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a  b  s  t  r  a  c  t

Although  estrogen  can bind  both  types  of estrogen  receptors,  estrogen  receptor-alpha  (ER�)  is  domi-
nant  in  mediating  estrogenic  activity  in  the  mammary  gland  and  uterus.  Excessive  estrogenic  activity
such  as  estrogen-based  postmenopausal  hormone  replacement  therapy  increases  the  risk  for  breast  and
endometrial  cancers.  The  adverse  effect  of  estrogen  on  uterine  endometrium  can  be opposed  by  pro-
gestins;  however,  estrogen-plus-progestin  regimen  imposes  substantially  greater  risk  for  breast  cancer
than estrogen  alone.  In this  study,  we  used  ER�-selective  agonist  propylpyrazole-triol  (PPT)  and  ER�-
selective  agonist  diarylpropionitrile  (DPN)  to  activate  ER�  and estrogen  receptor-beta  (ER�)  separately  in
an ovariectomized  rat  model  and  determined  whether  PPT-activated  ER� function  in  the  mammary  gland
can be suppressed  by  DPN  activated  ER�.  Ovariectomized  rats  were  randomly  divided  into  six  groups
and  treated  with  DMSO  (control),  DPN,  PPT, PPT/DPN,  PPT/Progesterone,  and  PPT/Progesterone/DPN,
respectively.  In  the  mammary  gland,  PPT  but not  DPN  increased  cell  proliferation  and  amphiregulin  gene
ormone replacement therapy expression;  importantly,  the stimulatory  effect  of  PPT  on mammary  cell  proliferation  and  amphireg-
ulin  gene  expression  can  be suppressed  by  DPN.  In the uterus,  the  effect  of  PPT  on  uterine  weight  and
endometrial  cell  proliferation  was  not  inhibited  by DPN  but  can be  inhibited  by progesterone.  These
data  provide  in  vivo evidence  that  PPT  activated  ER�  activity  in the mammary  gland  can  be opposed  by
ER�-selective  agonist  DPN,  which  may  be explored  for  the  development  of  better  hormone  replacement
therapy  regimen  with  less  risk  for breast  cancer.
. Introduction

Estrogen has profound effects on a broad range of tissues
nd organs involved in many physiological processes. Drop in
strogen production after menopause is responsible for many
ostmenopausal symptoms, thus estrogen or estrogen-plus-
rogestin can be used for hormone replacement therapy (HRT)
o ameliorate postmenopausal symptoms. A major adverse effect
ssociated with estrogen-based HRT is the increased risk for breast
ancer and uterine endometrial hyperplasia and malignancy [1,2].

he adverse effect of estrogen on uterine endometrium can be
pposed by progestins; however, estrogen-plus-progestin HRT
egimen imposes substantially greater risk for breast cancer than

Abbreviations: BrdU, 5-bromo-2′-deoxyuridine; BW,  body weight; DPN, diaryl-
ropionitrile; ER�,  estrogen receptor alpha; ER�,  estrogen receptor beta; HRT,
ormone replacement therapy; IF, immunofluorescent; IHC, immunohistochemi-
al;  OVX, ovariectomy or ovariectomized; P4, progesterone; PPT, propylpyrazole
riol; UWW,  uterine wet  weight.
∗ Corresponding author. Tel.: +1 802 656 0134; fax: +1 802 656 8196.

E-mail address: zpan@uvm.edu (Z.Z. Pan).

960-0760/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jsbmb.2011.12.018
© 2012 Elsevier Ltd. All rights reserved.

estrogen alone [1,3–6].  While the two  types of estrogen receptors,
ER� and ER�,  bind to natural estrogen with similar affinity, ER�
is the dominant receptor that mediates the estrogenic responses
in most estrogen regulated tissues including the mammary gland
and uterus [7–12].  Deregulation of ER� expression and activity
accounts for the majority of breast and endometrial cancers.
Approximately 70% of breast tumors and 60% of endometrial
tumors are ER�-positive tumors [13,14]. In many breast tumors,
the percentage of ER�-positive cells is much higher than that in
the normal mammary gland [14–17].  Furthermore, ER� may  medi-
ate cell proliferation differently in breast tumors. In the normal
mammary gland, ER�+/Ki67+ cells are very rare and it is believed
that ER� acts in a paracrine manner to promote neighboring ER�-
negative cell to proliferate [11,15,16,18,19]. In ER�-positive breast
tumors or cancer cell lines, the percentage of ER�+/Ki67+ cells are
much higher than that in the normal mammary gland and that
ER� may  directly stimulate ER�-positive cancer cells to proliferate

[15,19,20]. Deregulated expression of ER� in transgenic mice leads
to mammary tumorigenesis and makes the uterus more suscepti-
ble to estrogen induced uterine tumorigenesis [21–23].  Unlike ER�,
ER� is not required for mammary gland and uterus development

dx.doi.org/10.1016/j.jsbmb.2011.12.018
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:zpan@uvm.edu
dx.doi.org/10.1016/j.jsbmb.2011.12.018
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8,9,11,24,25].  Epidemiological studies indicate that ER� expres-
ion is lost or decreased in many breast and endometrial tumors,
ndicating that ER� may  function as a tumor suppressor [26–28].

The precise mechanism(s) by which estrogen promotes tumori-
enesis in the mammary gland and uterine endometrium is not
ully understood. A major effect of estrogen on the mammary
land and uterus is to stimulate cell proliferation [29–32].  It has
een found that estrogen-based HRT significantly increases breast
pithelial cell proliferation in postmenopausal women [33]. Dereg-
lation of cell proliferation by oncogenes and tumor suppressors is
ne of the hallmarks of cancer cells [34,35]. Consistent with its role
n breast and endometrial malignancy, ER� is essential and suffi-
ient to mediate estrogen induced cell proliferation [8,11,30,36,37].
n contrast to the positive role of ER� in cell proliferation, ER�

ay  function as a negative regulator of cell proliferation. Loss of
R� could lead to increased cell proliferation, whereas overex-
ression of ER� has  been found to inhibit cell proliferation and
enograft tumor formation in several breast and endometrial cell
ines [8,24,38–46]. The molecular mechanism of ER� action is not
ully understood [9,47,48]. Studies using in vitro cell lines have
emonstrated that ER� can antagonize ER� in gene expression,
ell cycle progression, and cell proliferation [42–45,49–51]. ER�
nd ER� may  form a subtle balance to regulate estrogen signaling
n mammary and endometrial cell proliferation, loss of the balance

ay  lead to tumor initiation and progression [52].
In addition to genetic modification of estrogen receptor expres-

ion, ER-selective agonists have been developed to determine
he biological functions of ER� and ER� [9,47,53–55]. These
R-selective agonists may  also be used for pharmacological inter-
entions of estrogenic activity [9,53,55]. Despite the significance
f estrogenic activity in mammary cell proliferation and tumori-
enesis and that ER� may  function as a tumor suppressor, in vivo
tudies of the ER�-selective agonists in the mammary gland are
ery limited [30,56,57].  It remains unknown whether endogenous
R� can be activated to function as a tumor suppressor in the mam-
ary gland in vivo. In this study, we used ER-selective agonists

ropylpyrazole triol (PPT) and diarylpropionitrile (DPN) to sepa-
ately activate ER� and ER� in an ovariectomized (OVX) rat model
nd determined whether ER�-mediated estrogenic activity in the
ammary gland can be inhibited by DPN activated ER�.  In receptor

ompetition binding assay for binding affinity relative to estradiol,
PT is an ER�-selective agonist that has a 410 fold higher relative
inding affinity to ER� than to ER�;  DPN has a 70 fold higher rela-
ive binding affinity to ER� than to ER� [58,59]. We  demonstrated
hat ER�-mediated estrogenic activity in the mammary gland can
e opposed by the ER�-selective agonist DPN in vivo, suggesting
hat ER�-selective agonists such as DPN may  be explored for the
evelopment of better HRT regimens to reduce or eradiate the risk
or breast cancer.

. Methods

.1. Animals

All animal experimental procedures were approved by the Insti-
utional Animal Care and Use Committee (IACUC) of the University
f Vermont. Ovariectomized (OVX) virgin female Sprague Daw-
ey rats (Charles River - Canada) were housed with a 12-h light
nd dark cycle and ad libitum access to food and water. Rats were
variectomized at 5–6 weeks old and rested for two  weeks before
reatment. Five to six rats were randomly assigned to each group
nd totally there are six groups, the control group, the DPN group,

he PPT group, the PPT/DPN group, the PPT-plus-progesterone
PPT/P4) group, and the PPT/P4/DPN group. PPT, DPN, and proges-
erone were obtained from Tocris Bioscience and were dissolved
n DMSO for stock solution. The drugs were administered by i.p.
ry & Molecular Biology 130 (2012) 26– 35 27

injection once a day for three consecutive days; the control group
rats received the vehicle DMSO only. The dosage of the different
drugs used in this study was as follows: PPT at 500 �g/kg BW
(body weight), DPN at 1000 �g/kg BW,  P4 at 20 mg/kg BW.  BrdU (5-
bromo-2′-deoxyuridine, from Sigma) solution in PBS was  injected
(i.p., 20 mg/rat/d) at the same time when the drug(s) was  admin-
istered. Rats were sacrificed 16 h after the last injection for biopsy
sample collection. The timing of treatment and biopsy after the last
treatment was  chosen based on other studies. In the literature, var-
ious lengths of treatment ranging from a couple of hours to several
weeks were used for the evaluation of different endpoint param-
eters [30,31,37,56,57]. The primary endpoint of evaluation in this
study was  cell proliferation rate, the three day treatment period
was chosen as it has been shown in several studies that two  to
three day treatment significantly increased mammary cell prolif-
eration rate [30,31]. Another reason that we  did not choose shorter
than three days is the concern that the percentage of proliferating
cells in OVX rats induced by shorter treatment period would be
too low to allow the detection of any inhibitory effect. The drugs
were administered in the afternoon for all three treatments; for the
last treatment, drug injections for different animals (with ear tag
numbers) were administered at 15 min  intervals so that each indi-
vidual animal was  killed at 16 h post the last treatment for biopsy
sample collection. Time course studies have shown that estrogen
treatment for as short as 4 h significantly increased the percentage
of cyclin D-staining cells in the mammary gland; in our previous
studies using ER�-positive MCF-7 cell line treated with estrogen,
we noticed that the percentage of cells with the Ki-67 proliferation
marker started to increase around 12 h [20,30]. Based on these time
course studies, we  expected that the effect from the last treatment
can be detected 16 h later. For mammary gland biopsy, the fourth
pair of mammary glands was harvested from each rat and weighed.
The right-side was fixed in neutral formalin for 48 h before being
processed for paraffin embedding. The left-side was snap-frozen
and stored in liquid nitrogen for RNA isolation. The uterus from
each rat was  first measured for uterine wet weight (UWW)  and
then fixed in neutral formalin for 24–48 h before being processed
for paraffin embedding.

The dosage selection for this study was  based on the dosages
used by other studies, the relative binding affinity, and the rela-
tive transcriptional activity via ERE (estrogen response element)
[12,31,36,37,43,56,58–63].  PPT from 50 �g/d/rat to 1000 �g/d/rat
was shown with very good response in the uterine endometrium
[36]. The body weight of the rats in this study was approximately
200 g, therefore the dose per rat was about 100 �g/d/rat for PPT,
200 �g/d/rat for DPN, and 4 mg/d/rat for progesterone. In the tran-
scriptional activity assay using the U2OS cell system, it was shown
that the maximal activity stimulated by PPT was comparable to
that by estradiol, and that the EC50 for estradiol via ER� was
8 pM and the EC50 for PPT via ER� was 140 pM [43]. The ratio
of 8 pM estradiol/140 pM PPT can be converted as 20 �g/kg BW
estradiol/500 �g/kg BW PPT, a dosage that were expected to be
functional in the mammary gland as well [30,31,56,64].  The bind-
ing affinity of PPT to ER� is approximately 49% of that of estradiol
to ER�,  or the conversion of 500 �g/kg BW PPT to 176 �g/kg BW
estradiol [59]. DPN at 1000 �g/kg BW was within the range used
by other studies for its effect on uterus, hot flush, osteoporosis,
and cardioprotection [60–62,65–67]. The binding affinity of DPN to
ER� is approximately 18% of that of estradiol to ER�,  or the conver-
sion of 1000 �g/kg BW DPN to 205 �g/kg BW estradiol [58]. Based
on these calculations, the theoretically converted PPT and DPN (to
estradiol) would have DPN binding to ER� and PPT binding to ER�

at a comparable level. Considering that estradiol may have a two
to ten-fold higher binding affinity for ER� than for ER�,  the ratio of
DPN-ER�/PPT-ER� could be lower than the 1:1 ratio [12,43,63].  The
binding affinity of PPT to ER� is 0.12% of that of estradiol to ER�,  or
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he conversion of 500 �g/kg BW PPT to 0.42 �g/kg BW estradiol, a
oncentration that would not interfere much of the DPN binding to
R� [59]. The binding affinity of DPN to ER� is 0.25% of that of estra-
iol to ER�,  or the conversion of 1000 �g/kg BW DPN to 2.85 �g/kg
W estradiol, a concentration that would not interfere much of
he PPT binding to ER� [58]. Progesterone from 15 mg/kg BW to
0 mg/kg BW was shown to have synergistic effect with estrogen
r PPT, therefore 20 mg/kg was selected for this study [31,56].

.2. Immunofluorescent (IF) and immunohistochemical (IHC)
taining

IF and IHC assays were used to assess the BrdU-labeled cells
nd the expression of ER�,  ER�,  and cyclin D1 following con-
entional procedures. The sources for the antibodies were as
ollows: ER� antibody (MC-20) from Santa Cruz Biotechnology,
R� (14C8) and BrdU antibodies from Abcam, cyclin D1 anti-
ody (DCS-6) from Fisher Scientific/Pierce. For IF staining, Alexa
luor 488 (Invitrogen) was  used for green fluorescence, Rhodamine
ed (Jackson ImmunoResearch) was used for red fluorescence,
nd DAPI contained in Mounting Medium (Vector Lab) was  used
or nucleus staining to give blue fluorescence. For IHC staining,
ECTASTAIN Elite ABC Kit was used following the manufacturer’s
rocedure. DAB (3,3′-diaminobenzidine) was used as the per-
xidase substrate to develop brown color and Hematoxylin QS
as used for counterstaining. Antigen retrieval was carried out

y microwaving (700 W)  slides in 10 mM citrate buffer (pH 6.0),
R� and BrdU for 11 min, ER� for 25 min, and cyclin D1 for
0 min. ER� antibody was used at 1:200 dilution, ER� antibody
t 1:40 dilution, BrdU antibody at 1:150 dilution, and cyclin
1 antibody at 1:80 dilution. Paraffin sections without incuba-

ion with primary antibody were used as negative control of
taining; sections from ovary-intact tissues were used as posi-
ive control of staining. Immunostaining slides were examined
nder Olympus BX50 Fluorescence Microscope connected with the
ptronics MagnaFire digital camera (Microscopy Imaging Center,
VM). Images were taken with Optronics MagnaFire software and
dobe Photoshop was used for further processing of the digital

mages.
The NIH software Image J was used for cell counting. For each

ammary gland, at least 250 ductal epithelial cells and 500 lob-
lar/alveolar bud epithelial cells were counted. For the uterine
ndometrium of most rats, at least 400 luminal epithelial cells
nd 200 glandular epithelial cells were counted. For IHC images
f cyclin D1 staining, the staining was assigned at four levels, level

 is unstained, level 1 is weak staining, level 3 is intensive staining,
nd level 2 is between level 1 and level 3 for moderate staining.
ells with staining levels 2 and 3 were counted as positive staining
ells, and cells with staining levels 0 and 1 were counted as negative
taining cells.

.3. RNA isolation and quantitative real-time PCR assay

Total RNA was extracted with Trizol reagent (Invitrogen) and
urther purified with RNeasy Kit (Qiagen). Two micrograms of
NA from each sample was used for reverse transcription with
uperScript III (Invitrogen). TaqMan probes for amphiregulin (Areg)
nd �-actin labeled with FAM dye were purchased from Applied
iosystems (ABI). Quantitative real-time PCR was  performed for
mphiregulin and �-actin (endogenous control) using TaqMan
ene expression assay (ABI) on an ABI 7500 real-time PCR Sys-

em. PCR for RNA from each sample was performed in duplicate
nd the average Ct from each sample was used for further calcula-
ion. The relative gene expression of amphiregulin transcripts were
alculated using the 2(−��Ct) method.
ry & Molecular Biology 130 (2012) 26– 35

2.4. Statistical analysis

Statistical significance among different groups of animals was
assessed by one-way ANOVA. Post hoc Tukey’s HSD test was used
for pairwise multiple comparisons to determine which groups dif-
fer, with the significance level (alpha) set as 0.05. A p value less than
0.05 was considered significant.

3. Results

3.1. Expression of ER˛ and ER  ̌ in the mammary gland and
uterine endometrium of OVX rats

The expression patterns of ER� and ER� in the mammary gland
and uterus of OVX rats were determined by immunofluorescent
(IF) and immunohistochemical (IHC) staining, respectively (Fig. 1).
In the mammary gland of OVX rats, ER� was detected in more than
50% of luminal epithelial cells in the lobular and ductal structures
(Fig. 1). In comparison to that of the ovary-intact rats, the mammary
gland of ovariectomized rats showed more cells with ER�  expres-
sion but the staining intensity was  weaker (Fig. 1, and data not
shown). ER� was  detected in almost all mammary epithelial cells
with strong staining, and ER�-staining was also detected in some
stromal cells in the mammary gland (Fig. 1). In the uterus of OVX
rats, ER� was detected in almost all endometrial luminal epithe-
lial cells, glandular epithelial cells, and stromal cells; the staining
intensity in the epithelial cells was  much stronger than that in
the stromal cells (Fig. 1). ER� expression was  detected mainly in
the endometrial luminal epithelial cells and glandular epithelial
cells (Fig. 1). These data confirmed that both ER� and ER� were
expressed in the mammary gland and uterus of OVX rats.

3.2. DPN counteracts the proliferative effect of PPT in the
mammary gland

To determine the effect of ER� and/or ER� activation on mam-
mary cell proliferation, OVX rats were treated with ER�-selective
agonist PPT alone, ER�-selective agonist DPN alone, or PPT and
DPN combined. Mammary cell proliferation rate was  determined
by the percentage of BrdU-labeled cells in different groups of rats.
In comparison to the control group, PPT treatment significantly
increased mammary epithelial cell proliferation rate in both ductal
and lobular structures (Fig. 2). DPN treatment slightly decreased
the percentage of BrdU-labeled mammary epithelial cells; statis-
tically, the percentage of BrdU labeled cells in lobules and total
cells (ducts and lobules combined) were significantly different from
that of control rats (Fig. 2). In the PPT/DPN group treated with PPT
and DPN to activate both ER� and ER�,  mammary cell proliferation
rate was significantly lower than that of the PPT group but was  not
significantly different from that of the control group (Fig. 2).

Cyclin D1 expression was evaluated to confirm the effect of PPT
and/or DPN on mammary gland cell proliferation. In the mammary
glands of the control group and the DPN group, the percentages
of cells with moderate and intensive staining for cyclin D1 were
very low (Fig. 3). Consistent with the BrdU-staining data, PPT sig-
nificantly increased the percentage of cells with moderate and
intensive staining for cyclin D1 (Fig. 3). In the mammary glands
of the PPT/DPN group, the percentage of cells with moderate and
intensive staining for cyclin D1 was  similar to that of the control
group and the DPN group, indicating that PPT-induced cyclin D1
expression was  suppressed by DPN (Fig. 3). Collectively, these data

indicate that activation of ER� by PPT but not activation of ER� by
DPN leads to increased mammary cell proliferation, and that the
proliferative effect of PPT on mammary cell proliferation can be
suppressed by DPN.
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Fig. 1. Immunostaining of ER� and ER� in the mammary gland and uterine endometrium of ovariectomized rats. Five to six week old rats were ovariectomized (OVX), and
mammary gland and uterus tissues were harvested two weeks after OVX. The expression pattern of ER� was  determined by IF staining (green fluorescence, top panels). Cell
nuclei  were counterstained with DAPI (blue fluorescence). Images of ER� staining and DAPI staining were overlaid to show the localization of ER�-staining cells (middle
panels). The expression pattern of ER� was  determined by IHC staining with DAB as substrate to give brown color (bottom panels). In the mammary gland, ER� staining
was  detected in more than 50% of luminal epithelial cells; ER� was  expressed in almost all epithelial cells and some stromal cells. In the endometrium, ER� was detected in
almost  all epithelial cells and stromal cells; ER� expression was detected mainly in the luminal and glandular epithelial cells. DE, ducts; ELE, endometrial luminal epithelial
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.3. Inhibition of PPT induced amphiregulin expression by DPN in
he mammary gland

In the mammary gland, ER� mediates cell proliferation by
aracrine regulation and the epidermal growth factor (EGF) fam-

ly member amphiregulin plays critical role in the paracrine action
f ER� [11,31,68].  Consistent with its estrogenic activity to pro-
ote cell proliferation as shown above, PPT significantly increased

mphiregulin expression (Fig. 4). DPN alone did not affect much
f amphiregulin expression; when co-administered with PPT, PPT
nduced amphiregulin increase was significantly reduced by DPN
n the PPT/DPN group (Fig. 4). These data suggest that the inhibitory
ffect of DPN on PPT-induced mammary cell proliferation may  be
ediated by suppression of amphiregulin expression.

.4. DPN does not inhibit the estrogenic activity of PPT in the
terus

Uterine wet weight (UWW)  and morphology were used to deter-
ine the uterotrophic effect of PPT and DPN (Fig. 5A, and data

ot shown). In the OVX control group, the uterus was very thin
n diameter. Consistent with other studies [36,37,60–62,65,69],
PT treatment increased uterine diameter and uterine wet weight,
hereas uterus morphology and UWW  in the DPN group were very

imilar to that of the control group (Fig. 5A). Co-administration
f DPN with PPT did not inhibit or enhance PPT’s effect on UWW
Fig. 5A).

Immunostaining of BrdU-labeled cells was used to determine
ndometrial cell proliferation rate in different groups of rats (Fig. 5B
nd C). In comparison to the control group, PPT treatment group
howed significantly higher percentage of BrdU-labeled endome-
rial luminal and glandular cells (Fig. 5B and C). DPN treatment

id not affect the percentage of BrdU-labeled endometrial lumi-
al and glandular cells (Fig. 5B and C). When PPT and DPN were
o-administered in the PPT/DPN group, PPT-increased cell prolif-
ration was not inhibited by DPN (Fig. 5B and C). These data are
terpretation of the references to color in this figure caption, the reader is referred

consistent with that the estrogenic activity in the uterus is medi-
ated by ER� and that ER�-selective agonist DPN had little effect on
the estrogenic activity of ER�-selective agonist PPT in the uterus
[36,37,60–62,65,69].

3.5. The estrogenic activity of PPT in the uterus is opposed by
progesterone and the opposing function of progesterone in the
uterus is not affected by DPN

The adverse effect of estrogenic activity on uterine
endometrium can be opposed by progestins [3,4]. Consistent
with that the estrogen action in the uterus is mediated by ER�,
we found that the estrogenic activity of ER�-agonist PPT can be
opposed by progesterone (Fig. 5). The UWW  and the percentage
of BrdU-labeled endometrial epithelial cells in the PPT/P4 group
were significantly lower than that of the PPT group (Fig. 5). UWW
and the percentage of BrdU-labeled endometrial epithelial cells in
the PPT/P4/DPN group were similar to that of the PPT/P4 group
(Fig. 5). These data indicate that progesterone has opposing effect
on PPT in the uterus tissues and DPN does not affect the opposing
function of progesterone.

3.6. The inhibitory function of DPN in mammary cell proliferation
remains effective when used together with PPT and progesterone

Progestins when used alone have little effect on mammary
cell proliferation; however, progestins and estrogen have syner-
gistic effect on mammary cell proliferation and progestins also
have synergistic effect with PPT in promoting mammary gland end
bud development [31,33,56,70].  Consistently, we  found that the
percentage of BrdU labeled mammary proliferating cells was sig-
nificantly higher in the PPT/P4 group than that of the PPT group

(Figs. 2 and 6). To determine whether the inhibitory effect of DPN
on mammary cell proliferation is affected by progesterone, DPN
was co-administered with PPT/P4. The percentage of BrdU labeled
mammary cells in the PPT/P4/DPN group was  significantly lower
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Fig. 2. DPN counteracts the proliferative effect of PPT in the mammary gland of OVX rats. OVX rats were rested for two weeks before treatment for 3 days with DMSO
(control), DPN, PPT, PPT and DPN (PPT/DPN), respectively. BrdU was injected concurrently with each drug administration to label proliferating cells. (A) Percentage of BrdU-
labeled  proliferation cells in the mammary gland of different groups of rats. Mammary epithelial cells in ductal and lobular structures were counted separately, and the
total  is the combination of ductal and lobular cells. DPN slightly decreased mammary cell proliferation. PPT significantly increased mammary epithelial cell proliferation.
When co-administered with PPT, DPN significantly decreased mammary cell proliferation caused by PPT. Data are shown as means ± SD. The p values are as follows: 0.45
for  DPN vs. control in the ducts, 0.03 for DPN vs. control in the lobules and totals; <0.001 for PPT vs. control in the ducts, lobules, and total; 0.023 for PPT&DPN vs. PPT in
the  ducts, and <0.001 for PPT&DPN vs. PPT in the lobules and total (*p < 0.05; **p < 0.01; ***p < 0.001). (B) Representative microimages showing BrdU-labeled proliferation
cells  in the mammary ductal and lobular structures of different groups of rats. BrdU-labeled cells were detected by immunofluorescent staining with BrdU stained with red
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ells.  Magnification, 400×. (For interpretation of the references to color in this figur

han that of the PPT/P4 group, indicating that the inhibitory func-
ion of DPN was still effective when co-administrated with PPT/P4
Fig. 6).

. Discussion

Mammary gland and uterine endometrium are classic estro-
en regulated organs/tissues and the estrogen action is mediated
ainly by ER� [7–11,30,36,37].  Excessive estrogenic activity, such
s estrogen-based postmenopausal hormone replacement therapy,
xposure to environmental endocrine disruptive agents with estro-
enic activity, early menarche or late menopause, is associated
ith increased risk for breast cancer and/or endometrial cancer
rdU staining and DAPI staining were merged to show the location of BrdU-labeled
ion, the reader is referred to the web  version of the article.)

[71–73]. Accumulating evidence indicates that ER� may  function
as a tumor suppressor and therefore can be exploited for cancer
prevention and therapy [9,47,48]. However, in vivo animal model
studies on the role of ER� and its interaction with ER� in mam-
mary cell proliferation and tumorigenesis are very limited and the
expected tumor suppressor function was  not observed in the stud-
ies using ER�-selective agonists BAG and ERB-041 [30,56,57].  It is
unknown whether ERB-041 or other ER�-selective agonists have
additive/synergistic or antagonistic effect with ER�-selective ago-
nist PPT in mediating mammary cell proliferation. In this study, we

used ER-selective agonists PPT and DPN to activate ER� and ER�
separately in an OVX rat model. We  demonstrated for the first time
that the estrogenic activity of PPT in the mammary gland, including
cell proliferation and amphiregulin expression, can be opposed by
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Fig. 3. DPN inhibits PPT induced cyclin D1 expression in the mammary gland. (A) Percentage of cells with moderate and intensive staining for cyclin D1 in the mammary
gland  of different groups of rats. Mammary epithelial cells in ductal and lobular structures were counted separately, and the total is the combination of ductal and lobular
cells.  Cyclin D1 was  detected by immunohistochemical staining using DAB as the substrate (brown color) and hematoxylin for counterstaining (blue color). Cells were counted
as  unstained, weakly stained, moderately stained, and intensively stained for cyclin D1. Cells with moderate or intensive staining were calculated as cyclin D1-staining cells
and  the percentage of those cells were shown in the graph as means ± SD. PPT significantly increased the percentage of cyclin D1 staining cells. When co-administered with
PPT,  DPN significantly decreased the percentage of cyclin D1 staining cells caused by PPT. The p values are as follows: 1.00 for DPN vs. control in the ducts, lobules, and totals;
0.002  for PPT vs. control in the ducts, lobules, and totals; 0.001 for PPT&DPN vs. PPT in the ducts, lobules, and totals (*p < 0.05; **p < 0.01; ***p ≤ 0.001). (B) Representative
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yclin  D1 IHC staining images of ductal and lobular structures in the mammary glan
he  mammary gland treated with PPT and barely observed in the mammary gland of
f  the references to color in this figure caption, the reader is referred to the web  ve

n ER�-selective agonist in an animal model. We further showed
hat the estrogenic activity of PPT in the uterus can be opposed by
rogesterone, and that DPN and progesterone do not interfere with
ach either for their respective opposing functions in the mammary
land and uterus. These findings indicate that the adverse effect of
R�-mediated estrogenic activity in different organs/tissues can
e opposed by different drugs via different mechanisms, which

ay be explored for the development of better hormone replace-
ent therapy regimen with less risk for breast and endometrial

ancer.

ig. 4. DPN inhibits PPT induced amphiregulin expression in the mammary gland. RNA l
as  used as internal control. PPT but not DPN significantly increased amphiregulin expre

hat  in the PPT group. Data are shown as means ± SD. The p values are as follows: 0.003 fo
e four groups of rats. Cells with intensive cyclin D1 staining (arrows) were found in
ther three groups (control, DPN, PPT/DPN). Magnification, 400×. (For interpretation
f the article.)

The differential effect of DPN on the estrogenic activity of PPT
in the mammary gland and uterus supports that the effect of DPN
activated ER� on target cells is cell type dependent. In addition,
the effect of ER� on cellular activities of target cells is ligand type
dependent and the results from ER�-selective agonists including
DPN may  not represent the physiological role of ER� bound to
estrogen [9,47,53,54]. The effect of DPN on mammary cell prolifer-

ation in this study is quite different from that of the ER�-selective
agonist BAG in the study by Cheng et al. using an OVX  mouse model
[30]. It is unlikely that the difference is caused by different rodent

evels of amphiregulin were determined by quantitative real-time RT-PCR; �-actin
ssion. Amphiregulin expression in the PPT/DPN group was  significantly lower than
r PPT vs. control; 0.013 for PPT&DPN vs. PPT (*p < 0.05; **p < 0.01).
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Fig. 5. The estrogenic activity of PPT in the uterus is opposed by progesterone but not by DPN. (A) Uterine wet weight (UWW)  in different groups of rats. PPT but not DPN
had  uterotrophic activity. The uterotrophic activity of PPT was opposed by progesterone but not by DPN. Data are shown as means ± SD. ***p < 0.001 for the PPT group vs. the
control  group. (B) Percentage of BrdU-labeled endometrial luminal and glandular epithelial cells. PPT but not DPN significantly increased endometrial luminal and glandular
epithelial cell proliferation. The effect of PPT on endometrial epithelial cell proliferation was  opposed by progesterone but not by DPN. Data are shown as means ± SD. The p
values are as follows: <0.001 for PPT vs. control in luminal epithelial cells, 0.003 for PPT vs. control in glandular epithelial cells; 0.014 for PPT/P4 vs. PPT in luminal epithelial
cells,  and 0.078 for PPT/P4 vs. PPT in glandular epithelial cells (*p < 0.05; **p < 0.01; ***p < 0.001). (C) Representative microimages showing BrdU-labeled proliferation cells
in  endometrial luminal and glandular cells. BrdU-labeled cells were detected by immunohistochemical staining using DAB as substrate (brown color) and hematoxylin for
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ounterstaining. ELE, endometrial luminal epithelial cells; EGE, endometrial glandu
his  figure caption, the reader is referred to the web  version of the article.)

pecies, but it will be valuable to evaluate ER�-selective agonists in
ore than one species. It is more likely that different ER�-selective

gonists including DPN and BAG may  exert different effects; in that
ase, it will be valuable to determine whether other ER�-selected
gonists besides DPN have anti-proliferative function in the mam-
ary gland.
The uterotrophic activity of PPT and several ER�-selective
gonists has been well studied in different rodent models. In
ll these models, PPT has been shown with estrogenic activity
o increase uterine wet weight or to stimulate endometrial cell
roliferation [36,62,65].  For the ER�-selective agonists evaluated
ithelial cells. Magnification, 400×. (For interpretation of the references to color in

for uterotrophic activity, 8�-VE2 is the only one known with
uterotrophic activity [9,30].  In the OVX rodent models, DPN
does not have uterotrophic activity [61,69]. Data on whether the
uterotrophic activity of PPT can be suppressed by DPN is incon-
sistent in different animal models. In the OVX model, our data
are consistent with that DPN does not suppress the uterotrophic
activity of PPT [60]. In ArKO (aromatase knock-out) and ovary

intact immature mouse models, DPN does not have uterotrophic
activity but may  have some inhibitory activity and reduces the
estrogenic activity of PPT [62,65]. From these different models, it is
clear that DPN does not have uterotrophic activity and may  instead



X. Song, Z.Z. Pan / Journal of Steroid Biochemistry & Molecular Biology 130 (2012) 26– 35 33

Fig. 6. DPN inhibits mammary cell proliferation induced by PPT and progesterone. (A) Percentage of BrdU-labeled mammary epithelial cells. See Fig. 2 to compare with
other  groups of rats. PPT and progesterone (P4) were synergistic in promoting mammary epithelial cell proliferation. When co-administered with PPT/P4, DPN significantly
decreased mammary cell proliferation caused by PPT/P4. Data are shown as means ± SD. The p values are as follows: <0.001 for PPT/P4 vs. PPT in the ducts, lobules, and totals;
0.02  for PPT/P4 & DPN vs. PPT/P4 in the ducts, <0.001 for PPT/P4 & DPN vs. PPT/P4 in the lobules and totals (*p < 0.05; ***p < 0.001). (B) Representative microimages showing
BrdU-labeled proliferation cells in the mammary ductal and lobular structures. BrdU-labeled cells were detected by immunofluorescent staining with BrdU stained with red
fluorescence; nuclei were counterstained with DAPI to give blue fluorescence. Images of BrdU staining and DAPI staining were merged to show the location of BrdU-labeled
c e capt

i
T
o
I
r
n
d
f
s
t
i
e
t
b
t

i
b
e
l
t
t
i
P
a
T
a
s

ells.  Magnification, 400×. (For interpretation of the references to color in this figur

nhibit the ER�-mediated uterotrophic activity to a certain extent.
he reason why DPN has a more pronounced suppressive effect
n PPT activity in the mammary gland vs. the uterus is not clear.
t could be related to the relative expression levels of ER� or the
elative ratios of ER�/ER� in these two types of tissues. It is worth
oting that the relative expression patterns of ER� and ER� are
ifferent in these two types of tissues, which might also account
or the differential effect of DPN in these two  types of tissues. As
hown in Fig. 1, ER� expression is more widespread than ER� in
he mammary gland; in the uterine endometrium, ER� expression
s more widespread than ER�.  The mammary gland and uterine
ndometrium respond differently to Tamoxifen, indicating that
he cellular contexts, such as coactivators or corespressors, might
e different in these two types of tissues that may  also be related
o the differential effect of DPN [74].

In the PPT/DPN group of rats in this study, the estrogenic activ-
ty of PPT in the mammary gland is almost completely abrogated
y DPN, as determined by mammary cell proliferation rate and
xpression of cyclin D1 and amphiregulin. The mammary cell pro-
iferation rate in the PPT/P4/DPN group is significantly lower than
hat in the PPT/P4 group, indicating that ER�-mediated activity
hat functions synergistic with progesterone is significantly inhib-
ted by DPN. However, the mammary cell proliferation rate in the
PT/P4/DPN group is significantly higher than that in the control

nd PPT/DPN groups, and even a little higher than the PPT group.
hese data indicate that when co-administered with PPT/P4, PPT
ctivated ER� activity is not completely blocked by DPN. Further
tudies are needed to determine whether the inhibitory function
ion, the reader is referred to the web  version of the article.)

of DPN is dose-dependent and whether the inhibitory function of
DPN can be further increased at other doses.

ER�-mediated activity is believed to be responsible for the
increased risk for breast cancer and endometrial cancer in women
under HRT. As shown in this study using the OVX postmenopausal
rat model, ER�-mediated estrogenic activity activated by PPT in the
mammary gland and uterus can be differentially opposed by DPN
and progesterone, respectively. It will be interesting to determine
whether a regimen containing DPN such as PPT/DPN/progestin is
a better option than the estrogen-plus-progestin regimen. When
considering inclusion of DPN or ER�-selective agonist in the hor-
mone replacement therapy regimen, at least two types of effects
need to be considered. The first concern is whether ER�-selective
agonist has adverse effects in different organs/tissues. The other
concern is that whether some of the beneficial effects of estrogenic
activity are abolished or some of the adverse effects of estrogenic
activity are enhanced. Based on the reported animal model stud-
ies involving many organ systems, it seems that PPT and DPN
might be good candidates with regards to the beneficial vs. adverse
effects. Here we will briefly discuss the effects on the mammary
gland, uterine endometrium, hot flashes, and bone metabolism.
As aforementioned, DPN can inhibit the adverse effect of PPT in
the mammary gland and DPN has no adverse effect on uterine
endometrium. With regards to hot flashes, both PPT and DPN have

been shown to prevent hot flashes in rodent models [36,66]. For
bone metabolism, bone sparing activity is found in PPT but not
found in several ER�-selective agonists including ERB-041; the
effect of DPN on bone metabolism is unknown [9,36].  Further
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tudies will be needed to determine the effect of DPN on bone
etabolism and its effect on the bone sparing activity of PPT. In

ummary, these functional studies of DPN in animal models sug-
est that DPN merits consideration for the development of better
ormone replacement therapy regimen.

. Conclusions

Estrogen-based postmenopausal hormone replacement ther-
py increases the risk for breast and uterine endometrial cancers;
strogen action in the mammary gland and endometrium is medi-
ted mainly by ER� [1,2,7–11,30,36,37].  In this study using an
variectomized postmenopausal rat model and the ER�-selective
gonist PPT and ER�-selective agonist DPN, we provide in vivo
vidence that ER�-mediated estrogenic activity in the mammary
land can be opposed by ER�-selective agonist DPN. Suppressing
PT-induced amphiregulin expression by DPN may  account for its
pposing function in mammary gland cell proliferation. The estro-
enic activity of ER�-agonist PPT in the uterus can be opposed
y progesterone. These findings indicate that the adverse effect
f ER�-mediated estrogenic activity in different organs can be
pposed by different mechanisms, which may  be explored for the
evelopment of better hormone replacement therapy regimen with

ess risk for breast and endometrial cancer.

cknowledgements

This project was supported by USDA Hatch and Vermont
ancer Center (VCC)/Lake Champlain Cancer Research Organiza-
ion (LCCRO) funds. Microimaging was performed in the UVM

icroscopy Imaging Center, a facility center supported by VCC,
CCRO, and UVM College of Medicine.

eferences

[1] V. Beral, E. Banks, S. Bull, E. Reeves, Breast cancer and hormone-replacement
therapy in the Million Women  Study, Lancet 362 (2003) 419–427.

[2]  J.E. Rossouw, G.L. Anderson, R.L. Prentice, A.Z. LaCroix, C. Kooperberg, M.L. Ste-
fanick, R.D. Jackson, S.A. Beresford, B.V. Howard, K.C. Johnson, J.M. Kotchen,
J.  Ockene, Risks and benefits of estrogen plus progestin in healthy post-
menopausal women: principal results. From the Women’s Health Initiative
randomized controlled trial, JAMA 288 (2002) 321–333.

[3]  I. Persson, E. Weiderpass, L. Bergkvist, R. Bergstrom, C. Schairer, Risks of breast
and endometrial cancer after estrogen and estrogen-progestin replacement,
Cancer Causes Control 10 (1999) 253–260.

[4] M.C. Pike, R.K. Ross, Progestins and menopause: epidemiological studies of risks
of endometrial and breast cancer, Steroids 65 (2000) 659–664.

[5] C. Schairer, J. Lubin, R. Troisi, S. Sturgeon, L. Brinton, R. Hoover, Menopausal
estrogen and estrogen–progestin replacement therapy and breast cancer risk,
JAMA 283 (2000) 485–491.

[6] R.K. Ross, A. Paganini-Hill, P.C. Wan, M.C. Pike, Effect of hormone replacement
therapy on breast cancer risk: estrogen versus estrogen plus progestin, J. Natl.
Cancer Inst. 92 (2000) 328–332.

[7] J.F. Couse, K.S. Korach, Estrogen receptor null mice: what have we  learned and
where will they lead us? Endocr. Rev. 20 (1999) 358–417.

[8]  S. Dupont, A. Krust, A. Gansmuller, A. Dierich, P. Chambon, M. Mark, Effect of
single and compound knockouts of estrogen receptors alpha (ERalpha) and
beta (ERbeta) on mouse reproductive phenotypes, Development 127 (2000)
4277–4291.

[9]  H.A. Harris, Estrogen receptor-beta: recent lessons from in vivo studies, Mol.
Endocrinol. 21 (2007) 1–13.

10] M.H. Herynk, S.A. Fuqua, Estrogen receptor mutations in human disease,
Endocr. Rev. 25 (2004) 869–898.

11] S. Mallepell, A. Krust, P. Chambon, C. Brisken, Paracrine signaling through the
epithelial estrogen receptor alpha is required for proliferation and morphogen-
esis in the mammary gland, Proc. Natl. Acad. Sci. U.S.A. 103 (2006) 2196–2201.

12] G.G. Kuiper, B. Carlsson, K. Grandien, E. Enmark, J. Haggblad, S. Nilsson, J.A.
Gustafsson, Comparison of the ligand binding specificity and transcript tissue
distribution of estrogen receptors alpha and beta, Endocrinology 138 (1997)

863–870.

13] G. Ferrandina, F.O. Ranelletti, V. Gallotta, E. Martinelli, G.F. Zannoni, M.  Gessi,
G.  Scambia, Expression of cyclooxygenase-2 (COX-2), receptors for estrogen
(ER), and progesterone (PR) p53, ki67, and neu protein in endometrial cancer,
Gynecol. Oncol. 98 (2005) 383–389.

[

ry & Molecular Biology 130 (2012) 26– 35

14] M.M.  Regan, G. Viale, M.G. Mastropasqua, E. Maiorano, R. Golouh, A. Carbone,
B.  Brown, M.  Suurkula, G. Langman, L. Mazzucchelli, S. Braye, P. Grigolato, R.D.
Gelber, M.  Castiglione-Gertsch, K.N. Price, A.S. Coates, A. Goldhirsch, B. Guster-
son,  Re-evaluating adjuvant breast cancer trials: assessing hormone receptor
status by immunohistochemical versus extraction assays, J. Natl. Cancer Inst.
98 (2006) 1571–1581.

15] R.B. Clarke, A. Howell, C.S. Potten, E. Anderson, Dissociation between steroid
receptor expression and cell proliferation in the human breast, Cancer Res. 57
(1997) 4987–4991.

16] J. Russo, X. Ao, C. Grill, I.H. Russo, Pattern of distribution of cells positive for
estrogen receptor alpha and progesterone receptor in relation to proliferating
cells in the mammary gland, Breast Cancer Res. Treat. 53 (1999) 217–227.

17] B.S. Shoker, C. Jarvis, D.R. Sibson, C. Walker, J.P. Sloane, Oestrogen recep-
tor  expression in the normal and pre-cancerous breast, J. Pathol. 188 (1999)
237–244.

18] G. Cheng, Y. Li, Y. Omoto, Y. Wang, T. Berg, M.  Nord, P. Vihko, M.  Warner,
Y.S.  Piao, J.A. Gustafsson, Differential regulation of estrogen receptor (ER)alpha
and ERbeta in primate mammary gland, J. Clin. Endocrinol. Metab. 90 (2005)
435–444.

19] B.S. Shoker, C. Jarvis, R.B. Clarke, E. Anderson, J. Hewlett, M.P. Davies, D.R. Sib-
son, J.P. Sloane, Estrogen receptor-positive proliferating cells in the normal and
precancerous breast, Am. J. Pathol. 155 (1999) 1811–1815.

20] H. Tan, Y. Zhong, Z. Pan, Autocrine regulation of cell proliferation by estro-
gen  receptor-alpha in estrogen receptor-alpha-positive breast cancer cell lines,
BMC  Cancer 9 (2009) 31.

21] J.F. Couse, V.L. Davis, R.B. Hanson, W.N. Jefferson, J.A. McLachlan, B.C. Bullock,
R.R. Newbold, K.S. Korach, Accelerated onset of uterine tumors in transgenic
mice with aberrant expression of the estrogen receptor after neonatal exposure
to  diethylstilbestrol, Mol. Carcinog. 19 (1997) 236–242.

22] M.S. Frech, E.D. Halama, M.T. Tilli, B. Singh, E.J. Gunther, L.A. Chodosh, J.A.
Flaws, P.A. Furth, Deregulated estrogen receptor alpha expression in mam-
mary epithelial cells of transgenic mice results in the development of ductal
carcinoma in situ, Cancer Res. 65 (2005) 681–685.

23] M.T. Tilli, M.S. Frech, M.E. Steed, K.S. Hruska, M.D. Johnson, J.A. Flaws, P.A.
Furth, Introduction of estrogen receptor-alpha into the tTA/TAg conditional
mouse model precipitates the development of estrogen-responsive mammary
adenocarcinoma, Am.  J. Pathol. 163 (2003) 1713–1719.

24] C. Forster, S. Makela, A. Warri, S. Kietz, D. Becker, K. Hultenby, M.  Warner,
J.A. Gustafsson, Involvement of estrogen receptor beta in terminal differen-
tiation of mammary gland epithelium, Proc. Natl. Acad. Sci. U.S.A. 99 (2002)
15578–15583.

25] J.H. Krege, J.B. Hodgin, J.F. Couse, E. Enmark, M.  Warner, J.F. Mahler, M.  Sar, K.S.
Korach, J.A. Gustafsson, O. Smithies, Generation and reproductive phenotypes
of  mice lacking estrogen receptor beta, Proc. Natl. Acad. Sci. U.S.A. 95 (1998)
15677–15682.

26] I. Girault, C. Andrieu, S. Tozlu, F. Spyratos, I. Bieche, R. Lidereau, Altered expres-
sion pattern of alternatively spliced estrogen receptor beta transcripts in breast
carcinoma, Cancer Lett. 215 (2004) 101–112.

27] P. Roger, M.E. Sahla, S. Makela, J.A. Gustafsson, P. Baldet, H. Rochefort, Decreased
expression of estrogen receptor beta protein in proliferative preinvasive mam-
mary tumors, Cancer Res. 61 (2001) 2537–2541.

28] A.M. Shaaban, P.A. O’Neill, M.P. Davies, R. Sibson, C.R. West, P.H. Smith, C.S. Fos-
ter,  Declining estrogen receptor-beta expression defines malignant progression
of  human breast neoplasia, Am.  J. Surg. Pathol. 27 (2003) 1502–1512.

29] S.D. Berry, P.M. Jobst, S.E. Ellis, R.D. Howard, A.V. Capuco, R.M. Akers, Mammary
epithelial proliferation and estrogen receptor alpha expression in prepubertal
heifers: effects of ovariectomy and growth hormone, J. Dairy Sci. 86 (2003)
2098–2105.

30] G. Cheng, Z. Weihua, M.  Warner, J.A. Gustafsson, Estrogen receptors ER alpha
and  ER beta in proliferation in the rodent mammary gland, Proc. Natl. Acad. Sci.
U.S.A. 101 (2004) 3739–3746.

31] A. Kariagina, J. Xie, J.R. Leipprandt, S.Z. Haslam, Amphiregulin mediates estro-
gen,  progesterone, and EGFR signaling in the normal rat mammary gland and in
hormone-dependent rat mammary cancers, Horm. Cancer 1 (2010) 229–244.

32] O.D. Slayden, R.M. Brenner, Hormonal regulation and localization of estrogen,
progestin and androgen receptors in the endometrium of nonhuman primates:
effects of progesterone receptor antagonists, Arch. Histol. Cytol. 67 (2004)
393–409.

33] L.J. Hofseth, A.M. Raafat, J.R. Osuch, D.R. Pathak, C.A. Slomski, S.Z. Haslam,
Hormone replacement therapy with estrogen or estrogen plus medroxypro-
gesterone acetate is associated with increased epithelial proliferation in
the normal postmenopausal breast, J. Clin. Endocrinol. Metab. 84 (1999)
4559–4565.

34] D. Hanahan, R.A. Weinberg, The hallmarks of cancer, Cell 100 (2000) 57–70.
35]  Z.Z. Pan, A.K. Godwin, ONCOGENES, in: R.A. Meyers (Ed.), Encyclopedia of

Molecular Cell Biology and Molecular Medicine, Wiley-VCH Verlag GmbH &
Co, KgaA, Weinheim, 2005, pp. 435–495.

36] H.A. Harris, J.A. Katzenellenbogen, B.S. Katzenellenbogen, Characterization of
the biological roles of the estrogen receptors ERalpha and ERbeta, in estro-
gen target tissues in vivo through the use of an ERalpha-selective ligand,
Endocrinology 143 (2002) 4172–4177.
37] K.W. Sinkevicius, J.E. Burdette, K. Woloszyn, S.C. Hewitt, K. Hamilton, S.L.
Sugg, K.A. Temple, F.E. Wondisford, K.S. Korach, T.K. Woodruff, G.L. Greene,
An estrogen receptor-alpha knock-in mutation provides evidence of ligand-
independent signaling and allows modulation of ligand-induced pathways in
vivo, Endocrinology 149 (2008) 2970–2979.



emist

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
tor signaling: identification and mechanisms of action, Chem. Res. Toxicol. 24
X. Song, Z.Z. Pan / Journal of Steroid Bioch

38]  J.Q. Chen, P.A. Russo, C. Cooke, I.H. Russo, J. Russo, ERbeta shifts from mitochon-
dria to nucleus during estrogen-induced neoplastic transformation of human
breast epithelial cells and is involved in estrogen-induced synthesis of mito-
chondrial respiratory chain proteins, Biochim. Biophys. Acta 1773 (2007)
1732–1746.

39] J. Hartman, K. Lindberg, A. Morani, J. Inzunza, A. Strom, J.A. Gustafsson, Estro-
gen receptor beta inhibits angiogenesis and growth of T47D breast cancer
xenografts, Cancer Res. 66 (2006) 11207–11213.

40] L.A. Helguero, M.H. Faulds, J.A. Gustafsson, L.A. Haldosen, Estrogen receptors
alfa (ERalpha) and beta (ERbeta) differentially regulate proliferation and apo-
ptosis of the normal murine mammary epithelial cell line HC11, Oncogene 24
(2005) 6605–6616.

41] G. Lazennec, D. Bresson, A. Lucas, C. Chauveau, F. Vignon, ER beta inhibits
proliferation and invasion of breast cancer cells, Endocrinology 142 (2001)
4120–4130.

42] S. Paruthiyil, H. Parmar, V. Kerekatte, G.R. Cunha, G.L. Firestone, D.C. Leit-
man, Estrogen receptor beta inhibits human breast cancer cell proliferation
and  tumor formation by causing a G2 cell cycle arrest, Cancer Res. 64 (2004)
423–428.

43] A.M. Sotoca, H. van den Berg, J. Vervoort, P. van der Saag, A. Strom, J.A. Gustafs-
son, I. Rietjens, A.J. Murk, Influence of cellular ERalpha/ERbeta ratio on the
ERalpha-agonist induced proliferation of human T47D breast cancer cells, Tox-
icol.  Sci. 105 (2008) 303–311.

44] A. Strom, J. Hartman, J.S. Foster, S. Kietz, J. Wimalasena, J.A. Gustafsson, Estrogen
receptor beta inhibits 17beta-estradiol-stimulated proliferation of the breast
cancer cell line T47D, Proc. Natl. Acad. Sci. U.S.A. 101 (2004) 1566–1571.

45]  O. Treeck, I. Juhasz-Boess, C. Lattrich, F. Horn, R. Goerse, O. Ortmann, Effects of
exon-deleted estrogen receptor beta transcript variants on growth, apoptosis
and gene expression of human breast cancer cell lines, Breast Cancer Res. Treat.
110 (2008) 507–520.

46] O. Treeck, C. Lattrich, A. Springwald, O. Ortmann, Estrogen receptor beta exerts
growth-inhibitory effects on human mammary epithelial cells, Breast Cancer
Res.  Treat. 120 (2009) 557–565.

47] B.J. Deroo, A.V. Buensuceso, Minireview estrogen receptor-beta: mechanistic
insights from recent studies, Mol. Endocrinol. 24 (2010) 1703–1714.

48] M. Warner, J.A. Gustafsson, The role of estrogen receptor beta (ERbeta) in malig-
nant diseases—a new potential target for antiproliferative drugs in prevention
and treatment of cancer, Biochem. Biophys. Res. Commun. 396 (2010) 63–66.

49] M.M. Liu, C. Albanese, C.M. Anderson, K. Hilty, P. Webb, R.M. Uht, R.H. Price,
R.G. Pestell Jr., P.J. Kushner, Opposing action of estrogen receptors alpha and
beta on cyclin D1 gene expression, J. Biol. Chem. 277 (2002) 24353–24360.

50] K. Paech, P. Webb, G.G. Kuiper, S. Nilsson, J. Gustafsson, P.J. Kushner, T.S. Scanlan,
Differential ligand activation of estrogen receptors ERalpha and ERbeta at AP1
sites, Science 277 (1997) 1508–1510.

51] J.M. Hall, D.P. McDonnell, The estrogen receptor beta-isoform (ERbeta) of
the human estrogen receptor modulates ERalpha transcriptional activity and
is  a key regulator of the cellular response to estrogens and antiestrogens,
Endocrinology 140 (1999) 5566–5578.

52] J. Matthews, J.A. Gustafsson, Estrogen signaling: a subtle balance between ER
alpha and ER beta, Mol. Interv. 3 (2003) 281–292.

53] H.A. Harris, The unexpected science of estrogen receptor-beta selective ago-
nists: a new class of anti-inflammatory agents? Nucl. Recept. Signal 4 (2006)
e012.

54] S. Paruthiyil, A. Cvoro, X. Zhao, Z. Wu,  Y. Sui, R.E. Staub, S. Baggett, C.B. Her-
ber, C. Griffin, M.  Tagliaferri, H.A. Harris, I. Cohen, L.F. Bjeldanes, T.P. Speed,
F. Schaufele, D.C. Leitman, Drug and cell type-specific regulation of genes with
different classes of estrogen receptor beta-selective agonists, PLoS One 4 (2009)
e6271.

55] F. Minutolo, M.  Macchia, B.S. Katzenellenbogen, J.A. Katzenellenbogen, Estrogen
receptor beta ligands: recent advances and biomedical applications, Med. Res.

Rev. 31 (2011) 364–442.

56] J.S. Crabtree, X. Zhang, B.J. Peano, Z. Zhang, R.C. Winneker, H.A. Harris, Devel-
opment of a mouse model of mammary gland versus uterus tissue selectivity
using estrogen- and progesterone-regulated gene markers, J. Steroid Biochem.
Mol. Biol. 101 (2006) 11–21.

[

ry & Molecular Biology 130 (2012) 26– 35 35

57] H.A. Harris, L.M. Albert, Y. Leathurby, M.S. Malamas, R.E. Mewshaw, C.P. Miller,
Y.P. Kharode, J. Marzolf, B.S. Komm, R.C. Winneker, D.E. Frail, R.A. Henderson,
Y.  Zhu, J.C. Keith Jr., Evaluation of an estrogen receptor-beta agonist in animal
models of human disease, Endocrinology 144 (2003) 4241–4249.

58] M.J. Meyers, J. Sun, K.E. Carlson, G.A. Marriner, B.S. Katzenellenbogen,
J.A.  Katzenellenbogen, Estrogen receptor-beta potency-selective ligands:
structure–activity relationship studies of diarylpropionitriles and their acety-
lene and polar analogues, J. Med. Chem. 44 (2001) 4230–4251.

59] S.R. Stauffer, C.J. Coletta, R. Tedesco, G. Nishiguchi, K. Carlson, J.
Sun,  B.S. Katzenellenbogen, J.A. Katzenellenbogen, Pyrazole ligands:
structure–affinity/activity relationships and estrogen receptor-alpha-selective
agonists, J. Med. Chem. 43 (2000) 4934–4947.

60] J.E. Sanchez-Criado, J. Martin De Las Mulas, C. Bellido, M.  Tena-Sempere, R.
Aguilar, A. Blanco, Biological role of pituitary estrogen receptors ERalpha and
ERbeta on progesterone receptor expression and action and on gonadotropin
and prolactin secretion in the rat, Neuroendocrinology 79 (2004) 247–258.

61] C. Engdahl, C. Jochems, S.H. Windahl, A.E. Borjesson, C. Ohlsson, H.  Carlsten, M.K.
Lagerquist, Amelioration of collagen-induced arthritis and immune-associated
bone loss through signaling via estrogen receptor alpha, and not estrogen
receptor beta or G protein-coupled receptor 30, Arthritis Rheum. 62 (2010)
524–533.

62] J. Frasor, D.H. Barnett, J.M. Danes, R. Hess, A.F. Parlow, B.S. Katzenellenbogen,
Response-specific and ligand dose-dependent modulation of estrogen recep-
tor (ER) alpha activity by ERbeta in the uterus, Endocrinology 144 (2003)
3159–3166.

63] G.G. Kuiper, J.G. Lemmen, B. Carlsson, J.C. Corton, S.H. Safe, P.T. van der
Saag,  B. van der Burg, J.A. Gustafsson, Interaction of estrogenic chemicals
and  phytoestrogens with estrogen receptor beta, Endocrinology 139 (1998)
4252–4263.

64] J. Li, R.W. McMurray, Effects of estrogen receptor subtype-selective agonists on
immune functions in ovariectomized mice, Int. Immunopharmacol. 6 (2006)
1413–1423.

65] A. Bliedtner, O. Zierau, S. Albrecht, S. Liebhaber, G.  Vollmer, Effects of
genistein and estrogen receptor subtype-specific agonists in ArKO mice fol-
lowing different administration routes, Mol. Cell Endocrinol. 314 (2010)
41–52.

66] J. Bowe, X.F. Li, J. Kinsey-Jones, A. Heyerick, S. Brain, S. Milligan, K. O’Byrne,
The hop phytoestrogen 8-prenylnaringenin, reverses the ovariectomy-induced
rise  in skin temperature in an animal model of menopausal hot flushes, J.
Endocrinol. 191 (2006) 399–405.

67] I. Nikolic, D. Liu, J.A. Bell, J. Collins, C. Steenbergen, E. Murphy, Treatment with an
estrogen receptor-beta-selective agonist is cardioprotective, J. Mol. Cell Cardiol.
42  (2007) 769–780.

68] L. Ciarloni, S. Mallepell, C. Brisken, Amphiregulin is an essential mediator of
estrogen receptor alpha function in mammary gland development, Proc. Natl.
Acad. Sci. U.S.A. 104 (2007) 5455–5460.

69] I.N. Wegorzewska, K. Walters, M.J. Weiser, D.F. Cruthirds, E. Ewell, D.O. Larco,
R.J.  Handa, T.J. Wu,  Postovariectomy weight gain in female rats is reversed by
estrogen receptor alpha agonist, propylpyrazoletriol, Am.  J. Obstet. Gynecol.
199 (2008), 67, e61–65.

70] R.B. Clarke, Steroid receptors and proliferation in the human breast, Steroids
68 (2003) 789–794.

71] F. de Waard, J.H. Thijssen, Hormonal aspects in the causation of human breast
cancer: epidemiological hypotheses reviewed, with special reference to nutri-
tional status and first pregnancy, J. Steroid Biochem. Mol. Biol. 97 (2005)
451–458.

72] I.H. Russo, J. Russo, Role of hormones in mammary cancer initiation and pro-
gression, J. Mammary Gland Biol. Neoplasia 3 (1998) 49–61.

73] E.K. Shanle, W.  Xu, Endocrine disrupting chemicals targeting estrogen recep-
(2011) 6–19.
74] V.C. Jordan, A.M. Brodie, Development and evolution of therapies targeted

to  the estrogen receptor for the treatment and prevention of breast cancer,
Steroids 72 (2007) 7–25.


	Estrogen receptor-beta agonist diarylpropionitrile counteracts the estrogenic activity of estrogen receptor-alpha agonist ...
	1 Introduction
	2 Methods
	2.1 Animals
	2.2 Immunofluorescent (IF) and immunohistochemical (IHC) staining
	2.3 RNA isolation and quantitative real-time PCR assay
	2.4 Statistical analysis

	3 Results
	3.1 Expression of ERα and ERβ in the mammary gland and uterine endometrium of OVX rats
	3.2 DPN counteracts the proliferative effect of PPT in the mammary gland
	3.3 Inhibition of PPT induced amphiregulin expression by DPN in the mammary gland
	3.4 DPN does not inhibit the estrogenic activity of PPT in the uterus
	3.5 The estrogenic activity of PPT in the uterus is opposed by progesterone and the opposing function of progesterone in t...
	3.6 The inhibitory function of DPN in mammary cell proliferation remains effective when used together with PPT and progest...

	4 Discussion
	5 Conclusions
	Acknowledgements
	References


