBF in oviducts and subsequently lead-
ing to impairment of embryo-tube transport; this effect
could be reversed by progesterone receptor antagonist
(supplementary material, Figure S2). The findings of the
present study might reveal the possible mechanism of
LNG-induced tubal pregnancy.

Motile ciliated cells are distributed mainly in the
airway, central nervous system, and Fallopian tubes. In
the Fallopian tubes, the CBF is the principal driver of
embryo transport toward the uterine cavity [6]. Although
modest deciliation has been described in some parts of
the tubal epithelium during the secretory phase, most
ciliated cells remain intact in the Fallopian tubes in

© 2019 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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the course of the ovarian cycle [27,28] Moreover, the
distribution of ciliated cells varies in different parts of
the Fallopian tubes, from almost 75% of the cells in
the ampulla to 30% in the isthmus [29]. Additionally,
approximately 95% of ectopic pregnancies occur in the
Fallopian tubes, and most are located in the ampulla.
Therefore, this study focused on the regulation of CBF
in the ampulla of the Fallopian tubes.

The available literature reported that the percentage
of ciliated cells decreased during pregnancy and with
steroid contraception early in 1976 [30]. However, a
previous study indicated that LNG-induced emergency
contraception would only affect the Fallopian tubal
physiology, including a reduction in the CBF, and not
the tubal morphology [7]. LNG, as a second-generation
synthetic progesterone, differs from progesterone in
its structure and pharmacological properties, and has
now been used as emergency contraception. Since
LNG-only pills for emergency contraception are avail-
able in an over-the-counter form in many countries
with a high efficacy in protecting unwanted pregnancy,

J Pathol 2019; 248: 7787
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Figure 6. Effects of TRPV4 on embryo-tube transport in mice. (A)
Orthographic views of cilia beat within 20 s in mouse oviducts. (B)
In vivo CBF measurement of mouse oviducts following intraperi-
toneal injection with saline, LNG, LNG + 4a-PDD, or LNG + RU486
(n=8 per group; *p < 0.05; one-way ANOVA followed by a Tukey
post hoc test). (C) Number of mice with oviductal retention
of embryos/total number of mice examined at 74h following
observation of the vaginal plug, and with saline control, LNG,
LNG + 4a-PDD, or LNG+ RU486 treatment (n=10 per group;
*¥*p < 0.001; Pearson y? test). (D) Embryos counted in both oviducts
and uterus expressed as a percentage (n=10 per group; ***
p<0.001; one-way ANOVA followed by a Tukey post hoc test). LNG,
levonorgestrel; RU486, progesterone receptor antagonist; 4a-PDD,
4a-phorbol 12,13-didecanoate.

the problems including ectopic pregnancy following
its subsequent contraceptive failure have been con-
firmed. Compared with the steroid contraception used
decades ago, LNG showed a high affinity to its receptor
and reduced the CBF in the rat oviduct [7]. Despite
recent findings from Jung et al which revealed that
progesterone had the effect (from seconds to minutes)
of rapidly increasing CBF as well as the long-term
effect (hours) of reducing CBF [31], a lower CBF in the
Fallopian tube following long-term effects of LNG was
still regarded as one of the critical factors associated
with tubal pregnancy, especially the one following
LNG-induced emergency contraceptive failure, as it
took several hours for embryo transport through the
Fallopian tubes.

© 2019 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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Embryo transport in the Fallopian tube involves two
main factors: ciliary motility and muscle contractility.
A study by Halbert et al showed that the embryo trans-
port rate in the tube was directly determined by the CBF
rather than by muscle contractility [32]. The physiologi-
cal function of tubal ciliated cells includes picking up the
oocytes, transporting them to the ampulla for fertiliza-
tion, and then transporting the embryos to the uterus at a
precisely regulated rate for implantation [33,34]. How-
ever, retention of embryo transport in the Fallopian tube
leads to desynchronization between embryo develop-
ment and the endometrium, leading to embryo implan-
tation failure or ectopic implantation. Calcium is widely
regarded as a critical factor in regulating the CBF [18].
As a nonselective ion channel, TRPV4 is widely located
in ciliated cells, including bronchi, brain ventricles, and
the female reproductive tract, and generates an influx
of Ca®* following its activation under normal physio-
logical conditions and alternation of osmotic pressure
[35]. Furthermore, the modulation of tubulin dynamics
by TRPV4 activity may help to explain the mechanism
of ciliary dysfunction [36]. Although many researchers
have reported the phenotype of Trpv4 knockout mice,
and indicated the cilia beat reduction in the respiratory
system [19], there have only been a limited number of
studies on the phenotype of oviducts in Trpv4 knock-
out mice until a recent study reported the reduced basal
CBF in oviductal ciliated cells in Trpv4 knockout mice
[31], consistent with the findings of our study. Further-
more, compared with the vast knowledge about TRPV4
channel regulation, little is known about the control of
TRPV4 transcription, especially in the ciliated cells of
the human Fallopian tube [37]. Jung et al reported that
TRPVA4 promoter activity was reduced by co-expression
of the progesterone receptor in the nucleus and this fur-
ther affected the transcription of TRPV4 in the respi-
ratory system [20]. In accordance with the findings in
the respiratory system, the present study also demon-
strated the long-term effect (hours) of LNG in reducing
the expression of TRPV4 in cell culture and mice, fur-
ther reducing the calcium influx in tubal ciliated cells
and leading to a reduced CBF.

It is believed that embryo retention in the Fallopian
tube as a result of decreased ciliary motility is one cause
of ectopic pregnancy. However, due to the different pla-
centation mechanisms in humans, ectopic implantation
was rarely observed in animals, increasing the difficulty
of studying the mechanism of tubal implantation in vivo.
In 2014, Ning et al established an indirect assay to eval-
uate the ability of embryo-tube transport by counting the
number of embryos retained in the oviduct 74 h after
the discovery of the vaginal plug in mice [26]. Using
this in vivo assay, the present study confirmed that the
reduced CBF by LNG influenced embryo-tube transport
and could be partially reversed by the TRPV4 agonist
4a-PDD. TRPV4 is a mediator of tubal ciliary motility.
Downregulation of TRPV4 by LNG has also been found
in the human Fallopian tube with an ectopic pregnancy,
especially in patients with LNG-induced contraceptive
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failure. The present study demonstrated that under nor-
mal physiological conditions, TRPV4 was crucial for
embryo transport. Conversely, exposure to LNG could
downregulate TRPV4 and was involved in reducing cil-
iary motility, which is essential for embryo transport in
the Fallopian tube during early pregnancy. LNG was
originally used in contraceptive pills for it can inhibit
or delay ovulation. However, the acute effect of LNG
in downregulating TRPV4 might lead to reduced ciliary
motility and a subsequent tubal pregnancy. The activa-
tion of TRPV4 might be a potential target to prevent
women from tubal implantation when they have expe-
rienced LNG contraceptive failure.
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