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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. There is evidence that the consumption of some of
these phytoestrogens may have beneficial effects but it also
seems possible that others may act as endocrine disrupters. For
this reason there is a need to characterise the estrogenic po-
tency of these substances. In vitro test systems offer the possi-
bility to screen compounds very efficiently. Routinely in use
and widespread for the determination of estrogenicity are: (1)
receptor binding assays, (Il) cell-proliferation assays (E-
screens), () reporter gene assays, and (IV) the analysis of the
regulation of endogenous estrogen sensitive genes in cell lines.
The basis of all these test systems are molecular mechanisms
which are involved in the classical estrogen action. In addition,
in the last years several test systems for the investigation of
non-classical estrogenic effects have been established. An ex-
ample for such an effect is the modulation of the expression of
interleukin-6, a cytokine that appears to be a key molecule in
the osteoporotic process, by estrogens. Summarising the ad-
vantages and the issues of all presented in vitro test systems, it
seems to be evident that only the analysis of results obtained in
a combination of several in vitro test systems may validly pre-
dict effcts in vivo.

Key words: Estrogens, phytoestrogens, interleukin-6, reporter
gene assay, MCF-7 cell, E-screen.

Abbreviations:
ER: estrogen receptor
ERE: estrogen responsive element

NFxB: nuclear factor kappa b

Kp: dissociation constant

MTT:  3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide

PCR: polymerase chain reaction

IL-6: interleukin 6

IL-1:  interleukin 1

BrdU: 5-bromo-2-deoxyuracil
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Introduction

In the last decades in more than 300 different plants (1)
chemicals have been identified which bind to the estrogen
receptor and may induce many mechanisms of estrogen
action. The most potent of these naturally occurring estro-
gens, also called phytoestrogens, are the isoflavonoids, diphe-
nolic chemicals detected in the bean subfamily of Legumino-
sae. Even if the potency of the most of these natural estrogens
is low compared to endogenous or synthetic estrogens like
17B-estradiol or ethinylestradiol, significant quantities of
these non-steroidal estrogens are detectable in human urine
(2). Epidemiologic data suggest that on the one hand the
consumption of these environmental estrogens may have
beneficial effects like protection for 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 develop-
mental (5, 6) and reproductive disturbances (7, 8). For this
reason there is a need to characterise the hormonal potency
of natural compounds with the ability to bind to the estrogen
receptor. A lot of animal and in vitro test systems have been
developed in the last decades to determine the estrogenic
potency of synthetic compounds. These systems are also
suitable to detect and quantify estrogenicity of natural
products. In this review a survey of some of the in vitro test
systems which are most commonly used in drug development
these days will be given. Finally the possibilities of these
systems, their issues and limitations will also be displayed.

Physiology of Estrogen Action

In the classical definition estrogens are steroid hormones
with important functions regulating sexual specific processes
in the female organism. Therefore, the highest amounts of
estrogen receptors (ER) are found in the target tissues with
reproductive functions. These 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 (9). In the male organism ER can
be detected in the epididymis and the prostate. In addition,
there is knowledge about the action of estrogens in other, not
classical target tissues like the brain, the bone, the cardiovas-
cular system, the kidney, the immune system and the liver
(Table 1). Estrogen deficiency seem to be involved in many
pathologic processes like arteriosclerosis (10), osteoporosis

197

Dieses Dokument wurde zum personlichen Gebrauch heruntergeladen. Vervielfaltigung nur mit Zustimmung des Verlages.



198 Planta Med. 65 (1999)

Table 1 Estrogen

Classical targets sensitive tissues

Non-classical targets

Osteoblastic cells
Glia cells
Schwann cells

and cells.

e Ovary e Kidney
e Vagina e Islets of Langerhans
e Uterus e Liver
e Mammary gland e Bone
e Adrenal gland e Cardiovascular system
e Prostate e Macrophages
e Pituitary gland e Thymocytes
e Hypothalamus e Lymphoid cells
e Leydig cells e Endothelial cells

[ ]

[ ]

[ ]

(11) and degenerative processes in the CNS (12), whereas
elevated estrogen levels are believed to support the develop-
ment and promotion of tumors (13).

Molecular Mechanisms of Estrogen Action

The molecular mechanisms of estrogen action are the basis
for the development of in vitro test systems. Therefore, a short
survey about these mechanisms should be given here. The
classical concept of the action of steroid hormone receptors
was established by Jensen in 1968 (14, 15). The protein
structure of steroid hormone receptors, their biochemical
properties and the molecular mechanisms of their action have
been intensively characterised in the last 25 years. Therefore,
the classical concept has to be modified in many aspects
(Fig.1). After cytoplasmatic translation of the ER it is rapidly
transfered to the nucleus (16), where it is stored in an inactive
but primed state until a proper stimulus is received. The
priming step is accomplished by association of the estrogen
receptor with a variety of heat shock proteins, including hsp
90 and hsp 56 (17). This complex of the estrogen receptor and
heat shock proteins rapidly dissociates after binding to a
hormone. Here, 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
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cAMP mediated signal transduction pathways are able to
activate estrogen receptors without binding to a hormone.
These mechanisms are defined as so-called cross talk mecha-
nisms (18). After the activation protein-protein interactions
between ER monomers to form homodimers occur. These
dimers of ER have been reported to be required for high
affinity DNA-binding (19). The receptor interacts via specific
DNA-binding domains with ER binding sides, the estrogen
receptor responsive elements (EREs) in the promotor region
of sensitive genes. This binding leads to an initiation of
transcription: initiating the hormonal effect (20). The organi-
sation in functional domains like the DNA-binding domain,
the hormone binding domain and the transactivation do-
mains has been demonstrated to be highly conserved (21, 22).
Today it is known that the action of steroid hormone
receptors on the initiation of the transcription of sensitive
genes can be modulated by a number of parameters. Relevant
mechanisms are: the release of the ER from the priming
complex (18, 22, 23), the translocation of the ER in the
nucleus (24), dimerisation of the ER (25), interaction of the ER
with the transcription machinery (26, 27), chromatin/ER
interactions (28), phosphorylation of the ER (29, 30), inter-
action of the ER with other transcription factors (31), cross
talk with other signal transduction pathways (32), and
mechanisms of deactivation and the recycling of the ER (33).
Recent results in steroid hormone research like the observa-
tion of a tissue specific action of estrogens could only be
explained if these complex molecular mechanisms are con-
sidered. In addition, there is increasing evidence that estro-
gens can act via a so-called non-transcriptional signaling
pathway without involvement of the ER and transcriptional
processes. An example is the action of estrogen on the
excitability of nerve cells (34). In general, it seems that the
term estrogenicity has to be defined in a much more complex
manner as it was 25 years ago. This fact has to be considered
if we discuss the validation and the suitability of a test system
to predict the real estrogenicity of a substance.

In Vitro Test Systems for the Prediction of Estrogenicity

The most commonly used in vitro test systems for the
prediction of estrogenicity are mainly suitable for the detec-
tion of classical estrogen mediated effects. Routinely in use

Fig.1 Mechanisms of estrogen receptor
activation.
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and widespread are: (I) receptor binding assays, test systems
where the binding affinity of a compound to the estrogen
receptor is determined; (II) cell-proliferation assays (E-
screens), in this type of assay the proliferation stimulating
potency of a substance is studied in an estrogen dependent
cell line. This kind of assay is intensively used these days for
the characterisation of natural substances. (II[) Reporter gene
assays, in this model the ability of a substance to activate the
transcription of an estrogen sensitive promotor is analysed.
Such assays are performed either in mammalian cell lines or
yeasts. (IV) The analysis of the regulation of endogenous
estrogen sensitive genes in cell lines (Table 2). Beside these test
systems there are a lot of other possibilities to predict the
estrogenicity of substances especially in regard to mechanis-
tic aspects. For example, gel shift assays are used to inves-
tigate the ability of a receptor-ligand complex to bind to the
DNA. In addition, in the last years several test systems have
been established which offer the possibility to investigate the
potency of a substance to induce non-classical estrogenic
effects, for example on the bone or in the cardiovascular
system. An example for such test systems will be given at the
end of this review. There are also test systems available in
which estrogen-like effects can be measured which are not
mediated via the ER.

Table 2 In vitro test systems for the detection of estrogenicity.

e Receptor binding assay
Analysis of the binding affinity of a substance to the estrogen
receptor

o E-screen
Analysis of the ability of a substance to stimulate growth of
estrogen sensitive cells

® Reporter gene assay
Analysis of the ability of a substance to stimulate the transcription
of a reporter gene construct in cell culture

e Analysis of gene expression
Analysis of the ability of a substance to induce the mRNA
expression of estrogen sensitive genes in cell culture

The Receptor Binding Assay

The determination of the binding affinity of a ligand to its
receptor is a classical concept of the pharmacological charac-
terisation of a substance. These assays are part of the standard
analysis in drug finding programs in many companies and can
be performed by laboratory robots in the high throughput
drug screen. The principle of the assay (35) is the determi-
nation of the binding affinity of a compound to a receptor:
The dissociation constant Kp, is defined as the concentration
of the ligand where half of the available binding sides are
saturated by the ligand (Fig.2). For this reason the Kj is an
indication for the binding affinity of a substance to the
receptor. To perform a receptor binding assay in a first step a
cytosolic extract from ER-rich tissue, normally the uterus, is
prepared. A suitable volume of this extract is incubated with
radioactive labelled hormones (36) and substances. In order
to measure the affinity of a non-radioactive ligand, the test
substance, the inhibition of the binding of the radioactive
ligand is measured in a competition test. Some representative
binding curves and the resulting Kps of three substances are
shown in Figure 2. The receptor binding assay is an important

Fig.2 Representative binding curves of three estrogenic substan-
ces in a receptor binding assay. Kj is the dissociation constant (in
M=) at equilibrium, k, is the association rate constant (in M~'
sec™"). Ky is the dissociation rate constant (in sec™'), [H] is the
concentration of free hormone (in M), [R] is the concentration of
free receptor sites.

method to determine the binding affinity of a substance to a
receptor. Nevertheless, the assay does not provide any
information in regard to estrogen activity, since just the
binding to the receptor cannot distinguish between agonistic
and antagonistic actions of a substance. The binding of a
substance with a high binding affinity to the receptor must
not result in its activation. Some compounds can block the
biological activity of the receptor by an inhibition of the
dimerisation or by preventing the binding of the receptor-
dimer to the DNA. These compounds act as antagonists.
Examples for estrogen antagonists are non steroidal anti-
estrogens like tamoxifen, or steroidal compounds like ZM
182780. In this context it should also be appropriate to
consider alternative mechanisms for estrogen action like cross
talk. Therefore, there is the possibility that a substance with
no binding affinity to the ER may activate genes stimulating
estrogen like reactions.

E-Screen

The E-screen is a widely used assay to determine the estro-
genic potency of natural and environmental compounds (37).
In these in vitro test systems the ability of a substance to
stimulate the growth of estrogen dependent cell lines is
measured. Most commonly, estrogen dependent human
breast cancer cell lines like MCF-7 or T47-D are used. To
measure the proliferation of a cell population either the
synthesis of new DNA or changes in the metabolic activity are
determined (38). The direct procedure to analyse cell prolifera-
tion is to measure DNA synthesis. During cell prolifera-
tion the DNA has to be replicated before the cell is divided
into two daughter cells. If labelled DNA precursors are added
to the cell culture, cells that are about to divide incorporate
the labelled nucleotides into their DNA. The amount of
labelled nucleotides incorporated into the cellular DNA is
quantified either by liquid scintillation counting (radiola-
belled nucleotides) or by a quantitative cellular enzyme
immunoassay (BrdU labelled nucleotides). Another alterna-
tive parameter to measure the size of a cell population is to
determine the metabolic activity of viable cells. Microtiter
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Fig.3 Analysis of estrogen dependent MCF-7 cell proliferation (E-
screen). Test for agonism (estradiol) and antagonism (estradiol
[10719 M] and tamoxifen or ZM 182780).

assays which use the tetrazolium salt MTT are widely used to
quantitate cell proliferation and cytotoxicity (39). In viable
cells MTT is reduced to a coloured, water-insoluble formazan
salt. After it is solubilized (10 % SDS, 0.1 M HCl) the formazan
formed can easily and rapidly be quantified in a conventional
ELISA plate reader. A disadvantage of this method is that a
considerable number of substances give positive results in the
E-screen without exerting estrogenic activity. In an E-screen
only one of the characteristics of an estrogenic compound, its
ability to stimulate the growth of hormone-dependent cancer
cells, is detectable. The growth of cancer cells can be
stimulated in a similar way by cytokines, growth factors,
mitogens and nutrients. For this reason the culture conditions
of the cells may have a big influence on the obtained results.
In addition, it has been demonstrated that different MCF-7
stocks may possess wide variations in regard to their sensi-
tivity to estradiol (40). Using an MCF-7 stock with a low
content of estrogen receptor may result in a low sensitivity of
the system. In addition there are differences between differ-
ent MCF-7 stocks in regard to their ability to detect antago-
nism. This has to be considered in regard to the suitability of
this assay to investigate the estrogenicity of a substance. An
example for an E-screen and a special issue of this test system
is given in Figure 3. The compounds tamoxifen and ZM182780
are both able to antagonise the growth stimulation effect of
estradiol in MCF-7 cells. Tamoxifen, a non-steroidal antiestro-
gen, has been used as a treatment for breast cancer for a
quarter of a century. A general problem using tamoxifen as
endocrine therapy is the fact that long-term treatment
produces drug resistance and that the compound has the
potential to induce second malignancies. Specifically, tamoxi-
fen is associated with an increased detection of endometrial
cancer. It is believed that one of the main reasons for these
disadvantages is based on the fact that this compound has
beside its antagonistic also agonistic properties. Tamoxifen is
classified as so-called partial agonist. As shown in Figure 3
tamoxifen is able to inhibit the growth of MCF-7 breast cancer
cells like the pure estrogen antagonist ZM182780 but its
capability to stimulate the growth of MCF-7 cells is very low.
The agonistic properties of tamoxifen are difficult to detect in
MCE-7 cells. Nevertheless, in other cell types this compound
behaves like an agonist and may stimulate gene expression
(see Fig.5), cell proliferation and the growth of the uterus
very efficiently.
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Reporter Gene Assays

In a reporter gene assay the capability of a substance to
activate the transcription of an estrogen-sensitive promotor is
analysed (41). Eukaryotic cells, either mammalian cells or
yeast cells, are transfected with an expression vector encoding
the human estrogen receptor and a reporter gene vector. The
reporter gene vector is composed of an estrogen-sensitive
promotor which is linked to a reporter gene (42). This
reporter gene encodes for a protein with metabolic activity,
which can be easily quantified. The principle mechanism of a
reporter gene assay is shown in Figure 4. In cell lines

Reporter Gene
Product

Fig.4 The functional principle of a reporter gene assay. R =
estrogen receptor, ERE = estrogen responsive element.

expressing an endogenous estrogen receptor, like MCF-7 cells,
the cotransfection with an ER-expression vector may not be
necessary if the endogenous ER receptor content is sufficient
to perform a transactivation assay. In addition to mammalian
cells it is also possible to perform transactivation assays in
yeasts (43). At the end of the 1980's it was observed that ER
work in yeasts analogous to endogenous receptor expressed
in mammalian cells (44). The yeast system possess several
advantages compared to mammalian cells. Yeasts are easy to
culture and in contrast to mammalian cells it is possible to
incubate yeasts with non-purified naturally occurring extracts
from plants or from the environment (45). Since there is no
naturally occurring ER in this species yeast systems are very
useful to analyse molecular mechanisms of transcription
initiation; in consequence the analysis of the ER-induced
transactivation in yeasts is a highly artificial test system. Of
course all transactivation systems, including those which are
performed in mammalian cells are artificial in regard to the
“real world” in the animal or human. The results show a wide
variation, depending on the reporter gene used, promotor and
cell line. Nevertheless, reporter gene assays are very useful
and powerful tools to identify substances which are able to
activate estrogen dependent transcription and to determine
their estrogenic potency. Reporter gene assays are suitable to
characterise the agonistic and antagonistic properties of a
substance (Fig.5). Finally the analysis of a high number of
substances in a short period of time is possible.
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Fig.5 Analysis of the agonistic and ant-
agonistic potency of estrogens (estradiol,
ethinylestradiol) and antiestrogens (tamoxi-
fen and ZM 182780) in two different repor-
ter gene systems. Note the pure antagoni-
stic properties of ZM 182780 in contrast to
the partial agonistic properties of tamoxi-
fen. pvit-tk-cat = cat reporter gene with the
promotor of the vitelogenin gene. pPR-ERE-
tk-cat = cat reporter gene with an synthetic
promoter containing the ERE of the proge-
sterone receptor gene.
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Analysis of the Regulation of Endogenous Genes in Cell
Lines

The analysis of the regulation of endogenous estrogen sensi-
tive genes is one of the most valid procedures to characterise
the estrogenicity of a substance in vitro. Whereas in a reporter
gene assay the expression of artificial gene constructs in an
artificial environment is analysed, endogenous estrogen sen-
sitive genes are imbedded in their native environment (46).
The genes are integrated in the genome, in their natural copy
number at the appropriate position on the chromosome. They
possess complete promotors and they are imbedded in the
complex regulatory machinery of the cell. The analysis of the
expression of endogenous genes in different types of organo-
typic cell lines offers the possibility to recognise organ
selective effects of substances. An example for such an
attempt is demonstrated in Figure 6. A disadvantage of this
method is the tedious experimental procedure, which is
necessary to perform such an assay. However, if modern
molecular biological methods like semiquantitative PCR are
used (47, 48) it is possible to achieve results in a comparable
time and to standardise the test systems. In Figure 7 an
example for a PCR analysis of endogenous gene expression of
estrogen sensitive genes is given (47, 49).

A B

Test Systems for the Prediction of Non-Classical Estrogen
Action

Recently it has been demonstrated that estrogens can act in
many examples via so-called “non-classical” mechanisms
(50). A good example is the regulation of interleukin-6 (IL-6)
a multifunctional cytokine by estradiol. IL-6 is secreted by
osteoblasts and appears to be a key molecule in the osteo-
porotic process (51). Consistent with histomorphometric data
from humans, there is evidence from studies in animal
models suggesting that a critical cellular change caused by
the loss of ovarian, as well as testicular function is an increase
in osteoclastogenesis. This change is apparently mediated by
an increase in the production of the osteoclastogenic cytokine
interleukin-6 by cells of the bone marrow, which follows the
removal of an inhibiting control of estrogens or androgens on
IL-6. The inhibition of IL-6 by estradiol is an important
molecular mechanism which can explain the epidemiologic
data indicating the ability of estrogen replacement therapy to
prevent bone loss in postmenopausal osteoporotic women
(52). To study the regulation of IL-6 expression by an estro-
genic substance offers the possibility to investigate its bone
protective potency. Therefore, several in vitro test systems,
including transactivation tests, have been developed to study

Fig.6 Analysis of endogenous gene ex-
pression in different organotypic cell lines to
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Fig.7 Analysis of the ability of different estrogens to regulate the endogenous gene expression. A. Analysis of the dose dependent
regulation of Insulin-like-growth factor-1 (IGFBP-1), Major acute phase protein (MAP) and Calbindin 9 (CaBP9k) mRNA expression by
tamoxifen and ethinylestradiol in Fe 33 liver cells using northern blot technique (47). B. Analysis of the stimulation of the expression of ER
and PR mRNA by estradiol (E2) tamoxifen (Tam) and ZM 182780 (ZM) in the rat vascular tissue using semiquantitative PCR (49).

the regulation of IL-6 expression (53). In this context special
emphasis should be given to the fact that the inhibition of IL-
6 expression by estradiol is an indirect action via the tran-
scription factor NFxB (54), which involves the ER but not its
interaction with responsive elements on the DNA. The
principle of an IL-6 assay is demonstrated in Figure 8.
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e, . —— S
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Analysis by Elisa or IL-6
reporter gene assay

Fig.8 Analysis of the IL-6 secretion to characterise the potential
bone specific estrogenic action of a substance.

Summary and Conclusions

Today in vitro test systems are very powerful and necessary
tools to identify and characterise the estrogenic potency of
substances. The use of suitable in vitro test systems offers the
possibility to get first clues whether a substance may act like
an estrogen but the limitations of such in vitro systems always
have to be considered. In Table 3 a summary of advantages
and issues of the presented test systems is given. None of the
discussed test systems is able to detect all important proper-
ties of an estrogenic substance. Neither the binding of a
substance to the estrogen receptor nor its ability to stimulate
the growth of MCF-7 cells for itself does mean that the
substance has estrogenic potency. Therefore, there is always
the need to use a suitable panel of different in vitro test
systems to characterise a substance (55). However, it is
necessary to point out that even a combined use of several in
vitro test systems is not able to predict the occurring action of
a substance in the organism. In vivo a substance is exposed to
multiple metabolic transformations and integrated in com-
plex endocrine interactions. In vitro test systems are only
appropriate to indicate if a substance is estrogenic. They are
suitable to identify most promising compounds in drug
finding programs. For the validation of the results of the in
vitro models and the real prediction of the estrogenic potency

Table 3 Advantages and issues of in vitro test systems for the detection of estrogenicity.

Assay Analysis of

Advantage

Issue

Receptor binding Receptor affinity

E-screen Ability to stimulate growth of

hormone dependent cell lines

Easy to perform

Easy to perform and cheap

No distinguishing between agonistic and
antagonistic activity

Only growth stimulating substances are
detectable

Different MCF-7 stocks show a wide varia-
tion in regard to their sensitivity to estradiol

Reporter gene assay

Endogenous gene
expression (MRNA)

Ability to activate transcription
of reporter gene constructs

Ability to stimulate expression
of endogenous genes

Easy to analyse a high amount
of substances

Can be used for the analysis of
non classical estrogenic action
Non artificial

Possibility to study tissue specific

effects

Artificial, results depend on cell line and
used construct

Tedious experimental procedure
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a final analysis in animal models is always necessary. As the
“drug hunters” in compound finding in pharmaceutical
companies put this conclusion in their saying “in vivo veritas”.
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