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Analysis of the effects of oestrogen receptor a
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combination to ovariectomized rats
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Background and purpose: Studies with oestrogen receptora (ERa)- and ERb-selective compounds have already shown that
the effects of 17b-estradiol (E2) on body weight, movement drive and bone-protection are mediated via ERa. This study was
based on the hypothesis that activation of ERb may antagonize ERa-mediated effects and designed to investigate potential
effects of ERa/ERb heterodimers.
Experimental approach: Ovariectomized (OVX) female Wistar rats were treated with combinations of the ERa-specific agonist
16a-LE2 (ALPHA; 1 and 10mg kg�1 d�1), the ERb-specific agonist 8b-VE2 (BETA; 100 mg kg�1 d�1), the phytoestrogen, genistein
(10 mg kg�1 d�1) and with the anti-oestrogen compound, ICI 182,780 (3 mg kg�1 d�1) for three weeks. The combined effects
of the substances on body weight increase, tibial bone mineral density (BMD) and the influence on running wheel activity
(RWA) were investigated.
Key results: OVX-induced body weight increase was reduced by co-administration of genistein and BETA. Co-application of
BETA or genistein with ALPHA had no effect on ALPHA-mediated bone-protection. The RWA of OVX animals was significantly
reduced by treatment with genistein but stimulated by application of ALPHA. The stimulatory effect of ALPHA on RWA could be
antagonized by co-treatment with the pure antioestrogen ICI 182,780 but also by co-administration of genistein or BETA.
Conclusions and implications: Our results indicate that activation of ERb may modulate ERa-mediated physiological effects
in vivo. The observation that substances with selective affinity for ERb are able to antagonize distinct physiological functions,
like RWA, may be of great relevance to the pharmaceutical use of such drugs.
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Introduction

As the cloning of a second oestrogen receptor (ER) in the rat

prostate in 1996 led to the description of ERb (Kuiper et al.,

1996), ER signalling has become much more multifaceted

and complex (Gustafsson, 2000, 2003; Koehler et al., 2005).

Even though oestrogens bind with similar affinity to ERa and

ERb (Kuiper et al., 1998), the ligand-binding domains of

these two transcription factors differ significantly from each

other (Kuiper et al., 1997).

Unlike 17b-estradiol (E2), several synthetic ER ligands,

such as tamoxifen, raloxifene or other selective oestrogen

receptor modulators, exhibit a distinct binding affinity to

ERa and ERb (Plouffe, 2000; Gluck and Maricic, 2003;

Albertazzi and Sharma, 2005). It has been suggested that

the molecular mechanisms involved in the tissue-selective

action of these substances include ER subtype-specific effects

(Diel, 2002; Ohmichi et al., 2005). Moreover, the effects of

some phytoestrogens, compounds of plant origin with

affinity to the ER, are also proposed to be mediated via ER

subtype specific mechanisms (Fitzpatrick, 2003).

In this context, the phytoestrogen genistein is supposed

to act as an ERb-selective partial agonist that binds to the

ligand-binding domain of both ER isoforms with moderate

affinity (Kuiper et al., 1997; Barkhem et al., 1998), but

preferentially to ERb and in a manner similar to E2 (Pike
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et al., 1999). These differences in binding affinities suggest

that phytoestrogens, such as genistein and coumestrol, may

selectively trigger ERb-mediated transcriptional pathways

(Fitzpatrick, 2003). Both phytoestrogens influence many

physiological processes in various oestrogen-sensitive tissues.

Nevertheless, it has to be kept in mind that phytoestrogens,

such as genistein, may also exert endocrine functions via

multiple other mechanisms, besides its preferential ERb-

binding activity (Davis et al., 1999; Cassidy, 2003).

Oestrogens have been shown to influence running wheel

activity (RWA) (Hertrampf et al., 2006) and anxiety beha-

viour (Walf and Frye, 2005) in ovariectomized (OVX) rats.

Oestrogenic effects in the brain are multifaceted, including

long-term ‘genomic’ effects via intracellular ER-induced

changes in gene expression and rapid ‘non-genomic’ effects

mediated by interactions of ERs with different signalling

cascades in the cytoplasm (Belcher and Zsarnovszky, 2001;

Deroo and Korach, 2006). Moreover, the widespread expres-

sion pattern of ERs in different compartments of the brain,

the incidence of postmenopausal depression and hot flushes,

and the fact that the RWA of rats can be significantly reduced

by OVX and strongly enhanced by treatment of OVX

animals with E2 (Hertrampf et al., 2006) are indicators of

the diversity of oestrogenic actions in the CNS (Belcher and

Zsarnovszky, 2001). Signalling via ERa and ERb seems to be

important in certain compartments of the brain, such as the

medial preoptic area (mPOA) (Ogawa et al., 2003; Tanaka

et al., 2003) and hippocampus (Walf and Frye, 2007). Studies

with oestrogen receptor knockout mice and those performed

with ER subtype-specific agonists consistently demonstrate

that stimulation of RWA by E2 is the result of ERa-specific

signalling (Ogawa et al., 2003; Hertrampf et al., 2007).

In the context of different menopausal symptoms and

postmenopausal disorders, information on the tissue-specific

action of oestrogens and phytoestrogens associated with ER

subtype-specific signalling is very limited. Added to the data

generated by the analysis of estrogen receptor knockout mice

animals, the identification of isotype-selective ER ligands

provides an alternative tool to study the biological role of

ERa and ERb.

The novel, highly selective steroidal ERb-specific agonist

8b-VE2 (BETA) and the highly selective ERa-specific agonist

16a-LE2 (ALPHA) (Hegele-Hartung et al., 2004; Hillisch et al.,

2004; Pelzer et al., 2005) (Figure 1) belong to the most potent

and isotype selective oestrogens identified so far. Using these

compounds, we recently demonstrated that the effects of E2

on body weight, movement drive and protection of bone

mineral density (BMD) are mediated via ERa, whereas

activation of ERb has only a limited effect (Hertrampf et al.,

2007).

Based upon the theory that ERb may act as a modulator of

the function of ERa (Weihua et al., 2003; Gustafsson, 2006)

and in order to further investigate mechanisms of ER

subtype-specific signaling, in this study, the effects of

combinations of ALPHA, BETA and genistein have been

studied. OVX rats were treated with E2, the phytoestrogen

genistein, and ALPHA and BETA. To analyse agonistic and/or

antagonistic effects of ER-specific signaling, an additional

animal experiment was conducted, where effects of com-

bined treatments of OVX rats with Alpha plus genistein,

ALPHA plus BETA and BETA plus genistein were analysed.

Vehicle-treated OVX rats and animals co-treated with ALPHA

and the anti-oestrogen compound, ICI 182,780, served

as controls. Besides voluntary RWA, other well-described

oestrogen-responsive endocrine parameters, such as tibial

BMD and the increase of body weight, were quantified.

Uterine wet weights served as a reference for the oestrogeni-

city of the compounds.

Methods

Animals

All animal procedures were approved by the Committee on

Animal Care and complied with accepted veterinary medical

practice.

Adult female Wistar rats (200–220 g) were obtained from

Janvier (Janvier, Le Genest St Isle, France) and were

maintained under controlled conditions of temperature

(20 1C±1, relative humidity 50–80%) and illumination

(12 h light, 12 h dark). All rats had free access to a diet low

in phytoestrogen content (ILD) (SSniff GmbH, Soest,

Germany) and water.

Animal treatment and tissue preparation

Post-pubertal animals were OVX at the age of 3 months and

weighed 200–220 g. After 14 days of endogenous hormonal

decline, the animals were treated with the test compounds or

vehicle for 3 weeks. The animals were randomly allocated to

treatment and vehicle groups (n¼6). E2 (4mg kg�1 day�1),

genistein (10 mg kg�1 day�1), ALPHA1 (1mg kg�1 day�1),

ALPHA10 (10mg kg�1 day�1), BETA (100mg kg�1 day�1) and ICI

182,780 (3 mg kg�1 day�1) were dissolved in dimethylsulph-

oxide (200 ml kg�1 day�1) and corn oil (800 ml kg�1 day�1) for

s.c. administration. The treatment doses of the respective

substances were chosen based on previous experiments.

Genistein has been demonstrated to be effective at a dose of

10 mg kg�1 day�1 (Diel et al., 2004; Hertrampf et al., 2005).

For isotype-specific ER activation, we used the selective

ER-agonists ALPHA and BETA (Figure 1). Because these

ERα agonist:
16α–LE2
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8β–VE2
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Figure 1 ER selective agonists. Chemical structures of the specific
ER agonists: 16a-LE2 (ALPHA), 8b-VE2 (BETA).
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compounds activate both receptors at higher concentrations

(Hegele-Hartung et al., 2004), doses of 10 mg kg�1 day�1

(ALPHA) and 100 mg kg�1 day�1 (BETA) were chosen. For

these doses, action through either ERa or ERb, respectively,

can be anticipated (Hegele-Hartung et al., 2004; Hillisch

et al., 2004). To analyse agonistic and/or antagonistic effects,

the concentration of the highly selective and potent ALPHA

was reduced to 1mg kg�1 day�1 when combined with genis-

tein or BETA, whereas the concentrations of genistein and

BETA were the same for single or combined administration.

Animals were killed by decapitation after light anaesthesia

with CO2 inhalation. Uteri were prepared free of fat and the

wet weights were determined.

Determination of RWA

Animals had free access to running wheels that were kept in

all cages during the 3-week period. Animals were placed in

separate cages with individual admission to an appropriate

running wheel. A computer connected to the wheel recorded

the individual RWA of each animal for 21 days by counting

the running wheel rotations and converting them into

running distance. Because of the limited number of running

wheels and based on previous studies (Hertrampf et al.,

2007), where BETA and genistein had no stimulating

influence on RWA, the BETAþGEN-treated animals had no

access to running wheels. Thus, only combined effects of

co-treatment of BETA and genistein on body weight increase

and BMD were examined.

Determination of BMD

The right tibiae were snap frozen in liquid nitrogen. BMD

was measured by peripheral quantitative computed tomo-

graphy (XCT Research SAþ , StraTec Medizintechnik,

Pforzheim, Germany). Trabecular density (measured by

density mode, ROI (region of interest) at 7.5% of bone

length), cortical density (ROI at 50% of bone length) and

total density (ROI at 7.5 and 50% of bone length) of the

tibiae were measured at the end of the study after 3 weeks of

treatment.

Statistical analysis

All data are expressed as arithmetic means±s.e.mean.

Statistical significance of differences was calculated using

one-way ANOVA with a following Tukey’s HSD (honestly

significant difference) test, where it was appropriate. Statis-

tical tests were used for comparisons between every two

groups and evaluated using Po0.05.

Materials

17b-Estradiol (Estra-1,3,5(10)-trien-3,16a,17 b-diol), and

genistein (40,5,7-trihydroxyisoflavone) were provided by Sigma-

Aldrich (Deisenhofen, Germany). The specific ER agonists

ALPHA (16a-LE2, 3,17-dihydroxy-19-nor-17a-pregna-1,3,5

(10)-triene-21,16a-lactone) and BETA (8b-VE2, 8-vinylestra-

1,3,5 (10)-triene-3,17b-diol) (Figure 1) were provided by

Bayer Schering Pharma AG (Berlin, Germany) and the pure

anti-oestrogen compound, Faslodex (ICI 182,780), was

provided by AstraZeneca (Wedel, Germany).

Results

The effects of of E2, genistein, ALPHA and BETA, each given

alone, on uterine weight, body weight and trabecular BMD,

were as expected (Hillisch et al., 2004; Hertrampf et al.,

2007). Treatment of OVX rats with E2 led to a strong

stimulation of uterine wet weights, whereas application of

genistein resulted only in a small, although significant,

increase (Figure 2). Application of ALPHA increased uterine

wet weights in a dose-dependent manner, whereas BETA-

treated animals showed no significant uterus stimulation.

The stimulation of uterine wet weights by ALPHA could be

antagonized by ICI 182,780 and was not influenced by

co-treatment with genistein or BETA (Figure 2), which

underlines previous findings showing that the induction of

the uterine wet weight by E2 is mediated via ERa-specific

signalling.

Apart from other disturbances, postmenopausal symptoms

also include increase in fat mass that is thought to be

correlated with a reduced output of ovarian steroids

(Sorensen et al., 2001; Chen et al., 2005). In this context,

OVX-induced body weight gain in rats can be antagonized

by substitution of E2 (Hertrampf et al., 2006), an ERa-

mediated effect (Hertrampf et al., 2007). In this study, the

ERa-mediated reduction in body weight gain after OVX was

not influenced by co-application of genistein or BETA

(Figure 3). Interestingly and in contrast to the effects of

separate treatment with genistein and BETA, co-treatment

with these compounds led to a reduction of OVX-induced

body weight gain (Figure 3).

According to earlier studies from our laboratory

(Hertrampf et al., 2007), E2, ALPHA and genistein have been
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Figure 2 Uterine wet weights after 3 weeks of treatment; data
shown are means±s.e.mean. OVX rats were given daily s.c.
injections of E2 (4 mg kg�1), genistein (10 mg kg�1), ALPHA1
(1mg kg�1), ALPHA10 (10mg kg�1), BETA (100mg kg�1) or ICI
182,780 (3 mg kg�1), alone or in combinations as shown. Other
experimental conditions and treatment procedures are given in
Materials and methods. Mean values were significantly different for
the following comparisons: * vs estradiol substituted group (E2),
Po0.05; þ vs OVX group; Po0.05, ANOVA, n¼6. OVX,
ovariectomized.

Effects of ERa- and ERb-selective ligands
T Hertrampf et al1434

British Journal of Pharmacology (2008) 153 1432–1437



shown to induce bone-protective effects in OVX rats, which

is a suitable model for postmenopausal bone loss (Kalu,

1991). Co-administration of genistein and BETA had neither

additive nor antagonistic effects on the protective effect of

ALPHA on BMD (Figure 4).

Running wheel activity of OVX rats could be significantly

elevated by application of E2 or ALPHA but not by treatment

with BETA (Figure 5). Surprisingly and in contrast to ALPHA

and E2, treatment of OVX animals with genistein led to a

significant reduction of RWA (Figure 5). The stimulation of

RWA by ALPHA could be antagonized by ICI 182,780,

demonstrating that the oestrogenic influence on this para-

meter is also mediated by ERa (Figure 5). Interestingly, the

elevation of RWA of OVX rats induced by treatment with

ALPHA was prevented by co-treatment with either genistein

or BETA (Figure 5).

Discussion

Apart from those groups receiving combined treatments,

the data collected with E2, genistein, ALPHA and BETA on

uterine wet weight, body weight and trabecular BMD were as

expected (Hillisch et al., 2004; Hertrampf et al., 2007).

The novel finding of the present study is that co-treatment

with genistein or BETA can antagonize the ERa-mediated

stimulation of RWA in a manner similar to the anti-

oestrogen ICI 182,780 (Figure 5). In contrast, the ERa-

mediated influence on uterine wet weights, BMD and body

weight gain in OVX rats could only be antagonized by ICI

182,780 but not by co-treatment with genistein or BETA.

Based on the fact that both ER subtypes play essential roles

in many different areas of the mammalian brain such as

mPOA, suprachiasmatic nucleus, hippocampus and hypo-

thalamus (Yokosuka et al., 1997; Scott et al., 2000; Perez et al.,

2003; Tanaka et al., 2003; Fatehi and Fatehi-Hassanabad,

2007; Walf and Frye, 2007) and taking into considera-

tion that oestrogens are known to increase RWA of rodents

primarily by acting on the mPOA (Ogawa et al., 2003), the

effects on RWA seen in this study may possibly be also

the result of oestrogenic signalling in this compartment of

the brain. This assumption is supported by the fact that both

ER subtypes are expressed in the mPOA (Ogawa et al., 2003;

Tanaka et al., 2003) and by the observation that the effect of

E2 on RWA in OVX mice can be antagonized by co-treatment

with coumestrol (Garey et al., 2001). This phytoestrogen has

a two- to sevenfold preferential binding affinity for ERb over

ERa (Kuiper et al., 1997, 1998) and displays a preference

for transactivation of ERb over ERa (Mueller et al., 2004).

However, it has to be taken into consideration that

coumestrol is the most potent phytoestrogen on ERa as well

(Mueller et al., 2004), which may be of great importance in

tissues that express high quantities of ERa, such as ovary,

mammary gland and uterus (Kuiper et al., 1997).

Moreover, studies with ERb-KO mice (Rocha et al., 2005)

and those performed with OVX rats treated centrally with

selective oestrogen receptor modulators, with higher affinity

++ + ++
+

trabecular density

100
150
200
250
300
350
400
450

OVX E 2

ALP
HA

10

ALP
HA 1

BETA
GEN

ALP
HA 1

0+
IC

I

BETA+I
CI

ALP
HA 1

+B
ETA

ALP
HA

1+
GEN

BETA+G
EN

B
M

D
 in

 m
g

 c
m

-3

Figure 4 Trabecular BMD (region of interest was at 7.5% of tibia
length); data shown are means±s.e.mean. OVX rats were given
daily s.c. injections of E2 (4 mg kg�1), genistein (10 mg kg�1), ALPHA1
(1 mg kg�1), ALPHA10 (10 mg kg�1), BETA (100mg kg�1) or ICI
182,780 (3 mg kg�1), alone or in combinations as shown. Other
experimental conditions and treatment procedures are given in
Materials and methods. þ denotes values significantly different from
OVX group; Po0.05; ANOVA, n¼6. BMD, bone mineral density;
OVX, ovariectomized.
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Figure 5 Running wheel activity. Average running distance in
kilometers, completed by each treatment group after 3 weeks;
data shown are means±s.e.mean. OVX rats were given daily
s.c. injections of E2 (4mg kg�1), genistein (10 mg kg�1), ALPHA 1
(1mg kg�1), ALPHA10 (10mg kg�1), BETA (100mg kg�1) or ICI
182,780 (3 mg kg�1), alone or in combinations as shown. Other
experimental conditions and treatment procedures are given in
Materials and methods. Mean values were significantly different for
the following comparisons: þ vs OVX group Po0.05; * vs ALPHA 1
treated group, Po0.05; ANOVA, n¼6. OVX, ovariectomized.
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Figure 3 Increase in body weight (g) after 3 weeks of treatment;
data shown are means±s.e.mean. OVX rats were given daily s.c.
injections of E2 (4 mg kg�1), genistein (10 mg kg�1), ALPHA 1
(1 mg kg�1), ALPHA10 (10 mg kg�1), BETA (100mg kg�1) or ICI
182,780 (3 mg kg�1), alone or in combinations as shown. Other
experimental conditions and treatment procedures are given in
Materials and methods. Mean values were significantly different for
the following comparisons: þ vs OVX group, Po0.05; * vs ALPHA 1
treated group; Po0.05; ANOVA, n¼6. OVX, ovariectomized.
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to ERb (Walf and Frye, 2007), suggest that E2-induced anti-

anxiety and anti-depression effects are mediated through

central activation of ERb and are not influenced by ERa-

specific signalling. Thus, the antagonistic influence of BETA

and genistein is also potentially the result of antagonistic

ERb-specific signalling in the brain. In addition, this result

could be taken as an indication for genistein, ALPHA and

BETA to be able to pass the blood brain barrier. In this

context, Patisaul et al. (2002) were able to show that

genistein exerts anti-oestrogenic properties in the brain by

affecting ERb- but not ERa-dependent gene expression in the

hypothalamus.

On the other hand, it remains questionable why the

induction of RWA by ERa was also antagonized by ICI

182,780, a substance thought to be unable to cross the

blood–brain barrier (Wade et al., 1993; Clark et al., 2003). This

fact therefore challenges the supposition that the observed

antagonistic effects of BETA and genistein occur in the CNS,

because ICI 182,780 is only effective for assessing the

peripheral actions of ER agonists (Wade et al., 1993; Howell

et al., 2000). Peripheral administration of low dosages of ICI

182,780 has shown to be ineffective in the mPOA (Wade et al.,

1993). Thus, it remains questionable whether the observed

effects of ALPHA, BETA and genistein on RWA are central or

peripheral oestrogenic actions. In consideration of the

relatively high dosage of 3 mgkg�1 day�1 used in this study,

future studies should evaluate if ICI 182,780 is able to cross the

blood–brain barrier after administration of higher dosages.

Taken together, our data agree with other studies in which

ERb-selective agonists and ERb subtype-selective phytoestro-

gens such as genistein mediate anti-oestrogenic as well as

oestrogenic effects via ERb (Patisaul et al., 2002; Walf et al.,

2004). In hypothalamic neurons and in those of the mPOA,

the activation of ERb results in anti-oestrogenic effects

(Patisaul et al., 2002), whereas ERb-specific signalling in the

hippocampus leads to reduced depression and anxiety levels,

classed as oestrogenic actions (Walf et al., 2004; Walf and

Frye, 2007). Our observation that ERb-selective agonists can

antagonize the ERa-mediated stimulation of RWA demon-

strate that activation of ERb functionally antagonizes ERa-

specific signalling in vivo. Because RWA has been described to

be an indication for oestrogenic signalling in the mPOA of

the brain (Ogawa et al., 2003), our observation can also be

taken as an indication that genistein and ERb-selective

agonists may be suitable substances for the prevention and

treatment of postmenopausal depression through agonistic

activity in the hippocampus via ERb. Initially, future

investigations have to prove whether the observed effects

in this study are central or peripheral actions of ALPHA,

BETA, genistein and ICI 182,780.

In conclusion, these observations provide evidence that

combinations of ERb- and ERa-specific agonists and genis-

tein differ in their activity compared to E2. Further, these

results show that their combined effects vary depending on

the biological system investigated.
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