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1. INTRODUCTION

1.1 ENDOCRINE SYSTEM: description and hormone dynamics
The endocrine system regulates all biological processes in the body from conception through
adulthood into old age, including the development of the brain and nervous system, the
growth and function of the reproductive system, as well as the metabolism and blood sugar
levels. Endocrine systems, also referred to as hormone systems, are found in all mammals,
birds, fish, and many other types of living organisms. The hormones are chemical
messengers created by the body; they transfer information from one set of cells to another to
coordinate the functions of different parts of the body.
Briefly, the endocrine system is made up of:
¾ glands located throughout the body
¾ hormones that are made by the glands and released into the bloodstream or the fluid
surrounding cells
¾ receptors in various organs and tissues that recognize and respond to the hormones
In particular the major glands of the endocrine system are the hypothalamus, pituitary,
thyroid, parathyroids, adrenals, pineal body, and the reproductive organs (ovaries and
testes). The pancreas is also a part of this system and it has a role in hormone production as
well as in digestion.
Steroid hormones are a large class of lipophilic molecules that act on a variety of target
tissues to regulate many physiological functions. Sexual and reproductive development is
closely regulated by androgens, estrogens, and progestins. Estrogens are small, lipophilic
hormones belivied to enter target cells by passive diffusion; they are key regulatory
hormones that affect numerous physiological processes (Barkhem, 2004).
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1.2 ESTROGEN RECEPTORS (ERs)
The predominant biological effects of estrogen are mediated through two intracellular
receptors (ERα and ERβ) that belong to the steroid/nuclear receptor superfamily, one of the
largest protein families known to have more than 70 currently recognized members
(Mangelsdorf, 1995). Nuclear receptors are ligand-inducible transcription factors that
specifically regulate the expression of target genes which are mainly involved in metabolism,
development and reproduction. Their primary function is to mediate the transcriptional
response to hormones in target cells, such as the response to sex steroids (progestins,
estrogens, and androgens), adrenal steroids (glucocorticoids and mineralocorticoids), vitamin
D3 and thyroid and retinoid hormones, in addition to a variety of other metabolic ligands
(McKenna, 1999). In addition to the endogenous hormone 17-beta-estradiol, which is the
natural ligand of ER, the activity of the receptors could be modulated by chemicals present in
the environment and termed xenoestrogens. Although the molecular mechanisms of
xenoestrogens are not well understood, it is clear that many of these chemicals function by
binding ERs and blocking estrogen access. In addition to their potential antagonist activities,
however, xenoestrogens can also induce activating conformational changes in ERs that
enable the receptors to interact with coactivators and to activate target gene transcription
(Jacobs, 2000; Hall, 2002).
Moreover, a large number of different pathological conditions are associated with changes in
the production of estrogen and/or in the cellular response to these stimuli: osteoporosis,
atherosclerosis, cancer in the breast, endometrium and prostate are some examples of
diseases where estrogen receptors may be involved (Enmark, 1999).
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1.2a ESTROGEN RECEPTORS: structure
The members of the steroid/thyroid hormone superfamily of nuclear receptors share a
common structural architecture. They are composed of three independent but interacting
functional domains: the DNA-binding domain, the N-terminal domain and the ligand-binding
domain (Nilsson, 2001). The central highly conserved DNA binding domain (DBD) contains
two zinc finger structures, which plays a role in the receptor dimerization and in the binding of
receptors to specific DNA sequences, termed hormone response elements (HREs), or in the
case of estrogen ligands, estrogen response elements (EREs). The N-terminal domain of
nuclear receptors encodes a ligand-independent activation function (AF1), a region of the
receptor involved in protein-protein interactions and transcriptional activation of target-gene
expression. The COOH-terminal of the receptor includes the ligand binding domain (LBD)
which interacts directly with the hormone and mediates receptor dimerization, nuclear
translocation, and transactivation of target gene expression. The LBD acts as a molecular
switch that recruits co-activator proteins and activates the transcription of target genes when
flipped into the active conformation by hormone binding (Jacobs, 2000; Nilsson, 2001;
Matthews, 2003). The specificity of the ERs binding is determined by the chemistry of the
binding site: aminoacid residues in the binding site interact on a conformational specific basis
with particular chemical groups on the estrogen molecule. 17-beta-estradiol is the natural
estrogen and it best fit for the ER binding, moreover, other molecules which have structural
similarities to 17-beta-estradiol will also fit the site (Nilsson, 2001). Indeed, structural analogy
with 17-beta-estradiol is a good way of predicting estrogenicity of a chemical (Shaw, 2002).
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1.2b ESTROGEN RECEPTORS: mechanism of action
The classical mechanism of ERs action, the ligand mediated one, is similar to that of other
nuclear receptors: in the absence of the hormone the receptor is sequestered within the
nuclei of target cells in an inactive state and each receptor is associated with 'chaperone'
proteins, such as heat shock proteins. The binding of ligand induces an activating
conformational change within the ER and promotes homodimerization, removal of the heat
shock protein complex (Hall, 2001; McDonnell, 2002) and binding to specific DNA estrogen
response elements (EREs), which are cis-acting enhancers located within the regulatory
regions of target genes (Hall, 2002). Therefore, the binding to hormone response element
produces a complex that can trigger or suppress the transcription of a selected set of genes
(Jacobs, 2000; Nilsson, 2001). The simplified steps of this process are represented in
Figure1.

Figure 1: Diagram showing the simplified
mechanism of action of steroid hormone
receptors.
(Image from Jacobs 2001)

Important examples of genes regulated by estrogens are the epidermal growth factor
receptor, certain growth factors such as insulin-like growth factor-I and transforming growth
factor-α/-β and several proto-oncogenes such as c-fos, c-myc, c-jun, cyclin D and cyclin A
(Pettersson, 1997).
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The transcriptional activity of nuclear receptors on target genes are modulated by coactivator and co-repressor proteins, they can be expressed in a cell-specific manner, and the
cellular responses to agonists and antagonists are determined by the relative and absolute
concentrations of these proteins (McKenna, 1999; Barkhem, 2004). Moreover, coactivators,
on the basis of their ability to interact with the ER, stabilize the formation of the pre-initiation
transcription complex and facilitate the necessary disruption of chromatin at the ERE
(McKenna, 1999). For this purpose, a complex of proteins is assembled at target gene
promoters that exhibit potent histone acetyltransferase activity, which covalently modifies
histone proteins and facilitates local decondensation of chromatin (McDonnell, 2002). For
example, one of the primary functions of the coactivator p160 is to recruit other
transcriptional coactivators and the histone acetyltransferases, such as p300, CBP [CREB
(cAMP response element–binding protein) binding protein] and pCAF (p300/CBP-associated
factor), which are ERα-dependent enhancers in target genes (Kamei, 1996).
In addition to hormone-mediated activation, ERs can be modulated by extracellular signals in
the absence of estradiol. Examples are polypeptide growth factors such as epidermal growth
factor (EGF), insulin-like growth factor-1 (IGF-1), AP1 or NFk-B which activate ER and
increase the expression of ER target genes (McKenna, 1999). Although the biological role of
these processes is not yet clear, it is possible that hormone-independent pathways allow ER
activation in the presence of low estrogen levels, as found in males. Alternatively, this
phenomenon may serve as a mechanism to amplify growth factor pathways and thereby
enhance mitogenesis within ER-positive tissues (Hall, 2001).
Increasing evidence suggests also that distinct pools of ERs that localize to the plasma
membrane play important roles in estrogen dependent responses (Basu, 2005). In fact
estradiol induced rapid generation of a number of signaling cascades including cyclic AMP,
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inositol-1,4,5-trisphosphate (IP3), phospholipase C, and members of the MAP kinase family
and it seems that many of these effects are mediated by the activation of signalling cascades
by distinct pools of ERs, which locate to the plasma membrane (Matthews, 2003).

1.2c ESTROGEN RECEPTORS: ERalpha vs. ERbeta
The nuclear estrogen receptor exists in at least 2 subtypes, termed ERα (the first
discovered) and ERβ and each of these is encoded by two separate genes (Nilsson, 2001):
the human ERβ gene has been mapped to band q22-24 of chromosome 14, in contrast to
the ERα gene which has been mapped to the long arm of the chromosome 6 (Enmark,
1997). ERβ is homologous to the earlier identified mammalian ERα, particularly in the DNAbinding domain (95% aminoacid identity) whereas the ligand-binding domain shows 55% of
aminoacid identity (Enmark, 1999) therefore, they can differ for the ligand-binding affinity
(Jacobs, 2000). Furthermore, the ligand-binding cavity of ERβ is significantly smaller than the
ligand-binding cavity of ERα, which may have implications for the selective affinity and
pharmacology of ligands (Barkhem, 2004). Moreover, the two receptor isoforms show quite
significant differences in their N-terminal domains and it is to be expected that the two
receptors might interact with different sets of co-activator or co-repressor proteins
(Gustafsson, 1999). It seems that ERα and ERβ have evolved in parallel, but the biological
significance of the existence of two ER sub-types is not so clear. Perhaps the existence of
two receptors subtypes provides, at least in part, an explanation for the selective actions of
estrogens in different target tissues and also the gender implications due to the differences in
tissue physiology between women and men (Kuiper, 1997; Gustafsson, 1999). Whilst women
have ERα and ERβ in breast, uterine and ovarian tissue, men have ERβ in the prostate and
ERα in the testes, both women and men have ERα in the adrenals, kidneys, but ERβ in the
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brain, thymus, lung, vascular system, bladder and bone (Jacobs, 2000), as shown in Figure

2. Female and male sex hormones can be understood to act as functional antagonists: such
that an excess of estrogenic hormones may depress male development or male functions.
There are also situations in which male and female hormones may act synergistically and, for
example, show effects upon bone density. This complexity is the consequence of the multiple
targets of these hormones within mammals, including target tissues other than the sex
organs, as the tissue distribution of the ERs (Jacobs, 2000).

Figure 2: Schematic diagram showing differences in tissue distribution of the estrogen receptors (Image from
Jacobs 2000).
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As described by Paruthiyil (Paruthiyil, 2004), it seems that ERα mediates the tumor
promoting effects of estrogens and that it is also subject to negative regulation, in part by
ERβ which can act as a repressor of ERα transcriptional activity (McDonnell, 2002): ERβ
seems to provide protection against ERα-induced hyperproliferation (Bardin, 2004). ERβ can
form a heterodimer with ERα to inhibit ERα mediated transcriptional activation of a classical
estrogen response element (Barkhem, 2004). These results indicate that ERβ might inhibit
cell proliferation and tumor formation by functioning as a dominant negative of ERα mediated
induction of growth promoting genes, such as cyclin D1, cyclin A, and c-myc. However, ERβ
did not inhibit some other genes induced by ERα demonstrating that ERβ does not function
as a dominant negative of all ERα inducible genes (Paruthyil, 2004). In particular, the
ERα/ERβ gene expression ratio thus appears to increase during carcinogenesis, suggesting
that imbalanced ratio could be a critical step of estrogen-dependent tumor formation (Bardin,
2004). On the other hand, the primary endocrine regulator is the ligand itself, as an
antiregulatory feedback loop, which causes a decline in both ER protein and mRNA,
implicating transcriptional repression and post-transcriptional mechanisms (Alarid, 1999).

1.2d ESTROGEN RECEPTORS: cell-cycle regulation
Estrogens regulate the production of multiple proteins involved in cell proliferation and in cell
cycle regulation; in particular estrogens regulate key molecules required for S-phase entry
and for consequent progression in to mitosis (Foster, 2001; Parythiyil, 2004). The earliest
known growth-regulatory gene activated by natural estrogen, estradiol, is the protooncogene
c-myc, which causes activation of cyclin-dependent kinases (E-Cdk2) and consequently
transit through the cell cycle (Doisneau-Sixou, 2003). Moreover, also cyclin D1 protein level
increases after treatment with estradiol, stimulating G1/S phase transition (Foster, 2001).
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One mechanism by which c-myc induces proliferation involves the repression of the cyclindependent kinase cyclin inhibitors genes, p21 and p27. On the other hand, the downregulation of c-myc is likely to be a key mechanism whereby ERβ inhibits proliferation and
tumor formation (Paruthiyil, 2004). Furthermore, estrogens might regulate apoptotic
pathways in cancer; it seems that ERα could prevent apoptosis, whereas ERβ decrease
proliferation by inhibiting bcl-2 gene (Bardin, 2004).
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1.3 ENDOCRINE DISRUPTING CHEMICALS
An endocrine disrupting chemical (EDC) is an exogenous substance or mixture of
substances that alters function(s) of the endocrine system and consequently causes adverse
health effects in an intact organism, or its progeny or (sub) populations. A potential endocrine

disrupting chemical is an exogenous substance or mixture that possesses properties that
might be expected to lead to endocrine disruption in an intact organism, or its progeny or
(sub) populations (Damstra, 2002). The US Environmental Protection Agency defined an
endocrine disruptor as “an exogenous agent that interferes with the synthesis, secretion,
transport, binding, action or elimination of natural hormones in the body that are responsible
for the maintenance of homeostasis, reproduction, development and/or behaviour” (Jacobs,
2000). EDCs encompass a variety of chemical classes including pharmaceutical agents,
natural and synthetic hormones such as phytoestrogen-containing food or plant constituents,
pesticides, fungicides or herbicides and other industrial products and pollutants (Lathers,
2002). EDCs are often pervasive and widely dispersed in the environment: some of them are
persistent and could be transported long distances across national boundaries; they have
been found in all regions of the world and could also bioaccumulate (Sharpe, 2004). Others
are rapidly degraded in the environment or in the human body, but humans could be
exposed during critical phases of life, like fetal development (Cooper, 1997; Safe, 2004).
Some of these chemicals are structurally related to endogenous steroids, such as estrogen,
testosterone and progesterone, which are characterised by the presence of a 4-ringed
nucleus possessing high lipid solubility (Jacobs, 2000; McLachlan, 2001).
OH

H

H
HO

Figure 3: Chemical structure of 17β-estradiol
H
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Disruption of the endocrine system can occur in various ways. Some chemicals mimic a
natural hormone, fooling the body into responding to the stimulus, or responding at
inappropriate times. Other endocrine disruptors block the effects of a hormone from
receptors by blocking the binding site on a cell. Still others directly stimulate or inhibit the
endocrine system and cause overproduction or underproduction of hormones, alteration in
hormone storage and release, and perturbation of the homeostasis (Pombo, 2005).
Endocrine disrupting chemicals act through a different mechanism compared to classical
toxicants such as for example carcinogens, neurotoxicants and heavy metals: they could
interfere with normal blood hormone levels or with the subsequent action of those hormones,
and these functional changes may lead to adverse effects (Jacobs, 2000). The endocrine
disruptor paradigm, as described by Crews (Crews, 2000), recognizes three main concepts
that make EDCs different from traditional toxicological approaches. First, exposure to EDCs
in nature is chronic and not acute as occurs in laboratory dose-response paradigms. Second,
the effects of exposure may be latent, sometimes not observable for years after exposure.
And third, EDCs in the environment rarely exist in isolation, usually occurring in conjunction
with other compounds (Pombo, 2005).

1.3a ENDOCRINE DISRUPTING CHEMICALS: historical background
Global concerns of EDCs have been raised in recent years over the potential adverse effects
that may result from exposure such as chemicals that have the potential to interfere with the
endocrine system (Crews, 2000). The effects of EDCs on wildlife and on human health were
first proclaimed by Rachel Carson in 1962 and, based on a growing body of knowledge;
those concerns have increased and are directed at both humans and wildlife (Birnbaum,
1994). In particular, the last two decades have witnessed a growing scientific concern, public
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debate, and media attention over the possible deleterious effects in humans and wildlife that
may result from exposure to chemicals that have the potential to interfere with the endocrine
system (Ashby, 2000).
Moreover, endocrine disruption is not a new phenomenon. In the 1930s studies involving
laboratory animals demonstrated estrogenic properties of a number of industrial chemicals
including bisphenol-A (Maffini, 2006), now widely used in plastics, resins and dental sealants.
The feminizing effect of the pesticide DDT (dichlorodiphenyltrichloroethane) in roosters was
reported in the 1950s (Blomqvist, 2006). Although hormonally active chemicals mimicking
estrogen are widely used for beneficial medical purposes, adverse effects have also
occurred. In animals, and possibly in humans, the synthetic estrogen diethylstilbestrol (DES)
alters male and female typical behaviour patterns (Solomon, 2000). For example, in 1971
clinicians traced an epidemic of vaginal clear cell carcinoma in young women back to the
maternal exposure of DES during pregnancy. Daughters of these women showed an
increased risk of reproductive and immunologic abnormalities, and sons were at risk of
genital anomalies and abnormal spermatogenesis (Ashby, 2000). The example of DES
indicates that also the fetus may be at greatest risk from the adverse effects of hormonal
disruption; in fact, EDCs could be passed to the fetus where they can disrupt sexual and
immune system development (Crews, 2000).
General reported effects of the endocrine disruption caused by these substances include the
following (Pombo, 2005):
¾ alterations of thyroid function (fishes, birds)
¾ reduced fertility (crustaceans, fishes, birds, mammals)
¾ reduced egg hatching rate (fishes, birds, tortoises)
¾ severe congenital deformities (fishes, birds, tortoises)
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¾ metabolic abnormalities (fishes, birds, tortoises)
¾ behavioral alterations (birds)
¾ demasculinisation and feminisation (fishes, birds, mammals)
¾ defeminisation and masculinisation (fishes, birds)
¾ immune system alterations (birds, mammals)

1.3b ENDOCRINE DISRUPTING CHEMICALS: the impact on wildlife
The endocrine disruptors hypothesis originally was based on the observations of
reproductive anomalies in fish and in other wildlife after exposure to some chemicals
(Lathers, 2002). The news today are full of reports about strange things happening to the
reproductive systems of a wide variety of animals and they all seem to be linked to
hormones. The abnormalities in laboratory animals and wildlife exposed to endocrinedisrupting chemicals include feminization of males, abnormal sexual behaviour, birth defects,
altered sex ratios, decreased sperm density, decreased size of testes, breast cancer,
testicular cancer, reproductive failure and thyroid dysfunction (Solomon, 2000). Feminization
of male fish in the vicinity of sewage discharge may be related to estrogenic industrial
chemicals such as nonylphenol and nonylphenol ethoxylates. Also the feminisation of male
fish in British rivers suggests that this effect is primarily due to the natural estrogenic
hormones 17-beta-estradiol, estrone and ethinylestradiol, a component of many oral
contraceptives, discharged in sewage (Lathers, 2002). Moreover, decreased reproductive
success and signs of feminization and demasculinization in wildlife can not always be
credited to one agent; chemical analysis of wildlife specimens often detects multiple
compounds, but only some with known hormone-like activity (Lathers, 2002). Also turtles can
be sex-reversed, male to female, in the laboratory by painting their eggs with estrogens or
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estrogenic polychlorinated biphenyls (PCBs). The environmental agents may exert
estrogenic activity on turtle sex determination, which can reverse of male turtle embryos in a
synergistic manner; for this reason, turtle sex determination is a biomarker of environmental
contamination (Bergeron, 1999). Male frog eggs or embryos exposed in the laboratory to
environmentally relevant levels of the widely used pesticide atrazine develop ovaries and are
sub-fertile or infertile and also the decline in birth rate and increasing male reproductive tract
abnormalities of alligators in Lake Apopka in Florida have been reported after exposure to
the pesticide DDT (1,1,1-trichloro-2,2-bis(4-clorophenyl)ethane) (Bergeron, 1999). Even
mammals may be affected by EDCs. For example polar bears in contaminated sites in the
Arctic have had pseudohermaphroditic offspring and a recent report described an association
between estrogenic contaminants in the Baltic Sea environment and the increased
prevalence of fibrosis in uterus in seals. Also sheep that graze on subterranean clover and
ingest high amounts of estrogenic materials from the plants (the so-called phytoestrogens)
are essentially infertile (McLachlan, 2006). On the other hand, when the Great Lakes have
reported a reduction in the chemical contaminants as DDT and PCBs, this reduction has
been associated with improved reproduction in wildlife, with significant increases in the
population of cormorants, gulls, terns, herons, and other predatory birds (Bergeron, 1999). In
summary, xenobiotic compounds, introduced into the environment, adversely affect
reproductive, endocrine, and immune systems of wildlife. In particular, reproductive disorders
include reduced fertility, reduced hatchability, reduced viability of offspring, impaired
hormone secretion or active and modified reproductive anatomy. Knowledge of endocrine
disruption in wildlife could lead to new indicators of exposure to endocrine disrupting
contaminants and to the possible impact of EDCs on the human health (Lathers, 2002).
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1.3c ENDOCRINE DISRUPTING CHEMICALS: the impact on human health
The effect of EDCs on human health had generated huge interest and investment (Harrison,
2001); in fact, a chemical which has the potential to alter hormone action within the body and
disturb the hormonal homeostasis may cause clinical problems. Epidemiologic studies
involving workers have found associations between exposure to specific pesticides or
industrial chemicals and abnormal levels of thyroid stimulating hormone (TSH), testosterone
and prolactin in adults. Some of these studies have also found significant associations with
EDCs and other relevant end-points, including diminished sperm quality, impaired sexual
function and testicular cancer (Solomon, 2000). For example, aviation crop dusters using
DDT exhibited reduced sperm counts. Moreover the insecticide Depone used by plant
workers was associated with lost libido, impotence, and low sperm counts. Effects were
similar to the administration of natural estrogens to men and were attributed to estrogenmediated suppression of gonadotropins, resulting in decreased production of testosterone
and reduced spermatogenesis (Lathers, 2002). In particular, studies analysing male
reproduction show that EDCs could be gonadotoxic agent of the male reproductive system,
directly at gonadal level or at post-testicular events as well as sperm motility (Sikka, 1999).
For example, many dicarboximide fungicides showed estrogenic effects in male rats by
blocking the androgen receptors (Kelce, 1994) as well as the exposure to heavy metals
suppressed testosterone and sperm production; on the other hand, anabolic steroids caused
sperm abnormalities and decreased libido, until infertility in humans (Snow, 1992). The
effects of EDCs are linked to altered hormone biosynthesis, storage or release, transport and
to altered hormone receptor recognition or activation. In conclusion, EDCs may induce
reproductive toxicity leading to poor sperm quality and male infertility, disrupting the
hormonal milieu (Derelanko, 2002). EDCs might have toxic effects also to reproduction in
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women at different levels: toxicant can have direct effect on the ovary or on the reproductive
tract, or can inhibit ovulation as well as development of the oocyte, or preparation of the
reproductive tract to receive and support the embryo. The mechanisms by which chemicals
are ovotoxic could be direct ovarian toxicity or indirect effect on hypothalamus or pituitary
(Derelanko, 2002). The lifetime stage, at which exposure occurs, is very important to
understand reproductive effects: temporary infertility can occur in an adult cyclic woman,
whereas exposure during childhood might induce sterility by chemical-induced distruction of
germ cells (WHO, 2002).
Effects of EDCs on human health are not limited to the reproductive system, such as
differentiation of secondary sex structures, but could also act directly on immune responses
and on the brain. The immune system is a target for many compounds, including drugs and
chemicals of environmental concern as well as EDCs; however, the number of compounds
causing immune alterations in humans through endocrine-disrupting mechanism is limited to
a few (Lathers, 2002). For example immune alterations were described in workers exposed
to PCBs, a known xenoestrogen, following a PCB accident in Finland. Investigations showed
decrease numbers of T cells in peripheral blood 5 weeks after exposure, with recovery in
most cases to normal values 7 weeks later. Lowered T-helper/T-suppressor cell ratios were
also observed. During the 7 months after the accident, most of the exposed persons had at
least one upper respiratory tract infection (Elo, 1985). It is known that occupational exposure
to pesticides may cause infertility and sterility through hormonal imbalance in males
(Straube, 1999), but little is known of the possible links, if any, between the known
neurotoxicity of many pesticides and any underlying hormonal influence. Some evidence
shows that hyporeflexia, hypotonicity and neurodevelopmental delay at birth and delayed
motor development up to 24 months were associated with prenatal exposure to PCBs.
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Specific nuclei in the brain concentrate steroid hormones and these neuroendocrine areas
serve as the final common pathway for the integration of internal and external cues important
for reproduction. On the other hand, developmental disabilities, including neurobehavioral,
motor diseases have been attributed to the in uterus exposure to EDCs (Gustafsson, 1999;
Crews, 2000). EDCs could interfere also with other tissues as well as target of estrogen
action: bone and cardiovascular system (Barkhem, 2004).
In summary, compounds capable of interfering with the endocrine system have become
ubiquitous in the environment and they could affect reproductive, endocrine and immune
system in wildlife and in humans. Knowledge of endocrine disruption can lead to new
indicators of exposure to environmental chemical with the capacity of being hormonally
active and to produce biological effects.

1.3d ENDOCRINE DISRUPTING CHEMICALS and breast cancer
Increases in the incidence of certain cancers in many parts of the industrialized world are
often cited as evidence that widespread exposure of the general population to EDCs has had
adverse impacts on human health. Of particular concern are the observed increased
incidences of cancers at hormonally sensitive sites, such as breast, uterus, prostate, and
testis in Europe and North America, cancers dependent on or modulated by the hormonal
milieu (WHO, 2002). Extensive human studies support an etiological role for estrogens as
breast cancer promoters, all related to increased lifetime exposure to endogenous estrogen
(Bardin, 2004). Furtheremore, sex steroids hormones have a major role in the development
of the mammary gland: the cell cycle progression, the proliferation and the mammary gland
differentiation are regulated by the ligand mediated activation of the nuclear estrogen
receptors (Doiseneau-Sixou, 2003). Moreover, there are differences in expression of ERα
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and ERβ in normal versus malignant mammary gland: normal adult mammary cells express
very little or no ERα, in contrast it is highly expressed in most proliferating epithelial cells of
breast cancer (Basu, 2005). ERα is detected in early proliferative stages and begin of
disease while ERβ is widely expressed in normal mammary epithelium and its expression
decreases with progression to breast tumors. This might be due to the inhibitory effect that
ERβ has on ERα function in breast cancer.
Further analysis to explore the role of the estrogen receptors and their interaction with
xenoestrogens on target tissues, could help to identify potential new therapeutic targets and
prognostic indicator in breast cancer.
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1.4 Screening Assays to assess ENDOCRINE ACTIVITY POTENTIAL
Due to the growing concern about environmental chemicals which may interact with the
endocrine system (Gutendorf, 2001), there is a need for the development of screening
assays aimed at assessing the endocrine activity of a variety of substances: effort is ongoing
to develop in vivo, in vitro and in silico test methods to detect and characterize chemicals that
could disrupt the endocrine system (Kim, 2004).

1.4a In vivo methods
Assessing the potential adverse effects of EDCs on humans as well as on the diverse range
of animal species in the environment requires the use of surrogate species from which
extrapolations are made to one or more other species (Schmitt, 2001). The laboratory rat has
served as the traditional animal model of choice for developmental and reproductive toxicity
testing conducted to support human health risk assessments (Stokes, 2004). The first
established method for determining the estrogenicity of a chemical is the 3-day rat
uterotrophic assay, which measures an increase in wet weight of the rat uterus (Markey,
2001). The uterotrophic assay has been traditionally used to establish the estrogenic activity
of sex steroids and suspected environmental estrogens in estrogen target tissues and to
detect estrogen agonists and antagonists based on the induction or inhibition, respectively, of
increased weight changes in the uterus (Stokes, 2004). The changes in uterine wet weight
can be assessed by comparing three other end-points that reflect estrogenic activity within
the uterus: the epithelial cell morphology, the induction of the estrogen-inducible protein
lactoferrin, and the expression of proliferating cell nuclear antigen (PCNA), as described by
Markey (Markey, 2001). The second described method is the 10-day rat Hershberger assay,
which detects androgen and anti-androgen activity by measuring changes in the weight of
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the male reproductive tissues. The third is the 21-day pubertal female rat assay where the
age of vaginal opening is monitored, serum thyroid hormones and uterine and ovarian weight
are measured, and histology is evaluated (Stokes, 2004).

1.4b In vitro methods
From the animal welfare point of view, potentially very large numbers of animals will be
required for endocrine disruptor testing; the actual numbers will depend on the sensitivity and
specificity of the testing methods that will be used. The use of animals is morally
controversial, and often more time-consuming and costly than using non-animal approaches.
The reduction of animal testing is an important reason to develop and validate in vitro models
for testing EDs that include metabolism of the chemicals to be tested (Coecke, 2006). The
main in vitro tests for endocrine disruption evaluation comprise the subcellular hormone
receptor ligand binding, the induction of proliferation (mitogenesis) in hormone-responsive
mammalian cell lines and the transactivation systems in yeast and mammalian cell lines
(Kim, 2004).
The in vitro estrogen receptor competitive binding assay provides a relatively rapid means of
quantifying the ability of the chemical to bind to the ERs. The assay measures the ability of
various concentrations of a test compound to compete for binding with a single concentration
of the labeled (radiolabeled or fluorescent) native hormone that has been incubated with a
preparation containing the receptor of interest (Kuiper, 1997). The competitive binding curves
are usually generated by plotting bound reference against the log concentration of the test
compounds (Petit, 1997). The binding assays are generally conducted utilizing cell free
receptor preparations generated from hormonally responsive tissues. On the other hand, this
assay can not distinguish between agonists and antagonists and modulation in activity can
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not be recognized by a simple evaluation of binding that consequently offers less information
for the clarification of potential mode of action (Grantley, 2004). The proliferative effect of
estrogens or potential estrogens on the female target tissues remains the hallmark of
estrogen action. As described by Soto (Soto, 1995), this proliferative property should be
adopted as the method to determine whether or not a chemical is an EDC. Induction of
hormone-responsive mammalian cell proliferation is based on the induction of proliferation in
estrogen-responding cells, particularly in the MCF-7 human breast cancer cell line, as
described for the E-SCREEN assay. This bioassay compares the cell proliferation between
cultures of breast tumor-derived MCF-7 cells treated with estradiol and cultures treated with
different concentrations of xenobiotics suspected of being estrogenic (Soto, 1995). MCF-7,
recommended as target cells because of their estrogen-sensitivity (Villalobos, 1995), is an
epithelial-like cell line, derived from human breast adenocarcinoma, from a Caucasian 69
years old female. MCF7 have been studied extensively as a model for hormonal effects on
breast cancer cell growth and specific protein synthesis. Because the proliferative effect of
natural estrogen is considered the hallmark of estrogen action, it was proposed that this
property is used to determine whether a substance is an estrogen. The E-SCREEN assay,
developed for this purpose, is based on the ability of MCF7 cells to proliferate in the
presence of estrogens; in fact, serum-starved MCF-7 cells can be induced to proliferate upon
the addition of 17-beta-estradiol (Villalobos, 1995).
Yeast system highly and stably expressing estrogen receptors has also been developed, in
order to analyze the biological activity of the receptors. The recombinant yeast appears to be
an in vivo assay well-adapted for the rapid and efficient screening of xenoestrogenic
activities of many environmental substances (Petit, 1997). The yeast system contains a
reporter gene with two upstream estrogen-responsive elements (ERE). The general principle
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of this assay is that ligand-bound nuclear hormone receptors alter their conformation,
dimerize and bind specific response element sequences on DNA, and initiate transcription of
a downstream gene. Usually, the downstream gene in these assays is part of a recombinant
genetic construct that codes for a protein like luciferase, galactosidase or green fluorescent
protein, whose activity, can be measured easily (Kojima, 2004). This activity measurement is
a signal of the potency of various chemicals to bind the receptor and either initiate or inhibit
receptor-induced transcription of the reporter. Consequently, reporter gene assays can
assess both agonist and antagonist activity (Grantley, 2004). Tests using yeast cells have
some drawbacks, such as the poor transport of many substances across the cell wall and
membrane, for this reason, a system measuring endocrine receptor-mediated transcription in
a stable cell line have been developed as a sensitive and rapid method to screen hormonally
active chemicals for a range of organic/inorganic compounds. Cells express estrogen (ER) or
androgen receptor (AR) and are stably integrated receptor responsive luciferase reporter
gene, which is based on the receptor-mediated mechanism of action: the reporter gene
expression is a culmination of a molecular cascade of events involved in receptor
transactivation (Araki, 2004).

1.4c In silico methods
Because in vivo tests are time consuming, expensive and require intensive work, in silico test
have also been developed to assess the potential estrogenic effects of chemicals, in
particular to screen a huge number of substances as in the case of potential xenoestrogens.
In silico or computational tools could be used more effectively for prescreening potential
endocrine disruptors, as surrogate of other laboratory tests, improving experimental in vitro
screening assay design and facilitating more thorough data analyses (Jacobs, 2004).
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Quantitative structure-activity relationship (QSAR) analysis correlates chemical structure and
the specific biological activity and the derived models are used to predict activities of
untested chemicals (Tong, 1997): because chemicals including specific structural features
are potential ER binders, these structures have been selected as structural alerts for
detecting xenoestrogen (Devillers, 2006). In particular, the binary QSAR analysis is used to
predict the ER binding affinity; the molecular shape indices, the surface area descriptors, the
charge descriptors and the connectivity indices were employed to derive the chemical model
and to obtain better predictions (Devillers, 2006). Recent advances in computing technology
have extended classical QSAR to three dimensional QSAR (3D-QSAR) models that correlate
the role of molecular shape with some endpoints which are usually biological in nature, as
well as ER binding activity. A widely used approach for generating descriptors based on the
three-dimensional structural information of molecules is comparative molecular field analysis
(CoMFA), which is used in drug design (Tong, 1997). The basic assumption in CoMFA is that
steric and electrostatic fields, around a set of aligned molecules, give the necessary
information to explain their biological activities (Mekenyan, 2000).

As the estrogen receptor binding is the key step for hormone action and for consequent cellcycle modulation, the study of ER α and β expression in target tissues is the basis to
understand estrogenicity induced by suspected EDC. Several techniques may be applied to
study the estrogenicity of chemicals: as previously described, in vitro assay could be
indicative of receptor affinity, activation of reporter genes and cell proliferation in suitable cell
culture systems (Degen, 2000). In particular the E-SCREEN assay, performed on MCF-7 cell
line, is a simple and highly reproducible tool for the identification of estrogenic compounds,
especially to screen a variety of substances. In our study, we chose to use the MCF-7 cell
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proliferation assay as standardized model to screen proliferation induced by the tested
compounds. In this assay, the estrogen dependent cell-line grows in the presence of tested
compounds and a dose-related increase in cell number in treated cells over the untreated
control, is taken as an evidence of the estrogenicity of the suspected xenoestrogens. MCF-7
cell-line, which express both α and β estrogen receptor, is also a useful tool to analyze the
expression of estrogen-responsive biomarker genes, for example induction of c-myc and p21
proteins were analysed as end-point of endocrine disruption.
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2. AIMS OF THE STUDY
A wide variety of chemicals in the environment are potentially capable of modulating or
disrupting the endocrine system in animal species including humans. These Endocrine
Disrupting Chemicals (EDC) could act as hormonally active agents or can block the
endocrine pathway. Concerns regarding exposure to EDC are due primarily to the adverse
effects observed in certain wildlife, fish and ecosystems, as well as to the increased
incidence of endocrine-related human diseases, like breast cancer, sterility and abnormalities
in genital tract. The predominant biological effects of estrogens are mediated through two
intracellular receptors and endocrine disruption affects the regulation of cell growth via the
interaction with the binding site of these hormone receptors. The activation of estrogen
receptors by EDC can trigger or suppress the transcription of selected set of genes, as well
as genes involved in cell-cycle transit, causing an altered endocrine signalling pathway.
Briefly, xenobiotics can disrupt hormonal pathway acting via the physiological estrogen
receptors.
For these reasons, in our study we assessed cellular and molecular effects induced by four
chemical pollutants, as an example, to optimize and consequently validate alternative
approaches to reduce the use of animals in endocrine-disrupting chemicals testing. In this
study the attention was focused on:
1. Detection of proliferative effects induced by xenoestrogens using the ESCREEN assay and comparison of these data with the rank of
proliferation potency obtained by other tests
2. Detection of modulation of estrogen receptors and cell-cycle genes
induced by the tested xenoestrogens
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3. Correlation between the proliferative effects, the estrogenicity and the
receptor activation induced by the xenoestrogen tested, as an in vitro
model
4. Detection of the possible role of estrogen receptor beta in cell-cycle
regulation

31

3. TESTED COMPOUNDS

17-beta-estradiol (CAS 50-28-2)

OH

H

H

H

HO

17-beta-estradiol is the physiological endocrine hormone and it is used as positive control of
estrogen-induced proliferation in MCF-7 cells; for this reason ERα and ERβ Relative Binding
Affinity (RBA) is arbitrarily set as 100%.

4-OH-tamoxifen (CAS 68047-06-03)
HO

N
O

4-OH-tamoxifen is a non-steroidal estrogen antagonist. It is used in the treatment of
advanced breast cancer in women whose tumors are estrogen-dependent and also used
prophylactically by some women at risk for breast cancer, because it blocks the effects of
estrogen on breast tissue. Moreover, 4-OH-tamoxifen mimics the action of estrogen on the
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bones and uterus. The 4-OH-tamoxifen Relative Binding Affinity, in respect to 17-betaestradiol, is 178 for the ERα, while for the ERβ is 339 (Kuiper, 1997). In our study this
compound represents the control against estrogen induced proliferation (Osborne, 1995).

Diethylstilbestrol (CAS 56-53-1)

OH
HO

Diethylstilbestrol (DES) is a stilbene derivative, it is a non-steroidal estrogen and is the first
and the strongest synthetic estrogen discovered. During the 70s it was prescribed to a large
population of pregnant women to prevent miscarriage and other pregnancy complications.
Subsequently, it was shown that women exposed to DES in utero exhibited a wide range of
reproductive tract abnormalities including incidence of vaginal adenocarcinoma. Likewise, it
was reported that male exposed to DES in utero showed a variety of reproductive tract
problems including reduced fertility and retained testes. Similarly, experimental animals
exposed prenatally or neonatally to DES developed comparable genital tract alterations
(Sanoh et al. 2003). The DES Relative Binding Affinity, in respect to 17-beta-estradiol, is 468
for ERα, while for ERβ is 295 (Kuiper, 1997).
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Hexestrol (CAS 84-16-2)

OH

HO

Hexestrol is a synthetic non-steroidal estrogen. In the past it had been used for the therapy
of endometriosis and dysmenorrhea as well as oral contraceptive. The major metabolite of
Hexestrol is its catechol, which can be metabolically converted to the electrophilic catechol
quinone, by peroxidases and cytochrome P450. Hexestrol is carcinogenic in Syrian golden
hamsters and it seems that the metabolite formation may be a critical event in tumor initiation
(Jan et al. 1998). Hexestrol has a high Relative Binding Affinity for ERα and ERβ, at 302 and
234 respectively (Kuiper, 1997).

Coumestrol (CAS 479-13-0)
HO

O

O

O

OH
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Coumestrol is a coumestan phytoestrogen, it is a non-steroidal estrogen-like compound,
produced by plants, particularly by sunflower seeds, lima bean seeds, pinto bean seeds and
round split peas. It is present in soy products and consequently in the diet of Western
population (Jacob et al. 2001). The Coumestrol Relative Binding Affinity for ERα is 94, while
for ERβ is 185, compared to 17-beta-estradiol (Kuiper, 1997).

Phosalone (CAS 2310-17-0)
S
S

P

N

O

O
O

Cl

O

Phosalone is a member of the organophosphate family of insecticides. It was introduced in
1963 by the Rhone-Poulenc company as a non-systemic insecticide and acaricide for use on
deciduous fruit trees, market garden crops, cotton, potatoes and rape; it is a broad-spectrum
pesticide with rapid killing ability (Kojima et al. 2004). It is used on nut, citrus, pome fruits,
stone fruits, grapes, potatoes, artichokes, roses and arborvitae. It is active against the red
spider mite on apples and pears. It controls a wide range of caterpillars and beetles on crops
of economic importance as well as a number of hemiptera and hymenoptera. The Phosalone
Relative Binding Affinity for ERα and ERβ is not known.
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4. Estrogen-like compounds modulate Estrogen Receptors α and β in human MCF-7 derived
breast cancer cells

We

investigated

estrogen-like

properties

of

four

environmental

contaminants

(diethylstilbestrol, hexestrol, coumestrol, phosalone) on human MCF-7 cells, assessing
proliferative effect, estrogen receptor genes and proteins expression and protein modulation
of estrogen-responsive genes, like c-myc and p21. All tested compounds showed a
proliferative effect and were ligands for estrogen receptors; moreover they act as cell-cycle
modulators. We observed that proliferative response is in agreement with the rank of potency
predicted by other assays, confirming that the described test is a predictive tool to assess
estrogenicity. Moreover, we analysed estrogen receptor modulation: ERβ was up-regulated
in response to treatment with 10µM of phosalone. ERβ might attenuate ERα-induced
proliferation and affects cell-cycle progression. Furthermore, c-myc and p21 modulation
indicate that the observed proliferation correlates with c-myc induction, while p21 was not
affected ruling out a contribution to proliferation limiting effects. These results suggest
analyse together in vitro proliferation with molecular endpoints, to estimate xenoestrogens
effects.
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4.1 INTRODUCTION
The endocrine system is a complex set of hormone-producing glands that regulate biological
processes in the body from conception through adulthood into old age, including the
development of brain and nervous apparatus, the growth and the function of the reproductive
system, as well as the metabolism and blood sugar levels (Stoica, 2000). In target tissues,
estrogens mainly interact with nuclear estrogen receptors (ERs), ERα and ERβ, which act as
transcription factors (Hall, 1999). ERα and ERβ are encoded by two different genes and have
a different tissue distribution: ERα is mainly expressed in the breast, uterus, pituitary, testis,
kidney and liver while ERβ is found in the bladder, prostate, lung and brain (Jacobs, 2001).
Moreover, estrogen receptor proteins share structural domains, but differ for transcriptional
activity (Gustafsson, 1999). This suggests that the two receptors could have distinct
functions in terms of gene regulation and biological responses (Bardin, 2004). In particular,
ERα mediates mitogenic effects, being able to overexpress the genes involved in cellular
proliferation such as the proto-oncogene c-myc and the cyclin D1 (Butt, 2005). On the other
hand, ERβ seems to have an anti-proliferative effect by activating the tumor suppressor
genes p21 and p27, which are involved in cell-cycle arrest (Foster, 2001). It has been
demonstrated that ERα is subject to a partial negative regulation by ERβ, which works as an
inhibitor of ERα transcriptional activity in cells that express both receptors (Hall, 2001). ERβ
could play a key role by providing protection against ERα-induced proliferation: imbalance in
the ERα/ERβ ratio is crucial for cell proliferation and breast cancer development and
progression (Bardin, 2004; Jacobs, 2002).
In the present study we analysed the expression of ERα and ERβ , on MCF-7 cells, after
treatment with four estrogen-like compounds. The estrogen-dependent MCF-7 human breast
cancer cell line is a cellular model well known and used to assess estrogenicity, as described
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by Soto in 1985 (Soto, 1985; Villalobos, 1995). Moreover, the estrogen receptors expression
was compared with the cell proliferation measured by the MTT test, as an adapted ESCREEN assay, as described by Maras (Maras, 2006). The selected compounds
diethylstilbestrol, hexestrol, coumestrol and phosalone are environmental pollutants (Shaw,
2002), which belong to different chemical classes, such as chemical contaminants, natural
components and pharmaceutical drugs. In particular, diethylstilbestrol and hexestrol are used
occasionally as anti-neoplastic agents and in management of the menopause; coumestrol is
a phytoestrogen, while phosalone is an organophosphate insecticide. Diethylstilbestrol,
hexestrol and coumestrol show an estrogen-like structure and activity as demonstrated by
Quantitative Structure-Activity Relationship (QSARs) analysis (Mekenyan, 2000; Tong,
1997b); moreover these three compounds demonstrate ligand binding affinity (RBA) of ERs,
as described by Kuiper (Kuiper, 1997). RBA of ERα and ERβ of the compounds are
summarized in Table 1.

Table 1. Relative Binding Affinity (% RBA) of tested compounds to ERα and ERβ, data obtained from Kuiper
(Kuiper et al. 1997).

Compound

RBA ERα

RBA ERβ

E2

100

100

178

339

468

295

302

234

94

185

not detected

not detected

(CAS#50-28-2)

OH-tam
(CAS#68047-06-3)

DES
(CAS#56-53-1)

Hexestrol
(CAS#84-16-2)

Coumestrol
(CAS#479-13-0)

Phosalone
(CAS#2310-17-0)
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On the other hand, phosalone shows an estrogenic activity in transactivation assay by
binding androgen receptor, as described by Kojima (Kojima, 2004). The presence of
xenoestrogens in our environment as pollutants (including in food and in drinking water)
(Shaw, 2002) is increasing and they could interfere with the endocrine system, acting also
through estrogen receptor pathway (Pombo, 2005). For this reason it is important to
investigate effects induced by estrogen-like compounds, both at cellular and molecular
levels, to assess their possible impact not only on wildlife, but also on human health
(Kavlock, 1996; Tyler, 1998).

4.2 MATERIALS AND METHODS
Chemical compounds
17-beta-estradiol (E2) (used as positive control), 4-hydroxi-tamoxifen (OH-tam) (used as
control blocking proliferation because of its partial antagonistic effect on estrogen receptors),
diethylstilbestrol (DES), hexestrol (hex), coumestrol (cou) and phosalone (pho), were all
purchased from Sigma-Aldrich (Saint-Louis, Missouri, USA).
All the compounds, except OH-tam that was diluted in ethanol, were dissolved in dimethyl
sulfoxide (DMSO) to reach a stock solution concentration of 0.1M. To guarantee minimal
interference with cell physiologic responses, the concentration of the solvents (DMSO and
ethanol) did not exceed 0.01%.

Cell culture
In vitro cell cultures were performed adhering to Good Cell Culture Practice (GCCP) by
Coecke (Coecke, 2005). MCF-7 human Caucasian breast adenocarcinoma cell line was
purchased from American Type Culture Collection (ATCC, Manassas, USA). Cells were
grown in complete medium-FBS: Dulbecco’s minimal essential medium (DMEM) high
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glucose, phenol-red with Glutamax, supplemented with 10% fetal bovine serum (FBS), 1%
Penicillin-Streptomycin, 1% Non Essential Amino Acids. For treatment with estrogen-like
compounds, the complete medium-FBS was replaced with medium-CD, as described by
Soto (Soto, 1985): DMEM high glucose, phenol-red free, supplemented with 5% dextrancharcoal stripped fetal bovine serum, 1% Penicillin-Streptomycin, 1% Non Essential Amino
Acids and 1% Glutamine. The dextran-charcoal treatment removes most of the estrogens
present in the serum (Soto, 1985). All the materials for cell culturing were purchased from
GIBCO BRL Life Technologies (Paisley, Scotland).

Cell proliferation assay
We tested the proliferation inducing capacity of chemical using the MTT assay, as an
adapted E-SCREEN; according to Payne (Payne, 2000). MCF-7 cells were seeded at a
density of 1.5x103 cells/well in 96-well plates (Corning, USA). Cells attached overnight, after
which complete growth medium (medium-FBS) was replaced with medium-CD and cells
were washed with PBS, to assure removal of estrogenic compounds that could be present in
the medium-FBS. Ten-fold serial dilutions of the compounds, ranged between 0.000001µM
and 10µM, were added to the wells. After 6 days of treatment, cell proliferation was assessed
by MTT test, as described by Cox (Cox, 2006). Three independent experiments were
performed in triplicate.

Real-time PCR
MCF-7 cells were seeded at 5x105 and treated, as previously described, with and without
estrogen-like compounds. Cells were collected after 24 hours and after 6 days of exposure,
and total RNA was extracted using the Qiagen RNeasy Mini Kit (Qiagen, Italy). The RNA
samples were treated with DNAse (DNA-free kit, Qiagen). The quality and quantity of RNA
were evaluated using an Agilent 2100 bio-analyzer (Agilent Technologies, USA). An amount

40

of 500 ng of total RNA was reverse transcribed using M-MLV reverse transcriptase
(Promega, Italy), random hexamers primers at a concentration of 500ug/ml and 50 U of
ribonuclease inhibitor (RNase-Out, Promega).
Quantitative

RT-PCR

was

conducted

for

ERα

mRNA

(forward

primer

5'-

GGAGGGCAGGGGTGAA-3' and reverse primer 5'-GGCCAGGCTGTTCTTCTTAG-3'), ERβ
mRNA (forward primer 5'-TTCCCAGCAATGTCACTAACTT-3' and reverse primer 5'TTGAGGTTCCGCATACAGA-3'), using Assay on Demand, obtained from Applied
Biosystems (USA). To quantitatively evaluate gene expression, mRNA levels were
normalised to 18S mRNA (forward primer 5'-CGGCTACCACATCCAAGGAA-3' and reverse
primer 5'-GCTGGAATTACCGCGGCT-3') reference gene. All experiments were performed in
triplicate using TAQ-Man Universal Master Mix (Applied Biosystems); RT-PCR amplification
was performed on a Gene Amp 7700 Sequence Detection System (Applied Biosystems).
Fluorescence data were processed and analyzed with ABI PRISM Sequence Detection
Software (Applied Biosystems).

Detection of protein levels by Western Blot analysis
MCF-7 cells were seeded at 5 x 105 in 25cm2 cell culture flasks and grown under the same
conditions as described above for MTT tests. The cells were treated with and without tested
compounds for 3 hours, for c-myc analysis, and for 24 hours to analyze ERα, ERβ and p21
proteins expression. These assay treatment groups included a control group with mediumCD only (CTR-CD) and a control group with complete medium only (CTR-FBS). After
treatment with estrogen-like compounds, cells were washed twice in PBS, collected by
scraping and then lysed. Total protein extracts were prepared as described previously by
Verhaegh (Verhaegh et al., 1997). 50µg of proteins for each sample were resolved by 10%
NuPAGE Bis-Tris Gel (Invitrogen, LifeTechnologies, Italy) and transferred to a polyvinylidene
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difluoride (PVDF) membrane (Millipore, Massachusset, USA). The primary antibodies used
were: ERα 1µg/ml (Santa Cruz Biotechnologies, USA); ERβ 2µg/ml (Zymed Laboratories Inc,
USA); c-myc 2µg/ml (Santa Cruz Biotechnologies); p21 0.5µg/ml (Biosource International,
USA);

GAPDH

1µg/ml

(Santa

Cruz

Biotechnologies).

GAPDH

expression

was

simultaneously estimated in each sample as the internal control by Western blotting
technique. It is important to remark that antibodies against ERα and ERβ recognise only the
cytosolic form of the receptors protein. Membranes were incubated with secondary
antibodies (Chemicon, USA) diluted 1/10000. The images were captured using Gel Logic
2200 Imaging System and analysed using Kodak Molecular Imaging Software (Eastman
Kodak Company, Rochester, USA).

Statistical analysis
Data obtained by MTT assay, were expressed as means of three independent experiments
performed in triplicate ± standard deviation of the mean (SD). Data obtained by real time
PCR, were expressed as means of two independent experiments performed in triplicate ±
standard deviation of the mean (SD). The Student t-test was calculated using the raw data,
values of (*) p<0.05 were considered statistically significant.

4.3 RESULTS
Cell proliferation assay
We treated MCF-7 cells for 6 days, with diethylstilbestrol, hexestrol, coumestrol and
phosalone to assess the proliferative responses to these xenoestrogens. The MTT assay
was used to test effects of compounds on cell proliferation, after incubation with estrogenfree growth medium. OH-tam, which antagonizes the mitogenic activity of estrogens, was
used as control with absence of proliferation. The activity of xenoestrogens was assessed by
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the analysis of the Proliferative Effect (PE) as shown in Figure 1(A-F). The PE is calculated
as the ratio between the cell yield obtained with the tested chemical and the cell yield
obtained with the hormone-free control, CTR-CD (Soto, 1995). As demonstrated in figure 4.1,
all selected compounds showed the capability to induce cell proliferation, although with
different potency in respect to E2, as described in Table 2. Table 2 shows the Relative
Proliferative Potency (RPP) of tested compounds, which corresponds to the ratio of the dose
of E2 and that of compound needed to achieve the maximal PE, as described by Maras
(Maras, 2006).

Table 2. Proliferative effect of tested compounds, expressed as Relative Proliferative Potency (RPP), according to
MTT assay.

Compound

Concentration (µM)

RPP

E2

0.001

1

DES

0.00001

100

Hexestrol

0.0001

10

Coumestrol

1

0.001

Phosalone

10

0.0001
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Figure 4.1: Analysis of proliferative effect (PE) induced by E2 (A), OH-tam (B), DES (C), hex (D), cou (E), pho (F),
by MTT assay in MCF-7 cells, exposed to a ten-fold dilution series of the tested compounds, ranging between
0.000001µM and 10µM. Results are given as a percentage of cell proliferation induced by xenoestrogens over the
untreated cells (control medium-CD). Results are expressed as mean ± standard deviation (SD) of three
independent experiments carried out in triplicate for each data point.
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In particular, phosalone, as a weak agonist, stimulated cell growth at higher concentrations
tested (>0.1µM); coumestrol at lower concentrations than phosalone (>0.001µM); hexestrol
and DES, as the stronger agonists, caused proliferative effects at the lowest concentration
tested (0.000001µM). Noteworthy the highest concentration of hexestrol, DES and E2,
caused reduced proliferative effects. Moreover phosalone increased proliferative effects in a
dose dependent manner. To verify that induced cell growth was mediated through the
estrogen signal pathway, cells were co-exposed at the lowest concentration of each
xenoestrogen, inducing maximum cell proliferation, and 0.1µM of the partial antagonist OHtam, as described by Olsen (Olsen, 2003). OH-tam attenuated proliferation in all compound
tested, as shown in Figure 4.2. Results obtained confirmed that all the compounds could be
antagonized by the estrogen receptor partial antagonist OH-tam and thus they could activate
the ligand dependent mechanism of the estrogen pathway.
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Figure 4.2: Analysis of cell proliferation of co-exposure with tested compounds and OH-tam, compared to cell
proliferation at the same concentration of tested compounds without OH-tam. For co-exposure treatment, MCF-7
cells were exposed with the lowest concentration of each chemical inducing maximal cell proliferation and 0.1µM
of OH-tam for 6 days. Results are expressed as mean ± standard deviation (SD) of three independent
experiments carried out in triplicate.
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Quantitative real time PCR assay
Estrogenicity is mainly mediated by estrogen receptors, for this reason any modulation in
estrogen receptors could affect this activity. In order to determine such modulation,
quantitative real time PCR (RT-PCR) was performed to analyse the expression of ERα and
ERβ after 6 days and 24 hours of exposure of MCF-7 cells to xenoestrogens. We performed
the analysis of gene expression after 6 days of treatment (Figure 4.3A), to compare the
results with data obtained in the proliferative assay. The concentration of 0.1µM was chosen
for all tested compounds, as mimicking the physiological concentration of natural estrogen,
E2. Data showed both estrogen receptors α and β down-regulations over the untreated
control in medium-CD. Furthermore, RT-PCR for ERα and ERβ was performed after 24
hours of exposure to xenoestrogens (figure 4.3B), to investigate early effects of the
compounds on estrogen receptors genes. In these RT-PCR assay, we used concentration as
0.1µM for E2, DES, hex, according to previously experiments at 6 days of treatment.
Moreover, we tested concentration as 0.000001, 0.1, 10 µM for cou and pho, to assess dose
dependent modulation of ER genes in these less studied compounds. Most of the
compounds showed a down-regulation of ERα gene, except for pho at 0.000001 and 0.1µM,
where the gene expression was similar to the control-CD, moreover at these doses we did
not observe cell proliferation. In addition, the down-regulation of the ERα showed a dose
dependent decrease after coumestrol treatment. Moreover, ERβ gene expression after 24
hours of exposure, was generally down-regulated (figure 4.3B), except for phosalone
treatment: in particular, the highest phosalone concentration (10µM) caused a significant
gene up-regulation (*p<0.05). Given the anti-proliferative effect of ERβ, this might limit ERα
mediated cell proliferation.
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A

B

Figure 4.3: Effects of xenoestrogens on ERα and ERβ gene expression in MCF-7 cell line, after 6 days (A) and after 24
hours (B) of treatment with estrogen-like compounds tested by Real-Time-PCR and normalized using 18S, as reference gene.
Concentrations have been chosen within the range tested for cell proliferation. In particular at 6 days, the concentration tested
for all the compounds was 0.1µM. Moreover, at 24 hours, OH-tam was concentrated as 0.000001µM; E2, DES, hex as 0.1µM
while cou and pho were tested at concentration as 0.000001, 0.1, 10 µM. Results are means of two independent experiments
carried out in triplicate ± SD (*p<0.05).

Regulation of ERα and ERβ, c-myc and p21 protein levels following xenoestrogen treatment.
Changes in mRNA levels are not necessarily translated to protein expression. For this
reason, we examined therefore the estrogen receptors α and β protein levels after
xenoestrogen treatment, at the same concentrations used for RT-PCR. Figure 4.4A and 4.5A
show that the ERα protein level was reduced in all compounds, compared to the control

47

medium-CD, following pho treatment, except at concentrations as 0.1 µM of pho (lane9),
where the amount of protein was similar to the control medium-CD. In particular, we
observed the highest decrease of the ERα proteins after treatment with the natural estrogen
ligand, E2 which was the positive control of estrogen pathway activation, (lane5), with strong
xenoestrogens like DES (lane4) and hex (lane6), with cou at concentration of 10µM (lane7).
Also ERβ protein expression was evaluated after 24hours of treatment at the same range of
concentration (Figure 4.4B). Most of the compounds displayed a down-regulation of the
receptor or a protein amount similar to the control-CD (lane2), as shown in Figure 4.4B and
4.5A. On the other hand, phosalone, at the concentration of 10µM, showed an increase in
the level of protein (lane10). This confirms, at protein level, that phosalone might counteract
its estrogenic proliferative effects up-regulating at the same time the anti-proliferative
pathway, by ERβ induction. In order to assess the functional consequences on cell-cycle, the
expression of c-myc and p21 were determined. The c-myc protein was performed after 3
hours of treatment, as an early marker of cell-cycle progression induced by estrogen
pathway, as described previously by Butt (Butt, 2005). Figure 4.4C and 4.5B, shows a
modulation of this proliferative gene induced by tested compounds. c-myc protein expression
was up-regulated after treatment with xenoestrogens that have a high proliferative effect, like
DES (lane4) and hex (lane6), in control-FBS (lane2) and in samples treated with the positive
control, the natural estrogen E2 (lane 5). Moreover c-myc protein levels, after exposure with
weak compounds, like cou (lanes7-8) and pho (lane9-10), was similar to the control-CD,
confirming the weak potency of these compounds. Thus, estrogenic effect on proliferation
was directly correlated with c-myc expression. Furthermore, we analysed the protein
expression of the onco-suppressor p21, which is able to inhibit cell proliferation through a
cell-cycle arrest. The level of p21, after 24 hours of exposure, was less or similar to the
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control-CD, as shown in figure 4.4D and 4.5B, but it was up-regulated after OH-tam
treatment (lane3). Phosalone, even at the highest concentration, did not up-modulate p21,
suggesting another downstream mechanism for the inhibition of cell proliferation induced by
ERβ.

Figure 4.4: Analysis of protein expression, by western-blot analysis, of ERα-66kDa (A), ERβ-56kDa (B), c-myc65kDa (C), p21-21kDa (D) in MCF-7 cell line, after 24 hours, or 3 hours for c-myc protein,

of treatment with

estrogen-like compounds tested. 1) CTR-CD 2) CTR-FBS 3) OH-tam 0.000001µM 4) DES 0.000001µM 5 ) E2
0.1µM 6) hex 0.1µM 7) cou 10µM 8) cou 0.1µM 9 ) pho 0.1µM 10) pho 10µM. GAPDH protein expression was
used as the internal control.
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Figure 4.5: Detection of protein expression by semi-quantitative analysis of pixels of western blot images:
ERα and ERβ (A), c-myc and p21 (B). Error bars indicate SD of three independent experiments.
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4.4 DISCUSSION
Estrogens are regulatory hormones that affect many physiological processes (Barklem,
2004) and play a crucial role during human breast cancer progression (Murphy, 2005). The
presence of natural and synthetic chemicals in the environment could have adverse effects
altering hormonal equilibrium (Pombo, 2005), mimicking the action of steroid hormones and
possibly causing reproductive and developmental disorders (Kim, 2004). In this study, we
evaluated the estrogenicity of four selected compounds: three of them are known as
endocrine disruptors as predicted by QSARs analysis, diethylstilbestrol, hexestrol, and
coumestrol (Tong, 1997a; Mekenyan, 2000), while phosalone is supposed to be a
xenoestrogen, on the basis of its androgen receptors binding capability, as predicted by a
transactivation assay (Kojima, 2004). Moreover, these compounds are representatives of
different classes of chemicals and environmental pollutants.
Firstly, we analysed the induction of cell proliferation using the MTT test: this proliferative
assay is a tool to assess the estrogenic activity on a large number of compounds such as
environmental pollutants (Payne, 2000). Our results confirmed the predicted rank of
estrogenic potency obtained by QSARs analysis (Tong, 1997b) and by ligand competitor
experiments (Kojima, 2004; Kuiper, 1997), correlating chemical structure and biological
activity. In particular, the Relative Binding Affinity (RBA) predicted (Tong, 1997a) was
confirmed by the increase of cell proliferation obtained in our study: DES, which QSARs
classify as one of higher affinity synthetic estrogen, in our study showed the strongest
proliferative effect. The correspondence of results obtained by QSARs and the proliferative
assay was confirmed also for hexestrol and coumestrol. Phosalone, which was not identified
based on structure but on transactivation assay for estrogenicity, showed a weak proliferative
effect. Noteworthy, all the compounds were tested in a range of concentrations that reflects
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the in vivo exposure. Our study suggests extending this comparison to a wider range of
environmental pollutants and eventually validates this approach.
It is well documented that estrogen receptors could be activated by a hormone-mediated
mechanism, but also modulated by extracellular signals in the absence of estrogen ligands
(Hall, 2001). To understand if the compounds tested were able to bind to estrogen receptors,
we performed a co-exposure test, as described by Olsen (Olsen, 2003). Co-exposure of
estrogen-like compounds and OH-tam inhibited cell growth in all samples demonstrating that
all xenoestrogens tested act by binding to estrogen receptors and by activating the liganddependent estrogen pathway.
Then, we looked into ERα and ERβ gene, and protein expression as well as c-myc and p21
protein expression, to assess the effects induced by the compounds on the estrogen
pathway and cell-cycle related proteins: we found that all the substances tested were
estrogen receptor modulators. Several studies indicate that the progression through cellcycle and the increase of cell proliferation is linked to the reduction of ERα mRNA and
ERα cytosolic protein, due to its phosphorylation and translocation to the nucleus (Olsen,
2003), as a feed-back loop (Alarid, 1999). The results obtained in our study confirmed the
role of ERα described in the literature (Hall, 2001). Also ERβ was modulated by
xenoestrogens: it is of particular interest, the up-regulation of this receptor caused by
phosalone at the highest concentration tested (10µM), in relation to the weak proliferative
ability of the compound. ERα and ERβ have distinct roles in normal breast growth as well as
during breast cancer development and some studies indicate that ERα mediates tumor
promoting effects of estrogens, while the role of ERβ in breast cancer remains elusive
(Gustafsson, 2000; Paruthiyil, 2004). Furthermore, several studies have indicated that in
breast cancer progression, an increase in ERα/ERβ mRNA and protein ratio occurs: ERβ
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mRNA decreases during carcinogenesis, suggesting that ERβ could protect against
mitogenic activity of estrogens (Bardin, 2004; Birnbaum, 2003). Our results showed a
decreased ERα/ERβ ratio after phosalone treatment, suggesting a possible correlation
between the weak proliferative effect and the receptor modulation of the compound. Further
molecular investigations will be needed to clarify the behavior of ERβ after estrogen-like
compounds treatment and to understand its role as modulator of ERα-induced proliferation
and the effect on cell-cycle progression. Finally, we analysed the behavior of two cell-cycle
modulators, c-myc and p21, to provide a further explanation of the xenoestrogen effects at
the molecular level and in particular on the cell-cycle machinery. Estrogens cause the
progression through the cell-cycle by activating estrogen receptors, which act as transcription
factors, inducing genes required for proliferation (Paruthiyil, 2004): one target of estrogen
action in human breast cancer cells is the protoncogene c-myc (Dubik, 1988). c-myc has
been reported to decrease expression of CDK inhibitors, while the antiproliferative gene p21
leads to G2 cell-cycle arrest (Foster, 2001). Our data showed that c-myc was indeed upregulated in samples treated with xenoestrogens like DES, which showed a strong
proliferative capability, while c-myc was poorly expressed in samples exposed to phosalone
in accordance with the literature (Paruthiyil, 2004). In fact, it seems that ERβ inhibits cell
proliferation and processing through cell-cycle by repressing c-myc gene transcription
(Paruthiyil, 2004). On the other hand, p21 was at a basal level and it remains at basal levels
also after pho treatment, suggesting other genes be involved in the ERβ anti-proliferative
activity. In conclusion our study shows that it is of importance to develop, standardize and
validate in vitro endpoints predictive of the estrogen activity. Moreover our results could help
to elucidate the pattern of genes involved in estrogen receptors induced proliferation, as well
as their relationship with xenoestrogen potency.
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5. SUMMARY

The endocrine system is a complex set of hormone-producing glands that regulate biological
processes in the body from conception through adulthood into old age, including the
development of brain and nervous apparatus, the growth and the function of the reproductive
system, as well as the metabolism and blood sugar levels. Furthermore, estrogen, one of
these hormones, regulate a variety of biological processes, influencing growth, differentiation
and function of target tissues, where they interact with nuclear estrogen receptors (ERs),
ERα and ERβ, which act as transcription factors. Moreover, in the environment there are
exogenous agents which could interfere with the synthesis, secretion, transport, binding,
action, or elimination of natural hormones in the body. These endocrine disrupting chemicals
(EDC) might interfere and disrupt the physiological hormonal pathway, acting also on ERs.
In this study we investigated the estrogen-like properties of four xenoestrogens, classified as
environmental contaminants (diethylstilbestrol, hexestrol, coumestrol, phosalone), on human
MCF-7 cells, using a combination of a proliferative assay, gene and protein expression of
estrogen receptors and protein modulation of estrogen-responsive genes, like c-myc and
p21. All tested compounds showed a proliferative effect in MCF-7 cells and acted as ligands
for estrogen receptors; moreover, they act as cell-cycle modulators. We observed that
proliferative response of MCF-7 cells, after treatment with tested compounds, is in
agreement with the rank of potency predicted by other tests (QSARs analysis, receptor
binding assay and transactivation assay) confirming that the described test is a predictive
tool to assess estrogenic activity.
Moreover, we analysed estrogen receptor modulation. The most relevant result was the upregulation of the ERβ in response to the treatment with 10µM phosalone, the compound that
induced the least proliferative effect. ERβ might attenuate ERα-induced proliferation and
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affects cell-cycle progression. Furthermore, c-myc and p21 modulation indicate that the
observed proliferative effect correlates with c-myc induction, while p21 was not affected
ruling out a contribution to proliferation limiting effects. These results suggest analysing both

in vitro proliferation and molecular endpoints, to estimate the effects of xenoestrogens.
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6. ZUSAMMENFASSUNG

Endokrin wirksame Chemikalien: Ihre Wechselwirkungen mit Östrogenrezeptoren und eine in

vitro Abschätzung ihres endokrin aktivierenden Potenzials

Das Endokrine System ist ein komplexes Set von hormonproduzierenden Drüsen, das
biologische Prozesse im Körper reguliert, beginnend mit der Empfängnis über das
Erwachsenenstadium bis ins hohe Alter. Mit beeinflusst werden die Entwicklung des Gehirns
und des Nervensystems, das Wachstum und die Funktion des reproduktiven Systems, aber
auch der Stoffwechsel und der Blutzuckerspiegel. Des Weiteren regulieren diese Hormone,
unter anderem Östrogene, eine Vielzahl von biologischen Prozessen, die Einfluss nehmen
auf Wachstum, Ausdifferenzierung und Funktion von Zielgeweben, wo sie mit zellulären
Östrogenrezeptoren (ERs), ERα und ERβ in Wechselwirkung treten, die dann als
Transkriptionsfaktoren agieren. Außerdem gibt es in der Umwelt exogene Substanzen, die
die Herstellung, die Ausschüttung, den Transport, die Rezeptorbindung, die Wirkung
und/oder die Eliminierung der natürlichen Hormone im Körper beeinflussen können. Diese
endokrin wirksamen Chemikalien (EDC) können den physiologischen, hormonalen
Signalweg beeinflussen und stören indem sie unter anderem mit den ERs interagieren.
In dieser Studie haben wir die östrogen-ähnlichen Eigenschaften von vier Xeno-Östrogenen
von humanen MCF-7 Zellen untersucht, die als Umweltschadstoffe klassifiziert sind
(Diethylstilbestrol, Hexestrol, Coumestrol, Phosalon), indem wir eine Kombination von
Testsystemen benutzten: Die Bestimmung der Wachstumssrate der Zellen in Verbindung mit
Gen- und Proteinexpression der Östrogenrezeptoren und der Proteinmodulation, der auf
Östrogen reagierenden Gene, wie c-myc und p21. Alle getesteten Substanzen zeigten einen
wachstumsfördernden

Effekt

auf

MCF-7

Zellen

und

agierten

als

Liganden

für
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Östrogenrezeptoren, außerdem wirkten sie als Zellzyklus Modulatoren. Wir stellten fest, dass
der wachstumsfördernde Effekt auf die MCF-7 Zellen, nach der Behandlung mit den
getesteten Substanzen in Übereinstimmung mit den Ergebnissen ist, die von anderen Tests
prognostiziert werden (QSARs Analyse, Rezeptorbinde-Assay und Transaktivierungsassay).
Dies ist die Bestätigung, dass der hier beschriebene Test als Prognosewerkzeug dienen
kann um östrogen-ähnliche Aktivität nachzuweisen. Außerdem haben wir die Modulation der
Östrogenrezeptoren analysiert. Das relevanteste Ergebnis, das wir erzielten war die
Hochregulierung von ERβ, als Antwort auf die Behandlung mit 10 μM Prosalon, welches den
geringsten wachstumsfördernden Effekt erzielte. ERβ könnte das

ERα induzierte

Zellwachstum abschwächen und auf die Zellzyklusabfolge einwirken. Die Modulation von cmyc und p21 deutet darauf hin, dass der beobachtete Effekt gleichgeschaltet ist mit einer cmyc Induktion, während p21 unverändert blieb, was eine Mitwirkung von p21 bei der
Wachstumsmodulation ausschließt. Diese Resultate lassen darauf schließen, dass eine
kombinatorische Analyse von in vitro Wachstum und molekularen Endpunkten nötig ist um
die Effekte von Xeno-Östrogenen abzuschätzen.
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