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REPRODUCTIVE ENDOCRINOLOGY AND INFERTILITY
Stromal cell-specific apoptotic and antiestrogenic
mechanisms may explain uterine defects

in humans after clomiphene citrate therapy

Magdalena Nutu, PhD; Yi Feng, MD, PhD; Emil Egecioglu, PhD; Birgitta Weijdegard, MSc;

Elisabet Stener-Victorin, RPT, PhD; Ruijin Shao, MD, PhD

OBJECTIVE: The purpose of this study was to investigate clomiphene
citrate (CC)—induced modulation of uterine cell function in vivo.

STUDY DESIGN: Prepubertal female Sprague-Dawley rats were treated
intraperitoneally with CC for 6 or 24 hours or with a combination of CC
and/or 17-B-estradiol (E2) for 4 days.

RESULTS: Chronic CC treatment induced apoptosis in a fraction of uter-
ine stromal cells by activating the caspase-3-mediated apoptotic path-
way. The damage was prevented by successive E2 treatment; however,
pretreatment or concomitant treatment with E2 did not protect against

CC-induced uterine apoptosis. CC decreased the protein expression of
estrogen receptor o and increased its phosphorylation but did not affect
estrogen receptor B expression or phosphorylation. Furthermore,
changes in Hoxa11, p27, and progesterone receptor protein levels and
localization were associated with CC treatment.

CONCLUSION: We provide novel mechanistic insights into cellular and
molecular events by which CC regulates uterine stromal cell function
and hence the implantation process and pregnancy outcome.
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lomiphene citrate (CC), a non-

CC-induced uterine defects remain in-

steroid tissue-selective estrogen re-
ceptor (ER) modulator,' is used com-
monly to treat various infertilities in
women, most notably polycystic ovary
syndrome (PCOS) and unexplained in-
fertility.’ Several clinical and epidemi-
ologic studies have indicated that suc-
cessful ovulation occurs in 70-99% of
women who are treated with CC,>*
whereas ultimate pregnancy rates are

* EDITORS’ CHOICE %

only 27-40%.>> The total CC-treated
pregnancy rates are approximately 10
times lower than “natural” rates.® Further-
more, spontaneous abortion and miscar-
riage occur frequently in women who re-
ceive CC therapy.>*’ Although it has been
proposed that the antiestrogenic effects of
CC may lead to early pregnancy failure,”*
the precise molecular events underlying
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completely understood.

The mammalian uterus is a dynamic re-
productive organ that undergoes cyclic
changes in response to ovarian steroid hor-
mones.® The biologic effects of 17-B-estra-
diol (E2) and CC are mediated primarily
by 2 nuclear receptors, ER-a and/or ER-3,
which are encoded by 2 different genes and
function as transcription factors.” Al-
though the distribution and relative levels
of ER-a and ER-f3 expression are tissue
specific and diverse,'® both ER-a and
ER-f are expressed in the rodent uterus
and human endometrium."' Tt has been
reported that inappropriate activation or
inhibition of ER subtypes may cause or
contribute to a variety of uterine diseases,
such as endometriosis and endometrial
cancer.'' The protective effects of E2 in
uterine homeostasis are evident both
from in vivo and in vitro studies: the
presence of E2 inhibits uterine apopto-
sis in vivo;'2 however, human endome-
trial cells undergo apoptosis when E2 is
withdrawn.'? Previous studies from our
laboratory and others have shown that CC
enhances apoptotic processes in the ova-
ries, fallopian tubes, villi, and decidual tis-
sues.'*1° Less is known, however, about
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the effects of CC on the apoptotic machin-
ery in the uterus.

The maternal endometrium shows
prominent steroid-dependent cyclic
changes in structure and function in
preparation for the process of implanta-
tion.® Successful implantation requires
precise coordination between the em-
bryo and uterus under the influence of
ovarian steroids.!” After fertilization,
specific uterine cell types undergo differ-
entiation and proliferation to provide a
suitable environment for embryo im-
plantation and development.'” Genomic
endometrial responses to estrogen are
essential for the regulation of the “im-
plantation window.”'® The transforma-
tion of endometrial stromal cells into de-
cidual cells has been recognized as a
fundamental step during the process of
implantation.'®'? Previously, it has been
shown that in vivo treatment with CC

delays and/or inhibits implantation in
rodents,'®° probably because of abnor-
malities that are seen in the reproductive
tract (including the uterus) after CC
treatment in both rats'®*' and hu-
mans.*”> Furthermore, a significant de-
crease in the implantation rate has also
been observed in rabbits that were
treated with CC before and after ovula-
tion.”> These observations, combined
with clinical studies, have given rise to
the hypothesis that CC may contribute
to implantation-related complications
through an wunidentified regulatory
process in the uterus. The goals of this
study were (1) to determine whether CC
treatment induces uterine cell apoptosis
and (2) to investigate the molecular reg-
ulation of ERs and other potential im-
plantation and cell cycle regulators'”**
in the uteri of rats that were treated with
CC.
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MATERIALS AND METHODS
Animals

All experimental procedures and proto-
cols were approved by the ethics com-
mittee at Gothenburg University. Prepu-
bertal female Sprague-Dawley rats (20
days old) were obtained from Taconic
M&B (Copenhagen, Denmark) and
maintained in cages that contained
wood chips under defined conditions
(temperature, 21 = 2°C; relative humid-
ity, 45-55%; and 12-hour light/dark illu-
mination schedule). Animals were accli-
mated to the animal facilities for 5 days
before the initiation of the experiments.
All animals had free access to tap water
and were fed ad libitum with standard
laboratory diet.

Experimental design

Three experiments were carried out
(Figure 1) in 25-day-old rats. The rats
were randomized to receive intraperito-
neal injections of CC (Sigma-Aldrich, St.
Louis, MO), E2 (Sigma-Aldrich), or
both. Controls were treated with vehicle
only. Bodyweight was recorded through-
out the experiment. Rats were killed
under light anesthesia with sodium pen-
tobarbital (0.5 mL/kg bodyweight). Ali-
quots of serum were prepared from
trunk blood after heart puncture and
stored at —80°C until analysis. The uteri
were dissected grossly with the removal
of contaminating tissues (eg, adipose tis-
sues), weighed, and immediately frozen
in liquid nitrogen or fixed in formalin.

Experiment 1

Rats received CC (1 or 10 mg/kg intra-
peritoneally) or an equivalent volume of
vehicle (0.9% NaCl). Uteri were col-
lected 6 and 24 hours (acute effect) after
injection or on day 4 (chronic effect) af-
ter daily intraperitoneal injections (n =
8/group). For the selected doses and
treatment schedule, CC is effective in rat
fallopian tube and uterus in vivo.'®*

Experiment 2

Rats received injections of CC (10 mg/kg
intraperitoneally) or vehicle once daily
for 4 consecutive days. Twenty-four
hours after the last injection, E2 (0.3
mg/kg in 100 nL sesame oil) or vehicle
was injected for 4 consecutive days.
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FIGURE 2
Chronic treatment with clomiphene citrate (CC) induces uterine apoptosis
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Uteri were dissected from rats that were treated with clomiphene citrate for 6 or 24 hours or 4
consecutive days. A, Western blot analysis of cleaved caspase-9 and -3 relative to whole protein. Gels
were stained with Coomassie blue (n = 3 rats/group). In addition, B-actin served as a loading control.
B, Caspase-3/7 activity was determined in whole uterine tissues from rats that were treated with
clomiphene citrate for 6 or 24 hours or 4 consecutive days (n = 5 rats/group). Values are means =+

Experiment 3

Rats were injected with E2 or vehicle
once daily for 4 consecutive days, as in
experiment 2. Twenty-four hours after
the last injection, CC (10 mg/kg), CC (10
mg/kg) and E2 (0.3 mg/kg), or vehicle
was injected intraperitoneally for 4 con-
secutive days. In experiments 2 and 3, the
rats were killed, and uteri were collected
24 hours after the final injection (n =
5/group).

Antibodies

The primary antibodies that were used for
Western blot (WB) analysis and immuno-
fluorescence were obtained from com-
mercial sources (anticleaved caspase 3 and
anticleaved caspase 9 [Cell Signaling
Technology, Beverly, MA]; anti-ER4,
antiphospho-ER4 [Ser87], anti-Hoxal0,
anti-Hoxall, anti-p27, and anti-p53
[Santa Cruz Biotechnology, Santa Cruz,
CAJ; antiphospho-ER4 [Ser118] and anti-
ER4 [Upstate Biotechnology, Lake Placid,
NY]; anti-pan-cytokeratin, anti-d-smooth
muscle actin and anti-a-actin [Sigma-Al-
drich]; and antiprogesterone receptor [PR;
Novocastra Laboratories, Newcastle Upon
Tyne, UK] antibodies). The secondary an-
tibodies for WB were goat-antimouse im-
munoglobulin G (Sigma-Aldrich), goat-
antirabbit immunoglobulin G (AC31RL;
Tropix, Bedford, MA), and donkey anti-
goat immunoglobulin G (Santa Cruz Bio-
technology), which were all conjugated
with alkaline phosphatase. The Cy3-con-
jugated antimouse antibody was from
Jackson ImmunoResearch Laboratories
(West Grove, PA).

Histologic evaluation and
immunofluorescence staining

Uteri were fixed in neutral buffered 10%
formalin, decalcified, dehydrated, and
embedded in paraffin. Series sections (5
um) were prepared and stained with he-
matoxylin/eosin to visualize cell nuclei
(Histocenter, Vistra Frolunda, Sweden).
Uterine sections were subjected to im-
munofluorescence studies to test the lo-

SEM. The single asterisk denotes P < .05; the dou-
ble asterisks denote P < .01; the triple asterisks
denote P << .001 vs vehicle-treated controls.

Nutu. Clomiphene citrate treatment and rat uterus. Am J
Obstet Gynecol 2010.
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Clomiphene citrate (CC)-induced uterine apoptosis is cell type specific
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A, Vehicle treatment in the uterus compared with B, chronic treatment with clomiphene citrate (10
mg/kg)-induced DNA fragmentation (red) of the stromal cell layer. Apoptotic cells (B) in the stromal
cell layer are shown in the inset at higher magnification. Sections were counterstained with 4’,6-
diamidino-2-phenylindole (DAPI, A1, and B1; blue) to visualize cell nuclei. Ovarian sections (G and C1)
were used as experimental controls. The pictures in A-C are representative of stainings in tissues from
different rats (n = 5/group). All photographs were taken with a X 10 or a X40 magnification; the

exact scale is given in the Figure.
Le, luminal epithelial cells; M, muscle cells; S, stromal cells.

Nutu. Clomiphene citrate treatment and rat uterus. Am ] Obstet Gynecol 2010.

calization of progesterone receptor A
isoform, as described previously.26

In situ detection of DNA
fragmentation

Tissue sections were dewaxed, protease
digested, and incubated with terminal

transferase mixture according to the in-
structions of the manufacturer, with the
use of an in situ apoptosis detection kit
(Roche Diagnostics GmbH, Mannheim,
Germany). Briefly, sections were incu-
bated in a permeabilization solution,
which contained 0.1% Triton X-100 and
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0.1% sodium citrate, and then were
incubated with the terminal deoxynu-
cleotidyl transferase mediated 2'-de-
oxyuridine, 5’-triphosphate nick-end-
labeling (TUNEL) reaction mixture,
which included the enzyme solution
(terminal deoxynucleotidyl transferase)
and label solution (tetramethylrhodam-
ine isothiocyanate-labeled nucleotides),
in a humidified chamber for 1 hour at
37°C. After being washed with phos-
phate-buffered saline solution, the sec-
tions were evaluated with a confocal laser
microscopy. The enzyme solution was
omitted in the negative control. Sections
that were treated this way remained
unstained.

Protein extraction and WB analysis
Whole-cell extracts from uterine tissues
were analyzed by WB, as described
previously.*®

Caspase activity assay

For the measurement of CASP-3/7 activ-
ity in whole uterine tissues, frozen tissue
was homogenized in lysis buffer (100
mmol/L HEPES, pH 7.4, 140 mmol/L
NaCl, and protease inhibitors), and the
crude homogenate was centrifuged at
12,000¢ for 30 minutes at 4°C. Cellular
caspase activity was determined with the
use of the Caspase-Glo-3/7 assay kit (Cell
Signaling Technology), as previously
described.'®

Statistical analysis

Data were analyzed with SPSS software
(version 13.0; SPSS, Inc, Chicago, IL).
Two-way analysis of variance was used to
assess the main effects of treatment and
time and to identify interactions be-
tween them. If significant interactions
between the fixed factors were observed,
within-group analyses were performed
with a 1-way analysis of variance fol-
lowed by Bonferroni’s multiple compar-
ison test. Values are shown as means =
SEM. Significance was accepted at a
probability value of < .05.

RESULTS

Chronic, but not acute, CC treatment
induces cell type-specific apoptosis
in the uterus

Rats were given 1 acute injection of CC
(1 or 10 mg/kg) or vehicle, and the ex-



pression of cleaved caspase 9 and caspase
3 (Casp3) was measured in the uterus at
6and 24 hours. Alternatively, CC was ad-
ministered daily for 4 days (chronic
treatment), and the expression of the
same apoptotic molecules was measured
in the uterus. WB analysis revealed ele-
vated levels of cleaved caspase 9 and
Casp3 in the uteri from rats that had
been treated with CC for 4 days but notat
6 and 24 hours (Figure 2, A). Using the
caspase-Glo 3/7 assay, we confirmed that
elevated Casp3 activity was found only in
uteri from rats that had been treated with
CC for 4 days (Figure 2, B), which is con-
sistent with the levels of cleaved Casp3
(Figure 2, A). Next, DNA fragmentation
was detected in situ with TUNEL stain-
ing. TUNEL-positive cells were present
specifically in the stromal cell layer in
rats that had been treated with CC for 4
days (Figure 3, B) but not in control rats
(Figure 3, A). The luminal (Figure 3, A
and B) and glandular (data not shown)
epithelial cells and the smooth muscle
cell layers (Figure 3, A and B) in both
control and CC-treated rats showed no
staining. Ovarian sections (Figure 3, C
and Cl) were used as experimental
controls.

E2 aids recovery from CC-induced
uterine apoptosis but is not protective
To test whether E2 might contribute to re-
covery from CC-induced uterine apopto-
sis, rats were treated sequentially with E2 or
vehicle for 4 days after chronic treatment
with CC. Cleaved Casp3 levels (Figure 4,
A) and activity (Figure 4, B) were lower in
uteri from the E2-treated rats. Neither pre-
treatment nor concomitant treatment
with E2 significantly affected the ability of
chronic CC treatment to decrease cleaved
Casp3 expression (Figure 4, C) and activity
(Figure 4, D).

Chronic treatment with CC results

in changes in uterine

morphologic condition

As shown in the Table, although body-
weight was unaffected by acute or
chronic treatment with low-dose or
high-dose CC, uterine weight increased
after 24-hour and 4-day treatments at
both doses. In control rats, individual
epithelial cells contained large round or

Reproductive Endocrinology and Infertility

E2 treatment enables recovery from clomiphene citrate
(CC)—induced uterine apoptosis but is not protective
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Rats were treated with 17-B-estradiol (E2) A, B, after or C, D, before 4 days of clomiphene citrate
treatment. Western blot analysis (A and C) was used to measure cleaved caspase-3 protein level
relative to whole protein. Gels were stained with Coomassie blue (n = 5 rats/group). B-actin served
as a loading control. Caspase-3/7 activity (B and D) was determined in whole uterine tissues of rats
(n = 5rats/group). Values are means + SEM (n = 5 rats/group). The double asterisks denote P <
.01; the triple asterisks denote P < .001 vs 17-B-estradiol-treated rats.

Nutu. Clomiphene citrate treatment and rat uterus. Am ] Obstet Gynecol 2010.

oval basal nuclei with very little sur-
rounding cytoplasm (Figure 5, A1). Rats
that were treated with CC for 4 days had
increases in epithelial height, muscular
thickness, and luminal space (Figure 5, C
and Cl) compared with control rats
(Figure 5, A and A1l). Essentially, the ep-
ithelium changed in character from
cuboidal to columnar cells. In CC-
treated rat uteri, the nuclei were less
dark, and the long axis of the nuclei of
the epithelium was parallel to the base-
ment membrane (Figure 5, Cl). Al-
though the uterine morphologic condi-
tion of E2-treated rats (Figure 5, B and
Bl) was quite similar to that of CC-
treated rats, treatment with E2 had less of

an effect on the epithelium. Moreover,
clear cells in the epithelium were occa-
sionally present in CC-treated rats. This
“bubbly” appearance may indicate the
lipid and/or glycogen accumulation.
There was less connective tissue between
stromal cells in CC-treated rats (Figure
5, C1) than in E2-treated rats (Figure 5,
B1). Histologic findings also showed a
lack of integrity in the epithelium of CC-
treated rats after an additional 4-day ve-
hicle treatment (Figure 5, D and D1).

Chronic treatment with CC activates
ER-a but not ER-f3 in the uterus

WB analysis revealed that chronic treat-
ment with both low-dose and high-dose

JULY 2010 American Journal of Obstetrics & Gynecology 65.€5
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Effects of clomiphene citrate (CC) on bodyweight

and uterine tissue weights in rats

Weight
Treatment Body, g Uterus, mg Uterus/body, mg
Acute: 6 h
Vehicle 58.74 = 0.50 10.13 = 0.42 0.17 = 0.007
1 mg/kg CC 58.24 + 0.81 10.49 = 0.39 0.18 = 0.006
10 mg/kg CC 61.06 = 1.98 10.08 = 0.32 0.17 = 0.005
Acute: 24 h
Vehicle 60.98 = 0.68 10.17 = 0.16 0.17 = 0.003
1 mg/kg CC 62.98 = 0.49 17.93 + 0.98? 0.28 + 0.014%
10 mg/kg CC 60.58 = 1.38 18.32 *+ 0.36° 0.30 * 0.005%
Chronic: 4 days
Vehicle 79.92 = 2.16 10.68 = 0.24 0.13 = 0.005
1 mg/kg CC 73.68 + 2.07 30.90 + 0.68° 0.42 + 0.016°
10 mg/kg CC 7298 = 2.15 31.50 + 0.60° 0.43 = 0.013°

Values are means + SEM (n = 5 in all groups).

ap < .05 vs vehicle (24 hours; Bonferroni’s post hoc test after significant 2-way analysis of variance time and treatment
interaction); ® P < .05 vs vehicle (4 days; Bonferroni’s post hoc test after significant 2-way analysis of variance time and

treatment interaction).

Nutu. Clomiphene citrate treatment and rat uterus. Am ] Obstet Gynecol 2010.

CC resulted in a significant decrease in
ER-a expression (Figure 6). Because the
stability and activity of ER subtypes are
affected by ligand-dependent ER phos-
phorylation,” it is important to note that
chronic treatment with CC significantly
enhanced the phosphorylation of ER-«,
but not ER- (Figure 6).

Chronic treatment with CC regulates
Hoxa11, p27, and the progesterone
receptor A isoform in the uterus

WB analysis showed that, although the
levels of Hoxall and p27 were decreased,
neither HoxalO nor p53 levels were al-
tered by chronic treatment with CC (Fig-
ure 6). Chronic treatment with low-dose
or high-dose CC caused a mobility shift
of pan-cytokeratin compared with con-
trols (Figure 6, A), although the cause of
this shift in the apparent molecular
weight of cytokeratin remains unknown.
There were no changes in the levels of
a-smooth muscle actin in uteri after CC
treatment (Figure 6, A). Because the PR
antibody (NCL-L-PGR-312) recognizes
only the progesterone receptor A (PRA)
isoform in tissue sections with the im-
munohistochemical ~analysis,””  only

PRA expression was analyzed in succes-
sive sections of the uterus. Chronic treat-
ment with CC (Figure 7, B) or E2 (Figure
7, C) increased the number of PRA-pos-
itive cells in the stromal cell layer com-
pared with controls (Figure 7, A). More-
over, concomitant CC and E2 treatment
for 4 days decreased the number of PRA-
positive cells in the stromal cell layer
(Figure 7, D) compared with E2 treat-
ment alone (Figure 7, C).

COMMENT

To our knowledge, this is the first study
to demonstrate that chronic treatment
with CC can induce not only stromal cell
apoptosis but also morphologic abnor-
malities in the uteri of rats in a dose-in-
dependent manner. The present study
highlights the potential role of the ER-«
signaling pathway in the uterus after
chronic CC treatment. Furthermore, the
high ovulation rates combined with low
pregnancy rates in women who were
treated with CC may be explained by the
aberrant expression of Hoxall, p27, and
PRA because of repression of ER-o ex-
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pression and consequent disruption of
the implantation process.

CC is a racemic mixture of zuclomi-
phene (38%) and enclomiphene (62%)
that provides both estrogenic and anties-
trogenic activities in a variety of E2-tar-
get tissues."” The effects of CC in the ro-
dent uterus and human endometrium
are inconsistent, however. For example,
CC has both antagonistic and agonistic
activities in the rat uterus,” whereas it
displays a pure ER agonistic effect in the
mouse uterus>® in contrast to the human
endometrium.**>* Our previous work
has demonstrated that chronic treat-
ment with CC induces epithelial cell
apoptosis in rat fallopian tubes in a re-
gion-specific manner.'® Here we show
that, within the uterus, the stromal cells
are the main cell type to be targeted by
the apoptotic effects of chronic treat-
ment with CC. In addition, in the rat
uterus, CC displays agonistic activity at
low concentration, although it functions
as an ER antagonist at high concentration
in vivo.”> Furthermore, only chronic
treatment with CC induces uterine cell
apoptosis, which indicates that the ago-
nistic and/or antagonistic effects of CC
are also dependent on the duration of
treatment.”"”* These observations sug-
gest that CC acts as an ER agonist and/or
antagonist depending on the species, tar-
get tissue/cell specificity, dose range, and
regimen.

We show that the effects of CC in the
uterus are time dependent rather than
dose dependent and that the damage can
be reversed with E2, which suggests that
CC, as an apoptotic inducer, blocks the
antiapoptotic effect of E2 in the uterus.
The clear lack of protective effects of pre-
treatment or concomitant with E2 could
be because CC exhibits much stronger
antiestrogenic activity in the presence of
an E2-stimulated rat uterus.'® It is well
accepted that the endometrium under-
goes morphologic and biochemical
changes that are required for successful
implantation and pregnancy.®'” Previ-
ous studies have shown that E2 is neces-
sary for the induction of decidualiza-
tion>* and is inhibited by CC treatment
in rats.'"® Several clinical studies have
demonstrated that luteal E2 action in the
endometrium is blocked in women who
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have been treated with CC.>>’¢ Al-
though increased stromal cell prolifera-
tion, but not the apoptosis, is considered
an initiator of decidualization and inap-
propriate uterine cell apoptosis results in
the failure of implantation,”” our results
suggest that aberrant apoptotic activities
of uterine stromal cells after chronic CC
treatment may be a mechanism whereby
the implantation process is disrupted. In
agreement with a previous study,
Grunert et al’® reported that chronic
treatment with CC blocked the action of
E2 only in stromal cells and not in epi-
thelial cells. Although in vitro tissue re-
combinant studies have shown that stro-
mal cells are able to regulate epithelial
cell proliferation in response to E2 stim-
ulation, ' our finding of massive damage
to the epithelial cell layer in rats that are
treated with CC when E2 is absent (Fig-
ure 5, D) indicates that stromal cells may
fail to support and maintain their epithe-
lial structure in response to CC when an-
tagonizing E2 in vivo. Indeed, the addi-
tion of E2 after CC treatment in women
has been shown to improve cervical mu-
cus that results in increased endometrial
thickness and conception rates.”” Collec-
tively, our results suggest that negative
effects of CC on the transformation of
stromal cells (direct) and the disintegra-
tion of stromal-epithelial interactions
that lead to epithelial cell destruction
(indirect) may inhibit implantation in
the uterus. Although chronic CC treat-
ment increases endogenous E2 levels in
rats,'® it has been suggested that endo-
metrial changes in women who are
treated with CC are due to an antiestro-
genic effect of CC itself rather than
changes in CC-induced hormonal lev-
els.*® The molecular mechanism of E2
supplementation in the uterus of CC-
treated rats suggests that estrogen status
of patients who are appropriate candi-
dates for CC therapy should be taken
into consideration to increase efficacy. A
better understanding of the CC-induced
apoptotic mechanism in the uterus
could reveal new therapeutic strategies
for the improvement of implantation
rates and reduction of the risk of miscar-
riage in humans who are treated with
CC. For example, additional treatment
with the antioxidant N-acetylated cys-

FIGURE 5
Histologic condition of the rat uterus

Vehicle (4 d)

0.3 mg/kg E2 (4 d)

10 mg/kg CC (4 d)

10 mg/kg CC (4 d)
+ Vehicle (4 d)

- i il 5 Ay ~-_"-‘~.¢£
Hematoxylin/eosin staining of uterine tissues from rats treated with A, A1, vehicle, B, B1, 17-8-
estradiol (E2; 0.3 mg/kg) or G, C1, clomiphene citrate (CC; 10 mg/kg) for 4 consecutive days plus 4
additional days of vehicle injections (D, D1). Note that, although treatment with both 17-B-estradiol
(B1) and clomiphene citrate (C1) increases epithelial cell height, clear cells in the epithelial cell layer
(C1, arrows) are present only in clomiphene citrate-treated rats. Incomplete epithelial cell layers were
found in the 4-day clomiphene citrate plus 4-day vehicle-treated group (D1, arrow). Uterine tissues
from different rats (n = 5/group) were evaluated. All photographs were taken with a X10 ora x40
magnification; the exact scale is given in the Figure.

Ge, glandular epithelial cells; Le, luminal epithelial cells; Lu, lumen; S, stromal cells.

Nutu. Clomiphene citrate treatment and rat uterus. Am ] Obstet Gynecol 2010.
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Estrogen receptor (ER) subtype activation and cell markers for

A

Western blot analysis was used to measure estrogen receptor «, phospho-estrogen receptor «,
estrogen receptor B, phospho-estrogen receptor 3, Hoxa10, Hoxa11, p27, and p53 relative to whole
protein; gels were stained with Coomassie blue (n = 5 rats/group). Expression of pan-cytokeratin and
a-smooth muscle (SM) actin was evaluated in the same samples. Values are means *= SEM. The
double asterisks denote P < .01; the friple asterisks denote P << .001 vs vehicle-treated controls.
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teine (an antiapoptotic agent) signifi-
cantly improves endometrial function and
leads to increases in ovulation and preg-
nancy rates, compared with CC treatment
alone, in women with polycystic ovary
syndrome.*!

One of the most important findings of
this study is that, although CC binds to
both ER-a and ER- B with approximately
the same affinity in vitro,** the cellular
response to CC is dependent on ER-«
expression and phosphorylation in the
rat uterus in vivo, which indicates that
ER-a and ER-$ are not functionally
equivalent in the response to CC treat-
ment. Both ER subtypes are expressed in
rodent uteri and human endometrium,'’
and either subtype can display diverse
transactivational properties in a ligand-
dependent manner when ER-a and
ER-B are coexpressed.*>** Furthermore,
ER-B has the capacity to regulate ER-«
function in vitro*>** through the forma-
tion of functional heterodimers (instead
of homodimers) for ER-mediated tran-
scription.*> Our studies cannot elimi-
nate the possibility that the agonist/an-
tagonist activities of CC may also be
influenced by the relative expression of
the 2 receptors in the uterus in vivo.

Successful implantation involves a
complex sequence of signaling events.*'”
Several genetically modified mouse
models with gene disruptions in ER, PR,
Hoxal0, Hoxall, p27, and p53 show im-
plantation defects,”'”** which suggests
that the expression and activation of
these genes are essential to the implanta-
tion process in vivo. In the mouse uterus,
treatment with E2 increases ER-a ex-
pression in stromal cells but not in epi-
thelial cells."" It has been shown that the
disruption of ER-a, but not ER-S, leads
to failure of implantation in female
mice,”!" which provides evidence for a
vital and distinctive role of the 2 ER sub-
types in the uterus. Moreover, studies
that have used ER-a knockout mice in
vivo and uterine tissue recombinants in
vitro have revealed that the estrogenic
regulation of PR expression requires
stromal ER-o but is independent of epi-
thelial ER-@.*° In addition, the mainte-
nance of stromal PR expression is re-
quired for the establishment of the
“implantation window.”'”** Previous



Expression of progesterone
receptor A (PRA) isoform

in the stromal cell layers
of the rat uterus

PRA / Dapi

Vehicle (4 d)

" 100 um

10 mg/kg CC (4 d)

0.3 mg/kg E2 (4 d)

ee

D [10 mg/kg CC + 0.3 mg/kg B2] (4 d)

Uterine progesterone receptor A immunoreactiv-
ity is absent in the A, vehicle group but is seen in
the B, clomiphene citrate (CO—treated group.
Note that the immunoreactivity of progesterone
receptor A is less intense in the B, clomiphene
citrate-treated and the D, clomiphene citrate
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studies, however, could not distinguish
fully which stromal PR isoform was re-
sponsive to E2 stimulation. Although
PRA is the functional PR isoform that is
responsible for the regulation of uterine
stromal differentiation during implanta-
tion,”!! it is interesting to note that CC is
able not only to increase PRA expression
when E2 is absent but is also able to block
E2-induced PRA expression in rat uter-
ine stromal cells, which suggests that CC
converts from an estrogenic agonist to
an estrogenic antagonist in the presence
of E2. Previous studies from our labora-
tory and others have shown that p27 is
a target gene of PR signaling in the
uterus.”>*” Because CC does not bind di-
rectly to the uterine PR'® and chronic
treatment with CC fails to change endog-
enous progesterone levels,'® we propose
that the antiestrogenic effects of CC on
the regulation of p27 expression seem to
be mediated by ER- and do not require
the presence of progesterone directly.
There is no change in the expression of
p53 after CC treatment in the uterus,
which suggests that divergent regulatory
pathways between p27 and p53 are trig-
gered by CC treatment. Although both
Hoxal0 and Hoxall are downstream
targets of the action of estrogens in the
mouse uterus,”” we observed only the
down-regulation of Hoxall in the CC-
treated rat uterus. Because Hoxall is ex-
pressed only in the stromal cells, our re-
sults support the idea that the CC-
induced expression of stromal signals
may control the epithelial fate. Together,
these data highlight the major role of the
ER-«a signaling pathway in the antiestro-
genic effect of CC on the uterine stromal
cells. Whether these molecules are inde-
pendent of 1 another in CC-induced im-
plantation defects will require further
investigation.

+ 17-B-estradiol (E2)-treated groups compared
with the G, 17-B-estradiol-treated group. These
stainings were repeated in 5 rats/group with sim-
ilar results. All photographs were taken with a
%10 magnification; the exact scale is given in
the Figure.

Le, luminal epithelial cells; Lu, lumen; S, stromal cells.

Nutu. Clomiphene citrate treatment and rat uterus. Am |
Obstet Gynecol 2010.

In terms of the cell-type selection
mechanism in the rat uterus in vivo, we
have reported direct molecular mecha-
nisms by which the antiestrogenic effects
of CC induce stromal cell-specific apo-
ptosis and regulate the expression of
molecules that are important for the im-
plantation process through the ER-a sig-
naling pathway in the rat uterus. At least
in part, the present study has resulted in
a cellular and molecular mechanism-
based explanation for the discrepancy
between high ovulation rates and low
successful pregnancy rates in women
who are treated with CC.>** Moving
forward, it is noteworthy that there is
also a need to evaluate such changes in
women who undergo CC treatment. The
use of endometrial biopsies in CC-
treated women who do not become
pregnant might help to explore our hy-
potheses that have been generated from
this study.

ACKNOWLEDGMENTS

We thank Prof Hakan Billig for his support with
many aspects of this project and Profs Christina
Bergh and Mats Brannstrdm (Department of
Obstetrics and Gynecology, Sahlgrenska Uni-
versity Hospital, Gothenburg, Sweden) for shar-
ing their knowledge of clomiphene citrate.

REFERENCES

1. Turner RT, Evans GL, Sluka JP, et al. Differ-
ential responses of estrogen target tissues in
rats including bone to clomiphene, enclomi-
phene, and zuclomiphene. Endocrinology
1998;139:3712-20.

2. Homburg R. Clomiphene citrate: end of an
era? A mini-review. Hum Reprod 2005;20:
2043-51.

3. Palomba S, Russo T, Orio F Jr, et al. Uterine
effects of clomiphene citrate in women with poly-
cystic ovary syndrome: a prospective controlled
study. Hum Reprod 2006;21:2823-9.

4. Benda JA. Clomiphene’s effect on endome-
trium in infertility. Int J Gynecol Pathol 1992;11:
273-82.

5. Samani FG, Farzadi L, Nezami N, Tarzamni
MK, Soleimani F. Endometrial and follicular de-
velopment following letrozole intervention in un-
explained infertile patients failed to get pregnant
with clomiphene citrate. Arch Gynecol Obstet
2009;280:201-5.

6. Hosie M, Adamson M, Penny C. Actin bind-
ing protein expression is altered in uterine lumi-
nal epithelium by clomiphene citrate, a synthetic
estrogen receptor modulator. Theriogenology
2008;69:700-13.

7. Dickey RP, Taylor SN, Curole DN, Rye PH,
Pyrzak R. Incidence of spontaneous abortion in

JULY 2010 American Journal of Obstetrics & Gynecology 65.€9



RESEARCH Reproductive Endocrinology and Infertility

www.AJOG.org

clomiphene pregnancies. Hum Reprod 1996;
11:2623-8.

8. Diedrich K, Fauser BC, Devroey P, Griesinger
G. The role of the endometrium and embryo in
human implantation. Hum Reprod Update
2007;13:365-77.

9. DeMayo FJ, Zhao B, Takamoto N, Tsai SY.
Mechanisms of action of estrogen and proges-
terone. Ann N'Y Acad Sci 2002;955:48-59; dis-
cussion 86-8, 396-406.

10. Kuiper GG, Carlsson B, Grandien K, et al.
Comparison of the ligand binding specificity and
transcript tissue distribution of estrogen recep-
tors alpha and beta. Endocrinology 1997;138:
863-70.

11. Moutsatsou P, Sekeris CE. Steroid recep-
tors in the uterus: implications in endometriosis.
Ann N'Y Acad Sci 2003;997:209-22.

12.Yin Y, Huang WW, Lin C, Chen H, Mac-
Kenzie A, Ma L. Estrogen suppresses uterine
epithelial apoptosis by inducing birc1 expres-
sion. Mol Endocrinol 2008;22:113-25.

13. Song J, Rutherford T, Naftolin F, Brown S,
Mor G. Hormonal regulation of apoptosis and
the Fas and Fas ligand system in human endo-
metrial cells. Mol Hum Reprod 2002;8:447-55.
14. Chaube SK, Prasad PV, Tripathi V, Shrivastav
TG. Clomiphene citrate inhibits gonadotropin-in-
duced owvulation by reducing cyclic adenosine
3',5’-cyclic monophosphate and prostaglandin
E2 levels in rat ovary. Fertil Steril 2006;86(suppl
4):1106-11.

15. Kokawa K, Shikone T, Nakano R. Apopto-
sis in human chorionic villi and decidua in nor-
mal and ectopic pregnancy. Mol Hum Reprod
1998;4:87-91.

16. Shao R, Nutu M, Weijdegard BE, et al. Clo-
miphene citrate causes aberrant tubal apopto-
sis and estrogen receptor activation in rat fallo-
pian tube: implications for tubal ectopic
pregnancy. Biol Reprod 2009;80:1262-71.

17. Dey SK, Lim H, Das SK, et al. Molecular
cues to implantation. Endocr Rev 2004;25:
341-73.

18. Barkai U, Kidron T, Kraicer PF. Inhibition of
decidual induction in rats by clomiphene and
tamoxifen. Biol Reprod 1992;46:733-9.

19. Groothuis PG, Dassen HH, Romano A, Pu-
nyadeera C. Estrogen and the endometrium:
lessons learned from gene expression profiling
in rodents and human. Hum Reprod Update
2007;13:405-17.

20. Gupta JS, Roy SK. Effect of clomiphene on
nuclear estrogen receptor of the fallopian tube
during ovum transport in rabbits. Endocr Res
1989;15:339-53.

21. Nagao T, Yoshimura S. Oral administration
of clomiphene to neonatal rats causes repro-
ductive tract abnormalities. Teratog Carcinog
Mutagen 2001;21:213-21.

22. Cunha GR, Taguchi O, Namikawa R, Nishi-
zuka Y, Robboy SJ. Teratogenic effects of clo-
miphene, tamoxifen, and diethylstilbestrol on

the developing human female genital tract. Hum
Pathol 1987;18:1132-43.

23. Birkenfeld A, Mootz U, Beier HM. The effect
of clomiphene citrate on blastocyst develop-
ment and implantation in the rabbit. Cell Tissue
Res 1985;241:495-503.

24. Franco HL, Jeong JW, Tsai SY, Lydon JP,
DeMayo FJ. In vivo analysis of progesterone
receptor action in the uterus during embryo im-
plantation. Semin Cell Dev Biol 2008;19:
178-86.

25. Young RL, Goldzieher JW, Chakraborty PK,
Panko WB, Bridges CN. Qualitative differences
in estrogenic/antiestrogenic effects of clomi-
phene and zuclomiphene. Int J Fertil 1991;
36:291-5.

26. Shao R, Weijdegard B, Ljungstrom K, et al.
Nuclear progesterone receptor A and B iso-
forms in mouse fallopian tube and uterus: impli-
cations for expression, regulation, and cellular
function. Am J Physiol Endocrinol Metab
2006;291:E59-72.

27. Samalecos A, Gellersen B. Systematic ex-
pression analysis and antibody screening do
not support the existence of naturally occurring
progesterone receptor (PR)-C, PR-M, or other
truncated PR isoforms. Endocrinology 2008;
149:5872-87.

28. Jordan VC, Rowsby L, Dix CJ, Prestwich G.
Dose-related effects of non-steroidal anti-
oestrogens and oestrogens on the measure-
ment of cytoplasmic oestrogen receptors in the
rat and mouse uterus. J Endocrinol 1978;
78:71-81.

29. Gonen Y, Casper RF. Sonographic deter-
mination of a possible adverse effect of clomi-
phene citrate on endometrial growth. Hum Re-
prod 1990;5:670-4.

30. Homburg R, Pap H, Brandes M, Huirne J,
Hompes P, Lambalk CB. Endometrial biopsy
during induction of ovulation with clomiphene
citrate in polycystic ovary syndrome. Gynecol
Endocrinol 2006;22:506-10.

31. Unfer V, Costabile L, Gerli S, Papaleo E,
Marelli G, Di Renzo GC. Low dose of ethinyl
estradiol can reverse the antiestrogenic effects
of clomiphene citrate on endometrium. Gynecol
Obstet Invest 2001;51:120-3.

32. Yagel S, Ben-Chetrit A, Anteby E, Zacut D,
Hochner-Celnikier D, Ron M. The effect of ethi-
nyl estradiol on endometrial thickness and uter-
ine volume during ovulation induction by clomi-
phene citrate. Fertil Steril 1992;57:33-6.

33. Markaverich BM, Upchurch S, McCormack
SA, Glasser SR, Clark JH. Differential stimula-
tion of uterine cells by nafoxidine and clomi-
phene: relationship between nuclear estrogen
receptors and type Il estrogen binding sites and
cellular growth. Biol Reprod 1981;24:171-81.
34. Shelesnyak MC, Tic L. Studies on the
mechanism of decidualization. Acta Endocrinol
(Copenh) 1963;42:465-72.

65.610 American Journal of Obstetrics & Gynecology JULY 2010

35. Fritz MA, Holmes RT, Keenan EJ. Effect of
clomiphene citrate treatment on endometrial
estrogen and progesterone receptor induction
in women. Am J Obstet Gynecol 1991;165:
177-85.

36. Fritz MA, Westfahl PK, Graham RL. The ef-
fect of luteal phase estrogen antagonism on en-
dometrial development and luteal function in
women. J Clin Endocrinol Metab 1987;65:
1006-13.

37. Daftary GS, Taylor HS. Endocrine regulation
of HOX genes. Endocr Rev 2006;27:331-55.
38. Grunert G, Neumann G, Porcia M, Tcher-
nitchin AN. The estrogenic responses to clomi-
phene in the different cell types of the rat uterus:
morphometrical evaluation. Biol Reprod 1987;
37:527-38.

39. Dickey RP, Holtkamp DE. Development,
pharmacology and clinical experience with clo-
miphene citrate. Hum Reprod Update 1996;2:
483-506.

40. Massai MR, de Ziegler D, Lesobre V,
Bergeron C, Frydman R, Bouchard P. Clomi-
phene citrate affects cervical mucus and endo-
metrial morphology independently of the
changes in plasma hormonal levels induced by
multiple follicular recruitment. Fertil  Steril
1993;59:1179-86.

41.Badawy A, State O, Abdelgawad S.
N-Acetyl cysteine and clomiphene citrate for in-
duction of ovulation in polycystic ovary syn-
drome: a cross-over trial. Acta Obstet Gynecol
Scand 2007;86:218-22.

42. Paige LA, Christensen DJ, Gron H, et al.
Estrogen receptor (ER) modulators each induce
distinct conformational changes in ER alpha
and ER beta. Proc Natl Acad Sci USA
1999;96:3999-4004.

43. Hall JM, McDonnell DP. The estrogen re-
ceptor beta-isoform (ERbeta) of the human es-
trogen receptor modulates ERalpha transcrip-
tional activity and is a key regulator of the cellular
response to estrogens and antiestrogens. En-
docrinology 1999;140:5566-78.

44, Pettersson K, Delaunay F, Gustafsson JA.
Estrogen receptor beta acts as a dominant reg-
ulator of estrogen signaling. Oncogene 2000;
19:4970-8.

45. Pettersson K, Grandien K, Kuiper GG,
Gustafsson JA. Mouse estrogen receptor beta
forms estrogen response element-binding het-
erodimers with estrogen receptor alpha. Mol
Endocrinol 1997;11:1486-96.

46. Kurita T, Lee KJ, Cooke PS, Taylor JA,
Lubahn DB, Cunha GR. Paracrine regulation of
epithelial progesterone receptor by estradiol in
the mouse female reproductive tract. Biol Re-
prod 2000;62:821-30.

47. Moutsatsou P, Sekeris CE. Estrogen and
progesterone receptors in the endometrium.
Ann N'Y Acad Sci 1997;816:99-115.



	Stromal cell–specific apoptotic and antiestrogenic mechanisms may explain uterine defects in humans after clomiphene citrate therapy
	MATERIALS AND METHODS
	Animals
	Experimental design
	Experiment 1
	Experiment 2
	Experiment 3

	Antibodies
	Histologic evaluation and immunofluorescence staining
	In situ detection of DNA fragmentation
	Protein extraction and WB analysis
	Caspase activity assay
	Statistical analysis

	RESULTS
	Chronic, but not acute, CC treatment induces cell type-specific apoptosis in the uterus
	E2 aids recovery from CC-induced uterine apoptosis but is not protective
	Chronic treatment with CC results in changes in uterine morphologic condition
	Chronic treatment with CC activates ER- but not ER- in the uterus
	Chronic treatment with CC regulates Hoxa11, p27, and the progesterone receptor A isoform in the uterus

	COMMENT
	ACKNOWLEDGMENTS
	REFERENCES




