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Endometrial effects of selective estrogen receptor modulators (SERMs)
on estradiol-responsive gene expression are gene and cell-specific�
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Abstract

Three selective estrogen receptor modulator (SERM) drugs which included 4-OH-tamoxifen (Tam), EM-800 (EM) and GW 5638
(GW) were investigated to determine their ability to inhibit estradiol-responsive gene expression in sheep endometrium. The uteri of
ovariectomized ewes (10 ewes per SERM group) were infused with 10−7 M SERMs for 24 h prior to hysterectomy. Five ewes from each
group received 50�g 17�-estradiol (E2) and the remaining five ewes received vehicle 18 h prior to hysterectomy. Northern blot analyses
and in situ hybridization demonstrated that E2 treatment increased estrogen receptor (ER), progesterone receptor (PR), glyceraldehyde
3-phosphate dehydrogenase (GAPDH), and cyclophilin (CYC) mRNA levels in most endometrial cells examined. Tam and GW exhibited
characteristics similar to E2 by increasing ER gene expression, but they antagonized the E2-induced increases in PR and CYC mRNA
levels. EM acted as an E2-agonist of GAPDH gene expression, but antagonized the E2 up-regulation of ER, PR and CYC gene expression
in most endometrial cells. Immunohistochemistry determined that EM decreased ER protein levels in the glandular epithelium, and the
SERMs investigated antagonized increases in PR protein levels in endometrium. In conclusion, GW and EM exhibit fewer agonist effects
than Tam on endometrial gene expression. EM demonstrated the greatest antagonism of E2-enhanced levels of ER, PR and CYC, likely
due to the inhibition of ER gene expression at both mRNA and protein levels.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Estrogens play important roles in the growth regula-
tion, development, and differentiation of the reproductive
tract, mammary glands, and central nervous system (re-
viewed in [1]). Estrogens bind to estrogen receptor (ER)
proteins, which in association with cofactors, and activate
transcription of estrogen-responsive genes[2,3]. Selective
estrogen receptor modulators (SERMs) are synthetic com-
pounds developed to bind ER proteins and act as estrogen
(E2)-antagonists in mammary gland (such as tamoxifen;
Tam) or E2-agonists in bone (such as raloxifene)[3,4].
Tam, one of SERMs currently used in the treatment and
prevention of breast cancer[5], has been shown to express
mixed estrogenic/anti-estrogenic activity in uteri of women
and different rodent species[6,7]. In women, its use to pre-
vent breast cancer growth is correlated to an increased risk

� This is the first paper in a set, with the second concerning myometrial
effects in the same ewes.
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of endometrial cancer[8,9]. In sheep endometrium, Tam
acts as an E2-agonist in the up-regulation of ER and glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA
concentrations[10].

Two new SERMs, GW 5638 (GW) and EM-800 (EM)
are currently being tested in clinical trials as “pure
anti-estrogens”. As shown inFig. 1, GW is a triphenylethy-
lene derivative, structurally related to tamoxifen, while EM
is a derivative of benzopyran structurally related to ralox-
ifene [11,12]. In the rat, GW antagonized E2-increased
uterine weight, while displaying minimal uterotropic activ-
ity when used alone[13]. Also, GW acted as an E2-agonist
in both bone and cardiovascular system, thus demonstrating
a high degree of tissue specificity[11]. EM is an orally
active anti-tumor agent for mammary cancer in the rat
[14]. EM displayed pure anti-estrogenic effects in mouse
uterus, vagina, mammary gland, and hypothalamic–pituitary
axis as well as in Ishikawa cells, a human endometrial
carcinoma cell line [15,16]. EM also prevented bone
loss and lowered serum cholesterol levels without estro-
genic effects on the endometrium in ovariectomized rats
[17–19].
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Fig. 1. Chemical structures of 17�-estradiol and SERMs used in this study. 4-OH tamoxifen (Tam), a triphenylethylene SERM, is the active metabolite
of tamoxifen. The compound GW 5638 (GW) is a new SERM that is structurally related to tamoxifen. EM-800 (EM) is the derivative of benzopyran.

During estrous and menstral cycles, the pre-ovulatory
surge of estrogen alters gene expression in endometrium to
facilitate the preparatory development of pre-implantation.
Our previous work has demonstrated that a single physiolog-
ical dose of E2 mimics the pre-ovulatory surge of estrogen
and up-regulates ER, progesterone receptor (PR), GAPDH
and cyclophilin (CYC) mRNA levels at 18 h post-injection in
sheep endometrium[20,21]. In this paper, the E2-responsive
genes[20,21] found in sheep endometrium are evaluated in
vivo based on the agonist and antagonist effects of the three
SERMs: Tam, GW and EM.

2. Materials and methods

2.1. Chemicals

All chemicals (including Tam) were purchased from
Sigma (St. Louis, MO), unless otherwise indicated. EM
and GW were obtained from Dr. Fernand Labrie (Laval
University; Qué., Canada) and Dr. David C. Morris (Glaxo
Wellcome Research and Development; Durham, NC), re-
spectively. Tam, GW and EM were dissolved in ethanol to
make 10−3 M stock solutions. They were diluted to 10−7 M
in 0.1% ovine serum albumin (OSA) in phosphate-buffered

saline (PBS) for infusion. E2 was dissolved in a mini-
mal amount of ethanol prior to dilution to 100�g/ml in
charcoal-stripped corn oil (Kodak; Rochester, NY).

2.2. Animals, treatments and sample collection

After confirmation of estrous cycles of normal duration
(16–18 days), cross-bred Rambouillet ewes were ovariec-
tomized and their uterine horns were fitted with the catheters
[22]. Fifteen days after ovariectomy, four groups of ewes (10
ewes per group) were infused with 10−7 M SERMs or drug
vehicle (0.1% ovine serum albumin in phosphate-buffered
saline, OSA in PBS) at rate of 3 ml/h for 24 h in each uterine
horn via indwelling catheters. Eighteen hours prior to hys-
terectomy, five ewes in each group were injected intramus-
cularly with E2 (50�g) and remaining five ewes received
vehicle (0.5 ml charcoal-stripped corn oil). The time for E2
treatment was chosen for its rapid ER mRNA accumulation
[20]. For subsequent histochemistry, a 1 cm cross-section
was removed from each uterine horn distal to the external
bifurcation and fixed in 4% paraformadehyde[23]. The en-
dometrium was dissected from the remaining uterus, minced,
snap-frozen in liquid nitrogen, and stored at−80◦C. The
Texas A&M University Laboratory Animal Care and Use
Committee approved all animal procedures.
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2.3. Total RNA preparation and Northern blot analysis

Total cellular RNA was extracted from 0.5 g of en-
dometrium using Tripure Reagent according to the
manufacturer’s instructions (Boehringer Mannheim; Indi-
anapolis, IN). Northern blot analysis of total cellular RNA
(8�g per lane) was performed as previously described
[23]. Antisense cRNA probes were generated for probing
estrogen-responsive (ER, PR, GAPDH and CYC) mRNAs,
as previously described[20,21]. Blot hybridization and
washing were performed according to Ing et al.[20]. Hy-
bridization signals were captured by directly scanning blots
on InstantImager (Packard, Meriden, CT).

2.4. Identifying the endometrial cells that change the
expression of E2-responsive genes by in situ hybridization

Adjacent uterine cross-sections (7 mm) from each ewe
were placed on Superfrost Plus slides (Curtin Matheson Sci-
entific, Houston, TX) less than 1 week before histochem-
ical development. In situ hybridization was performed to
identify the response of specific uterine cells to SERMs
and E2 as described previously[21]. Antisense and sense
cRNA probes were generated with (35S)-UTP in place of
(32P)-UTP for in vitro transcription reactions. Slides were
dipped in NTB-2 autoradiography emulsion (Eastman, Ko-
dak) and exposed for 5 weeks for ER and PR mRNA data or
8 weeks for GAPDH and CYC mRNA data. Sections were
counterstained with hematoxylin. Quantitative analyses of
silver grains (relating to amount of mRNAs) were assessed
using the Reichert MicroStar IV Microscope (Diagnostic In-
strument; MI) and NIH image 1.61 software[21]. For each
mRNA examined, pixel densities were assessed on sections
probed with antisense and sense cRNAs. Pixel densities of
silver grain were analyzed for five regions containing 15–25
cells of a cell compartment in three view fields for each uter-
ine section. The in situ hybridization signals for an mRNA
were analyzed alongside the sense signals (non-specific) on
the same area of an adjacent section, used as a covariate in
the analyses.

2.5. Immunohistochemistry to characterize regulation of
ER and PR protein levels by SERMs

Immunohistochemical procedures were performed as de-
scribed previously[23]. Briefly, uterine cross-sections were
treated with 0.3% H2O2 for 30 min at room temperature,
0.5 mg/ml of Pronase for 8 min at 37◦C and then subjected
to protein blocker (Biostain Super ABC kit; Biomeda, Fos-
ter City, CA). Sections were incubated with rat anti-ER
antibody H222 (4�g/ml), which is a monoclonal antibody
raised against human ER� (a gift from Dr. G. Greene, Uni-
versity of Chicago, Chicago, IL), biotinylated goat anti-rat
IgG and peroxidase-labeled avidin (Biostain Super ABC
kit). The chromagen used for peroxidase localization was

3,3′-diaminobenzidine tetrahydrochloride. Another mono-
clonal antibody, mouse anti-human ER 1D5 (DAKO A/S,
Glostrup, Denmark), which, like H222, does not cross-react
with ER� [24], was also used in immunohistochemistry. For
detection of PR protein, we used the MA1-411 antibody
(Affinity BioReagents, Golden, CO) and microwave antigen
retrieval[23]. Non-immune rat and mouse IgG replaced the
antibodies, respectively, on adjacent sections for negative
controls.

2.6. Statistical analysis

All quantitative data were analyzed by least-squares
ANOVA using the general linear model procedure of SAS.
Data analysis of gene expression used 18S rRNA hybridiza-
tion signals to correct for unequal RNA loading. Data are
presented as least-squares means and standard errors of the
mean for each treatment group. The E2 treatment group data
was compared to control (Con) group data to identify E2
effects. Data from SERM treatment alone groups were com-
pared to those from the Con group to identify E2-agonist
effects of SERMs. Data from SERM+ E2 groups were
compared to E2 group to identify E2-antagonistic effects.
Level of statistical significance was considered to be com-
parisons withP-values less than or equal to 0.05, unless
otherwise indicated.

3. Results

3.1. Northern blot analysis identified gene-specific effects
of SERMs

We quantitated the effects of E2 with and without SERMs
on the regulation of E2-responsive genes in the endometrium
of ovariectomized ewes with Northern blot analyses. Hy-
bridization signals for ER, PR, GAPDH, and CYC mRNAs
and 18S rRNA are shown inFig. 2A for all of the ewes.
Quantitation of these results demonstrated that ER gene ex-
pression was up-regulated by Tam and GW alone treatments
by more than 100% compared to those in the Con group
ewes, similar to the up-regulation by E2 (indicated by aster-
isks in Fig. 2B). Only EM antagonized E2’s up-regulation
of ER gene expression (indicated by double asterisks in
Fig. 2B) and it did so completely. Results from the PR gene
indicated that SERMs tested alone showed no agonist action
or replication of E2’s 23% up-regulation of PR gene ex-
pression. However, both Tam and GW antagonized this E2
response. For the expression of GAPDH and CYC genes,
Tam and EM acted as E2-agonists, inducing an average 45%
increase in GAPDH and CYC mRNA levels, similar to the
increase in response to E2. Northern blot analysis detected
no antagonistic effect towards the E2 up-regulation of ei-
ther GAPDH or CYC mRNA levels in endometrium by any
SERM. Thus, all SERMs exhibited partial agonist/partial
antagonist effects in endometrium that were gene-specific.
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Fig. 2. Effects of SERMs with and without E2 on estrogen receptor (ER), progesterone receptor (PR), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and cyclophilin (CYC) mRNA concentrations in endometrium. Total cellular RNA was prepared from endometrium from each ewe in the eight
treatment groups: control (Con), E2, Tam, Tam+ E2, GW, GW+ E2, EM, EM+ E2 (n = 5 ewes/group). Replicate Northern blots were hybridized with
32P-labeled antisense cRNA probes for ER, PR, GAPDH, and cyclophilin mRNAs and 18S rRNA. Panel A shows the raw data while panel B presents
the quantitative analysis of their hybridization signals as least-squares means± standard error of the means. For treatment groups: Con (open, hatched),
E2 (filled, hatched), Tam (open, stippled), Tam+ E2 (filled, stippled), GW (open, cross-hatched), GW+ E2 (filled, cross-hatched), EM (open, horizontal
strips), and EM+ E2 (filled, horizontal stripes). Values are normalized to those of Con group, set at 100. Significant E2-agonist effects (differences
compared to the Con group) are indicated by asterisks (*) while antagonist effects (compared to E2 group) are indicated by asterisks (**) over the bars.

3.2. Cell-specific effects of SERMs on endometrial gene
expression

In situ hybridization identified the regulation of gene ex-
pression in the specific endometrial cells that responded to
SERMs± E2 treatments. Representative images of signals
for ER, PR, GAPDH and cyclophilin mRNAs on sheep
endometrial cross-sections are shown inFigs. 3–6, respec-
tively, for ewes from each treatment group. Brightfield
images show the pinpoint black silver grains from in situ
hybridization over the cell nuclei stained lightly with hema-
toxylin. Each panel spans the endometrium from luminal
epithelium (LE) at the upper part of the panel to deep glan-
dular epithelium (DGE) and surrounding stroma (SS) at
lower part of the picture. These cell compartments, along

with stratum compactum (SC) and superficial glandular ep-
ithelium (SGE), are labeled in the upper left panel from a
Con ewe inFig. 3. This panel shows very little hybridiza-
tion signal for ER mRNA over the gray cell nuclei. E2
treatment increases the ER mRNA signals strongly in all
but the LE cells. The effect is not antagonized by Tam or
GW, but it is antagonized by EM. InFig. 4, E2 enhance-
ment of PR mRNA levels is obvious when comparing the
top two panels. The primary response was in the epithelial
and superficial stromal cells. All SERMS tested antago-
nized the effect of E2 but EM did this most completely
across the different endometrial cell types. GAPDH mRNA
(Fig. 5) was up-regulated by E2, Tam and EM treatments.
Although it was strongly expressed in the epithelial cells,
the stromal cells also responded. SERM treatment did



Y.Z. Farnell, N.H. Ing / Journal of Steroid Biochemistry & Molecular Biology 84 (2003) 513–526 517

Fig. 3. In situ hybridization of ER mRNA demonstrates EM antagonism of its up-regulation by E2. Paraformaldehyde-fixed cross-sections of sheep
uteri were mounted onto glass slides, pre-hybridized, and hybridized with antisense CYC cRNA probe. The35S labeling of the cRNA probe exposed
the autoradiographic emulsion so that tiny black silver grains represent hybridization signals of CYC mRNA on brightfield images. Nuclei lightly
counterstained with hematoxylin appear as gray enlarged areas. Representative views are shown for ewes from Con, E2, Tam, Tam+ E2, GW, GW+ E2,
EM and EM+ E2 treatment groups. Panels span the endometrium from luminal epithelium (LE) at the top to deep glandular epithelium (DGE) and deep
stroma (DS) at the bottom. Cell compartments, including stratum compactum (SC) and superficial glandular epithelium (SGE) are labeled in the “Con”
ewe panel (upper left). ER mRNA increased in most endometrial cells with E2 treatment, but EM antagonized the effect. The bar in the “EM+ E2”
panel represents 100�m.
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Fig. 4. In situ hybridization demonstrates that all three SERMs antagonize E2 up-regulation of PR mRNA levels. In situ hybridization was performed
and results are presented as described inFig. 3. The bar in the “EM+ E2” panel represents 100�m. E2 increased PR mRNA levels in most endometrial
cells, but SERMs antagonized the effect especially in the deep endometrium.

not antagonize or add to the E2 effect on GAPDH gene
expression.

While similar data for ER, PR, and GAPDH gene ex-
pression have been shown for Con and E2 ewes in previ-
ous works[21,23], this is the first description of CYC gene
expression in uterine cross-sections. Cyclophilin mRNA ap-
peared most prevalent in superficial epithelium, LE and SGE

in Con, GW and EM ewes (Fig. 6). Consistent with North-
ern blot results, E2 treatment resulted in strong, uniform
CYC gene expression in all endometrial epithelium as well
as stromal cells (“E2” panel inFig. 6). Tam acted as a par-
tial E2-agonist by enhancing CYC mRNA levels in deep en-
dometrium when used alone (“Tam” panel), but prevented
some up-regulation by E2 in deep endometrium (“Tam+E2”
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Fig. 5. In situ hybridization demonstrates that Tam and EM act as E2-agonists by up-regulating GAPDH mRNA levels in endometrium. In situ hybridization
was performed and results are presented as described inFig. 3. The bar in the “EM+ E2” panel represents 100�m. E2, Tam and EM increased GAPDH
mRNA levels in most endometrial cells, and no SERM antagonized the effect of E2.

panel). Both GW and EM showed no agonist activity (“GW”
and “EM” panels), but they antagonized E2’s increase in
CYC gene expression in deep endometrium (“GW+ E2”
and “EM+ E2” panels). In addition, EM also antagonized
the E2-induced increases in CYC mRNA levels in LE and
SGE (“EM+ E2” panel). Semi-quantitative analyses of the
in situ hybridization results are presented in the following
section.

3.3. Semi-quantitative analyses of in situ hybridization
identified both gene- and cell-specific effects of SERMs

In situ hybridization signals for ER, PR, GAPDH and
CYC mRNA were quantitated in the five endometrial cell
compartments labeled in the “Con” panel ofFig. 3 as well
as in epithelium (CE) and stroma (CS) of caruncles, which
are endometrial evaginations unique to ruminant species. As
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Fig. 6. In situ hybridization demonstrates that all three SERMs antagonize E2 up-regulation of CYC mRNA levels in the deep endometrium. In situ
hybridization was performed and results are presented as described inFig. 3. The bar in the “EM+ E2” panel represents 100�m. E2 increased CYC
mRNA levels in most endometrial cells, but SERMs antagonized the effect especially in the deep endometrium.

shown in the top section ofTable 1, E2 treatment increased
ER mRNA levels compared to Con values in all endometrial
cell compartments except CE and LE. Agonist actions of
the SERMs were more limited. In ewes treated with Tam,
GW or EM alone, ER mRNA levels increased in only one
cell compartment: DGE, SGE or CS, respectively. Only EM
antagonized E2-upregulation of ER gene expression and was
most effective in CS, SGE and DGE cell compartments.

E2 enhanced PR gene expression in CS, SC, SGE,
DGE and probably DS (P = 0.07) cell compartments
(Table 1). As demonstrated in Northern analyses, no SERM
up-regulated PR gene expression when it was used alone. On
the contrary, GW and EM tested alone decreased PR mRNA
levels in CE cells compared to those in Con ewes. Also,
EM examined alone decreased PR gene expression in CS
and SC. Tam and GW markedly antagonized up-regulation
of PR gene expression by E2 in DS and DGE cells. EM
completely ablated E2’s up-regulation of PR mRNA levels
uniformly across all endometrial cells.

Consistent with Northern blot results, GAPDH mRNA hy-
bridization signals on uterine cross-sections were enhanced
by E2, Tam and EM treatments (Table 1). E2 treatment en-
hanced GAPDH gene expression in most endometrial cells,
which was consistent with our previous study[21]. Tam
used alone increased GAPDH mRNA concentrations pri-
marily in SC, SGE, DGE and DS cells. EM also acted as
an E2-agonist by enhancing GAPDH gene expression in all
cell compartments of the endometrium. GW did not display
any effect on GAPDH gene expression. No SERMs tested
antagonized E2’s up-regulation of GAPDH mRNA levels in
any cell compartment.

E2 increased CYC gene expression in all cell compart-
ments, although LE and SC analyses hadP-values of 0.1
and 0.08, respectively (Table 1). Tam enhanced CYC mRNA
levels strongly in DS cells and significantly inhibited E2’s
up-regulation of CYC mRNA in DGE cells. GW and EM
used alone had no effect on CYC gene expression. However,
GW inhibited E2’s up-regulation of CYC gene expression
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Table 1
Quantitative results of in situ hybridization for ER, PR, GAPDH and CYC mRNA in specific endometrial cell compartments: caruncular epithelium (CE),
caruncular stroma (CS), luminal epithelium (LE), stratum compactum (SC, dense stroma right beneath the LE), superficial glandular epithelium (SGE),
deep glandular epithelium (DGL) and deep stroma (DS)

Con E2 Tam TE GW GE EM EE

ER
CE 12.3± 1.2 14.0± 1.2 11.8± 2.0 15.3± 0.9 10.7± 2.9 12.3± 3.7 12.7± 2.2 14.3± 2.46
CS 49.3± 12.3 98.3± 2.0a 50.0 ± 4.6 83.0± 6.7 40.0± 6.3 102± 3.9 84.7± 0.2a 66.71± 6.3b

LE 13.0 ± 2.4 14.41± 0.8 13.6± 4.5 13.5± 3.2 13.0± 3.5 13.8± 4.1 12.5± 2.6 13.4± 1.1
SC 31.2± 5.3 53.2± 5.6a 31.6 ± 5.7 37.8± 4.3 20.0± 7.1 53.2± 4.7 43.3± 6.0 46.0± 5.3
SGE 39.6± 5.7 68.6± 9.0a 49.4 ± 4.1 58.5± 6.9 58.4± 9.1a 55.2 ± 6.6 49.0± 7.2 46.2± 4.1b

DGE 26.0± 6.8 77.0± 8.2a 45.0 ± 7.6a 62.2 ± 8.5 33.0± 8.1 67.2± 6.7 38.8± 8.2 34.1± 5.7b

DS 10.0± 2.2 25.1± 3.2a 13.6 ± 2.1 26.5± 3.0 15.2± 3.9 31.6± 6.0 20.7± 7.7 21.4± 20

PR
CE 19.2± 2.4 22.4± 2.1 17.3± 4.4 19.0± 1.0 9.0± 1.2a 16.5 ± 4.5 7.7± 3.8a 8.7 ± 2.3b

CS 41.0± 1.4 57.0± 4.3a 34.0 ± 8.7 45.2± 9.5 39.1± 4.4 48.0± 2.9 18.0± 8.0a 15.0 ± 3.8b

LE 15.0 ± 2.6 15.0± 3.4 14.0± 2.4 11.0± 2.9 8.2± 1.4 14.0± 1.2 12.1± 2.5 7.8± 2.1b

SC 33.2± 2.4 43.8± 2.7a 26.8 ± 2.4 27.0± 5.7b 31.0 ± 34 37.0± 2.0 18.0± 4.1a 14.0 ± 2.5b

SGE 25.0± 1.8 61.0± 5.6a 38.0 ± 5.4 60.0± 5.6 23.0± 3.2 49.0± 1.2 33.2± 5.3 18.0± 2.1b

DGE 16.4± 4.1 37.4± 6.6a 20.6 ± 3.8 12.8± 1.1b 10.8 ± 4.0 12.5± 3.6b 10.5 ± 6.1 5.2± 1.3b

DS 13.0± 2.1 20.0± 3.1 12.0± 2.6 11.0± 2.3b 8.0 ± 2.6 11.0± 1.8 12.0± 3.9 4.8± 2.2b

GAPDH
CE 95.6± 11.8 123.8± 2.3 89.9± 28.8 123.2± 8.0 92.9± 19.9 141.0± 2.6 144.6± 9.3a 142.7± 6.2
CS 45.5± 7.4 91.6± 0.4a 52.7 ± 20.3 93.0± 9.8 62.5± 4.6 93.3± 7.9 89.6± 12.8a 105.4± 5.2
LE 94.7 ± 8.4 129.4± 7.8a 104.8± 18.6 135.0± 4.0 97.8± 19.4 130.8± 9.8 133.3± 4.6a 134.7± 1.5
SC 32.6± 1.3 65.2± 6.2a 55.5 ± 8.7a 65.2 ± 4.6 37.3± 4.5 77.4± 9.2 63.6± 15a 67.4 ± 8.4
SGE 103.5± 4.6 142.3± 2.4a 129.4± 8.2a 140.5± 5.7 113.2± 2.3 149.7± 3.6 139.7± 4.8a 144.7± 5.9
DGE 60.0± 5.1 105.7± 8.3a 83.6 ± 12.9a 102.1± 7.9 66.0± 4.0 104.4± 0.9 109.1± 0.8a 106.0± 5.7
DS 17.3± 3.4 38.1± 4.9a 37.2 ± 9.3a 39.2 ± 5.8 24.4± 2.6 42.8± 4.2 48.2± 5.5a 44.8 ± 5.4

CYC
CE 36.2± 2.1 60.6± 7.5a 33.2 ± 11.1 56.3± 6.4 17.6± 9.3 42.8± 4.6 36.3± 9.9 50.1± 5.8
CS 17.9± 13.4 41.4± 9.2a 23.5 ± 8.0 39.2± 4.0 10.5± 5.6 26.6± 2.7 27.7± 5.1 35.6± 10.3
LE 44.9 ± 2.2 61.0± 6.1 44.3± 11.0 66.5± 5.9 27.9± 8.0 46.3± 3.5 40.0± 5.2 41.1± 8.4b

SC 16.0± 4.3 27.5± 4.0 21.4± 6.1 24.7± 2.9 20.5± 4.6 19.4± 5.3 5.3± 2.6 15.2± 5.4
SGE 62.0± 6.8 98.9± 5.3a 69.7 ± 9.9 86.0± 4.5 54.4± 6.5 88.1± 5.7 58.5± 3.4 73.9± 6.1b

DGE 34.9± 6.1 75.1± 6.4a 46.9 ± 5.7 56.5± 0.8b 28.5 ± 6.4 54.3± 5.5b 43.5 ± 4.1 45.2± 1.9b

DS 3.8± 1.3 25.2± 5.3a 15.0 ± 5.4a 17.1 ± 5.8 2.6± 3.2 9.0± 2.8b 4.1 ± 2.3 3.6± 0.6b

Treatment groups are Con, E2, TE (“Tam+ E2”), GW, GE (“GW+ E2”), EM and EE (“EM+ E2”). Data are expressed as the mean± standard error
of the mean (S.E.M.).

a Indicates a difference of treatment group compared to Con group.
b Indicates a difference of treatment group compared to E2 group.

in both DS and DGE cell compartments. EM also acted as
E2-antagonist and inhibited the E2-induced increase in CYC
gene expression in LE, SC (P = 0.07), SGE, DS and DGE
cells.

Our overall conclusions from the in situ hybridization data
are that GW had fewer actions as an E2-agonist than did
Tam or EM in sheep endometrium. Of the SERMs tested,
EM showed the strongest antagonism of E2 effects and did
so in all endometrial cell types. The greater effectiveness of
EM was likely due to its antagonism of ER gene expression
in many endometrial cell compartments.

3.4. EM decreased ER protein levels in epithelial and
stromal cells of endometrium

To examine how ER protein levels changed in response
to SERM treatment, immunohistochemistry was performed

using two ER-alpha-specific antibodies. Both resulted in
similar immunostaining for ER protein that was predomi-
nantly in the nuclei of epithelial and stromal cells of the
endometrium. Representative results of ER immunostaining
with the H222 antibody are shown inFig. 7. These ER pro-
tein levels appeared to be down-regulated by E2 in the ep-
ithelial cells and not changed in the stromal compartments
(compare “Con” and “E2” panels). Tam and GW used with
or without E2 did appear to change ER protein levels (middle
panels ofFig. 7). However, EM treatment down-regulated
ER protein levels in both epithelial and stromal cells of the
endometrium (Fig. 7, lowest panels). Negative control sec-
tions developed with non-immune IgG in place of H222
antibody lacked staining, similar to the EM panels shown.
Interestingly, of the three SERMs evaluated, only EM ef-
fectively down-regulates ER protein levels throughout the
endometrium.
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Fig. 7. SERM effects on ER protein levels in endometrium. Representative data from endometrial cross-sections are shown for ewes from all eight
treatment groups. Immunohistochemistry with H222 antibody demonstrated nuclear staining of ER protein in endometrial cells (see “Con” panel). LE is
located at the top of each panel and the deep endometrium is at the bottom. E2 decreased ER protein in glandular epithelial cells, while EM decreased
ER protein in both epithelial and stromal cells. The bar in the “EM+ E2” panel represents 100�m.

3.5. All of the SERMs antagonized the E2-induced
increases in PR protein levels

PR immunostaining was predominantly nuclear in en-
dometrial cells of Con ewes (Fig. 8, “Con” panel). Intensity
of immunostaining ranged from moderate in the luminal ep-
ithelium (at the upper left of each panel) and stroma to faint
in glandular epithelium. Nuclear PR staining was strongly
enhanced by E2 in the glandular epithelial cells and stro-
mal cells (“E2” panel). Cytoplasmic PR staining was also
increased by E2 treatment. Used alone, none of the SERMs
tested altered PR immunostaining in endometrial cells. How-
ever, all three SERMs tested antagonized the E2-induced
increases in PR protein levels in the nuclei but not in the cy-
toplasm of the epithelial cells of the middle and deep glands.

Tam+ E2 and EM+ E2 treatments also appeared to reduce
PR protein levels in the stromal cells relative to PR protein
levels in E2-treated ewes. Therefore, SERMs decrease PR
protein levels, as they do the PR mRNA levels, and these
effects are primarily in the deep glandular epithelium.

4. Discussion

Previously, we reported that E2 acutely increased ER,
PR, GAPDH and CYC gene expression in the endometrium
of ovariectomized sheep[21,23]. Consistent across all of
our studies, ER mRNA levels had the greatest magnitude of
up-regulation in response to E2. Tam acted as E2-agonist,
up-regulating ER and GAPDH gene expression when
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Fig. 8. All three SERMs antagonized E2 up-regulation of PR protein levels in DGE. PR immunohistochemistry demonstrated mainly nuclear staining
in endometrial cells. Representative endometrial cross-sections are shown for Con, E2, Tam, Tam+ E2, GW, GW+ E2, EM and EM+ E2 ewes. The
uterine lumen and LE are located at the upper left corner of each panel. E2 intensified PR immunostaining in glandular epithelial cells and all three
SERMs inhibited this effect. The bar in the “EM+ E2” panel represents 100�m.

delivered systemically by injection[10]. Here, we infused
10−7 M of Tam directly into the uterine lumen for 24 h and
found it had similar E2-agonist actions that up-regulated
expression of ER and GAPDH genes. Along with the many
SERM effects identified in the deep endometrial compart-
ments (this report), as well as in myometrium (accompany-
ing paper), this confirms the efficacy of intrauterine delivery
of SERMs to the entire endometrium. This report of Tam
antagonism of E2 induction of PR gene expression is in
agreement with Tam antagonism of E2-induced PR gene ex-
pression in the ovariectomized rat uterus and other tissues,
as well as in breast cancer cell lines[25–29,41]. It is note-

worthy that our E2 and SERM treatments were acute, so as
to minimize changes in the endometrial cell populations.
Most other SERM trials in animals employ chronic admin-
istration that simulates women taking the drugs chronically.

In our sheep, GW treatment alone had E2-agonist effects
on expression of the ER gene at mRNA levels in very few
endometrial cell compartments. Others have shown no ef-
fect of GW on ER mRNA or protein levels in human breast
and endometrial cancer cell lines MCF-7 and ECC-1 cells,
respectively[28]. Ours is the first report of GW’s antago-
nism of the E2 up-regulation of PR and CYC gene expres-
sion. However, EM also showed some E2-agonist effects,
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e.g. increases in ER gene expression in CS cells and en-
hanced GAPDH gene expression in most of the endometrial
cells. In this study, EM appears to exert superior antagonis-
tic effects of E2-induced expression of ER, PR, and CYC
genes among the SERMs examined. It is important to note
that E2 up-regulation of ER gene expression occurs by a
post-transcriptional mechanism, by stabilizing ER mRNA
[30,31], and this is the first report of a SERM blocking it.
The superior antagonism is likely to be due to EM antago-
nizing the up-regulation of ER mRNA and decreasing ER
protein levels in most endometrial cells. Our data agrees
with a report that EM decreased rat uterine ER and PR lev-
els, measured with a ligand binding assay[14,32].

GAPDH and CYC have been thought of as “housekeeping
genes”, expressed constitutively in tissues and cells. How-
ever, that is not the case in the sheep and rat uterus and
breast cancer cell lines after an E2 challenge, where expres-
sion of GAPDH and CYC genes increases[33–35]. Since
GAPDH and CYC have important roles in metabolism and
protein folding, perhaps it should not be surprising to see
them up-regulated by E2[36,37]. Tam acts as an E2-agonist
on GAPDH gene expression, which agrees with a previous
study in sheep endometrium[10]. All three SERMs tested
showed antagonism of E2 up-regulation of CYC mRNA lev-
els, primarily in deep cell compartments of the endometrium.
These SERM effects confirm that GAPDH and CYC genes
are regulated, not constitutive, in sheep endometrium.

In this study, E2 increased ER mRNA but decreased ER
protein levels in glandular epithelial cells (Figs. 3 and 7).
Several reports have stated changes in ER protein levels
were not directly correlated to those of ER mRNA levels in
rat, ewe and lamb uterus, which were treated with E2 for
8 h, or 12 h[12,23,38,39]. Acute ER protein degradation in
response to E2 treatment has been reported in rat, mouse
and sheep uterus, as well as MCF-7 cells[12,23,40,41].
We have found that time of E2 treatment greatly affects
ER protein in cells: immunoreactive ER was absent at 12 h
post-injection, but increased to levels greater than those
in untreated control ewes at 24 and 48 h post-injection
[23]. Estradiol binding triggers rapid ER degradation via
ubiquitin-proteasome pathway[42–44], with the later rise in
ER protein levels due to increased translation from increased
levels of ER mRNA. EM may similarly affect ER protein
levels to result in the profound down-regulation demon-
strated here. Sampling time in this study (18 h post-estradiol
and immediately after the 24 h infusion of EM) is during
the up-regulation/recovery phase of ER mRNA and protein
levels. Several SERMs have been tested for regulation of
ER mRNA or protein levels in other tissues or cell lines.
Alteration of ER gene expression is dependent on the spe-
cific SERM, tissue or cell, and length of treatment. Another
SERM, ICI 182,780, also causes loss of ER protein levels,
while ER mRNA levels are maintained in MCF-7 cells[12].
The fact that the combined treatment of E2 and EM has
the lowest level of ER gene expression may relate to both
potent ligands down-regulating the ER protein[43].

Endometrium is composed of heterogeneous cell popula-
tions including luminal and glandular epithelial cells, stro-
mal cells, immune cells, and cells that form blood vessels
[45]. The majority of epithelial and stromal endometrial cells
respond to estrogens (endogenous and exogenously applied)
by altering gene expression. We and others have seen the
greatest up-regulation of ER and PR genes by estrogen in
the deep endometrial cells and inner layer of myometrium
([23], accompanying paper). The SERMs that were most
potent as E2-agonists and antagonists (Tam and EM, re-
spectively) acted in the majority of endometrial cell com-
partments. In other cases, however, compartment-specific
effects were observed. For example, the deep endometrial
region and the outer myometrium appeared more sensitive
to E2-antagonism by Tam and GW than the other regions.
These data imply paracrine regulation of gene expression
between the deep endometrium and the myometrial layers
which have yet to be elucidated.

In conclusion, of the two new SERMs, GW has fewer
E2-agonist effects in endometrium than the older Tam drug
does. Although EM mimicked E2 in up-regulating GAPDH
mRNA levels, it showed the most effective and widespread
antagonism of E2-enhanced levels of ER, PR and CYC gene
expression. This is probably due to EM down-regulating ER
mRNA and protein levels in the majority of endometrial
cells.
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