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Abstract

Ovulation induction therapy with clomiphene citrate can suppress endometrial receptivity. Raloxifene may be an alternative
therapeutic for women with ovulatory disorders. This study aimed to compare the expression of endometrial receptivity
markers, including homeobox gene 10 (HOXAI0), integrin B3, and leukemia inhibitory factor (LIF), as well as pinopode pro-
duction during the implantation window in mice stimulated with raloxifene and clomiphene citrate and natural cycles. Thirty-six
8-week-old female Kunming mice were randomly divided into 3 groups (n = 12) and administered daily raloxifene (22 mg/kg),
clomiphene citrate (18 mg/kg), and normal saline (I mL), respectively, by gavage. Two days later, mice were injected with 5 |U
human chorionic gonadotropin and mated. Successfully mated female animals were identified with vaginal plugs designated
gestation day |. At day 4.5, pregnant donor mice were euthanized, and uterus samples were collected for immunohistochemistry,
quantitative polymerase chain reaction, Western blot, and scanning electron microscopy analyses. Homeobox gene 10, integrin
B3, and LIF messenger RNA (mRNA) and protein levels were significantly higher in the raloxifene-treated animals compared with
the clomiphene citrate group (all P < .05) but not significantly different from saline group values, except for LIF and integrin B3
mRNA levels (P < .05). Pinopodes were abundant and well developed in the raloxifene and saline groups; however, in the clo-
miphene citrate-treated mice, fewer and poorly developed pinopodes were obtained. In mice, raloxifene had no effect on
HOXAIO, integrin B3, and LIF expression as well as pinopode production, suggesting it has no adverse effects on endometrial
receptivity. Raloxifene may provide a viable alternative oral ovulation induction agent to clomiphene citrate.
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suppress endometrial receptivity.* Tamoxifen shows similar
ovulation rates and pregnancy rates to clomiphene® but may
be superior in that it does not appear to have an adverse impact

Introduction

An ovulation disorder is a common cause of female infertility
affecting around a quarter of couples seeking fertility treat-
ment.! Eighty-five percent of the affected women have
hypothalamic pituitary dysfunction or are eugonadotropic, pre-
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dominantly due to polycystic ovary syndrome (PCOS).? Ovula-
tion induction therapy with clomiphene citrate is the main
method for treating ovulation disorders." Clomiphene citrate
belongs to the class of selective estrogen receptor modulators
(SERMs) which bind to estrogen receptors with both estrogen
agonist and antagonist effects in different tissues.® Selective
estrogen receptor modulators include clomiphene citrate,
tamoxifen, and raloxifene and have a wide range of clinical
applications from breast cancer treatment to osteoporosis pre-
vention.> Although clomiphene citrate has been a first line of
pharmacologic ovulation induction for over 40 years, side
effects such as antiestrogenic action on the endometrium and
cervical mucous are relatively common, and it can also
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upon the endometrium.® However, the International Cancer
Research Group has listed tamoxifen as a human endometrial
carcinogen.’

Raloxifene, a second-generation SERM, has been approved
for the prevention and treatment of postmenopausal osteoporo-
sis as well as for the reduction in invasive breast cancer risk in
women.® Raloxifene has also been approved for increasing fol-
licular phase follicle-stimulating hormone and serum estradiol
levels.” Recently, a prospective randomized study revealed
similar ovulation rates between raloxifene- and clomiphene
citrate-treated patients having PCOS,'® with raloxifene show-
ing fewer adverse effects on endometrial receptivity in an in
vitro study.!!

Embryo implantation represents a critical step during the
reproductive process, and there is a specific time during which
implantation is possible,'* known as the “implantation win-
dow.” In rodents and humans, the development of pinopodes
closely coincides with the endometrial implantation win-
dow,"*"!* and fully developed pinopodes may be a morphologi-
cal marker for the implantation window.'®'” Women with
decreased implantation show few or no pinopode.'® Interest-
ingly, pinopode number is reduced in the clomiphene citrate-
treated cycles.'” In mice, scanning electron microscopy (SEM)
shows that pinopodes appear on day 4 of normal pregnancy,
regressing within just 1 day.?’ The 3 stages of pinopode forma-
tion include development, full development, and degradation.?’

Appearance of pinopodes is consistent with the expression
of other markers of endometrial receptivity in humans. Homeo-
box gene 10 (HOXA10) regulates proliferation, differentiation,
and decidualization of the endometrium, playing an important
role in endometrial receptivity and embryo implantation.
Expression of HOXA10 increases drastically in the midluteal
phase of the menstrual cycle corresponding to the time of
implantation.** In adult female HOXAI0-deficient mice,
implantation is severely compromised, and defective decidua-
lization leads to recurrent pregnancy loss and infertility.** In
patients with infertility due to implantation defects, such as
endometriosis and PCOS, a defect has been found in the
HOXA10 expression pattern.>*>> Other important markers of
endometrial function include leukemia inhibitory factor (LIF),
a cytokine involved in the implantation cascade, and integrin 33
involved in cell adhesion.”® Leukemia inhibitory factor is
involved in the regulation of multiple processes leading to and
during implantation, including uterine transformation into a
receptive state, decidualization, blastocyst growth and develop-
ment, embryo—endometrial interaction, trophoblast invasion,
and immune modulation.?” Dissociation of integrin B; from
focal adhesions is thought to allow embryo invasion, with high
levels also assisting embryo attachment.”® In mice, integrin B3
expression peaks on day 5 of pregnancy, and if blocked,
implantation is significantly inhibited.?’

To the best of our knowledge, there is no report investigat-
ing the effect of raloxifene on endometrial receptivity in mice.
The purpose of this study was to compare the effects of ralox-
ifene and clomiphene citrate on the expression of HOXA10,
integrin B3, and LIF as well as pinopode production on uterine

epithelium in mice undergoing ovulation induction and natural
cycles.

Materials and Methods

Animals

Male and female Kunming mice were obtained from the Animal
Experimental Center of Guangdong province (China). Thirty-six
female and 12 male mice (20-25 g, 8 weeks old) were provided
standard mouse chow and water ad libitum and housed in a
temperature-controlled room at 25 + 0.5°C, with a relative
humidity of 60% to 80% and a 12-hour light-dark cycle. Vaginal
smears were monitored daily, and only mice showing 2 consec-
utive estrous cycles were used in the experiment. The animal
experiments were approved by the Animal Care Laboratory of
Southern Medical University (Guangzhou, China).

Ovarian Stimulation Regimen

The 36 female mice were randomly divided into normal saline
solution (SS, n = 12), raloxifene (RAL, n = 12), and clomi-
phene citrate (CC, n = 12) groups. The random number genera-
tor tool of the Excel software (Microsoft, Redmond,
Washington) was used to assign numbers for randomization.
Animals of the RAL and CC groups were dosed according to
a previous report.'® On the proestrus stage of the 5-day estrous
cycle, mice were daily administered raloxifene (22 mg/kg;
Lilly, SA, Spain), clomiphene citrate (18 mg/kg; Medochemie
Ltd, Cyprus), and 1 mL of normal saline solution. Substances
were administered by gavage for 2 days. At 17:00 two days
later, each female mouse was injected with human chronic
gonadotropin 5 IU (Lizhu Co, China) and mated with a sexually
mature male Kunming mouse. Successfully mated female mice
were identified by the presence of vaginal plugs. The day of
vaginal plug presentation was designated gestation day 1.

Tissue Collection

The pregnant mice were euthanized with ether at day 4.5,
the implantation window in mice*® and uterus samples were
collected. The endometrial samples were divided into 3 parts.
The first portion was fixed in 2.5% glutaraldehyde for SEM
analyses (pinopode development in the endometrium). The sec-
ond one was fixed in 10% formalin and embedded in paraffin,
sectioned at 5 pm, and stained with hematoxylin and eosin. The
remaining portion was frozen in liquid nitrogen and immedi-
ately stored at —80°C for RNA isolation and Western blot
analysis.

Quantitative Real-Time Reverse Transcription
Polymerase Chain Reaction

Total RNA from endometrial tissue samples was prepared with
TRIzol (Invitrogen, Carlsbad, USA). RNA purity was deter-

mined by absorbance at 260 and 280 nm (A260/280). Total
RNA was reverse transcribed into complementary DNA in a
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Table I. Primer Sequences Used in Quantitative Real-Time RT-PCR Analysis.

Gene Sequence (5'-3') Annealing Temperature (°C) Product Size (bp)

HOXAIO0 Sense: GGCAGTTCCAAAGGCGAAAAT 55 86
Antisense: GTCTGGTGCTTCGTGTAAGGG

Integrin B3 Sense: CCCCGATGTAACCTGAAGGAG 55 166
Antisense: GAAGGGCAATCCTCTGAGGG

LIF Sense: GGGCAGTGGCTGACTACAGA 55 183
Antisense: TTCCAGGCCTTTCCTAAGCC

GAPDH Sense: TGTGTCCGTCGTGGATCTGA 55 150

Antisense: TTGCTGTTGAAGTCGCAGGAG

Abbreviations: bp, base pair; LIF, leukemia inhibitory factor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HOXAI0, homeobox gene 10; RT-PCR,

reverse transcription—polymerase chain reaction.

reaction primed by an oligodeoxynucleotide (dT);g primer
using reverse transcriptase M-MLV (Takara, Japan) according
to the manufacturer’s instructions. Quantitative real-time
polymerase chain reaction primers for HOXA10, integrin 3,
and LIF were synthesized by Shanghai Bioengineering Inc
(Shanghai, China; Table 1). Amplification was performed on
an ABI ViiA 7 Detection System (Carlsbad, USA) and revealed
with SYBR Premix Ex Taq (Takara, Japan). The cycling con-
ditions were 45 cycles of 95°C for 30 seconds, 95°C for 3 sec-
onds, and 60°C for 34 seconds. Data were analyzed using the
ViiA 7 software, and threshold cycle (C,) values were deter-
mined. 2722 was calculated to represent the relative messen-
ger RNA (mRNA) expression of target genes.”'

Western Blotting

Tissue samples were lysed with lysis buffer (#P1003; Beyotime
Biotechnology, Jiangsu, China), containing a protease inhibitor
cocktail (Merck, Germany), on ice for 15 minutes. After centrifu-
gation at 12 000g for 5 minutes at 4°C, the resulting supernatant
was collected for Western blot analysis. Protein concentrations
were determined by the bicinchoninic acid protein assay (Thermo
Fisher Scientific Inc, MA, USA). Then, 30 pg of total protein
samples were separated by 8% sodium dodecy! sulfate—polyacry-
lamide gel electrophoresis and transferred onto polyvinylidene
difluoride membranes (Millipore, Bedford, Massachusetts). After
blocking in 0.1% phosphate-buffered saline (PBS) and Tween 20
(PBST) containing 5% non-fat milk on a shaker for 1 hour, the
membranes were incubated overnight at 4°C, with primary anti-
bodies raised against HOXA10 (ab23392), LIF (ab113262),
and integrin B; (ab75872; 1 pg/mL, 1:1000 dilution; Abcam,
Cambridge, Britain) and rabbit anti-mouse glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; AP0063; Bioworld Tech-
nology Inc, MN, USA) as an internal control. The blots were
incubated for 1 hour at room temperature with horseradish per-
oxidase (HRP)-conjugated goat anti-rabbit immunoglobulin
G (BS12478; Bioworld Technology Inc, MN, USA) and washed
5 times with PBST. Bound antibodies were detected by electro-
chemiluminescence using SuperSignal West Dura substrates
(Pierce Biotechnology Inc, MA, USA). Band intensity was quan-
tified using the Image J software (NIH, USA). Relative protein
expression was normalized to GAPDH.

Immunohistochemical Analysis

Tissue specimens were fixed for 4 hours in 10% formalin,
embedded in paraffin, sectioned at 5 um, and mounted on
silane-coated slides. For immunohistochemistry, sections were
dewaxed and rehydrated through descending grades of alcohol
to distilled water, followed by incubation in 2% hydrogen per-
oxide. Subsequently, nonspecific binding was blocked with
goat serum (Fuzhou Maixin Biotechnology, China) for 2 hours,
followed by incubation overnight at 4°C with primary antibo-
dies raised against HOXA10, integrin B3, and LIF (Abcam,
Cambridge, Britain; 1:400 dilution). Following 3 washes in
PBS, the sections were incubated with HRP-conjugated goat
anti-rabbit secondary antibody (Fuzhou Maixin Biotechnology,
China) for 1 hour at room temperature. Immunoreactive sites
were visualized with diaminobenzidine and mounted for
bright-field microscopy (DMLB; Leica Microsystems, Ger-
many). Negative control sections were incubated with 1%
bovine serum albumin in place of the primary antibody. The
reactivity in the endometrial glands and luminal surface epithe-
lium of the uterine, stromal cells, and vessels were assessed.
The intensity of staining of endometrial components was eval-
uated by 2 independent investigators blinded to grouping using
a semiquantitative scoring system (0-3) as follows*: absent (0),
weak or focal (+), moderate (++), and strong (+++).

Scanning Electron Microscopy

Glutaraldehyde-fixed (2.5%) samples were thoroughly
washed with PBS buffer, dehydrated in a graded ethanol,
placed in 2% isoamyl alcohol for 3 hours, and underwent crit-
ical point drying. The samples were attached to the sample
stage for observation with the surface (endometrial cavity sur-
face) up and painted with silver conductive plastic using a
vacuum coating apparatus for coating metal samples. Then,
the samples were observed under the JSM-6330F SEM
(JEOL, Japan) and assessed by 2 independent SEM experts
blinded to the grouping.

According to the literature,>” scanning electron micrographs
of pinopodes were graded semiquantitatively as follows: scan-
ning photomicrographs were obtained from 12 randomly
selected areas of each tissue specimen and saved as TIFF files
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Figure |. Homeobox gene 10 (HOXAI0), integrin B3, and leukemia inhibitory factor (LIF) messenger RNA (mRNA) and protein expression in
uterine epithelial tissues from pregnant mice stimulated with raloxifene (RAL), clomiphene citrate (CC), and normal saline solution (SS). A,
Homeobox gene 10, integrin B3, and LIF mRNA amounts were evaluated by quantitative real-time reverse-transcriptase polymerase chain reac-
tion. Data are median + interquartile range (IQR; n = 12). B, Homeobox gene 10, integrin 3, and LIF protein levels were evaluated by Western
blot. Data are mean + standard deviation (SD; n = 12 each group). Glyceraldehyde-3-phosphate dehydrogenase was used as an inner control.

for later viewing. Pinopodes were defined as smooth apical
protrusions from the surface epithelium without microvilli.
Pinopode production was scored as follows: 0 (absence of pino-
podes), 1 (covering <25% of the surface epithelium), 2 (cover-
ing 25%-50% of the surface epithelium), or 3 (covering >50%
of the surface epithelium). A single score was assigned to the
most representative photomicrograph among the 12 images
obtained for each tissue specimen, and mean scores for all spe-
cimens were calculated.

Statistical Analysis

Data were analyzed with the SPSS statistical software (version
19.0, IBM, New York, USA). Normally distributed data were
expressed as mean + standard deviation (SD) and compared
using 1-way analysis of variance with least significant differ-
ence as the post hoc test. Nonnormally distributed data were
expressed as median + interquartile range and compared using
the Kruskal-Wallis H test. Categorical data were frequencies
and were analyzed using Fisher exact or x* test, as appropriate.
A 2-tailed P < .05 was considered statistically significant.

Results

Homeobox Gene 10, Integrin B3, and LIF mRNA and
Protein Expression in Uterine Epithelial Tissues

The median mRNA levels of HOXA10, integrin 3, and LIF
were all significantly lower in the CC group compared with the
SS and RAL groups (1.10 + 0.28,0.86 + 0.88,1.08 + 0.09 vs
3.21 + 0.37,2.86 + 0.39,4.10 + 0.84 and 3.23 + 0.26, 3.33
+ 0.85, 3.09 + 0.53, respectively, P < .001; Figure 1A). No
significant difference was found in the expression of HOXA10
mRNA between the SS and the RAL groups; however, signif-
icant differences in the expression levels of LIF and integrin 33
were found between these groups (P < .001 and P < .05,
respectively).

Similar results were obtained at the protein level, as demon-
strated by Western blot. As shown in Figure 1B, protein expres-
sion levels of HOXAT10, integrin 3, and LIF were significantly
higher in the SS and RAL groups compared with the CC-
treated mice (P < .05), and no significant differences were
found in HOXA10, integrin B3, and LIF protein amounts
between the SS and RAL groups.
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Figure 2. Homeobox gene 10 (HOXAI0), integrin B3, and leukemia inhibitory factor (LIF) protein expression in the uterine epithelial tissues in
pregnant mice stimulated with raloxifene (RAL), clomiphene citrate (CC), and normal saline solution (SS). Homeobox gene 10, integrin 33, and
LIF protein expression levels were determined by immunohistochemistry (magnification x400). Homeobox gene 10 was mainly expressed in
the nucleus of endometrial luminal and glandular epithelial cells. Integrin B3 and LIF were mainly found in the cytoplasm of both the endometrial

luminal and glandular epithelial cells. Arrows: positive staining.

Immunohistochemistry of HOXA 0, Integrin 33, and LIF
in Uterine Epithelial Specimens

Homeobox gene 10 was mainly expressed in the nucleus of
endometrial luminal epithelial cells and glandular epithelial
cells. Meanwhile, integrin B3 and LIF were mainly expressed
in the cytoplasm of both the endometrial luminal epithelial
cells and the glandular epithelial cells (Figure 2). As shown
in Table 2, the expression levels of HOXA10, integrin B3, and
LIF in the CC group were lower compared with the RAL and
SS groups (all P < .01), and the RAL and SS groups showed
similar expression levels (all P > .05).

Histopathology of the Endometrial Samples

Hematoxylin and eosin staining showed mature endometrium
in the RAL and SS groups, with loose interstitial space and
large glandular cavity, rich in blood vessels and complex
glands. Meanwhile, CC-treated mice showed an endometrium
with a denser interstitial space, fewer blood vessels, and poorly
developed glands, with smaller glandular cavity and less secre-
tions in the glandular cavity (Figure 3).

Table 2. Expression Levels of HOXAIO, Integrin 3, and LIF Proteins
in the Uterine Epithelium Estimated by Immunohistochemistry.?

Moderate and Strong Positive Staining (++/+-++),

n (%)
Group HOXAIO0 Integrin B3 LIF
CC(h=12) 2 (16.7) 2 (16.7) 3(8.3)
SS (n = 12) 12 (100.0)° 12 (100.0)° 12 (100.0)°
RAL (n=12) 12 (100.0)° 12 (100.0)° 12 (100.0)°

Abbreviations: CC, clomiphene citrate; LIF, leukemia inhibitory factor;
HOXA10, homeobox gene 10; RAL, raloxifene; SS, normal saline solution.
*The SS, RAL, and CC groups were evaluated.

PP < .01 versus CC group.

Production of Pinopodes in Endometrial Tissues

Scanning electron micrographs of pinopodes were graded
semiquantitatively (Figure 4) in tissue samples. The amounts
of well-formed pinopodes were significantly higher in the RAL
group compared with the CC group (P < .001). The SS group
also had significantly more well-formed pinopodes compared
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Figure 3. Histopathology of uterine epithelial tissues from pregnant mice stimulated with raloxifene (RAL), clomiphene citrate (CC), and nor-
mal saline solution (SS). Histopathology was determined by hematoxylin and eosin (H&E) staining (magnification x400). Arrows: endometrial
glands. Mature endometrium was found in the RAL and SS groups, with loose interstitial space and large glandular cavity, rich in blood vessels and
complex glands, whereas CC-treated mice showed an endometrium with a denser interstitial space, fewer blood vessels, and poorly developed

glands, with smaller glandular cavity and less secretions in the glandular cavity.
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Figure 4. Pinopodes in uterine epithelial tissues from pregnant mice stimulated with raloxifene (RAL), clomiphene citrate (CC), and normal
saline solution (SS). A, Pinopodes were determined by scanning electron microscopy (magnification x4000). Arrows point to well-
developed pinopodes. B, Scanning electron micrographs of pinopodes were graded semiquantitatively. Data are mean + standard deviation

(SD; n = 12).



754

Reproductive Sciences 23(6)

with the CC group (P < .001). However, pinopode densities
were comparable between the RAL and SS groups.

Discussion

Multiple studies, prospective and retrospective, have focused
on clomiphene citrate and tamoxifen for ovulation induction.
However, it was not until 2011 that the first prospective, rando-
mized trial carried out a comparison between raloxifene and
clomiphene citrate for ovulation induction.'® To date, no study
has reported the effects of raloxifene on makers of endometrial
receptivity in mice, such as pinopodes, HOXA10, integrin [,
and LIF. As clomiphene citrate may have some antiestrogenic
effects in the endometrium,* this study aimed to compare the
effects of raloxifene and clomiphene citrate, used to induce
ovulation, on endometrial receptivity markers in mice during
the implantation window, including HOXA 10, integrin B3, LIF,
and pinopodes. We found that HOXA10, integrin 5, LIF, and
pinopodes were present in the endometrium of mature female
mice, and compared with those mice undergoing natural cycles,
clomiphene citrate significantly reduced the amounts of these
4 markers. However, raloxifene did not cause these adverse
effects.

Our study shows for the first time pinopode production in
the endometrium during the implantation window in mice after
administration of raloxifene and clomiphene citrate. Interest-
ingly, pinopodes were abundant and well developed in raloxi-
fene- and saline solution-treated animals. However, in
clomiphene citrate-treated cycles, the pinopodes were fewer
and poorly developed. This finding indicates that raloxifene
has no side effects on the endometrium.

We also demonstrated that HOXA10 expression was signif-
icantly higher in the RAL group compared to the CC-treated
animals, with no statistically significant difference between the
RAL and SS groups. This suggests that raloxifene is deprived
of harmful effects on endometrial receptivity, while benefiting
embryo implantation. These data corroborate another study that
compared letrozole and clomiphene citrate for ovulation induc-
tion in rats and found that clomiphene citrate resulted in lower
levels of HOXA10, suggestive of suppression of endometrium
receptivity.*

We also examined integrin B3 and LIF levels during the
implantation window in mice. Consistent with the expression
of HOXAI10, integrin B3 and LIF levels were significantly
higher in the RAL and SS groups compared with the CC group,
with no significant difference between the RAL and SS groups
at the protein level, although a significant difference was
observed at the gene level. This finding indicated that raloxi-
fene may slightly influence integrin B3 and LIF. These findings
differ from a previous study reporting no adverse effect of clo-
miphene citrate on LIF expression in patients with unexplained
infertility.*> However, integrin B results corroborate a previ-
ous repor‘c.4

Compared with clomiphene citrate, raloxifene had less
effects on the amounts of endometrial receptivity markers, such
as pinopodes, HOXA10, integrin B3, and LIF. These findings

might be explained by the different biological characteristics
of raloxifene and clomiphene citrate. Raloxifene is an estrogen
receptor antagonist or has a neutral effect on endometrial cells
in vitro.>**> Both raloxifene and clomiphene citrate share a
similar mechanism for ovulation induction and show similar
estrogen receptor antagonist activity in the endometrium; how-
ever, the long half-life of clomiphene citrate (5 days),*® in com-
parison with raloxifene (32.5 hours),?” may play a role, since
the latter would be more readily cleared. If raloxifene is admi-
nistered for 5 days from days 3 to 7 of the menstrual period,
raloxifene treatment for ovulation will hardly affect endome-
trium proliferation and show no adverse effects on endometrial
receptivity.

Overall, in this experimental study comparing the effects of
raloxifene and clomiphene citrate on markers of endometrial
receptivity in mice, raloxifene was better than clomiphene
citrate. These results suggest that raloxifene may be a promis-
ing oral ovulation induction drug, representing a viable alterna-
tive to clomiphene citrate, which can suppress endometrial
receptivity. However, the molecular mechanisms underlying
the effect of raloxifene on human endometrial receptivity and
its safety on the embryo need to be further explored. These are
the next steps of our research.
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