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Abstract

Many compounds of plant origin with the ability to bind to the estrogen receptor have been identified in the last decades.
One of the most extensively used in vivo assays to characterise the estrogenic potency of these phytoestrogens and
mechanisms of their action is the rodent uterotrophic assay. Various protocols exist for this test system, using immature,
hypophysectomized, or ovariectomized rats and mice and oral or subcutaneous administration of the test compound.
However, just monitoring the ability of a compound to stimulate uterine growth is not sufficient to characterize its
estrogenicity. Over the last decades, an increasing number of estrogen sensitive tissues has been identified. Moreover, ¢
variety of different molecular mechanisms have been discovered for the action of estrogens, including non-genomic actions.
Therefore, an in vivo test design for estrogenicity should include an analysis of several estrogen sensitive parameters in
different estrogen sensitive tissues. To distinguish between agonistic and antagonistic properties of a substance, combinations
of the test compound with estrogens and antiestrogens should be analyzed. A reasonable supplement to this enhancec
uterotrophic assay are selected estrogen sensitive tumor models, which can be used to test for potential chemopreventive
properties of phytoestrogens.
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1. Introduction

Over the last decades, a variety of plants chemi-
cals have been identified which bind to the estrogen
receptor and may induce many mechanisms of
estrogen action [1]. The most potent of these
phytoestrogens are the isoflavonoids, diphenolic
compounds detected in the bean subfamily of
Leguminosidae. Even though the potency of most of
these natural estrogens is low compared to endogen-
ous or synthetic steroid estrogens likeBigstradiol
or ethinylestradiol, significant quantities of these
nonsteroidal estrogens are detectable in human urine
[2]. Epidemiological data suggest that the consump-
tion of phytoestrogens may have beneficial effects
like protection against breast and prostate cancer
[3,4]. On the other hand, there is the possibility that
these compounds may act as endocrine disrupters
which could affect the endocrine system and may
cause developmental [5,6] and reproductive distur-
bances [6,7]. For this reason there is a need to
characterize the hormonal potency of natural com-
pounds with the ability to bind to the estrogen
receptor. A variety of sophisticated in vitro test

2. Physiology and molecular mechanisms of
estrogen action

According to the classical definition, estrogens are
steroid hormones with important functions for the
regulation of specific sexual processes in the female
organism. Therefore, the highest amounts of estrogen
receptors (ER) are found in tissues with reproductive
functions. These estrogen target organs are the

mammary gland, the ovaries, the vagina and the

uterus. In these tissues estradiol stimulates the cell
proliferation and the biosynthesis of the progesterone

receptor (PR) [8]. Estrogens also act in the male
organism. ER can be detected in the prostate and is
believed to have an important function during the
development of this organ [9]. In addition, there is
knowledge about the action of estrogens in other,
non-classical target tissues like the brain, the bone,
the cardiovascular system, the kidney, the immune
system and the liver (Table 1). Estrogen deficiency
seems to be involved in many pathologic processes
like arteriosclerosis [10], osteoporosis [11], the loss

of cognitive abilities [12] and degenerative processes

systems have been developed in the last decades tGr e 1
determine the estrogenic potency of synthetic com- Estrogen sensitive tissues and cells

pounds. These systems are also suitable to detect angt, .. targets
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in the central nervous system [13], whereas elevated
estrogen levels are believed to support the develop-
ment and promotion of tumors [14].

The classical concept of the action of steroid

hormone receptors was established by Jensen in 1968

[15,16]. The protein structure of steroid hormone
receptors, their biochemical properties and the
molecular mechanisms of their action have been
intensively characterized during the last 25 years. In
the classical concept, the ER is rapidly transferred to
the nucleus [17], where it is stored in an inactive but
primed state until a proper stimulus is received. The
priming step is accomplished by the association of
the ER with a variety of heat shock proteins,
including hsp 90 and hsp 56 [18]. This complex of
the ER and heat shock proteins rapidly dissociates
after binding to a hormone. However, it has to be
mentioned that the mechanism of activation, long
believed to be hormone-dependent, is in question due
to the observation that ER-mediated activity can be
induced by signal transduction pathways. Growth
factors like epidermal growth factor (EGF) and other
members of cAMP-mediated signal transduction
pathways are able to activate the ER without binding

to a hormone. These mechanisms are defined as
so-called cross talk mechanisms [19]. After activa-

tion, protein—protein interactions between ER mono-

mers occur to form homodimers. These ER dimers
are required for high affinity DNA-binding [20]. The
receptor interacts via specific DNA-binding domains
with ER binding sides, the estrogen receptor respon-
sive elements (EREs), in the promotor region of
sensitive genes; this binding leads to the initiation of
transcription [21]. The organisation in functional
domains like the DNA-binding domain, the hor-
mone-binding domain and the transactivation do-
mains has been demonstrated to be highly conserved

[22,23]. The recent progress in steroid hormone
research made it necessary to modify the classical

concept of steroid hormone action in many aspects
(Fig. 1). One of the most important findings, which

is believed to be of utmost significance for the
understanding of estrogen action, was the discovery
of a second type of ER, the so-callgd dyR
Gustafsson and coworkers in 1996 [24]. Some
compounds of plant origin, like the isoflavone genis-
tein, have been demonstrated to bind with higher
affinity to this type of receptor than t® [2B)].

Fig. 1. Mechanisms of estrogen receptor activation.
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There are speculations that the tissue distribution of
ER B and the interaction with ER may be relevant
for the regulation of cell proliferation [26] and also
for distinct physiological functions, especially in
non-classical target tissues like the vascular system
[27]. An other important finding was the discovery
of so-called co-activators [28] and co-repressors
[29], which are involved in the initiation and regula-
tion of gene transcription by the ER. Such co-
activators are believed to determine the agonistic and
antagonistic properties of compounds and to be
responsible for the tissue specific action of so-called
selective estrogen receptor modulators (SERMS) like
tamoxifen or raloxifene. Besides these very spectacu-
lar findings it is known that the action of steroid
hormone receptors on the initiation of transcription
of sensitive genes can be modulated by a number of
additional factors. In general, it seems that the term
estrogenicity has to be defined today in a much more
complex manner than 25 years ago. This fact has to
be taken into account when we test for the estrogenic
activity of a compound.

3. The rodent uterotrophic assay: a classical in
vivo test system for the determination of
estrogenicity

One of the most extensively used in vivo assays
for estrogenicity is the rodent uterotrophic assay in
which the ability of chemicals to stimulate uterine
growth is determined [30,31]. There are various
protocols for this assay, using immature, hypohysec-
tomized, or ovariectomized rats and mice, and oral or
subcutaneous administration of the test compound
[32,33]. In a typical uterotrophic assay, either imma-
ture female rats (21-22 days old) or ovariectomized
adult female rats (6—8 weeks old) are treated for 3
days orally or subcutaneously with the test chemi-
cals. On day 4, the animals are sacrificed and the
absolute uterus weights are determined. In some
cases, the duration of treatment is shorter or extend-
ed up to 14 or even 28 days. The choice of the
animal species is probably not a critical protocol
variable, as evidenced by a similar sensitivity of rats
and mice to a variety of different chemicals [34].
However, in many cases rats are favored over mice
for reason of laboratory practice. The question
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whether immature animals are superior to adult
ovariectomized animals cannot be clearly answered.
Recently it has been demonstrated for distinct com-
pounds that immature animals are more sensitive
than ovariectomized animals [35]. Another major
advantage of juvenile animals is their easy handling.
Therefore the uterotrophic assay with juvenile ani-
mals is commonly used in toxicologic investigations.
The design of the uterotrophic assay is also suitable
for investigating potential antiestrogenic properties
of test chemicals. In such a test design, the ability of
test chemicals to reduce or abolish the uterotrophic
response to estradiol is determined [36].

3.1. Limits of the rodent uterotrophic assay

Doubts whether the classical uterotrophic assay is
suitable in all cases to identify chemicals with
estrogenic properties have been raised with the
development and the pharmacological characteriza-
tion of drugs like raloxifene, which proved to be a
tissue-selective estrogen agonist. Raloxifene coun-
teracts estrogen effects in the breast while acting like
an estrogen in the bone, but it does not promote
excess growth of uterine tissue [37,38]. The observa-
tion that raloxifene is a systemic ER agonist but is
devoid of activity in the uterine tissue has important
implications for the rodent uterotrophic assay as a
primary screen for estrogenic activity. It is very
likely that some phytoestrogens may also possess
properties of selective ER modulators (SERMS). For
example, it has been shown very recently that
genistein exerts properties very similar to raloxifene
[39,40]. This fact has to be considered when the
uterotrophic assay is used for the identification and
the pharmacological characterisation of chemicals.

3.2. The enhanced uterotrophic assay

The sensitivity of the uterotrophic assay and its
scientific significance can be enhanced dramatically
if an analysis of estrogen sensitive endpoints in the
uterus and other estrogen sensitive target tissues is
included [41]. Such an enhanced uterotrophic assay

should combine the analysis of morphological, his-
tological, biochemical and molecular endpoints (Fig.
2). Important target tissues should include the uterus,
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Fig. 2. Principle of the enhanced uterotrophic assay.

the vagina, the mammary gland, the liver, the bone,
the cardiovascular system and the brain.

3.2.1. Quitable endpoints for estrogenicity

There are various morphological, histological,
biochemical and molecular endpoints in the men-
tioned target tissues suitable to analyze the es-
trogenic properties of a test substance. Often organ
weights and the tissue composition are investigated.
Morphological parameters which are frequently ana-
lyzed are the uterine dry and wet weight, the number
of glands in the uterus, the tissue composition of the
uterus (epithelium, myometrium and stroma), the
weight and the cornification of the vagina, the
vaginal opening, the branching of the ducts in the
mammary gland, the trabecular structure in the bone,
and, for toxicological reasons, the weight of the
liver. Among commonly used histological endpoints
are the height of the uterine (Fig. 3) and vaginal
epithelium (Fig. 4). Great pharmacological and
pathological importance has been given to the uterine
epithelium as an endpoint. It has been demonstrated
that the ability of a substance to stimulate the height
of the uterine epithelium is correlated with an
enhanced risk to promote the development of endo-
metrium carcinoma [42]. This has been demonstrated

for the first time for the partial agonist tamoxifen, a
substance widely used in the therapy of breast

cancer. The vaginal epithelium has been demon-
strated to be a very sensitive endpoint for es-

trogenicity. In many cases the vaginal epithelium
responds at doses at which no stimulation of the
uterus is detectable at all [41]. In the mammary
gland, suitable parameters for estrogenicity are the
expression and regulation of the progesterone re-
ceptor (PR) which has been demonstrated to be a
sensitive estrogen regulated gene [43]. An analysis
of the PR expression can be performed either by the
determination of the receptor content in this tissue by
biochemical methods like receptor binding [43], by
immunohistochemistry [44] or by an analysis of the
PR mRNA expression [41]. The same techniques can
also be used in the uterus were an analysis of the PR
expression and determination of its localisation can
supplement the endpoints described earlier. Another
very suitable endpoint for estrogenicity is cell prolif-
eration. Estrogens are known to act as mitogens and
stimulate cell proliferation, especially in breast and
uterine tissues. This ability is believed to correlate
with the promotion of tumor development in these
tissues. Suitable techniques to detect and quantify
proliferation are either cell cycle analysis by flow
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Fig. 3. Analysis of the uterine epithelium height following genistein treatment of ovariectomized DA/Han rats. Rats were treated orally for
3 days with ethinylestradiol (EE) or genistein (GEN). Dosage for EE is givamgifkg per day, whereas doses for GEN represent mg/kg

per day. Shown are uterine morphology (A) and semiquantitative evaluation of uterine epithelium height by morphometry (B). * means
significant against control grou=0.05, Mann—-WhitneyJ-test. For experimental details see Ref. [77].

cytometry or immunohistochemical analysis of pro-
liferation markers like Ki67 or PCNA [45]. In the
liver, estrogens influence the synthesis of a variety of
factors. Estrogens are believed to protect the car-
diovascular system. It has been demonstrated that
estrogen administration lowers the serum cholesterol
concentration and the serum composition of high-
and low-density lipoproteins [46]. In addition, there
are some genes which are known to be estrogen-
regulated in the liver and can be included in such
investigations [47]. In the vascular system it has
been further demonstrated that the gene expression in
the vessels [48] and the blood flow [49] are modu-
lated by estrogens. In the bone, important markers

for estrogen action are the bone density and the
expression of specific genes. It is important to point
out that analysis of estrogenic effects on bone
density needs a modification of the classical design
of the uterotrophic assay. An extension of the
treatment period is necessary [50]. A suitable gene
involved in the estrogen-dependent molecular mech-
anisms of bone remodelling is the IL6 receptor [51].
Analysis of the action of estrogens in the brain is
very difficult. Indirect parameters for estrogen action
in the brain, which are comparatively easy to
monitor and provide information in regard to the
ability of a test substance to cross the blood—brain
barrier, are the analysis of the modulation of gonado-
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Fig. 4. Analysis of the vaginal epithelium height and cornification following genistein treatment of ovariectomized DA/Han rats. Rats were
treated orally for 3 days with ethinylestradiol (EE) or genistein (GEN). Dosage for EE is giveg/ikg per day, whereas doses for GEN
represent mg/kg per day. Shown are vaginal morphology (A) and semiquantitative evaluation of vaginal epithelium height by morphometry
(B). * means significant against control grodps=0.05, Mann—-WhitneyJ-test. For experimental details see Ref. [77].

tropin and prolactin secretion [52,53]. This can be volves the activation of a large pattern of estrogen
monitored by analysis of the prolactin levels in the sensitive genes. Analysis of the tissue specific pat-
serum and/or by a direct analysis of prolactin tern of expressed genes offers the opportunity to
secretion in the hypothalamus by immunohistochem- guantify the estrogenic potency of a substance and in
istry. Table 2 provides a survey of tissue specific parallel to elucidate molecular mechanisms of its
estrogenic endpoints. action. In contrast to in vitro test systems like
reporter gene assays, where the expression of artifi-

3.2.2. The gene expression fingerprint, a powerful cial gene constructs in an artificial environment is
and sensitive tool for the analysis of tissue specific analyzed, endogenous estrogen sensitive genes are
estrogenic action imbedded in their native environment [54]. The

The analysis of the regulation of endogenous genes are integrated in the genome, in their natural
estrogen sensitive genes is one of the most valid copy number at the appropriate position on the
procedures to characterize the estrogenicity of a chromosome. They possess complete promotors and

substance in vivo. The response to estrogens in- they are imbedded in the complex regulatory ma-
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Table 2
Suitable endpoints for estrogenicity

B 777 (2002) 191-202

Tissue Morphological endpoints Histological endpoints Molecular and biochemical endpoints
Uterus « Uterine wet and dry weight « Uterine epithelium » Gene expression: C3, Clusterin, PR
« Uterine glands * Localisation and expression of PR and ER

Mammary gland

Vascular system

Vagina » Opening of the vagina « Cornification
* Weight of the vagina * Vaginal
Liver * Weight of the liver -
Brain - -
Bone - * Trabecular structure

* Branching of the ducts

* Cell proliferation

» Gene expression: PR
» Expression of PR and ER
* Cell proliferation

* Gene expression: PR, ER
* HDL-LDL
* Blood volume flow

* Gene expression: PR
epithelium

* HDL-LDL
* Cholesterol
» Gene expression: IGFBP1

» Gonadotropin and prolactin secretion

* Bone density
» Gene expression: IL6 receptor

chinery of the cell. The analysis of the expression of
endogenous genes in different types of organotypic
cell lines offers the possibility to recognize organ
selective effects of substances [41,55]. A disadvan-
tage of this method is the tedious experimental

procedure necessary to perform such an assay.

However, if methods like quantitative polymerase
chain reaction (PCR) are used [41,55], it is possible
to standardize the test systems. An example for a
PCR-based gene expression fingerprint of estrogen
sensitive genes is given in Fig. 5. A highly sophisti-
cated form of the gene expression fingerprint is the
gene array technology [56]. Using cDNA arrays, the
activity of a large number of genes can be analyzed
in one experiment, which is a very helpful tool in
toxicological and mechanistic studies of estrogens.

4, Tumor models

Tumor models are mainly used to test for potential
chemopreventive properties of phytoestrogens. Sev-

eral experimental approaches have been described

which can be subdivided into three categories: (1)
models of spontaneous carcinogenesis; (2) chemical

carcinogen-induced tumor models; and (3) tumor
models by xenotransplantation of tumor cells.

4.1. Spontaneous carcinogenesis

For prostate and endometrial carcinogenesis, ani-
mal models are available with a high incidence of
spontaneous tumors of the respective organs. Male
Lobund—Wistar rats spontaneously develop metas-

tasizing adenocarcinoma in the anterior prostate
seminal vesicle complex with an incidence of ap-
proximately 30%. Carcinogenesis of these tumors
could be prevented by feeding animals a soy-protein/
isoflavone diet [57,58]. Two rat strains have been
described as potential models for the carcinogenesis
of the endometrium. Female DA/Han rats die from
endometrial adenocarcinoma with an incidence rate
>60% if bred to their natural life end [59], and
female BDII/Han rats with an incidence rate90%
[60]. Although it has been clearly shown by ovariec-
tomy of juvenile animals [60] or by hormonal
treatment [61] that these tumors exhibit an estrogen-
dependent growth characteristic, they have nevel
been used in studies investigating the preventive
activities of phytoestrogens.
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Fig. 5. Example for a gene expression fingerprint. Analysis of uterine clusterin (CLU), androgen receptor (AR), estrogen receptor (ER),
progesterone receptor (PR), GAPDH and C3 mRNA expression after treatment with daidzein (DAI, 500 mg/kg pepd®BpT (DDT,

500 mg/kg per day)p-tert.-octylphenol (OCT, 200 mg/kg per day), bisphenol A (BPA, 200 mg/kg per day) and ethinylestradiol (EE, 100
ng/kg per day). Analysis by semiquantitative PCR. O¥d&variectomized vehicle-treated animal. For each treatment group, the pooled
RNA of six uteri was analyzed. cDNA synthesis and semiquantive PCR analysis was performed independently four times. The results are
shown as meahSD. The mRNA expression of the ovariectomized vehicle-treated animal group was defined as 1. Statistical significant
differences P=0.05) of the mRMA expression from the ovariectomized vehicle-treated animal group are indicated by *. For experimental
details see Ref. [41].

4.2. Chemical carcinogen-induced tumor models to genistein during pregnancy induced susceptibility
of the offspring to DMBA-induced mammary car-

Two animal models to test for tumor promoting or cinogenesis [66].

tumor preventing activities of phytoestrogens in the
mammary gland have been described. Following
exposure to 7,12-dimethylbenz(a)anthracene
(DMBA) or nitrosomethylurea (NMU), Sprague—
Dawley rats develop chemically induced mammary
carcinomas. These models have preferentially been
used for chemoprevention studies. Genistein, a po-
tent isoflavone, has been described as a chemop-
reventive agent for breast cancer in the DMBA-
induced tumor model. It had been shown in a series
of studies that treatment with genistein during
perinatal, neonatal, or prepubertal periods prevents
breast cancer [62—65]. In contrast, maternal exposure

Results described for NMU-induced mammary
carcinoma are conflicting. Inhibition of tumorigen-
esis by soybean isoflavones has been observed in one

study [67], whereas another study reported a trend

towards inhibition using a similar approach [68]. A
third study in this NMU-induced mammary tumor
model, investigating effects of perinatal exposure to
genistein alone, concludes that genistein is an endo.

crine disrupter and increases the multiplicity of

NMU-induced mammary carcinoma in rats [69].

A similar model has been described for the
prostate. Biweekly treatment of inbred F344 rats
with a combination dJfdi&thyl-4-amino-
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biphenyl (DMAB) and testosterone propionate for 20
weeks induces prostate carcinogenesis.
studies with mixtures of genistein and daidzein

suggested that these isoflavones have the potential to

prevent carcinogenesis of the prostate [70].
4.3. Xenotransplantation of tumor cells
Some tumor cell lines, if xenotransplanted to

either immunodeficient nude mice or rats or to
syngeneic animals, have the property to grow tumors

at the ectopic site and eventually metastasize through

blood or lymphogenic pathways. In connection with
studies on potential chemopreventive effects of

phytoestrogens, this approach has been used as an

experimental model for breast, prostate and endo-
metrial tumors.

Following xenotransplantation of LNCaP prostate
adenocarcinoma cells into nude mice, delayed tumor
growth in combination with increased apoptosis rates
could be demonstrated for diets containing either low
fat and soy protein with isoflavones [71] or combina-
tions of rye bran and soy protein [72].

Contradictory results have been obtained in pre-
vention studies following xenotransplantation of
estrogen-sensitive  MCF-7 or estrogen-insensitive
MDA-MB mammary carcinoma cells into nude mice.
Whereas all these studies report growth inhibition of
cultured MCF-7 breast cancer cells by genistein, the
studies come to totally different conclusions for

xenotransplanted breast cancer cells. Genistein has

been described to induce maturation of both es-
trogen-sensitive MCF-7 and estrogen-insensitive
MDA-MB-468 cells following xenotransplantation

into nude mice, thereby preventing tumor growth
[73]. This suggests that the differentiation-inducing
effect of genistein is independent of its estrogenic/

Feeding

DMBA-induced mammary carcinogenesis.

be xenotransplanted into corresponding syngeneic
animals and give rise to either prostate-like car-
cinoma or endometrial adenocarcinoma at the ectopic
site. Whereas genistein inhibited the growth and
metastasis of transplantable rat accessory sex gland

carcinoma [76], no effect on the growth of xeno-

transplanted RUCA-I cells could be detected [77],

although the same model dramatically responded by
growth inhibition to the treatment with the pure

antiestrogen ICI 182,780 [78].
In summary, there are different in vivo models
available to study potential effects of phytoestrogens

on carcinogenesis and on growth of hormone-depen-

dent tumors. Application of these models in chemop-

revention studies lead to partly contradictory results.
Isoflavones appear to protect against prostate and
Con-
versely, effects of the same substances on either
NMU-induced mammary carcinoma or already
initiated tumors of the breast and the endometrium
are either not detectable (endometrial carcinogenesis)
or are contradictory (NMU-induced tumors or xeno-

transplanted MCF-7 cells). In general, there exists an

urgent need for tumor models to study the antitumor

effects of phytoestrogens. However, since it is

difficult to establish new models and since the

existing models produce conflicting data, there is

also the need for experimental efforts which aim to
stringently enhance the power of existing experimen-

tal models and their applicability in investigations on

phytoestrogens. From the experiences made with
normal tissues, it is proposed to examine tumors not
only for their growth properties but also for their

gene expression pattern and ultimately establish gene

expression fingerprints.

antiestrogenic properties. Santell et al. [74] reported 5. Conclusion

no significant response of the growth of xenotrans-
planted MDA-MB-231 cells to treatment with genis-
tein. A third study even reported a dose-dependent
growth stimulation of xenotransplanted MCF-7 cells
by genistein [75].

Finally, from tumors of two inbred rat strains,
from accessory sex gland tumors of male Lobund—
Wistar rats and from endometrial adenocarcinoma of
female DA/Han rats, the K1 cell line and RUCA-I

cell line have been established. These cell lines can

During the last years, international agencies like
the Organisation for Economic Cooperation and
Development have validated the rodent uterotrophic

assay with the aim to screen compounds for es-
trogenic activity [79]. The main focus of these

investigations was to develop standard test systems
for risk assessment and the identification of endo-

crine disruptors. Many helpful informations regard-

ing the experimental conditions (influence of the
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