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Preface

The increasing awareness on the varied consequences of hypogonadism in
distinct organs and systems has supported the notion of estrogens as systemic
agents. This observation is congruent with the variety of tissues affected by es-
trogens when used in hormone therapy formulations on hypogonadic women.
Apart from the genital tract and the breast, recognized as traditional targets
for estrogens, the skeleton, the vascular tree, or the central nervous system, are
good examples of territories that have demonstrated sensitivity to estrogens.
This evidence has created great interest, as shown by the great amount of liter-
ature that has been produced on the benefits and risks associated with the use
of estrogens.

In parallel to the clinical interest, basic research has improved our knowl-
edge on the complexities involved in estrogen action at the molecular level.
Together with effects mediated through specific receptors, a concept that has
been the mainstay of the interpretation of estrogen action for years, there
is enough evidence to hold the notion of receptor-independent effects. The
substantial advances in modern technology applied to research have helped
in enlightening the particulars of this versatile action of estrogens. This more
detailed knowledge on the sophisticated mechanism of action of estrogens has
nourished the emergence of multiple hypotheses speculating with the pos-
sibility of manipulating estrogen action. The notion that a widely extended
regulatory system of cell function, as it is the estrogen receptor machinery,
might be modulated at wish has arisen as an attractive, although still elusive
postulate.

Increasing support for this concept has evolved from the developments of
classical pharmacology in the field of agonists/antagonists for receptors, to-
gether with the extensive basic and clinical knowledge acquired with the use
of tamoxifen, originally considered as an estrogen receptor antagonist. It has
been the great experience with tamoxifen, plus the accompanying basic re-
search, which have led to the actual notion that tamoxifen is, as perhaps any
compound capable of binding to the estrogen receptor, nothing but a selective
estrogen receptor modulator (SERM). Today, the biological steps set in motion
by the activation of the estrogen receptor are sufficiently intricate to convert
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into a difficult exercise the definition of compounds that respond to the con-
cept of pure agonism or antagonism. Instead, it seems that there is a wide,
increasing variety of ligands capable of binding to distinct species of receptors
and determining effects whose profile will depend on the compound as well as
on the target tissue.

The corollary of these premises is that modern medicine faces a great chal-
lenge but at the same time a wonderful opportunity. The hypothesis of govern-
ing a physiological, an often powerful, regulatory system of cellular functions
is starting to become a tangible reality. Accordingly, the new concept of mul-
titarget drugs has been created. From the veteran tamoxifen, which proved
efficacious as an antagonist in breast but created concern due to its agonis-
tic effects in the uterus, the list of SERMs has not interrupted its continuous
growth. Raloxifene has defined a landmark in this sequence as a consequence
of the abundant basic and clinical studies forming a solid body of doctrine
that warrants his actual indication in osteoporosis as well as its possible role
as chemopreventive against breast cancer. Many other SERMs, distributed
in different families, are already under research in experimental and clinical
studies.

This book represents the effort of a group of scientists and clinicians to
offer the reader an updated view of the main advances occurred in the field in
the recent years. Every author has been selected because of his/her experience
with modulators of estrogen receptors, either in basic or clinical grounds. This
explains the structure of the book, which reviews the main basic concepts
in the first part, to immediately concentrate in the recent news on the many
uses of SERMs in clinical practice. We are very grateful with all of them for his
excellent contribution. To conclude, we also would like to express our gratitude
to Springer-Verlag for the excellent technical support as well as to those who,
from different perspectives, are at the base of our work, our patients and our
families.

Antonio Cano
Joaquin Calaf
José-Luis Duefias-Diez
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CHAPTER 1

Molecular Mechanisms of Estrogen Action
in Target Tissues

B. NicoLAs Diaz CHIco - DOMINGO NAVARRO BoscH -
JuaN C. Diaz CHIcO - EDUARDO ESCRICH ESCRICHE

1.1
Introduction

The majority of signals that govern cell operations have their origin in the
plasma membrane. They proceed from membrane receptors that respond to
substances of diverse origins. An important part of these signals arrives at the
cells via blood circulation, as it is the case of endocrine signals transmitted by
hormones. Another essential group of signals originates in the neighborhood
of the cells, or even in the cell itself. This is the case of paracrine and autocrine
signals transmitted by an extensive assemblage of growth and differentiation
factors.

The interaction of external signals with membrane receptors generates sec-
ond messengers. These messengers either modify the cell concentration of
ions or metabolites or alter the functional state of a chain of several molecules
that act as intermediaries. These intermediaries may modify the intensity of
determined biochemical reactions or, in other cases, are integrated into the
machinery of gene transcription and alter the expression of specific genes. The
consequences of these activities can lead to the induction of cell division.

Animportant group of endocrine signals does not require membrane recep-
tors, second messengers, or intermediaries in signaling chains. They proceed
from substances that seem to penetrate into the interior of cells without diffi-
culty, where they join with intracellular receptors, and through which they act
on the cell genome. These substances are small liposoluble molecules, of which
several are of a hormonal nature: the steroid hormones - androgens, estrogens,
progestagens, glucocorticoids, and mineral corticoids - the thyroid hormones,
and vitamin D3. There are also nonhormonal substances, such as retinoic acid,
prostaglandin J2, or fatty acids, which utilize intracellular receptors and exert
powerful genomic effects. All these substances share common mechanisms of
action through soluble intracellular proteins that are members of the nuclear
hormone receptor family (Evans 1988; Vaseduvan et al. 2002).

Once nuclear hormone receptors are bound to their hormone, they are
capable of being integrated directly into the machinery that regulates the tran-
scription of specific genes. This action is more direct, and apparently more
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primitive, than that originating in membrane receptors. By controlling gene
expression, the hormones regulate more the abundance of determinate, spe-
cific proteins rather than their biochemical activity. Those hormone-receptor
complexes are also efficient regulators of cell proliferation.

Nuclear hormone receptors accumulate several functions in a single molecule.
They are capable of recognizing and binding small molecules like steroids with
high affinity and specificity. These hormone-receptor complexes are capable
of recognizing and joining with specific sequences of DNA present only in
genes that are the object of hormonal regulation. They are capable, in short,
of interacting with other proteins - coactivators or corepressors — that partic-
ipate in the regulation of the machinery of gene transcription and of initiating
or modifying the expression of specific genes. The meeting of all these func-
tions, and others not mentioned, in a single molecule make these receptors an
extremely elaborate product from the point of view of evolution.

This chapter reviews the main characteristics of two of the better known
members of the nuclear hormone receptor family: estrogen receptors o and
(ERo and ERB). First, the different functional regions harbored by the molecule
of the receptor are described. These properties will be used to describe the
cellular, molecular, and other consequences that derive from the interactions
of receptors with their own hormone, other proteins, or DNA.

The interaction of estrogen receptors with signaling systems of the cell mem-
brane that respond to growth factors and mediate nongenomic, fast actions of
estrogens will be reviewed as well. These mechanisms have a growing impor-
tance in the comprehension of phenomena like the induction of endothelial
NOS (nitric oxide synthase) by estrogens (Rubanyi et al. 2002).

1.2
General Aspects

The hypothesis that hormones act through cell receptors is as old as the con-
cept of the hormone. Nevertheless, and as usually occurs in science, hor-
mone receptors were only discovered when the required technology became
available.

1.2.1
The Discovery of Hormone Receptors for Steroid Hormones

Hormone receptors for steroids were discovered in the early 1960s, when
the technology to radioactively mark steroids became available. By obtaining
tritium-labeled estradiol, Jensen could show the existence of an intracellular
protein component that bound specifically to this hormone and that was called
the estradiol receptor (ER).
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Shortly thereafter, O’Malley obtained an autoradiography image in which an
accumulation of estradiol was observed within the nuclei of cells from chicken
oviduct (O’Malley et al. 1974). It had been known that estradiol significantly
altered the synthesis of RNA within a few minutes. With these scant initial
data, the theory that steroids act through intracellular receptors, by means of
which they carry out the regulation of specific genes, was established (Toft et al.
1966). The use of radioactively marked compounds permitted the discovery
of receptors for the other steroid hormones, vitamin D3, and the thyroid
hormones (Bouillon et al. 1995; Navarro et al. 2002; Evans 1989; Evans 1988).
For many years, the only available technology to determine concentrations of
receptors and to study their properties was based on the use of radioactive
hormones.

It was not until 1995 that news emerged of the existence of a second type
of ER, the ERp, described almost simultaneously in two European laborato-
ries (Nilsson et al. 2001; Kuiper et al. 1996). Since then , the original ER has been
called ERw. Both receptors are independent biological entities, encoded by dif-
ferent genes that respond to the same denomination. Both genes have different
patterns of tissue expression, with exclusive expression in some cell types and
joint expression in others (Palmieri et al. 2002; Kuiper et al. 1996; Krege et al.
1998). ERe dominates in the reproductive tract, while in other tissues, espe-
cially the nervous, digestive, and ovary tissues, ERS dominates (Nilsson et al.
2001; Krege et al. 1998; Couse et al. 1999a; Couse et al. 1999b).

1.2.2
Nuclear Hormone Receptors?

The intracellular distribution of steroid hormone receptors has long been the
object of controversy. The first theoretical formulation on the intracellular loca-
tion of the ERs was elaborated by Jensen in 1968 and is known as the “two-step
theory?” Its execution was based entirely on biochemical observations obtained
by means of tritium-marked estradiol. The ERs, in cells not exposed to hor-
mones, are found abundantly in the soluble cell fraction, or cytosol (Fig. 1.1).
Treatment with hormones confines the receptors to the particulated or nuclear
fraction and causes their disappearance from the cytosol. The two-step theory
established that the receptor is found in the cytoplasm naturally and upon
the arrival of a hormone it is transformed into a complex hormone-receptor
(first step) capable of translocating itself to the nucleus and of modifying gene
expression (second step).

In the 1980s, Jensen and others obtained monoclonal antibodies against
several of the nuclear hormone receptors (Diaz-Chico et al. 1988; Jordan et al.
1990). These antibodies permitted the introduction of immunohistochemical
techniques in the study of receptors. Consequently, King and Greene verified
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Fig. 1.1. General mechanism of action of steroid hormones. Steroid hormones cross through
the plasmatic membrane without apparent difficulty favored by gradient. Some, which can
be considered prohormones, are metabolized and transformed into more active products.
This is the case with testosterone, which becomes dihydrotestosterone (DHT) in the target
tissues of androgens, through the 5-alfa-reductase enzyme. The hormone binds to the
receptor, a soluble protein of the cellular cytosol that, in the absence of hormone, is found
associated with other proteins (hsp90 and others) that maintain the receptor in an inactive
state. The hormone-receptor bond causes the other proteins to separate and a homodimer
to be formed. The homodimer is the activated form of the receptor since it is capable
of recognizing the genes that depend on that steroid hormone as well as of activating its
expression, which leads to the synthesis of specific proteins

that there were receptors in the nuclei of cells sensitive to estrogens, regardless
of whether or not the cells had been exposed to hormones (King et al. 1984).

Simultaneously, Gorski’s group (Welshons et al. 1984), utilizing a type of
cell fractionation that permits separating the cytoplasm from the nucleus, was
also able to detect the presence of nuclear ER, even if the cell had not been
exposed to hormones. These findings led to a different theoretical formulation,
according to which the native receptors would be found in the cell nucleus, to
which the hormone would accede directly.

At present, the two-step theory is still accepted, but it leaves out the question
of receptor location within the cell so as to be able to cover all members of
a family. The receptor, in the absence of hormone, is found associated with
other proteins (hsp90, p59, and perhaps others) and very weakly bound to
cell structures (nuclear or cytoplasmatic). The arrival of hormones transforms
the receptor, freeing it from other proteins, giving it a greater affinity for
nuclear structures, and causing it to achieve an active state as a transcription
factor (Beato et al. 1996; Beato 1989). The difference is that the receptors not



1 Molecular Mechanisms of Estrogen Action in Target Tissues 7

bound to estradiol are soluble, and they can be extracted also from the nucleus
during homogenization: they are “cytosolic”, not “cytoplasmatic”.

1.3
Structure of Estrogen Receptors

Knowledge of the molecular structure of ERs was initiated from the cloning of
the complementary DNA for the messenger RNA (mRNA) that encodes ERc.
This was possible thanks to the explosive evolution of the recombinant DNA
technology during the 1970s and to the production of monoclonal antibodies
against ERa. In 1986 the sequence of amino acids of ERx was published by the
Chambon group (Green et al. 1986a; Green et al. 1986b).

ERB was cloned by chance, since it was found through the use of probes
aimed at hybridizing with the most conserved part of the nuclear receptors
- the DNA binding domain (DBD) - trying to find related sequences. This
procedure has expanded the family of nuclear receptors to more than 100
members. Thus, the discovery of ERp in rat prostate by the Gustafsson group
was a surprise (Kuiper et al. 1996; Nilsson et al. 2001).

1.3.1
Primary Structure of Estrogen Receptors

The receptor molecule, that is to say the protein that interacts directly with the
hormone, is formed of a single polypeptide chain in not only ERx and ERp
but also in the remainder of the known nuclear receptors (Evans 1989; Evans
1988; Krege et al. 1998; McDonnell et al. 2002; McEwen et al. 1999; Nilsson et al.
2001).

The idea that nuclear receptors belong to the same molecular family arose
upon discovery of the considerable homology in the amino acid sequences
among the receptors (Evans 1989). These homologous sequences affect six
regions of the respective molecules, labeled with theletters A to F. The functions
assigned to each homologous region were deduced from the comparison with
the known functions of amino acid sequences in other proteins. The final
confirmation was obtained from the analysis of the alterations in the function
of the receptors that were produced after their structures were altered by means
of controlled mutations.

Human ERe has 565 amino acids, greater therefore than the dominant
isoform of ERB, which has 530 amino acids (Kuiper et al. 1996), the isoforms
are products of the same gene and are generated by alternate processing of
mRNA. Nevertheless, the structure in the domains of both types of ER reflect
the general pattern described, except that ERS lacks the carboxyterminal F
region (Kumar et al. 1987; Nilsson et al. 2001). Both ER«x and ERp, as well
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as their isoforms, can have different functions, inasmuch as they can activate
different genes and even carry out antagonistic functions (Fuqua et al. 1992;
Fuqua 2001; Pettersson et al. 2000). This is a field of extraordinary activity,
where research has tried to find the different degrees of implication of every
hormone and isoform in carcinogenesis and in tumor response to hormone
treatment (Palmieri et al. 2002).

1.3.2
Activity Domains in the Molecules of Estrogen Receptors

ERs are transcription factors that are activated by means of a high affinity
reaction (Kd between 0.01 and 1 nM) with aligand (hormone or antihormone).
The reaction transforms the receptor from a native state that is genetically
inactive to an activated state capable of identifying the genes susceptible of
responding specifically to each receptor. The functional organization of the ER
is carried out through particular structures of the receptor molecule. These are
formed by means of a series of folds of the molecule that permit reaching the
(tertiary) spatial structure adequate for carrying out each function. Each one of
the structures of the molecule that can carry out one of the particular functions
is called a molecular domain. Molecular domains are not always formed by
consecutive sequences of amino acids. They can be formed by several short
sequences of amino acids, separated from each other by amino acids that are
not part of a given domain.

ERs have domains responsible for nuclear location, hormone binding,
dimerization, DNA binding, and transcription activation (Figs. 1.2 and 1.3)
(Beato et al. 1996; Beato 1989; Fawell et al. 1990; Hall et al. 1999; Kumar et al.
1987).

1.3.3
Genetic Encoding of Estrogen Receptors

As in any another protein, the synthesis of an ER begins with the transcription
of the gene that encodes it in RNA as a primary transcript (Chin 1995; Pong-
likitmongkol et al. 1988). This forms a very long strand that is then processed
to give mature mRNA. The maturation process includes the elimination of the
exons and the modification of the ends of the RNA strand. The genes of the ER
include 8 exons, some of them very large (> 26 kilobases). The mature mRNA
has an open reading frame that encodes for the sequence of amino acids of the
receptor, flanked on both ends by long sequences of nucleotides that are not
translated.

The elimination of exons during RNA maturing requires two cuts and a cou-
pling for each exon. Occasionally errors are produced, providing a source of
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Fig. 1.2. Structure and domains of the estrogen receptor. ERs have a structure that couple
several functions in a single protein. The aminoterminal region of the receptor contains
a binding domain to DNA, with two zinc fingers that confer upon the receptor the capacity
to recognize short sequences of DNA, called estrogen response elements (ERE), in the
promoter region of the estrogen-dependent genes. That region also contains a transcription
activator region or transactivator, TAF1, which binds with nuclear transcription factors to
complete the gene transcription machinery. The carboxyterminal region of the receptor
contains a large binding domain to the hormone that occupies more than half the molecule
and through which the receptor interacts with estrogens and antiestrogens. That same zone
contains another transactivator region, TAF2, which only becomes activated in the presence
of estrogen, a zone of dimerization, and another for binding to hsp90. Between the hormone
and the DNA binding domains there is the hinge region, which contains a short sequence
of basic amino acids that confer nucleophylia to the receptor and one of the zones that
participates in the dimerization of the receptor

595 aa
hRE-Alfa 66 kDa
NH, COOH
530 aa
hRE-Beta 62 kDa
NH,
AlIB c D E/F
15.5 % 97% 30% 59%  HOMOLOGY

Fig. 1.3. Comparison of alpha and beta estrogen receptors. The alpha and beta ERs are
products of different genes, but they maintain a similar structure. The figure shows that
both receptors share different degrees of homology in their amino acid sequences, the
highest one being that corresponding to the DNA binding domain. The beta receptor lacks
the carboxyterminal zone, called zone E, which is absent in other members of the nuclear
receptor family and is considered a peculiarity of the alpha ER
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receptor variants. The receptors thus formed can be truncated, that is, they
lack the amino acids encoded by some of the exons. Additionally, receptor
molecules can appear that have in duplicate amino acids encoded by some of
the exons. These products of alternate mRNA maturation, called isoforms, ex-
ist for both types of ER and are produced in normal tissue, but their functional
significance is not known (Fuqua et al. 1992; Fuqua 2001; McGuire et al. 1991;
Scott et al. 1991).

Alternative mRNA maturation is frequent in tumor tissue expressing ER. In
some cases it would give rise to truncated receptors that would maintain the
capacity to bind hormones but would have lost their capacity as a transcription
factor. Additionally, truncated receptors would be produced that would lack the
capacity to bind hormones but would conserve intact their capacity to interact
with DNA. In this case, the truncated receptors can become tumorigenic by
stimulating the proliferation of cells uncontrolled by hormones. These receptor
variants have been the object of exhaustive study at the level of mRNA in tumors
of the breast, mainly estrogen-dependent tumors (Clemons et al. 2001; Garcia
et al. 1988; Palmieri et al. 2002), but tests for the existence of receptor protein
with these characteristics have not corroborated the expectation created by
their theoretical interest.

1.3.4
Native Receptor

In cell cultures deprived of hormones or in target organs of ovariectomized
animals, ERs are found in a state known as “native”, characterized by their
association with several proteins (Redeuilh et al. 1987). The best known are
hsp90 and p59.

hsp90 is a chaperone protein that accompanies the ER from receptor syn-
thesis and is indispensable in the acquisition by the receptor of the appropri-
ate three-dimensional conformation. This protein, induced by heat or by cell
stress (Redeuilh et al. 1987), is ubiquitous and much more abundant than the
group of nuclear receptors of a given cell. hsp90 continues bound to the recep-
tor until the receptor itself binds to the hormone. At this point, the receptor
loses affinity for hsp90 and undoes the bond between both molecules.

p59 is an immunophyline, characterized by its specific binding with the im-
munosuppressant rapamicine (Ratajczak et al. 1993). It is unknown whether
this property is related to the biology of the receptors. The native structure
in vivo has been studied by means of substances that enter the cell and, once in-
side, establish covalent bonds between protein structures that were previously
associated by noncovalent interactions (Segnitz et al. 1995). Studies carried out
by the Ghering group have verified that the structure of glucocorticoid, estro-
gen, and progestin receptors is identical: a receptor molecule, two of hsp90 and
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one of p59. Other proteins, such as hsp70, have been identified in the native
complexes of receptors in vitro (Smith et al. 1993). Nevertheless, the presence
of these proteins has not been verified in vivo.

The formation of the structure of the native receptor depends essentially
on the hsp90-receptor interaction. This is produced among specific sequences
of both proteins in three dimensions; one of them is found in the DBD and
the other in the ligand binding domain (LBD, domain E). When lacking a
24-amino-acid chain between the end of domain C, that of binding to DNA,
and the beginning of domain D, the ER does not join with hsp90 and, there-
fore, does not form the hetero-oligomeric structure of the native receptor and
remains a monomer. The binding of the ER with hsp90 is produced soon af-
ter the synthesis of the receptor and precedes the incorporation of the other
proteins.

1.3.5
Estrogen Transforms the Native Receptor

The binding of hormone transforms the receptor in vivo, freeing it from the
accompanying proteins. The transformation involves the conversion of the
receptor into a more nucleophylic form, which can be extracted from the nuclei
only with solutions of high salinity (0.4 MKCl). The transformation of the
receptor can be verified through centrifugation of cytosol in a sucrose gradient
of density. The native receptor complex has a coefficient of sedimentation of
8S, which changes to 4S when the hormone transforms the receptor (Fig. 1.5).
This change of coefficient of sedimentation reflects the rupture of the hetero-
oligomer of the native receptor (8S), which frees the receptor monomer (4S)
from its bond with hsp90 and p59 (Redeuilh et al. 1987; Navarro et al. 1998).

From what has been discovered, it can be deduced that part of the functions
of ERs remains hidden in the native state. Interaction with hormone causes
this structure to come apart. This process of activation or transformation
permits the receptor to exhibit all the potential of interaction with DNA and
makes the receptor exhibit the properties that were hidden by the proteins that
accompanied it in the 8S form (McGuire et al. 1991).

1.3.6
Domain of Nuclear Location

All nuclear receptors have sequences known as domains of nuclear location (Pi-
card et al. 1987). These sequences, rich in arginine and lysine, confer upon the
many proteins that contain them the capacity to bind to nonhistone nuclear
proteins. Receptors have up to four of these sequences, whose cooperation is
necessary for nuclear location. When these sequences are exposed, the receptor
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tends to be located in the nucleus. When covered by other proteins, receptors
are distributed throughout the cell.

In the case of the ER, when a region of 20 amino acids between 250 and 270
is missing, the receptor is located strictly in the cytoplasm. Domains of similar
size and function have also been located in the receptors of glucocorticoids
and of progesterone. The zone of nuclear location overlaps with one of the
sequences for interacting with hsp90, which at the same time is next to the DBD.
The coincidence of the three functions in a space so restricted implies that they
are totally or partly incompatible sterically (Evans 1989; Gruber et al. 2002).

14
Hormone-Receptor Interaction

The recognition of each receptor by its respective hormone is a highly specific
process occurring at the LBD. The small hormonal molecule enters a hydropho-
bic cavity of the receptor molecule, forming a high affinity bond.

1.4.1
Ligand Binding Domain

The binding domain for the hormone, or LBD, is situated in the carboxyl
half of the receptor, the final portion of which is critical. For example, the
deletion of 12 amino acids in the carboxyl end of the androgen receptor sup-
presses its capacity to bind hormone (O’Malley et al. 1974). The LBD has an
amino acid composition that confers upon it a net hydrophobic character, suit-
able for interacting with organic molecules of low molecular weight, such as
steroids.

In spite of the extensive homology in the key amino acids of the LBD
(Fig. 1.3), each of the two ER isoforms has different affinities for natural and
syntheticligands (Table 1.1). This suggests that the responses are very different
in tissues dominated by one or another receptor (Kuiper et al. 1996).

It is noteworthy that such a long portion of ER« is required (more than
220 aa.) to interact with a structure as small as a steroid. Nevertheless, the
whole structure seems necessary since this domain includes a transcription
activation function through which the receptor binds with the cofactors (coac-
tivators and corepressors). It is considered that amino acids kept among dif-
ferent members of the nuclear receptor family form a hydrophobic cavity that
lodges the hormone. Amino acids not preserved among different members of
the family but preserved by the same receptor in different species can be im-
portant for discriminating among structurally similar hormones and provide
specificity for the binding of each receptor with its hormone (Mester et al.
1995).
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Table 1.1. Relative binding affinity of ligands to estrogen receptors « and

Ligand RE-« RE-B
17-B Estradiol 100 100
17-« Estradiol 58 11
Estriol 14 21
Estrone 60 37
4-OH-Estradiol 13 7
2-OH-Estrone 2 0.2
Tamoxifen 4 3
Raloxifen 69 16
Genistein 4 87
Cumestrol 20 140
Daizdein 0.1 0.5
4-Octylphenol 0.02 0.09
Nonylphenol 0.05 0.09

Data from Kuiper et al. Endocrinology 138:863 (1997)

At the time the hormone is introduced into the LBD (Fig. 1.4), a conforma-
tional change is produced in the three-dimensional structure of the receptor,
a change that is key to the subsequent steps in hormonal action. This change
is produced by a few contacts (between 6 or 7 and 15) of the receptor’s amino
acids with related groups from the hormone’s structure. Some basic amino
acid residues, particularly from arginine, which are preserved virtually intact
among receptors, are critical in the execution of this function (Quingley et al.
1995).

The LBD harbors a zone of interaction with hsp90. When the hormone
binds with the corresponding domain in the receptor, the protein changes its
conformation, losing its affinity for hsp90. As a result, the receptor loses its
affinity for hsp90.

As previously noted, the LBD of the receptor presents a series of functions
that are not very well delimited such as those of dimerization with another
receptor, nuclear translocation, and activation of the ligand-dependent gene
transcription. As was just mentioned, the interaction of a ligand with its re-
ceptor has as its immediate consequence the conformational change of the
molecule, a change that also determines the molecule’s functionality. The im-
portance of this pointis that the stated conformational change is predetermined
by the chemical nature of the ligand and the form in which it interacts with the
receptor.

This can be verified easily if one analyzes the changes that take place in
this zone when both the ERe and ERf bind to agonist or antagonist ligands.
By means of crystallography studies, it has been verified that the binding of
agonists such as estradiol or diethylethylbestrol (DES), or even partial antag-
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Fig. 1.4. Hormone-binding domain. Estrogen receptors concentrate in the extensive
hormone-binding domain (> 300 amino acids) several functions with a common char-
acteristic: they only manifest themselves when the receptor has been bound to the hormone
and a change in its three-dimensional structure has been produced. The hormone-binding
domain forms a bag-shaped structure, hydrophobic in nature, that lodges the hormone. The
interaction occurs between specific atoms of the hormone and residues of specific amino
acids of the receptor that at times are very distant in the primary sequence but that are
next to each other in the three-dimensional structure of the receptor. Estrogens interact
with a few concrete amino acids of this domain, while antiestrogens and SERM (selective
estrogen receptor modulators) are in contact with some of the same amino acids as well as
with some others. The result is a structural folding different for the receptor as a function
of the ligand with which it interacts

onists like raloxifene or 4-OH tamoxifen, induces different three-dimensional
conformations in both isoforms, affecting the spatial disposition of the LBD
zone and, therefore, the functionality of the molecule. This could explain why
a drug such as tamoxifen behaves like a partial agonist in the case of ER« and,
in contrast, like a complete antagonist when interacting with ERS, or why the
phytoestrogen agonist genistein has 30 times more affinity for ERf than for
ERa, when the homology between both isoforms in terms of their tertiary
structure is very high (Barkhem et al. 1998).

1.4.2
Structure of Receptor and Hormonal Antagonism

As was previously established, the spatial structure of the receptor domains is
altered by interaction with the hormone, with DNA, with other proteins, and by
the state of the receptor phosphorylation. Different states of folding suppose
that the receptor exhibits different surfaces that permit it to gain or to lose
affinity for DNA sequences or for proteins, as they are components of the native
receptor or of the transcriptional machinery. The different properties that
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Fig. 1.5. Activation of the native receptor by the hormone. The hormone-receptor interaction
determines a very strong bond that attracts distant amino acid residues, which alters the
three-dimensional structure of the receptor. As a consequence, the receptor loses its affinity
for the proteins that were originally close but that no longer find their zones of contact with
the receptor. Simultaneously, the receptor reorganizes other hormone-dependent zones: it
acquires dimerization capacity and exhibits a capacity to bind to DNA and to transcription
factors. The interaction with antiestrogens also produces a conformational change, which
can give rise or not to the formation of dimers, in any case with a different conformation

characterize the receptor are fully manifested only when the adequate spatial
distribution of the molecule is reached (Brzozowski et al. 1997; Castellano-Diaz
et al. 1989; Edwards et al. 1995; Edwards et al. 2002; Jordan et al. 1990).

The interactions of the receptor with structural analogs of the natural hor-
mone give rise to conformation changes that can be similar, slightly different,
or totally different from those produced by interaction with its natural lig-
and. A structural analog that produces a folding of the receptor that is very
different from the normal one will give rise to nonproductive configurations
from a transcriptional point of view. This would occur in the case of hormonal
antagonists or antihormones that would blockade the receptors into a state of
incapacity to induce gene expression. As a consequence, they would not man-
ifest the physiological effects of the hormone (Gruber et al. 2002; MacGregor
etal. 1998; McDonnell et al. 1994; Nilsson et al. 2001; Shiau et al. 1998; Wakeling
1993).

On the contrary, if the structural analog structure produces a folding suffi-
ciently similar to the normal one, it can give rise to interactions with diverse
degrees of transcription capacity. This is the case of analogs that function
like partial agonists. In this case, the context of the gene promoter plays an
important role, so that the complexes formed are capable of inducing the
transcription of some genes but not of others. The cell context is also im-
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portant since different cell lineages contain distinct transcription factors.
This way, the same product behaves like an agonist in some cells and in
others like an antagonist. Everything depends on whether or not the con-
figurations attained are capable of interacting with the present transcription
factors. Tamoxifen is the paradigm par excellence of the partial estrogen ag-
onist. It functions like an antiestrogen in human breast cancer and as estro-
gen in the liver (MacGregor et al. 1998; Shiau et al. 1998; Tzukerman et al.
1994).

It is precisely in the so-called transcription activation zone-1 (TAF1) where
we find significant differences between both kinds of ER. If in ER« this func-
tion represents a fundamental role in the specific activation of various genes
in experiments carried out with cell lines, it has been verified that, in the
same conditions, the TAF1 of ERS practically does not intervene in such pro-
cesses (Cowley et al. 1999). Similarly, the interaction of both receptors with
specific ligands presents certain similarities and differences. Thus, synthetic
antiestrogens such as tamoxifen, raloxifene, and ICI 164.384 present partial
estrogen activity when they are bound to ERe, since they manage to induce
the gene transcription mediated by this receptor. Meanwhile, they are pure
antagonists for ERB (McDonnell et al. 1995). The contrast may be explained
by differences found in the TAF1 zone for both receptors. It is known that
two different zones exist inside the TAF1 in the alpha isoform, both of which
are necessary for the agonism with estradiol and for the partial agonism with
tamoxifen, while in the beta form this dual function of the AF1 zone has not
been detected (McInerney et al. 1998). Therefore, it is fitting to conclude that,
based on these observations, the exact function of the TAF1 zone in ERp, as
opposed to that in the alpha isoform, still remains without clarification.

1.4.3
Receptor Folding in Separate Domains

A truncated ER lacking domains A, B, and C still grasps estradiol with high
affinity. This indicates that these regions do not participate in the binding
to hormone. It also indicates that domains D, E, and F fold themselves au-
tonomously, reaching the necessary configuration to bind with the hormone.
It is presumed that region D, which connects the LBD with the DBD, functions
like a hinge pin, keeping apart two areas functionally separated in the protein.
Region C tends to form a partly autonomous, very compact structure with re-
gard to domains A and B. It is possible to idealize the receptor as an assembly
of three separate structures of folding, where the LBD would be able to rotate
with ample freedom with regard to the other two structures (Evans et al. 1988).

The simultaneous presence of several functions in the same zone of the
molecule is something that should not surprise. The LBD is sufficiently exten-
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sive so that different amino acids participate in distinct functions. When these
functions reside in neighboring sequences that overlap, functions demonstrate
themselves successively: the receptor binds the hormone, then it loses affinity
for hsp90, soon after that it gains affinity for another receptor and dimerizes,
and finally it earns affinity for other cofactors of transcription. Each step is
necessary so that the following can be taken in the process of activation.

1.4.4
Dimerization Domains

The formation of dimeric structures — homodimeric in the case of the ER,
heterodimeric in the case of the thyroid hormone with a retinol receptor - is
very common among the proteins that regulate gene transcription. The dimers
embed themselves in the greater furrow of the DNA double helix and in this way
facilitate the interaction between specific amino acids and nucleotides. It has
been shown that the receptor dimers, and those of other regulating proteins,
produce angulation of the double helix. This process facilitates the fixation
of other components of the transcription machinery and the initiation of the
transcription (Lee et al. 1989). The formation of dimers plays a central role in
the recognition of genes regulated by the hormones.

Dimerization is a process necessary for the receptor to carry out its inter-
action with DNA and to initiate the response to the hormone. Dimerization
occurs when the receptor monomer has freed itself of hsp90 and the other
accompanying proteins forming the structure of the native receptor. More-
over, binding to the hormone provides the receptor with the necessary three-
dimensional structure to produce the interaction between the two receptor
monomers (Kuiper et al. 1996; O’Malley 1990).

At least three regions of the receptor participate in the process of dimer
formation. One of them is unspecific and is made up of the sequences of
hydrophobic amino acids of the LBD. These form hydrophobic contact surfaces
that facilitate, in a general way, the interactions among proteins. The other two
are specific sequences of amino acids. One of them is situated immediately after
the DBD. It is comprised of a group of some 20 amino acids, and its capacity to
intervene in the dimer is independent of binding to the hormone. The other
dimerization region is found inside the LBD. It is poorly located, and it is
possible that noncontiguous sequences of amino acids participate in it. It is
exhibited only when the receptor has been already bound to a hormone.

The formation of ER dimers can be favored once the first monomer has
bound to the DNA, since this presents positive cooperation in binding the
next monomer. In any case, DNA binding creates a greater compaction of
the dimer that results in a subsequent spatial restructuring of the receptor
molecules.
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1.5
Receptor-Genome Interaction

Cell differentiation during the embryonic period has as consequences that the
majority of genes remain definitively silenced and that only a reduced number
can be expressed in each cell (Beato et al. 1996; Beato 1989). The last group of
genes constitutes the patrimony of each differentiated cell lineage and includes
two subgroups: the genes that are expressed constitutively and those that are
inducible and/or repressible. The latter are the object of regulation by factors
internal or external to the cell, for example the hormones. It is the task of
the nuclear hormone receptors to recognize which genes are susceptible to
respond to a specific hormone.

1.5.1
Specific DNA Sequences for the Hormone Response

The identification of the few genes regulated by hormones, among the mul-
titude of the genes that are expressed in each cell, is a first-order problem.
What makes the identification possible is the existence of some short specific
sequences of DNA, situated in the promoter region of each gene, that are rec-
ognized by the dimer of the hormone receptor. These sequences are called
hormone response elements (HRE) (Seiler-Tuyns et al. 1986; Tzukerman et al.
1994).

The genes that respond to a specific hormone contain identical HRE
(Fig. 1.6). Normally, it is a matter of short nucleotide sequences: pentamers
or hexamers. In the case of the ER, the sequences are found repeated in in-
verse order in the same strand of DNA (palindromic, or symmetrically legible
sequences: 5’ GGACA-nnn-ACAGG 3'; n is any nucleotide). In the case of the
thyroid hormones and retinoic acid, the HRE at times are presented like two
repeated sequences in the same order (direct repetition: GGACA-GGACA).

Generally, between the two halves of the palindrome (or of the direct rep-
etition) there are from one to five nucleotide spacers whose sequence varies
from one gene to another. The sequence in which these nucleotides are found
is irrelevant, as they do not directly participate in the dimer-DNA interaction.
It is very important, however, that the number of nucleotide spacers be fixed
to allow for correct binding to its corresponding receptor dimer.

Note that there is a great similitude among all the known HRE for nu-
clear receptors. Two subgroups have been established in which the sequences
are practically identical: the subgroup of the glucocorticoid receptor, which
utilizes the pentamer sequence GGACA and also includes the progesterone,
mineralocorticoid, and androgen receptors (Seiler-Tuyns et al. 1986) and the
subgroup of the ER, which utilizes the pentamer GGTCA and also includes the
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Fig. 1.6. Binding domain to DNA. ERs contain two structures called zinc fingers, typical
of proteins that interact with DNA. One zinc atom forms four links of coordination with
four cysteine residues of the protein structure, which occupy nearby positions, thus leaving
aloop of some 15 to 22 aminoacids. The zinc fingers of the receptor are capable of interacting
with specific sequences of DNA, the hormone response elements, with which they establish
hydrogen bridges and form stable structures

receptors for vitamin D3, thyroid hormones, and retinoic acid (Bouillon et al.
1995; Tora et al. 1988). The first two utilize the palindromic system, and the
last two can utilize the palindrome or the direct repetition, depending on the
receptor subclass («, 8, or y).

The structure in palindrome or in direct repetition and the size of the
spacing sequence between the two pentamers are the critical variables in es-
tablishing the specificity of response to each one of the receptors that share the
same pentamer. For example, the elements of estrogen and thyroid response
can share the same palindrome and be differentiated only by the number of
nucleotide spacers: three for the first one, none for the second.

HRE are not always a perfect palindrome, nor are pentamers repeated per-
fectly. It is frequently sufficient that one of the pentamers be the one that
corresponds to an HRE. In the second pentamer, there can be a different
nucleotide without altering the interaction with the receptor in a noticeable
way.

1.5.2
DNA-Binding Domain

The interaction of the receptor with the HRE is produced once the dimer of the
receptor has been formed. Given that the majority of HRE are palindromic,
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the interaction requires that the dimer be formed symmetrically facing both
receptor monomers.

The DBD resides in a zone rich in cysteine in domain C of the receptor.
This region is characterized by an interaction among four cysteines next to an
atom of zinc (Fig. 1.6). The zinc atom stabilizes the structure by means of four
coordination links to form what are called zinc fingers. The nuclear receptors
form two zinc fingers per molecule. The zinc fingers contain a quite constant
number of amino acids (18 to 22), and the space between the fingers is filled by
a group of amino acids that varies from one type of receptor to another (Evans
et al. 1988; Klug et al. 1987).

The zinc fingers are common structures among the transcription factors.
Nevertheless, the coordination with zinc is more frequently produced between
two histidine residues and two neighboring cysteines than when it is among
four cysteine residues, as occurs in the nuclear hormone receptors. The zinc
fingers provide an optimum architecture for the mutual recognition between
specific sequences of amino acids and nucleotides. In the case of the nuclear
receptors, the interaction occurs between particular amino acids of the DBD
and guanine residues of the DNA sequence (Fig. 1.7).

In the recognition of each pentamer of the HRE participate two groups of
amino acids, one from each zinc finger, perfectly preserved along evolution.
The first, or proximal, group is situated in the nodule of the zinc finger and
participates with three amino acids. The distal group participates with three
other amino acids and seems to be essential to the recognition of the segment

5 AGGTCAnnnTGACCT 3’
3° TCCAGTnnnACTGGA 5°
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Fig. 1.7. Interaction of receptor with hormone response element. The hormone response
elements are located in the promoter region of genes regulated by hormones with nuclear
receptors. They are constituted of sequences from 13 to 15 nucleotides. The elements of
estrogen response are formed by two semi-elements, which are sequences of 5 nucleotides,
and a spacer of 3 unspecific nucleotides (7). The interaction is produced so that the section
of the zinc fingers of the receptor lodges in the main furrow of the DNA double helix



1 Molecular Mechanisms of Estrogen Action in Target Tissues 21

spacer between the two pentamers of the palindrome (Freedman et al. 1988;
Filardo 2002).

The interaction between the receptor dimer and DNA is produced in an
orderly manner. First, the dimer is placed in the main furrow of the dou-
ble helix, and the first monomer interacts with the first pentamer of the
HRE in the main furrow of the double helix. Later the second molecule
of the receptor dimer binds to the second pentamer. The distance be-
tween both pentamers is minimum: from zero to five nucleotides, depend-
ing on the type of receptor. This implies that the dimer assures a suffi-
ciently compact and symmetrical structure among both receptor molecules,
so that a similar intimacy can be produced in the association with the palin-
drome.

1.5.3
Recognition of Hormone Response Element

The native receptors of steroid hormones, in the absence of hormone, have
little affinity for nuclear structures. Contact with the hormone augments this
affinity to an extraordinary degree. This fact does not necessarily show that
the hormone has caused the receptors to enter into contact with specific DNA
sequences in the genes that respond to the hormone in question (Beato et al.
1996; Beato 1989). It has been calculated that in a normal target cell there are
only a few genes that can respond to a hormone. Each target cell contains from
1000 to 10,000 receptors, which become activated in increasing number, in
function with the concentration that the hormone reaches in the cell. It is not
possible, therefore, for all the activated receptors to find specific genes with
which to interact.

The excess of the activated receptor, at least in the case of the progesterone,
binds with acid proteins that function like acceptors. Two possible functions
are attributed to these proteins that have not been confirmed: that of being an
active receptor reservoir and that of being responsible for directing the excess
of the receptor toward degradation (Filardo 2002; Gruber et al. 2002).

The dimer of the hormone-receptor complex should scrutinize an infinity
of sequences before finding its HRE. The role of the hormone in the recognition
of the HRE seems to be that of dramatically increasing the velocity of DNA
sequence recognition, that is to say, it binds and disconnects more quickly to
sequences of nonspecific DNA. When it finds the sequence of its HRE, a bond
of affinity is formed that is similar to that of hormone-receptor interaction
(Kd in the nM range).

The state of the chromatin has influence as well on the velocity with which is
produced the recognition between the receptor dimer and the HRE sequences.
The inactive heterochromatin has methylated histones, so that a different
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compactment from that of the nucleosomes is produced that is characteristic
of genetic inactivation. The active chromatin presents different degrees of
acetylation, and those regions are more relaxed and permit the dimer to move
more freely to scrutinize until it finds the HRE. These are found in accessible
places of the nucleosome so it is not necessary for the dimer to travel the entire
length of the DNA strand.

The normal form of interaction between receptor and DNA requires the
hormone to have broken the native structure of the receptor and the dimer to
have been formed. That is to say, the receptor-DNA interaction comes after the
hormone-receptor interaction. Nevertheless, situations have been described
in vitro in which the receptor is able to be previously associated to the HRE.
This situation occurs in vivo for the thyroid hormone receptors, in which case
it seems that the hormone-free dimer acts as an expression repressor of genes
dependent on these hormones (Evans et al. 1988). The arrival of the hormone
activates the dimer in situ and inverts its role as regulator.

1.5.4
Role of Receptor-Hormone Response Element Complex

The sequences of the HRE are situated in the promoter region of the gene.
In a zone close by (less than 100 nucleotides away) and always between the
HRE and the point of initiation of the transcription, there is a sequence rich
in thymidine and adenosine (TATA, or its equivalent) on which the RNA poly-
merase II attaches itself (Beato et al. 1996; Beato 1989; Chin 1995; Gruber et al.
2002; Nilsson et al. 2001).

Once the interaction receptor dimer-HRE of the DNA occurs, a very fast
progression of events is produced (Fig. 1.8). The receptor dimer causes a curva-
ture in the structure of the double helix in the neighborhood of the region next
to the starting point of the gene transcription. This curvature implies a struc-
tural change that permits the RNA polymerase II to accede to the TATA-rich
sequence of DNA. The RNA polymerase II recruits some transcription factors
and forms the transcription preinitiator complex on the sequence of TATA (or
its equivalent one) (Klug et al. 1987; Nilsson et al. 2001).

The receptor dimer, associated with the HRE, will attract other transcription
factors, with which the protein-protein interaction is produced. Finally, they
will come together with the RNA polymerase Il and the remaining transcription
factors that formed the preinitiator complex to complete the machinery of gene
transcription. The role of the receptor dimer is, therefore, that of assuring the
correct anchorage of the transcription factors in the promoter region of the
gene so that the functional assembly of the machinery of gene transcription is
produced.
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Fig. 1.8. Activation of gene expression. The interaction of the receptor dimer with the
estrogen response element, located in the promoter region of the genes that are estrogen
activatable, enables the recruitment of cofactors (coactivators) of transcription. The dimer
of the receptor establishes a connection through coactivators with the basic transcription
machinery that is associated with the promoter region of the gene in the TATA region (or
similar region, depending on the gene). The consequence s that the transcription machinery
becomes activated by one or two orders of magnitude and multiple copies of the mRNA of
the gene begin to appear. In the case of a pure estrogen, like estradiol or DES, the activation
will affect all of the estrogen-dependent genes and in all the estrogen target cells, although
in varying intensity depending on the gene since not all are equally sensitive to estrogen

The structure of the chromatin and their state of acetylation are important
at the moment of initiating the gene transcription. Indeed, some of the tran-
scription factors recruited by the receptor dimer have histone-acetyltransferase
activity that permits the gene transcription after diminishing the condensa-
tion of the chromatin (Gruber et al. 2002; Nilsson et al. 2001; Vigushin et al.
2002).

Well-documented cases exist where the estrogens inhibit the expression of
some genes. These are usually transcribed by means of the constitutive activity
of powerful promoters. The inhibition is a result of the steric interposition of the
receptor dimer in the development region of the gene, which thereby recruits
corepressors that interrupt the prior instigator effect in the absence of receptor
(McKenna et al. 1999; Mester et al. 1995; Smith et al. 1997; Tora et al. 1989).

1.6
Hormonal Regulation of Gene Transcription

The final phase of action of the hormones that utilize nuclear hormone recep-
tors lies in the modification of the gene transcription. In spite of the enormous
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effort expended, it is a process that remains only partly understood. This is
due to its extraordinary complexity and to the multiple varieties that show up
as gene or tissue specific.

1.6.1
Domains of Transcription Activation (Transactivators)

The participation of the nuclear receptors in the machinery of gene tran-
scription takes place by means of specific domains of the molecule known as
transactivators (abbreviation for transcription activators). These are made up
of sequences of amino acids that interact by means of protein-protein contacts
with other transcription factors. The artificial alteration of these sequences has
as a consequence the inability of the hormone to induce gene expression (Beato
et al. 1996; Klug et al. 1987; Lones et al. 1995).

At least seven proteins, besides the RNA-polymerase II, participate in the
transcription machinery. The initiation of the transcription occurs when the
transcriptional complex in the promoter region of the gene has been stabilized.
The receptor dimer forms a complex of high affinity with the sequence of the
HRE. This binding provides a firm base for the anchorage and stabilization
of the transcriptional complex. The dimeric structure of the receptor acquires
affinity to attract different coactivators that bring together the proteins of the
transcriptional complex (Fig. 1.9).

As mentioned in a previous section of this chapter, there are two fully
identified transactivator domains in the family of nuclear hormone receptors.
One of them resides in the region preceding the DBD and is independent
of the binding to the hormone. It is called TAFI (trans-activation factor 1)
and is transcriptionally active in the absence of the LBD (Tora et al. 1989).
TAF1 is regulated by means of phosphorylation and can form part of signal
transmission systems from the cell membrane. These can recruit the ER to
activate some genes that have elements of estrogen response in the absence
of estrogens (Filardo 2002; Lee et al. 2002; Osborne et al. 2001; Segars et al.
2002).

The other transactivator domain, TAF2, is found immersed in the LBD
and acts only when the hormone-receptor complex is formed. A sequence of
15 well-conserved amino acids from the different members of the family of
nuclear receptors, and situated very close to the carboxyl end of the receptors,
participates in it (Gruber et al. 2002; Nilsson et al. 2001).

The transactivation domains only make their accessibility evident in the
dimer bound to the HRE. It is very probable that, in this way, the spatial
structure (tertiary) optimizes itself so that the contact surfaces between the
receptor and the other cofactors of transcription are formed.
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Fig. 1.9. Coactivators, corepressors, and the binding domain to the hormone. It has been
possible to express the hormone binding domain in bacteria and to obtain great quantities in
apurestate. Thishas made it possible to analyze its crystalline structure bound to ligands and
to determine how this influences the recruitment of coactivators and corepressors. Several
parts of the domain experience changes that justify its activity, but the most important one
is helix 12. In the absence of estrogen, helix 12 leaves a hydrophobic cavity uncovered where
corepressors containing zipper sequences of leucines lodge. In the presence of estrogens,
helix 12 blocks that cavity and the corepressor does not fit. At the same place (or in the
neighborhood) a new site is created that interacts with the complementary domains of
the coactivators, thus initiating the bridge that connects with the transcription machinery,
which is finally activated

1.6.2
Intermediary Transcription Cofactors

Among the proteins that form part of the transcription machinery are found
some cell factors that are produced in limited quantities. They are called co-
factors of transcription (NCoA, for nuclear-receptor coactivator; NCol, for
nuclear-receptor coinhibitor), formerly known as transcription intermediary
factors (TIF) (McDonnell et al. 2002; McKenna et al. 1999). They constitute
one of the classes of proteins that form part of the transcription machinery.
These proteins are utilized by diverse types of intensifiers, that is to say, by
sequences of DNA that anchor transcription factors, of which HRE are a par-
ticular case (Gruber et al. 2002; Mester et al. 1995). They do not interact directly
with the DNA, but they do with the receptors and with the other elements of
the transcription apparatus (Fig. 1.9).

The participation of the different cofactors that form part of the transcrip-
tion machinery is not homogeneous. Some, like p160, can interact with both
transcription activator domains of the receptor, TAF1 and TAF2, even though
they utilize different p160 domains. Others, like CBP/p300, do not enter into
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contact with the receptor, but do with other coactivators, such as p160. It
seems clear that each protein-protein contact causes conformational changes
in them, so that new affinities for other coactivator proteins arise (Fig. 1.10).
The final result of those contacts is the assembly of a transcription machinery
that functions at full steam (McKenna et al. 1999).

In the moments prior to initiation of the transcription, a true rivalry is estab-
lished by the transcription coactivators. The affinity with which the receptors
are capable of interacting with the coactivators is decisive at the moment of
including these in the transcription machinery and inducing the gene ex-
pression. If at the same time other machineries are themselves configuring
transcriptions that capture these intermediary factors more efficiently than
do the receptors, then the hormone-regulated transcription of the gene does
not occur. In this case, the expression of such genes will have to wait for more
favorable conditions for the transcription to appear.

ERa-40H-Tx ERa-Ral

Fig. 1.10. Crystallography of receptor bound to estradiol or SERMS. A Crystallographic
structures of binding domain to hormone of estrogen receptor alpha bound to estradiol
(E2) and to 4-OH-tamoxifen. Gray: Parts of domain that do not experience changes bound
to ligand. Green: Changes induced by estradiol. Red: Changes induced by 4-OH-tamoxifen.
Notice that helix 12 of the domain bound to 4-OH-tamoxifen occupies a position salient
and perpendicular to that occupied by the same helix in the case of binding to estradiol.
B Changes induced by estradiol (green) and by raloxifene (yellow) in the crystalline structure
of the binding domain to the hormone. Raloxifene causes a change in the position of helix 12
that is different from that of estradiol, although it is not as dramatic as in the case of
4-OH-tamoxifen. In each cell type, interactions by coactivators or corepressors with the
new structures of the domain formed will be produced, a process that will depend on which
of those coregulators are present
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1.6.3
Interaction of Receptor with Transcription Cofactors

In the absence of hormone, the three-dimensional configuration of the receptor
favors binding to corepressors present in the cell nucleus. The interaction
is produced at the level of zipper-type sequences of leucines (-L-X-X-L-),
present in the corepressors, with the LBD of the receptor. This has a structure
that is complementary to the leucine zipper, which remains accessible while
the receptor itself does not bind to the hormone (Gruber et al. 2002; Nilsson
et al. 2001).

The spatial conformation that the ligand-receptor acquires, particularly the
spatial disposition that helix 12 of the LBD attains when it binds to estradiol,
is key for the subsequent recruitment of the transcription cofactors (Fig. 1.9).
Indeed, the arrival of estradiol restructures the entire domain, making helix 12
rotate and close the hole where the leucine zipper sequence of the corepressor
had been lodged before (Fig. 1.10). Consequently, both molecules, corepressor
and receptor, lose their affinity and their bond is undone. Another structure
capable of interacting with gene transcription coactivators is formed at the
same place on the receptor (MacGregor et al. 1998; McDonnell et al. 2002).

Hormone agonists share various contacts with the amino acids of the LBD,
although these are of variable intensity. The result of these interactions is
a ranking of hormonal power the different agonists display (Cosman et al.
1999; Kelly et al. 1999; Jordan 2001; McDonnell 1999; Shang et al. 2002). The
antagonists interact with a part of the same amino acids as the agonists, but
these interactions include other contacts (Chan 2002; Jordan 2002; Riggs et al.
2003). From this interaction of the antagonists a structure of the receptor is
created that varies as a function of the ligand, and this is reflected in the re-
sulting crystallographic aspect of the LBD when occupied by different agonist
or antagonist compounds (Fig. 1.10).

When bound with pure antagonists, the configuration of the LBD is such
that helix 12 does not rotate to undo the binding site of the corepressor (Jordan
2002; Riggs et al. 2003) (Fig. 1.11). On the contrary, the binding of an agonist
to the receptor causes the production of a structure that is more similar to that
formed upon binding to estradiol. Nevertheless, each agonist creates a different
tertiary structure that, consequently, presents slight variations as to the spatial
conformation in which the coactivators need to lodge.

1.6.4
Coactivators in Cellular and Gene Promoter Context

Depending on the type of coactivator(s) present in each particular cell type,
a productive or unproductive receptor-agonist-coactivator bond can be cre-
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Fig. 1.11. Pure antiestrogen effect. The conformational change produced in the zone of
binding to the hormone by a pure antiestrogen can be of a nature that incapacitates the
receptor for dimerizing, making it fragile to the attack of intracellular proteases (Faslodex).
It is also possible that the pure antiestrogen confers upon the receptor a conformation
that incapacitates it from interacting with coactivators so that it cannot form the bridge
with the transcription machinery. Finally, it is possible that the conformation acquired by
the receptor recruits corepressors instead of coactivators, thus inhibiting the synthesis of
mRNA. For a compound to be considered a pure antiestrogen, it must interfere with the
estrogen-dependent gene expression in all cell types

ated. If the bond is productive, the compound behaves like an estrogen in that
cell type; on the contrary, if the bond is unproductive, the compound can block
the activity of a concurrent estrogen compound in the cell, and therefore the
compound behaves like an antiestrogen (Jordan 2001; Riggs et al. 2003).

An additional variable to consider is how the subsequent interaction of the
coactivators with other proteins of the transcription machinery is affected.
This interaction occurs in the context of the promoter of each particular gene.

The bond of the receptor dimer with the nucleotide sequence of the HRE in
the promoter region of the gene is what directs the assembly of the proteins (up
to 19) that yields the transcription machinery. The operation of the machin-
ery depends on the continual, sequential reestablishment of protein-protein
contacts. Each new interaction depends on whether the previous proteins had
assembled themselves correctly in such a way that the protein under consider-
ation does not bind unless the prior interactions have created the appropriate
surface of contact.

Agonist and antagonists not only modify the three-dimensional structure
of the receptor, they also modify the three-dimensional structure of the coac-
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tivator and help to create the contact surface with the following protein. It is
easy to imagine that small variations in the conformation of the site of interac-
tion between the receptor bound to the agonist and the coactivator can create
spatial orientations that can be incorrect in the context of the promoter of each
particular gene (Jordan 2001; Riggs et al. 2003).

1.6.5
Concept of SERM from Point of View of Coactivator

For any substance with potential estrogen activity it is necessary to consider
whether the configuration that the receptor acquires upon binding is capable
of interacting correctly with the coactivators present in the cell. It is also
necessary to consider whether from an imperfect interaction between receptor
and coactivator the capacity to activate can be deduced from the expression of
some, several, or all the genes that have HRE.

The concept of SERM (Selective Estrogen Receptor Modulator) refers to
compounds capable of binding to the ER and to have an extensive range of cell
responses that go from the net estrogen to antiestrogen activity (McDonnell
1999; Riggs et al. 2003; Shang et al. 2002). From what has previously been pre-
sented, it can be deduced that depending on the cell context, there will be coac-
tivators that are either capable or incapable of binding to each receptor-SERM
complex or of doing it in such a way that these can activate some genes with
determinate promoter conformation, but not others (Fig. 1.12).

What will occur with a SERM in a particular tissue is unpredictable. Its
behavior depends on at least two factors:

— The availability of coactivators in that cell line that recognize the receptor-
SERM complex that, at the same time, is subject to a regulation of its ex-
pression, to competition, as they may be in the process of being recruited
by other receptors, etc.

— The context of the gene promoter being considered that has some specific
conditions for accepting activation by particular conformations of the tran-
scription machinery.

1.6.6
Structure of Chromatin and Hormone Response

The curvature effect of the double helix of DNA, caused by the binding of
dimers of active receptors to the HRE sequences, has been obtained by means
of experiments of transfection of lineal DNA structures to cells that previously
did not express the gene under study. The reality of the cells in vivo must be
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Fig.1.12. SERM or not SERM, that is the question. The spatial conformation thata compound
with SERM activity confers to the estrogen receptor gives it the capacity to interact with
determinate coactivators or corepressors, but not with others. Depending on the cell lineage,
and therefore on the collection of coactivators and corepressors present in that cell, this will
activate the expression of some estrogen-dependent genes and the repression of others. One
gene induced by estrogens in several cell types containing different coactivators is activated
by SERMs in some cell types but not in others. In this case, the promoter context of each
gene plays a determining role in whether that gene is or is not activatable by a determinate
SERM

much more complex (Nilsson et al. 2001; Vigushin et al. 2002). In the regu-
lation of gene expression in vivo, the structure of the chromatin participates
decisively. This represents the effect of cell differentiation on the accessibility
of only determinate genes to induction by hormones.

The Beato group has studied in depth the influence of the nucleosome struc-
ture in response to glucocorticoids (Beato 1989). Nucleosomes are formed
by segments of 120 nucleotides of the double helix of DNA that make two
twists around an octamer of histone. There are 200 nucleotides between
two consecutive nucleosomes, so that a gene normally has tens of nucleo-
somes.

The structure of the promoter region of some of the genes studied overlaps
a nucleosome in such a way that the RNA polymerase II cannot get to its
binding site. The interaction between the receptor dimers and the HRE causes
the nucleosomes to have their structures altered, either by being displaced or
by having their structure come partly undone. This change in the configuration
permits the fixation of the RNA polymerase II, with which the transcription
can be initiated.

The histones, which provide the nucleosomes with their structural base,
are susceptible to acetylation. Receptors bound to antagonists, or even
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hormone-free ones, are available to bind with corepressors that recruit histone-
deacetylase, a process that provokes the contraction of the nucleosomes and
impedes gene transcription. In contrast, the agonist-receptor dimer attracts
coactivators, some of which directly have acetyltransferase activity, or even
recruit other coactivators that have that enzymatic activity. The result is
the acetylation of the histones and the consequent relaxation of the nucle-
osome structure, which permits the transcription of the gene regulated by the
hormone.

1.6.7
Specificity of Gene Transcription Induced by Hormones

The specific transcription of the genes depending on each hormone runs up
against the evident similarities among HRE for each hormone. For example,
HRE are identical for androgens and progesterone (Navarro et al. 2002). This
seems to introduce a certain degree of confusion at the moment of assuring
a correct hormone-specific gene transcription. In other words, since the re-
semblance among HRE does not offer guarantees of specificity in the response,
other elements have to exist that guarantee it.

The fact that a receptor dimer identifies a HRE does not assure, by itself, the
transcription of the gene. This is a necessary, but insufficient, condition. Once
the dimer-HRE interaction has been produced, the machinery of transcription
needs to be assembled, requiring the binding of other intermediary cofactors.
Some of these are tissue specific, and others recognize only a particular receptor
dimer, thus obviating others that could recognize the same HRE.

1.6.8
Multiple Regulation of Gene Expression

Various elements of response to regulating transcription factors concur in areal
promoter region of a gene. This reflects the complexity of situations influencing
transcription in response to different signals. One of these, necessary but not
totally sufficient for the induction of maximum transcription, is the receptor
dimer. Others may be the protein that mediates the transcriptional response
to cyclic AMP or the AP1 that recognizes fos-jun dimers (Gruber et al. 2002;
Nilsson et al. 2001). Each one of these DNA sequences recognizes its own
coactivators, and all can be simultaneously present in the promoter region of
the gene, offering a variety of possible interactions.

The situation is still more complex. Thus the presence of elements of re-
sponse from signaling pathways that regulate the expression of the gene in
different directions may be detected in the promoter region. These elements
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recruit coactivators and corepressors, repression being one form of hormonal
regulation of gene expression. It is obvious that the transcription machinery
of such genes will couple or uncouple as a function of the relative influence of
the cofactors that intervene in each moment.

The formation of a transcriptionally active complex requires the interaction
of all transcription cofactors with their respective specific DNA sequences.
Once they have bound to their specific sequences, it is on these that the re-
maining elements of the complex that do not interact directly with the DNA
are assembled (Chin 1995; Filardo 2002). The elements of the complex that do
not come into direct contact with DNA have their own specificity of interaction
with the remaining proteins of the complex. Therefore, they include important
restrictions so that a fully active transcriptional complex can be assembled
with difficulty on a receptor dimer that has incorrectly recognized a HRE.
Indeed, an incorrect interaction can imply a noticeable degree of transcription
inhibition.

Many aspects relating to the specificity and intensity of gene transcription
in response to hormones remain open. Nevertheless, a prudent conclusion
permits establishing that two definite elements are intervening: the interaction
of the receptor dimer with the palindrome and several protein-protein inter-
actions that are produced between the dimer and the remaining components
of the transcription machinery (Beato 1989).

1.6.9
Nuclear Hormone Receptors and Endocrine Disruptors

The chemical structure of the substances capable of interacting with a deter-
minate nuclear receptor is tremendously varied. For now no pattern exists
that permits one to assure that a particular substance is going to interact
with the receptor to produce an agonist or antagonist effect. In recent years
the concept of “endocrine disruptors” has been introduced to describe the
substances that are capable of modifying the endocrine equilibrium. Some of
them act by binding with nuclear hormone receptors, while others interfere
with the processes of regulation of hormone secretion (Lathers 2002; Melnick
et al. 2002; Nakata 2002; Powles 2002; Brown et al. 2002; Sonnenschein et al.
1998).

Endocrine disruptors apparently affect all nuclear receptors. Thus, a no-
table increment in impotence, alterations of the libido and of oligospermia in
workers exposed to pesticides has been described. These alterations are due
to the action of some compounds with estrogen-mimetic action and to their
interaction with the androgen receptor. Additionally, alterations of thyroid
function have been detected in rats exposed to dioxin and other toxic agents,
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though it is not sure if this effect is produced by direct interaction with the
thyroid hormone receptor.

Among the endocrine disruptors that interact with the nuclear hormone re-
ceptors are the chemical substances that have an estrogen character. Thus, it has
been discovered that substances as dissimilar as polychlorated biphenyls used
as pesticides, numerous vegetable compounds (phytoestrogens), and compo-
nents of plastic, paint, and detergent have weak estrogen activity. Given the
abundance of these compounds in the diet or in western lifestyles, the sub-
stances are partly blamed for the growing incidence of breast cancer (Anderson
2002; Badger et al. 2002; Clemons et al. 2001; Colditz 1998; Jacobs et al. 2002;
Safe 1998).

1.7
Regulation of Intensity of Hormone Response

The molecular details of the mechanism of hormonal action do not always clar-
ify the numerous unknowns of the way in which the intensity of the hormone
response is regulated from cell to cell and from minute to minute. There are
numerous factors implicated in this process directed at achieving the greatest
functional equilibrium of the organism. From the entry of the hormones into
the cell to the conclusion of hormonal action, an ensemble of factors arises
that intervenes in the process in a decisive way.

1.7.1
Membrane Receptors for Steroid Hormones

The entrance of steroid hormones into the cells has always been assumed to be
a passive phenomenon, based on its solubility in the phospholipids of the cell
membrane. Nevertheless, the existence of specific fixation of steroid hormones
to cell membranes has opened the possibility of their entrance into the cells
mediated by proteins of the membrane (Levin 2002). Nevertheless, it has not
been possible to verify that they participate in some way in the transportation
of steroids to the interior of the cell (Beato et al. 1996; Beato 1989). For them,
other possible extragenomic actions have been postulated such as enzymes that
participate in the metabolism of hormones or even membrane receptors (Beato
et al. 1996; Chirino et al. 1991; Ferndndez et al. 1994; Gruber et al. 2002; Revelli
et al. 1998).

There is growing evidence that the membrane receptors for estrogens are
very important in tissues as the vascular endothelium (Chambliss et al. 2002;
Hodgin et al. 2002; Mendelsohn 2002; White 2002). In the endothelial cells ERs
appear to be located in specific zones of the membranes called caveolas, but not
in the greater part of the membrane. Such receptors mediate rapid responses to
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estrogens, such as the activation of NOS (nitric oxide synthase) in the vascular
endothelium (Chambliss et al. 2002).

There are also numerous enzymes anchored in membranes of the microso-
mal cell fraction that participate in the metabolism of steroid hormones. Thus,
those of the p450 family, which carry out molecular oxidation, or the sulfatases
and sulfotransferases, more or less specific to several hormones (Pasqualini
et al. 1995). The affinity of steroid hormones for proteins of the membrane
(Kd between 10 and 100nM) is frequently greater than that which some of
these enzymes present for their substrates (Luzardo et al. 2000). Therefore, it
is unlikely that a part of the proteins of the membrane that bind steroids is in
reality enzymes metabolizing these hormones.

In the case of vitamin D3, there is a membrane receptor that, after be-
ing bound to this compound, and by the mediation of a G-protein, activates
the opening of channels for the entrance of calcium into the cell (Bouillon
etal. 1995). There are also membrane receptors for progesterone that mediate,
among other processes, the reaction of acrosomes in spermatozoa. Finally,
evidence of extragenomic participation of estrogens in exocytosis does ex-
ist (Machado et al. 2002).

1.7.2
Regulation of Concentration of Receptors per Cell

Abundance of receptors is one of the most important factors in the regulation
of the intensity of hormone response. This depends on the degree of expres-
sion of their respective genes and on the speed with which the receptors are
eliminated.

During embryonic development, profound changes are produced in the ex-
pression of the genes for receptors and in the corporal distribution of the
cells capable of expressing them. The thyroid hormone receptors are among
the more ubiquitous of this family of receptors and are present in all cells.
Nevertheless, both their abundance and the type of receptor that is expressed
vary with age and from one tissue to another. The other receptors vary exten-
sively among the different tissues. This unequal cell distribution conditions
the response to the hormone, which has given rise to the concept of the target
cell.

The gene that encodes for a receptor can be subjected to regulation by
signals of diverse origin, as occurs with any other gene. The regulation of
gene expression of the nuclear hormone receptors does not follow a single
pattern. The hormone itself acts to negatively regulate the gene transcription
of the receptor, particularly when the hormone is in excess. This diminishes the
protein excess in the interior of the cell. There are, however, some exceptions
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since physiological doses of estrogens or androgens induce the synthesis of
their own receptors.

There are numerous examples of how hormones regulate other receptors. Of
recognized physiological importance, the synthesis of progesterone receptors
is induced by estrogens in the endometrium, a process that regulates the
transition of the proliferative phase to the secretory phase in the menstrual
cycle. Additionally, androgen receptors are induced by FSH in Leydig cells in
a process that is decisive in the regulation of testicular steroidogenesis (Mester
et al. 1995).

An example of the complexity involved in the regulation of nuclear hormone
receptors is shown in the case of the ER in the liver. Its synthesis is induced by
estradiol, growth hormone, thyroid hormones, and glucocorticoids.

1.7.3
Receptor Destiny After Activation

The regulation of transcription by hormones requires a controlled limitation
in order to guarantee that the protein is produced in adequate amounts. This
process, nevertheless, is very poorly understood for members of the family of
nuclear receptors.

The receptors are continuously subjected to a process of synthesis and
destruction, which achieves a steady state. The concentration of receptors
in the cell only reflects the situation of the steady state at that moment. As
a consequence of hormone action, the number of receptors per cell drastically
diminishes in the hours that follow. This observation has led to the postulation
that the receptors undergo a process of destruction, or “processing”, induced by
the hormone. Despite all efforts, receptor processing has not been deciphered.
The destruction of receptors implies the existence of a proteolysis process.
Nevertheless, signs of proteolysis, in the form of small peptides of degradation
originating in the receptor, have not been detected in the cell. Therefore, if there
is a process of receptor proteolysis, it has to be very fast and complete (Beato
1989; Edwards et al. 2002; Kassis et al. 1983).

The possibility of receptor reutilization, once its function has been per-
formed, has been advanced for a long time, but it has been verified only in the
case of glucocorticoid receptors (Munck et al. 1995). Very little is known of the
details of that process.

1.8
Cross-Talk Signaling

Numerous intracellular signaling pathways initiated in the membrane recep-
tors include processes of phosphorylation (Aaronica et al. 1993; Munck et al.
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1995). Eventually, nuclear receptors can act as substrata of phosphorylation-
dephosphorylationin response to signals originating in other pathways. The
state of phosphorylation of the nuclear receptors integrates them within the
system of cell membrane signaling.

In this way, the gene transcription activity induced by the nuclear recep-
tors modifies the abundance and activity of the proteins that participate in
the pathways of membrane signaling. There also is evidence that the steroid
hormone receptors activated by their ligands can interact with elements of
the membrane signaling system by activating the pathway in the absence of
a corresponding extracellular signal. In this way, a real crisscross of signals
from membrane and nuclear receptors is produced, originating in membrane
and in nuclear receptors, that maintains the cellular activity integrated into the
individual whole.

Cross-talk signaling is an area of very recent investigation that is acquiring
greater importance each day. As an example, cyclic AMP, under very specific
conditions, enlarges the transcription capacity of ERs (Aaronica et al. 1993).
Indeed, the members of the hormone receptor family are the object of phos-
phorylation. It has been described that this occurs in serine residues for all of
them, although it has been described in serine and in tyrosine for ERs (Gruber
et al. 2002; Powles 2002).

Regulation of the proteic activity by means of phosphorylation and de-
phosphorylation is well known. In the case of nuclear receptors, it has been
described that the state of phosphorylation affects not only their affinity for the
hormone, but also their transcription activity. The process of phosphorylation
seems to occur after the receptor binds with the hormone and frees the hsp90,
which is a phosphoprotein (Mester et al. 1995).

The enzymes that carry out the processes of receptor phosphorylation are
kinases belonging to the signaling pathways of membrane receptors. The path-
way of the MAP kinases, activated by different growth factors (EGF, Heregulin,
IGF-1, TGF-ALPHA), phosphorylate specifically the ER in the serines S118 and
S167 (Gruber et al. 2002; Nilsson et al. 2001; Powles 2002). These serines form
part of the TAF1 region of the receptor and are activated by this procedure in-
dependently of the binding of the receptor to estrogen. Once phosphorylated,
the receptor is capable of dimerizing and activating the expression of some
genes in the absence of estrogen.

The cycline-dependent kinases (complex cyclines A/E and CDK2) are able
to phosphorylate the ER in serine, particularly in the S104 and S106 belonging
to TAF1, and with consequences similar to those of the pathway of the MAP
kinases (Osborne et al. 2001; Powles 2002).

Some signal pathways that activate the adenylate cyclase phosphorylate
tyrosine residues (Y535) of the TAF2 domain, which, as previously mentioned,
is dependent on hormone binding. In this case, modulation of the transcription
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induction activity is produced in the presence of the hormone (Lee et al. 2002;
Osborne et al. 2001).

Inversely, the ER bound to estradiol may be capable of binding with src
proteins that form part of the signals transmission complex from the EFG.
The consequence is that activation of the EGFR-dependent pathway is pro-
duced in the absence of EGF, with the consequent cascade of reactions due to
such active agents. It is very probable that this type of reaction mediates the
induction of cell proliferation in the endometrium, where estrogen and EGF
play dominant, mutually dependent roles that are hardly separable (Lee et al.
2002; Osborne et al. 2001; Powles 2002). Moreover, cross-talk between pro-
teins of the src family and the ER has been described. This signaling includes
the phosphorylation of the receptor, in a process initiated by the interac-
tion of src-1 with progesterone (Lee et al. 2002; Miglaccio et al. 1998; Powles
2002).

Experimental evidence exists that some mutated receptors that cannot bind
the hormone are constitutionally active from a transcriptional point of view.
In these cases, the phosphorylation of the receptor can play an important role
in the transcription of some genes in the absence of the hormone.

These findings complete the panorama relative to the mechanisms of hor-
monal action mediated by nuclear receptors. Thus, gene activation mediated
by nuclear receptors can respond to three clearly differentiated modalities:
(1) receptor bound to hormone and not phosphorylated, (2) receptor bound
to hormone and phosphorylated, and (3) receptor not bound to hormone and
phosphorylated (Filardo 2002; Lee et al. 2002; Powles 2002).

Although it is difficult to establish firm conclusions in this area, a prudent
formulation of the concept of cross-talk should stress that phosphorylation is
a prominent process in the regulation of the activity of the different members
of the family of nuclear receptors. This knowledge opens new perspectives in
the global comprehension of the processes of cell regulation and illustrates
the points of contact among the pathways of intracellular signaling of steroid
hormones on the one hand and of the growth factors and peptide hormones on
the other. Both pathways were, until recently, considered separate and relatively
independent.

1.9
Silencing of Genes for Nuclear Hormone Receptors

The technology for the production of animals completely lacking the gene of
one of the receptors (knockout mice) has erupted with extraordinary force
in the generation of knowledge on multiple facets of hormonal action (Ko-
rach 1994). The coincidental discovery of human subjects with a deficit of
some of these genes has brought, moreover, the possibility of verifying up
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Table 1.2. Principal effects of knocking out genes for estrogen receptors « and g in the

mouse
RE-a-KO RE-B-KO
Not lethal Not lethal

Both sexes infertile

Normal RE-8 expression

Normal prenatal development of reproduc-
tive tract, insensitive to estrogens and anti-
estrogens

Normal prenatal and postnatal ovarian
development, with multiple nonovulatory
hemorrhagic follicles as an adult, 30-40%
incidence of ovarian cancer in 18 months
Normal prenatal development, but insensi-
tive to the development promoted by estro-
gens during puberty. Sensitive to proges-
terone and prolactin.

Normal pre- and postnatal male reproduc-
tive tract development. Progressive atrophy
with age of rete testis and seminal tubules.
Diminution of fertilizing capacity of sperm.
Females: Neuroendocrine system appar-
ently normal, except for an excess of tran-
scription of gonadotropin genes.

Elevated levels of estradiol, and testosterone
and LH, but normal for FSH and proges-
terone.

Rapid hypocampal response to estradiol
maintained.

Males: Neuroendocrine system apparently
normal, except for an excess of transcription
of the gonadotropin genes.

Elevated levels of estradiol, and testosterone
and LH, but normal for FSH and proges-
terone.

Females: Mating behavior response lacking
under influence of estradiol. Greater aggres-
siveness and infanticide.

Males: Normal mounting, but without pen-
etration or ejaculation.

Male fertile; female subfertile

Normal uterus

Ovary apparently normal in its develop-
ment, but does not present normal fre-
quency of spontaneous ovulations.

Breast indistinguishable from normal type
in virgin mice.

Normal differentiation during pregnancy
and lactation.

Normal development of masculine tract.
No evidence of problems related to sperm
or to fertility.

Normal level of circulating estradiol.

Normal level of circulating estradiol.

No apparent defects in sexual behavior.

No apparent defects in sexual behavior.

Data from Couse JF, Korack SK, Endocr Rev 20:358 (1999)

to what point the conclusions obtained in mice are applicable to the human

species.

Particularly exciting are the advances in techniques of molecular biology
applied to human endocrinology. The case of a man homozygous for a type
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of ER truncated at the beginning of the molecule is a good example. The
receptor lacked all the functionally relevant domains (Smith et al. 1994). The
characteristics of this subject, and the subject’s data as compared with those of
“knockout” mice, have revealed the determinant role of estrogens on aspects
such as inhibiting growth (the individual continued growing at the age of
27), spermatogenesis (he had oligospermia), or hypothalamic feedback (he
secreted an excess of LH despite a normal level of androgens).

The majority of descriptions on the effects of ER gene suppression are
anatomical (Table 1.2), although the functional studies in mice are already
erupting with force (Couse et al. 1999a; Couse et al. 1999b; Krege et al. 1998).
An important surprise from these experiments includes fewer incidents than
expected when one receptor is absent, for example, the viability of gameteslack-
ing ERw or the scarcity of defects produced by the absence of a thyroid hormone
receptor (Kastner et al. 1995; Korach et al. 1996; Mangelsdorf et al. 1995).

Globally, those experiments with knockout mice suggest that the implication
of more than one member of the nuclear receptor family may have prominent
effects in organogenesis, even if their expression is for a brief period during
embryonic life. The mice with double or triple knock-outs, lacking two or three
receptors, will surely contribute to finally clarifying the roles of each hormone
and each receptor.

1.10
Summary

Steroid hormones regulate a very extensive assembly of functions in numerous
corporal tissues. Estrogens, the steroid hormones to which the majority of this
chapter is dedicated, regulate from basic functions related to reproduction,
the development of the skeleton, the maintenance of arterial tension, or di-
verse nervous functions. The molecular studies on the mechanism of action
of estrogens have set the foundations that will permit us to understand how
they carry out such diverse functions in such dissimilar tissues as well as how
some substances that act through the estrogen signaling pathway can exercise
opposite functions in different tissues. In this respect, there are five facts of
particular importance that constitute the central nucleus of this revision:

1. There are two types of intracellular ER (ERa and ERp) that are the product
of different genes, have different patterns of tissue expression, have dif-
ferent pharmacological properties, activate different groups of genes, and
can even carry out opposite actions when they are simultaneously present
in the same cell.

2. Thevastmajority of the actions for which the estrogens in tissues are known
are mediated by one of their intracellular receptors and imply the modifi-
cation of the expression of extensive groups of genes that vary from one
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tissue to another. The estrogen-receptor complexes recognize the genes
regulated by estrogens through short sequences of nucleotides (estrogen
response elements) in their promoter region that specifically anchor the
receptor. Once the receptor is bound to DNA, cofactors of transcription
(coactivators or corepressors) capable of influencing the efficiency of the
gene transcription machinery are recruited.

3. Target cells have different collections of coactivators and corepressors that

a) are not functionally equivalent,

b) are not recruited with the same efficiency by the hormone-receptor
complex,

c) donotinfluence the transcription machinery of each cell with the same
efficacy, and

d) donotbehaveidenticallyin each gene promoter regulated by estrogens.

4. There is growing evidence on the existence of ERs anchored to specific
regions of the plasmatic membrane of target cells. These receptors mediate
fast actions of estrogens that are executed by their own signaling mecha-
nisms and that are different from the actions used at the genome level by
the intracellular receptors.

5. Evidence is also accumulating on the existence of a system of intercon-
nected signals among ERs and signaling systems originating in membrane
receptors for growth factors. The use of ER free of ligand as one of the
steps in the signaling pathways of membrane receptors for growth factors
has also been observed.

In this way, although ERs participate in all cases and in all cells capable of
responding to estrogens, the nature and intensity of the response is conditioned
by the receptor interaction with three different types of molecules: estrogen
(steroid or not), DNA (through the HRE sequences), and the protein-protein
interactions, including cofactors of transcription as well as elements of the
signaling pathway from membrane receptors.

In the West, where demographic trends suggest that women will live on av-
erage 30 years after menopause, the need to replace the ovarian source of estro-
gens has become evident. The Gordian knot (Diamanti-Kandarakis et al. 2003)
rests in finding drugs (SERMs) that replace the functions of estrogens without
producing estrogen-dependent tumors and other adverse consequences.

Only in-depth knowledge of the mechanisms of the action of estrogens and
of other ligands for their receptors will permit a deeper understanding of the
foundations on which the specificity of action on tissue for each SERM are
based. This is perhaps among those challenging frontiers of knowledge that
carry with it the potential to impact society in a profound way.
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CHAPTER 2

Clinical Pharmacology of Selective Estrogen
Receptor Modulators (SERMs)

FERNANDO MARIN - M® CARMEN BARBANCHO

2.1
Introduction

Selective estrogen receptor modulators (SERMs) are a group of drugs with
heterogeneous structural chemical characteristics that are characterized as
high-affinity ligands (in the subnanomolar concentration range) to estro-
genic receptors (ERs) but have the peculiarity of triggering estrogen-agonist
or estrogen-antagonist actions, depending on the tissue in which they act.
From a pharmacological perspective, SERMs should be differentiated from
pure antiestrogens, such as fulvestrant (Chap. 6), which are molecules chem-
ically related to estradiol and exclusively exhibit estrogenic antagonist activ-
ity. SERMs also should be differentiated from the so-called “gonadomimetic”
drugs, such as tibolone, that act by means of nonselective binding to different
types of sex steroid receptors.

The pharmacological development of these compounds has been closely
connected, on one hand, to the vast experience that has been accumulated over
decades in estrogen therapy (ET) and estrogen and progestin therapy (EPT)
during menopause and, on the other hand, to the effects on nonbreast tissues
of drugs traditionally classified as “antiestrogens”, tamoxifen being the prin-
cipal example. ET and EPT have proven to be effective in the prevention and
treatment of the signs and symptoms of early estrogen deficiency associated
with perimenopause and accelerated bone mass loss occurring after ovar-
ian function ceases. Numerous observational studies have demonstrated that
postmenopausal women receiving long-term treatment with ET/EPT show
a reduced risk of osteoporotic fractures, cardiovascular diseases, and even
Alzheimer’s disease (Manson et al. 2001). However, the benefits suggested in
the observational studies have not been confirmed in randomized, double-
blind, placebo-controlled clinical trials, the design of which eliminates the
significant selection bias presented in naturalistic studies. Recent clinical trials
clearly have shown the lack of benefit from EPT or ET alone in primary and
secondary prevention of ischaemic heart disease and cerebrovascular disease
(Hulley et al. 1998; Writing Group for the Women’s Health Initiative Inves-
tigators 2002; Women’s Health Initiative Steering Committee 2004) and cast
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serious doubts on its safety in the deterioration of higher cognitive functions
(Shumaker et al. 2004). Furthermore, treatment compliance tends to be very
low because of the poor acceptance by many women regarding the return of
menstrual bleeding or spotting and the fear of an increased risk of breast or
uterine cancer. On the other hand, WHI trials suggest a positive effect of ET
and EPT in reducing the risk for hip fracture and colorectal cancer, although
the overall risk-benefit balance is not consistent with the requirements for a vi-
able intervention for primary prevention of chronic diseases (Writing Group
for the Women’s Health Initiative Investigators 2002; Women’s Health Initiative
Steering Committee 2004).

Therefore, the primary objective for the pharmacological development of
SERMs is to increase the benefit/risk ratio in comparison with ET and EPT
in the prevention and treatment of several highly prevalent, chronic diseases
in the postmenopausal period that are related to this physiological estrogen
deficient state. As is often the case in medicine, the discovery of the phar-
macological profile that gave grounds for hope in the development of this
new drug class was the result of an unexpected paradox. Tamoxifen, a drug
that was introduced over 35 years ago for hormone-dependent breast can-
cer treatment, has been considered an antiestrogen for decades because of
its blocking action on the binding of endogenous estrogens to the estrogen
receptor (ER) of neoplastic breast cells. However, several studies suggested
that tamoxifen might have a protective action in bone tissue (estrogen ago-
nist). For example, a study of postmenopausal women who previously had
breast cancer but were clinically cancer free showed that tamoxifen increased
lumbar spine bone mineral density compared to placebo (Love et al. 1992);
that is, this study further suggested that tamoxifen was not purely antiestro-
genic.

This drug class has an enormous potential in the primary and secondary
prevention of several types of estrogen-dependent tumors, postmenopausal
osteoporosis, and cardiovascular and neurodegenerative diseases.

In this chapter, a general review of SERMs will be given, highlighting
some of the latest advances in the development of new SERMs and prob-
lems encountered during the clinical development of some of them. Details
on the efficacy, safety, and clinical use of SERMs in which more clinical ex-
perience has been accumulated will be discussed in greater depth in other
chapters.

2.2
Classification

There is an extensive list of compounds that can be considered SERMs for
which there are available results in either in vitro cellular models or in vivo
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animal and human experiments. Approximately 70 molecules with a SERM-
like pharmacological profile were described in a recent review (Meegan et al.
2003). Table 2.1 provides a summary of the main SERM groups, classified ac-
cording to chemical structure. Certain phytoestrogens, such as genistein and
daidzein, also appear to have a SERM-type pharmacological profile. Currently
there are two main chemical classes of SERMs approved for clinical use: triph-
enylethylene derivatives, such as tamoxifen and toremifene, used to treat and
prevent breast cancer, and clomiphene for ovulation induction; and the ben-
zothiophene derivative raloxifene, indicated for the treatment and prevention
of osteoporosis.

Table 2.1. Classification of SERMs

Chemical class SERM
Triphenylethylenes ~ Tamoxifen* AstraZeneca
Clomifene*
Toremifene™ Orion
Droloxifene” Pfizer
Miproxifene (TAT-59)* Taiho Pharm
Idoxifene” SmithKline Beecham
Ospemifene (FC-1271a)" Hormos Medical Corp
Fispemifene Hormos Medical Corp
GW5638 Duke University
MDL 103,323 Hoechst-Marion-Roussel
Benzothiophenes Raloxifene (keoxifene)* Eli Lilly & Co
Arzoxifene® Eli Lilly & Co
LY-117018 Eli Lilly & Co
Naphthylenes Lasofoxifene (CP-336, 156)" Pfizer
Nafoxidine
Trioxifene®
Indoles Bazedoxifene (WAY-140424)"  Wyeth
Pipendoxifene (ERA-923)" Wyeth/Ligand
Benzopyrans EM-800 (SCH57050) " Schering Plough
Acolbifene (EM-652)" Schering Plough
SP-500263 Celgene Corp
Ormeloxifene* (centchroman) Indian Drug Research Inst.
Levormeloxifene® Novo-Nordisk

NNC 45-0781 and derivatives

Novo-Nordisk

* Commercialized for different indications: breast cancer treatment, contraception, ovula-
tion induction, prevention and treatment of postmenopausal osteoporosis.

T Phase III clinical research.

# Clinical development cancelled.
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2.3
Pharmacological Characteristics of SERMs

2.3.1
Triphenylethylenes

The primary objective of the initial clinical development of SERMs was the
treatment of estrogen-dependent breast cancer, and it is in this disease in
which the clinical benefit of these drugs has accumulated the largest amount
of proof. Tamoxifen, a triphenylethylene derivative, has been used for over
35 years. The accumulated clinical experience in over 10 million women/year
is proof of its beneficial effect in the treatment of disseminating breast cancer,
in adjuvancy, and primary prevention of women at high risk of developing the
disease (Fisher et al. 1998; Jordan et al. 1999; Wickherman 2002). It is important
to emphasize that treatment with a first-generation SERM such as tamoxifen
is efficient in all breast cancer subgroups except for ER-negative tumors in
premenopausal women, which is not surprising considering its mechanism
of action. The clinical problem of ER-positive breast cancer was the main
driver for developing several new SERMs of the triphenylethylene family as
toremifene (chlorotamoxifen), droloxifene (3-hydroxy-tamoxifen), idoxifene
(4-iodo-pirrolidine-tamoxifen), ospemifene, fispemifene, miproxifene (TAT-
59), and GW5638 (Fig. 2.1). Clomiphene, which may be considered the first
SERM for clinical use, is also a triphenylethylene derivative, but it has been
used since 1967 exclusively for ovulation induction, and no investigation for its
clinical use in postmenopausal women has been carried out. Of all these drugs,
only toremifene has been commercialized for the treatment of disseminated
breast cancer, and from a clinical point of view it has not shown any advantage
over tamoxifen in the benefit/risk ratio (Buzdar et al. 1998). In fact, although
both drugs lead to similar significant reductions in serum lipids, their effects
on bone mineral density in postmenopausal women are different.

In a head-to-head trial, tamoxifen showed a more potent effect in the preser-
vation of bone mass than toremifene, with the latter causing a small but signif-
icant reduction in bone mineral density (Marttunen et al. 1999). On the other
hand, as toremifene is not susceptible to «-oxidation by the P45 enzymatic
system, it has not been shown to lead to hepatocarcinogenesis in rodent pre-
clinical models, unlike tamoxifen. Unfortunately, both compounds present an
estrogen-agonist action in the endometrium. This has been well demonstrated
both in animal models (O’Regan et al. 1998) and in clinical experience, where
the risk of developing premalignant and malignant endometrial lesions in-
creases significantly by two to seven times with both drugs (Shapiro et al. 2001).
In fact, long-term uterine safety is one of the key aspects that have to be closely
monitored during clinical trials in humans. Thus, the clinical development of
idoxifene, miproxifene, and droloxifene (compounds of the triphenylethylene
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Fig. 2.1. Chemical structure of several SERMs in triphenylethylene group. The estradiol
molecule is also included as a comparative reference

family that were in Phase II-III clinical trials for the treatment of breast cancer
and postmenopausal osteoporosis) has been recently cancelled due to uterine
safety issues. The unexpected adverse events found in the clinical studies in
humans suggest that preclinical toxicological studies, mainly in rodents, may
not necessarily predict the endometrial response to certain types of SERMs
in women. Thus, although idoxifene had shown a potent activity in breast
cancer cell lines that were resistant to tamoxifen, and in preclinical models
had not shown estrogen-agonist activity in the endometrium (Nuttall et al.
1998; Gutman et al. 2002), it was associated with a dose-dependent increase
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in endometrial thickness, evaluated by transvaginal ultrasound after only 12
weeks of treatment in postmenopausal women. Furthermore, idoxifene was as-
sociated with an increased incidence of uterine prolapse (Hendrix et al. 2001),
and this unexpected effect was unsuitable to evaluate in traditional preclinical
models. Uterine prolapse has been a relatively frequent finding with other
SERMs, as will be discused later.

Droloxifene (3-hydroxy-tamoxifen) behaves as an estrogen agonist in bone
tissue and several lipid and coagulation markers in castrated rat models and
does not show stimulation of the endometrial epithelium in preclinical stud-
ies (Ke et al. 1997). Endometrial stimulation has, however, been observed in
clinical trials, which, together with the fact that as an estrogen agonist it is ten
times less potent than tamoxifen in bone tissue and lipid metabolism (Hen-
drix et al. 2001) and that in a recent head-to-head comparison with tamoxifen
droloxifene was demonstrated not to be superior in any parameter of breast
cancer treatment efficacy (Buzdar et al. 2002), has resulted in cancellation of
its clinical development.

Miproxifene (TAT-59) is a prodrug of 4-hydroxy-tamoxifen that has been
developed for tamoxifen-resistant carcinoma, but relatively little information
has been published on this drug. Compared with tamoxifen, miproxifene in-
hibits estradiol-stimulated proliferation of MCF-7 cells at a threefold lower dose
than that of tamoxifen, and of dimethyl-benzanthracene (DMBA)-induced rat
mammary tumors at a dose tenfold lower than tamoxifen (Toko et al. 1990). In
any event, in preclinical castrated rat models, it shows an endometrial stimu-
lation activity that is similar to that of tamoxifen, which means it has limited
potential use in the prevention or treatment of osteoporosis or cardiovascular
disease (Shibata et al. 2000). Similarly, considering the preclinical findings of
endometrial stimulation reported on GW5638 (Willson et al. 1997), it is likely
that this new SERM belonging to the triphenylethylene family will be limited
in clinical use to the treatment of advanced tamoxifen-resistant breast cancer
once its efficacy is demonstrated in human clinical trials.

More encouraging are the preliminary results of ospemifene (FC-1271a),
a biologically active metabolite of toremifene (deamino-hydroxy-toremifene),
which has shown a promising SERM-type pharmacological profile by prevent-
ing bone mass and bone strength loss in castrated rats and reducing cholesterol
levels, without uterine wet weight gain (Qu et al. 2000). Also, it performs as
a potent estrogen antagonist in ER-positive breast cancer cell lines (Taras et al.
2001), and it is now in Phase III clinical trials for the prevention and treat-
ment of postmenopausal osteoporosis and urogenital atrophy (Gennari 2004).
In Phase II trials, ospemifene had, unlike raloxifene, an estrogenic agonistic
activity on the vaginal epithelium by improving symptoms of vaginal dryness
(Rutanen et al. 2003). The compound also appeared to be neutral in its effects
on climateric symptoms, including hot flashes and insomnia. Long-term stud-
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ies will be needed to confirm the neutral effect of ospemifene on the uterus
and its impact in the prevention of bone loss and osteoporotic fractures in
postmenopausal women.

Fispemifene is a new triphenylethylene, closely related to ospemifene, cur-
rently going to Phase II clinical trials. It has antagonistic activity in breast tissue
and acts as an estrogen agonist in bone and the vascular tissue repair response
through the regulation of vascular smooth muscle cell function and reendothe-
lialization, in a way that is very similar to that of tamoxifen, raloxifene, and
ospemifene (Savolainen-Peltonen et al. 2004).

Finally, MDL 103,323 is a new SERM derived from clomiphene, originally
developed as an antitumor drug for breast cancer, due to its potent inhibitor
activity of breast cancer cell lines and its high affinity for ER (5-6 times higher
than tamoxifen) (Baumann et al. 1998). Subsequent preclinical studies in hy-
pogonadal osteoporosis models have demonstrated that MDL 103,323 reduces
bone turnover markers and increases bone mineral density and bone biome-
chanical properties in castrated rats and sheep (Chavassieux et al. 2001; Bourrin
et al. 2002). There are few results on its effect on lipid metabolism, showing
less efficacy than other SERMs in reducing high cholesterol levels induced by
ovariectomy and with no modification in triglyceride levels (Ammann et al.
1999). Similarly, there are very little data published on its uterine effects. Pub-
lished data are limited to the evaluation of uterine wet weight, a subrogate
parameter of endometrial stimulation, with only partial predictive value in
postmenopausal women.

2.3.2
Benzothiophenes

The second group of SERMs includes drugs such as raloxifene (previously
named keoxifene), arzoxifene (Fig. 2.2),and LY-117018. Raloxifene was initially
designed as a drug to treat breast cancer, but its clinical development was
later focused on prevention and treatment of postmenopausal osteoporosis,

Arzoxifene Raloxifene
(LY353381-HCl)
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Fig. 2.2. Chemical structure of several SERMs in benzothiophene group
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becoming the first SERM approved to prevent and treat this bone metabolic
disorder. Raloxifene is also being investigated for the primary and secondary
prevention of cardiovascular disease in postmenopausal women (Wenger et al.
2002) and in breast cancer prevention in high-risk women (Vogel et al. 2002).
After tamoxifen, raloxifene is the SERM with the most information available
on its pharmacological effects in postmenopausal women because of the size
of its clinical program (over 40,000 women included in Phase III trials) and
because of the fact that since its commercialization in 1998 it is estimated that
approximately 2 million patients/year have been treated with the drug. Initial
research on experimental osteoporosis models in castrated rats demonstrated
raloxifene induces a bone antiresorptive effect similar to estrogens but without
inducing endometrial proliferation (Black et al. 1994). In the same animal
model, it has an effect on lipid metabolism very similar to estrogens (Black
et al. 1994; Frolik et al. 1996). Furthermore, in vivo and in vitro studies on
ER-positive breast cancer have shown raloxifene inhibits growth and tumor
proliferation (Anzano et al. 1996), observations that have been confirmed in
ER-positive breast cancer patients applying immunohistochemical markers of
cell proliferation (Dowsett et al. 2001).

Clinical trials on postmenopausal women with osteoporosis have demon-
strated that raloxifene reduces bone turnover markers by 25-35% after 1 year
of treatment and reduces the relative risk of the occurrence of new vertebral
fractures by 30-50% after 3 years of treatment (Ettinger et al. 1999). A post hoc
analysis in women at high risk for cardiovascular diseases also showed a re-
duction of 40% in the rate of new cardiovascular events (Barrett-Connor et al.
2002), with no observed reduction in the overall study population after 4 years
of treatment in the MORE trial.

The rate of invasive ER-positive breast cancer, a secondary objective in the
MORE trial, showed an 84% reduction after 4 years of followup (Cauley et al.
2001); moreover, during the subsequent 4 years of followup in the so-called
CORE trial (Continuous Outcomes Relevant to Evista), invasive ER-positive
breast cancer, the primary objective of the study, was reduced by 66%. Over
the 8 years of both trials, the incidences of invasive breast cancer and ER-
positive invasive breast cancer were reduced by 66% and 76%, respectively,
in the raloxifene group compared with the placebo group (Martino et al.
2004). These effects have not been associated with harmful effects on the
endometrium (Cohen et al. 2000) or the pelvic floor (Goldstein et al. 2001).

Other drugs in this group are arzoxifene (LY353381-HCl), a potent benzoth-
iophene similar to raloxifene that has demonstrated an antagonist potency
10 times greater that raloxifene in MCF-7 breast cancer and endometrial can-
cer cell lines (Sato et al. 1998). It is currently under research for treatment
and prevention of postmenopausal osteoporosis given its favorable effects on
cholesterol lowering, bone mineral density, and uterine weight in ovariec-
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tomized rats (Ma et al. 2002). LY-117018 has shown similar skeletal effects to
raloxifene in osteoporotic experimental models (Li et al. 1998; Diaz Curiel et al.
1998). Phase II trials with different doses of arzoxifene in tamoxifen-sensitive
and tamoxifen-resistant women with advanced or metastatic breast cancer
showed positive results with reductions on the time to progression of disease
(Buzdar et al. 2003) and response rates (Baselga et al. 2003).

233
Naphthalenes

The principal representative of this group of SERMs is lasofoxifene (CP-336,156)
(Fig. 2.3), which is currently at Phase III of clinical research for the prevention
and treatment of osteoporosis in postmenopausal women. Lasofoxifene shows
excellent SERM-type properties in in vivo animal models, showing a binding
affinity to ER« similar to estradiol, and approximately 10 times higher than
other SERMs, including tamoxifen, raloxifene, and droloxifene (Ke et al. 1998).
In ovariectomized rats treated with several doses of lasofoxifene for 52 weeks,
there was no observation of stimulation of the endometrial epithelium, al-
though a slight, but significant, increase in uterine weight was detected. It
also was observed that bone mineral density loss and ultimate bone strength
associated with ovariectomy was prevented at the lumbar spine level (Ke et al.
2004). Previous shorter studies had shown that in ovariectomized rats, laso-
foxifene reduced serum cholesterol levels and fat body mass (Ke at al. 1998).
Bone marrow cell cultures suggest that this bone effect may be mediated by a
15-25% increase in the number of apoptotic osteoclasts. Unlike other SERMs,
lasofoxifene also has been studied in aging and orchidectomized male rat mod-
els. It has been shown that this drug prevents bone mass loss and reduction of
bone biomechanical properties in these rats, which may be indicative of its po-
tential role in the treatment of male osteoporosis secondary to hypogonadism
or simply associated with old age (Ke et al. 2000, 2001).

Recently, 1-year Phase II results in postmenopausal women have been re-
ported. Lasofoxifene significantly decreased LDL-cholesterol and biochemical
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Fig. 2.3. Chemical structure of several SERMs in naphthylene group
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markers of bone turnover and significantly increased lumbar spine bone min-
eral density in early postmenopausal women, with no adverse effects on the
reproductive tract and no clinically meaningful effect on the endometrium
(Moffett et al. 2004). Head-to-head studies versus raloxifene have also been re-
ported (McClung et al. 2004a,b). After 2 years of therapy, lasofoxifene 0.25 mg
and 1 mg/day was associated with greater reductions in biochemical mark-
ers of bone turnover, fibrinogen, Lp(a), and LDL-cholesterol than raloxifene
60 mg/day. Lumbar spine BMD, but not hip BMD, was higher with lasofox-
ifene therapy. The safety profile was relatively similar with the two SERMs
having statistically significant differences versus placebo in the incidence of
hot flashes and leg cramps and a significant increase in leukorrhea in the la-
sofoxifene arms (7%-11% versus 2% with raloxifene and 4% with placebo).
No endometrial safety data were included in this preliminary report (McClung
et al. 2004b).

Trioxifene is an older SERM with low estrogenic properties and a higher
affinity for ER than tamoxifen. It has shown an unfavorable safety profile in
clinical studies of women with breast cancer (leukopenia in 41% of patients,
nausea in 31%) (Witte et al. 1986), which is why, in addition to its response rates
being no better than in tamoxifen (Lee et al. 1986), its clinical development has
been cancelled.

2.3.4
Indoles

The two principal representatives of this group of SERMs are pipendoxifene
(ERA-923) and bazedoxifene (TSE-424, WAY-140424) (Fig. 2.4). Pipendoxifene
is a potent SERM that is currently undergoing Phase II trials in women with
hormone-dependent metastatic breast cancer (Sorbera et al. 2002). In preclin-
ical studies, pipendoxifene inhibits estrogen-stimulated growth of the cell line
MCE-7, at a similar rate to tamoxifen, but, unlike the latter, it also inhibits
proliferation of endometrial and ovarian cancer cell lines. The most interest-
ing aspect of pipendoxifene is that it has been shown to inhibit growth of
breast cancer tumor lines that are resistant to tamoxifen, without stimulating
the endometrium (Greenberger et al. 2001). Phase I trials on 50 healthy female
volunteers treated for a 28-day period have not demonstrated significant effects
on different bone turnover markers, on total cholesterol, HDL-cholesterol, or
LDL-cholesterol, or on triglycerides (Cotreau et al. 2002); thus, its long-term
effects on bone and cardiovascular disease are uncertain. About 20% of the
study subjects reported hot flashes.

In addition to lasofoxifene and arzoxifene, bazedoxifene (TSE-424, WAY-
140424) is one of the newer SERMs in advanced Phase III clinical development
for the prevention and treatment of postmenopausal osteoporosis. In pre-
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Fig. 2.4. Chemical structure of several SERMs in indole group

clinical models, bazedoxifene has shown to fulfill the profile of a SERM: it
binds with high and similar affinity to ERe and ERp, inhibits proliferation
of MCF-7 cells induced by estradiol, prevents bone mass loss in castrated
rats, reduces serum cholesterol, and does not have a stimulant effect on the
uterine epithelium of intact and ovariectomized rats (Miller et al. 2001). The
selection of bazedoxifene in the molecular screening process to improve the
SERM profile has incorporated new preclinical animal experiments especially
designed to evaluate its potential secondary effects on the uterus, with the
objective of avoiding problems previously encountered in the clinical develop-
ment of other SERMs. Thus, bazedoxifene has not shown any agonist activity
on in vitro models in an experiment to test the transcriptional activation of
the promoter of the component of complement 3 (C3), which is a gene that re-
quires estrogen stimulation to be expressed in the endometrial cells of rodents
and has proven to be fairly reliable as a predictor of the in vivo endome-
trial response. In this model, other SERMs such as tamoxifen, idoxifene, and
droloxifene do act as agonists of the C3 promoter (tamoxifen > idoxifene >
droloxifene), while raloxifene stimulates it to a minimal extent (Komm et al.
2001).

Other interesting aspects that have been included in the bazedoxifene pre-
clinical program s the evaluation of the vasomotor response in an experimental
model of hot flashes, consisting of intact adult rats addicted to morphine, which
develop a very marked vasomotor response when they receive a naloxone in-
jection. This response, observed through a temperature increase of 4-5°C in
the rat’s tail, may be inhibited if the animal has been treated with estrogens.
However, bazedoxifene and raloxifene do not act as estrogen agonist in this
model (Komm et al. 2001). The antagonist effect of bazedoxifene and raloxifene
on estrogen effects, in the prevention of vasomotor crises, occurs at a dose of
> 1.0 mg/kg. Considering that the necessary dose of bazedoxifene to protect
bone is 0.3 mg/kg, it appears that there is a certain therapeutic “window” to
prevent the vasomotor response in these rats, and this would not be observed
with raloxifene, which requires a dose of 3 mg/kg to produce beneficial ef-
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fects on the bone in the castrated rat model. Published clinical data on this
compound are limited. After 3 months therapy in 494 postmenopausal women,
bazedoxifene (doses as low as 5 mg/d) had effects on bone turnover markers
and LDL-cholesterol comparable to those seen with raloxifene. No increases in
hot flashes or endometrial thickness were reported (Ronkin et al. 2001; Komm
et al. 2001).

2.3.5
Benzopyrans

The SERMs that belong to the benzopyrans group form a large group of drugs
(Fig. 2.5), several of which are at early stages of clinical development for the
treatment of hormone-dependent breast cancer and endometrial cancer.
Ormeloxifene (centchroman) has been used since 1980 as an oral contra-
ceptive in India using a weekly dose (Singh 2001), while its L-enantiomer
(levormeloxifene) recently had its clinical program cancelled in the preven-
tion and treatment of postmenopausal osteoporosis following the detection of
uterine safety problems during Phase III clinical trials. This is probably the
chemical group of SERMs that is undergoing more activity in the development
of new target molecules. There has been a recent report on results in experi-
mental models of postmenopausal osteoporosis using SP-500263 (Sutherland
et al. 2003) in which has been shown a profile similar to raloxifene in the same
model, also acting as an antiestrogen in in vitro breast cancer models.
EM-800 (SCH-57050) and its active metabolite EM-652 (acolbifene, SCH-
57068), are highly potent antiestrogens in human breast and uterine cancer
cellsin vitro as well as in vivo in nude mice and are currently undergoing clinical
trials in the treatment of hormone-dependent breast cancer and endometrial
cancer (Labrie et al 1999). Acolbifene shows a higher capacity of binding to
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the estrogenic receptor than the majority of pure estrogens and SERMs, and,
in fact, its affinity for ERs is 2.9 times higher than estradiol itself. It shows
a 200-fold greater potency than tamoxifen in displacing [*H]estradiol from
ERs. In in vitro preclinical models on hormone-dependent breast tumors (cell
lines ZR-75-1, MCF-7, and T-47D), endometrial adenocarcinoma cell lines,
and also in in vivo tumor models (breast cancer induced by DBMA, xenografts
of human breast cancer in athymic mice), acolbifene and EM-800 have been
shown to inhibit tumor growth to a greater extent than pure antiestrogens such
as fulvestrant (ICI 182,780) and ICI 164,384, and than 4-hydroxy-tamoxifen,
toremifene, idoxifene, GW5638, droloxifene, and raloxifene (Labrie et al. 1999;
Gutman et al. 2002).

Both EM-800 and acolbifene have been studied in the ovariectomized rat
model, and their initial pharmacological profile (described as pure antiestro-
gens) has been ruled out because they also prevent bone mass loss and reduce
cholesterol and triglycerides in a similar magnitude to raloxifene (Labrie et al.
1999). In a recent Phase II clinical trial in 42 patients with advanced-stage,
tamoxifen-resistant breast carcinoma, EM-800 produced responses in a signif-
icant proportion of patients, results that previously had not been achieved with
other SERMs, such as toremifene or raloxifene, when used as salvage therapy
in tamoxifen-resistant patients (Labrie et al. 2004). The response observed was
similar to fulvestrant, a pure antiestrogen, but, given the possible advantages
of EM-800 and acolbifene regarding its oral bioavailability and its protective
effect on bone loss, they can be considered potential alternatives once their
efficacy and safety are confirmed in larger trials.

The preclinical and clinical development of levormeloxifene, a benzopyran
SERM, and its final outcome present a paradigmatic experience in SERM phar-
macological development because, for the first time, the data that indicated
a SERM profile in animal studies were not confirmed in clinical research when
the drug was subjected to Phase II-III clinical trial conditions. Thus, although
levormeloxifene did not induce proliferation of the endometrial epithelium
in castrated rats, postmenopausal women treated with this drug showed an
increased endometrial thickness (approximately 6 mm versus placebo) after
1 year of treatment. Biopsies did not show any cellular proliferative findings
(Alexandersen et al. 2001). These negative results were balanced with posi-
tive outcomes at the bone, with lumbar spine bone mineral density increases
of 2.9% versus placebo, and in the lipid metabolism with 15% and 25% de-
creases in serum cholesterol and LDL-cholesterol in the levormeloxifene group
(Alexandersen et al. 2001), respectively.

The second study, which included 2924 postmenopausal women with os-
teoporosis, had to be cancelled after 10 months due to a marked increase
in adverse uterine effects induced by the two doses of levormeloxifene un-
der study in comparison with the placebo arm: leukorrhea (30% versus 3%),
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increased endometrial thickness (19% versus 1%), increased uterine volume
(17% versus 3%), uterovaginal prolapse (7% versus 2%), urinary incontinence
(17% versus 4%), increased micturition frequency (9% versus 4%), and pelvic
pain (17% versus 6%) (Goldstein et al. 2002). Similar findings were observed
in clinical trials with idoxifene in which 1.5% of the women treated with this
drug developed a uterine prolapse versus none in the placebo group (Hendrix
et al. 2001). The mechanism behind these SERM-caused uterine effects is not
clear, although there are several hypotheses that suggest greater elasticity of
pelvic floor tissues secondary to collagen alterations, edema, or an increased
uterine weight. A very recent report suggests that differences in the expression
of matrix metalloproteinase 2 (MMP2) activity induced by estrogen and dif-
ferent SERMs in the uterus of ovariectomized rats may be relevant to collagen
turnover and degradation and, hence, uterine prolapse and urinary incon-
tinence. While estrogen, lasofoxifene, and levormeloxifene increased MMP2
activity in this model, which may result in increased proteolytic cleavage of
type I and IV collagen, raloxifene did not (Helvering et al. 2004).

As a result of these findings, a scheduled standard pelvic exploration is
now an obligatory procedure in clinical trials with new SERMs. It is impor-
tant to note that this adverse effect has not been associated with tamoxifen
or toremifene therapy (Maenpaa et al. 1997; Fisher et al. 1998), and in the
case of raloxifene, a post hoc metaanalysis of 6926 nonhysterectomized post-
menopausal women participating in clinical trials for 3 years or more showed
asignificant 50% reduction in the incidence of surgery for repairing pelvic floor
relaxation, reported as an adverse event, compared with placebo (Goldstein
et al. 2001).

2.4
Conclusions

The main pharmacodynamic characteristics of the SERMs that are currently
available reflect their antineoplastic activity in estrogen-dependent breast
cancer (tamoxifen and toremifene) and the beneficial effects on bone re-
modeling, bone mineral density, and reduction of osteoporotic fractures in
postmenopausal women observed with raloxifene. However, one major con-
sequence of the Women’s Health Initiative findings has been an increased
interest in the full therapeutic potential of SERMs - still to be explored -
because of their potential to retain some of the beneficial effects of estrogen
while avoiding most of its adverse effects. Given the extraordinary complexity
of the different diseases that SERMs can impact, this exploration is contem-
plated as a major, long-term, costly task. In this respect, clinical trials that are
close to being finalized with raloxifene will clarify within the next few years
the potential role of this SERM in primary prevention of breast cancer and



2 Clinical Pharmacology of Selective Estrogen Receptor Modulators 63

cardiovascular disease in postmenopausal women. Likewise, the encouraging
preliminary results on new SERMs such as lasofoxifene, bazedoxifene, arzox-
ifene, ospemifene, etc. are still to be confirmed in large-scale clinical trials
currently under way.

With regard to our current knowledge of these drugs, it is tempting to
speculate on the ideal pharmacological characteristics of a selective estrogen
receptor modulator (Fig. 2.6). Obviously, any new SERM that is intended for
the treatment of breast cancer must, at a minimum, exceed tamoxifen’s efficacy
regarding its rates of tumor remission and relapse, without having negative
effects on uterine safety in terms of hyperplasia and endometrial neopla-
sia or uterine prolapse. Ideally, these new SERMs must be effective against
tamoxifen-resistant breast cancer, and preliminary results with some of them
are encouraging (Labrie et al. 2004), although a likely shift in the gold standard
endocrine therapy of hormone-responsive breast cancer is on the horizon with
the introduction of aromatase inhibitors (Smith et al. 2003). New SERMs that
are planned to be developed for the prevention and treatment of osteoporosis
and cardiovascular disease in postmenopausal women, in addition to showing
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a nonstimulant effect on the uterus and on the development of breast neo-
plasms, must ideally present a profile of neutral side effects with regard to the
onset of hot flashes or venous thromboembolic disease, which are the principal
side effects of raloxifene and tamoxifen.

Itis important to note that the reported increased risk, by a factor of 1.5 to 3,
observed in venous thromboembolic disease with SERMs in wide use, namely
tamoxifen and raloxifene, is very similar to that reported with the use of
ET/EPT and oral contraceptives. Although the in-depth molecular mechanism
of this procoagulatory activity in the venous territory is as yet unknown, it
would appear that it is an estrogen-agonist effect in the SERMs that should
be minimized or eliminated in the development of new molecules indicated
for long-term use. Considering the present uncertainty regarding the role of
ET/EPT in the prevention and treatment of senile dementia, it would be risky
to suggest that SERMs may play a beneficial role in this pathology, but what
is considered a must is that in no way can they become harmful. Therefore,
it is necessary to carry out meticulous evaluations in preclinical models and
during clinical trials of the effects of these drugs on higher cognitive functions.
In this respect, clinical findings with raloxifene are encouraging (Yaffe et al.
2001; Neele et al. 2001).

Finally, a major question in SERM development is whether the new com-
pounds will behave like estrogens with respect to cardiovascular events, which
would be a worthless property given the results of the WHI trial (Writing
Group for the Women’s Health Initiative Investigators 2002; Women’s Health
Initiative Steering Committee 2004). This is a complex issue that will depend
on the unique profile of action of the new SERM on the different components
of the atherosclerosis process and the patient population and study design and
conduct that is implemented.

Is it feasible to find a single drug with all these ideal characteristics? In
the short term it does not appear to be realistic that one SERM alone will
be able to fulfill all these requirements. However, the great speed at which
progress is being made in the molecular biology of the ER activation cascade,
together with progress in genomics and combinatorial and proteomic chem-
istry, there is room to be optimistic that if, for example, we can identify the
coactivator proteins of a certain cell, we may be able to design ligands to ERs
with a selective activity to recruit these coactivators, or we may be able to
design molecules with an exclusive affinity for one ER subtype. All these ad-
vances will also benefit the development and extension of the pharmacological
concept of executable modulation to other members of the nuclear recep-
tor superfamily, like selective glucocorticoid receptor modulators, selective
androgen receptor modulators, selective progesterone receptor modulators,
and selective peroxisome proliferator-activated receptor modulators, among
others.
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CHAPTER 3

Action of Selective Estrogen Receptor Modulators
(SERMs) Through the Classical Mechanism
of Estrogen Action

FERNANDO MARIN - M® CARMEN BARBANCHO

3.1
Introduction

The molecular mechanisms through which SERMs have an estrogen-agonist
or antagonist effect, depending on the tissue in question, has been a topic of
intense investigation during the last decade (Yang et al. 1996b; Shang et al.
2002; Meegan et al. 2003; Smith et al. 2004). Recent advances in the molecular
biology of ERs have revealed the enormously complex nature of this process.
As mentioned in Chapter XXX, estrogens regulate the activation of genes by
means of a series of molecular events triggered after they bind to the estrogen
receptor (ER), which is simply a transcription factor that can be activated by
aligand. The same course of events is set in motion by selective estrogen recep-
tor modulators (SERMs). In short, the high-affinity binding to the ER, and to
the ER alone, is a fundamental characteristic of SERMs. The absence of cross-
binding with other members of the nuclear receptor superfamily (androgen,
progesterone, glucocorticoids, mineralocorticoids, retinoic acid, vitamin D
receptors, etc.) is a critical stage in the target molecule selection process.
The binding of the ligand to the ER leads to a conformational change in the
ligand-ER complex, causing disassociation of the stress proteins associated to
the inactive receptor (heat-shock proteins). The inactive receptors, which are
monomers in basal conditions, dimerize and get phosphorylated until they fi-
nally bind to a series of nuclear proteins called adaptor or coregulator proteins.
This ligand-ER complex binds to one of the DNA response elements (EREs:
estrogen response elements), generally located in the promoter region of estro-
gen target genes, and trigger the mRNA transcription and synthesis process.
Depending on the cell type, coregulator protein load, ratio of coactivator and
corepressor proteins, and different gene promoters, the ligand-ER dimer may
activate or inhibit the gene transcription.

It is of great interest that new findings suggest that several effects of estrogen
and SERMs also may be mediated by nonnuclear ER actions derived from fast
activation (in a matter of minutes) of the protein-kinase cascades and other
signaling processes associated to cell membrane ERs. These activation routes,
described in detail in Chap. 1 by Escrich et al. are not mediated by transcrip-
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tion factors and nuclear ER activation. The functional effects associated with
these pathways include some of the cardiovascular effects of estrogens, such as
nitric oxide (NO)-dependent vasodilatation, inhibition of endothelial damage
response, and reduced ischemic damage to the myocardium in experimen-
tal conditions (Ho et al. 2002; Salom et al. 2002). Raloxifene and its analog
LY-117018 stimulate endothelial NO synthetase (eNOS) and lead to coronary
artery relaxation and improved vasodilatation in hypertensive rats (Simoncini
et al. 2002a; Wassman et al. 2002). The eNOS activation by means of protein—
kinase activation (MAPKs and PI3K-Akt) has also been reported with EM-800
(Simoncini et al. 2002b). These nongenomic pathways of estrogen action have
also been reported in neuronal cells (Qiu et al. 2003) and bone cells (Kousteni
et al. 2003), but their contribution in the action of specific SERM compounds,
and the role of different signaling pathways in tissue-specific actions, is unde-
fined at this time.

In addition to these rapid nongenomic events, the pharmacodynamic profile
of different SERMs may depend on the subtle mesh of the combined action of
complex mechanisms that govern the transcription mediated by ERs. Basically,
this can occur at four levels: (1) tissue amount and distribution of the different
ER subtypes; (2) impact on binding capacity to promoters provoking the differ-
ent 3D conformations of the SERM-ligand complex, which ultimately dictate
specific coregulator interactions; (3) different content of nuclear coregulator
proteins (coactivators and corepressors) in various cells; and (4) presence of
different types of estrogen response elements (EREs) in the gene promoters,
including the ability of ERs to affect gene expression without directly binding
to target DNAs in a process known as transrepression.

3.2
Estrogen Receptor Subtypes

Until 1995, it was believed that only one gene-encoding ER existed. The descrip-
tion and characterization of a new ER subtype, known as ER 8, has modified the
classical vision of the molecular pathways activated by estrogens (Kuiper et al.
1996). Furthermore, it is highly likely that each subtype has multiple isoforms.
Although the majority of tissues express both ER subtypes (ER« and ERp),
there is a certain degree of tissue-specific distribution (Kuiper et al. 1997). For
example, ERa predominates in the breast, liver, uterus, ovaries, and central
nervous system. ERS has a slightly different tissue distribution pattern, and
a high expression has been reported in endothelial cells, bones, lungs, uro-
genital tract, ovaries, central nervous system, and prostate. While ERx acts
predominantly as an activator, ER can down-regulate this response if it binds
to ER« to form a heterodimer. Therefore, an attractive hypothesis to explain
the pharmacology of SERMs is the relative content of both ER subtypes in
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a certain tissue, additionally considering the different relative affinities of the
various SERMs to the two described ER subtypes. However, there is no clear
proof to date that demonstrates that the selective action of a certain SERM is
the result of its preferential binding to one of the two ER subtypes. In fact,
tamoxifen and raloxifene, the two SERMs for which most data are available,
show a similar degree of binding to both ER isoforms (Kuiper et al. 1997).

3.3
Conformation of Ligand-ER Complex

One of the most significant findings in this field is the demonstration that
the tertiary structure of the ligand-ER complex depends on the molecular
characteristics of the ligand. The ligand-binding domain (LBD) of the ER
consists of a hydrophobic open pocket formed by 12 short helices. Near its
carboxy-terminal end, it includes an amino acid sequence called Activating
Function-2 (AF-2), which is considered essential in the activation of genes
that mediate estrogenic activity in reproductive tissues, such as the uterus and
breast. AF-2 is dependent on the binding of the ligand. Therefore, if AF-2 gets
blocked, the transcription of these genes would be compromised. When the
ER-LBD binds to 4-hydroxy-tamoxifen, the active metabolite of tamoxifen, the
changein the alignment of helix 12 prevents the interaction between theligand-
ER complex and a coactivator protein. In contrast, if the ligand is estradiol,
helix 12 goes over the ligand, snuggling it in a tight fitting pocket that permits
the coactivator proteins to bind to this region (Shiau et al. 1998). Similar
findings have been reported with X-ray protein crystallization techniques that
have analyzed the 3D structure of the ERo and raloxifene complex. The basic
side chain of the raloxifene molecule is very rigid and does not fit in the pocket
formed by the ligand-binding domain of the ERw. Therefore, helix 12 cannot
fit properly over the ligand and remains outside the “pocket”, preventing AF-2
from interacting with the coregulator protein in order for the transcription to
take place (Brzozowski et al. 1997). The different SERMs give rise to different 3D
conformations of the SERM-ligand complex, forming a continuum of different
intermediary forms, from the binding of estradiol at one end to the binding of
a pure antiestrogen at the other (McDonnell et al. 2002).

3.4
Coregulator Protein Cell Content and Coactivators/Corepressors Ratio

In order for estrogen-mediated genomic activation to occur, the ligand-ER
complex must bind to other nuclear proteins (coregulator proteins) that can
either act as coactivators (stimulators of gene transcription) or corepressors
(inhibitors of gene transcription) for access of the complex to the EREs (for
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areview see Rosenfeld et al. 2001) (Fig. 3.1). The discovery and cloning of these
coregulator proteins has been another key milestone in our understanding
of gene expression pathways mediated by transcription factors (Smith et al.
2004). Several coregulator proteins are known to be capable of binding to ERs
and modulating their function. Major ER coactivators fall into three groups of
proteins: steroid receptor coactivator-1 (SRC-1), SRC-2, and SRC-3. In addition,
proteins such as cyclic AMP response element binding protein (CBP/p300) act
as coactivators for multiple transcription factors. Some of the corepressors
associated with raloxifene and 4-hydroxy-tamoxifen antiestrogenic actions are
the silencing mediator of retinoic acid and thyroid hormone receptor (SMRT)
and the nuclear receptor corepressor (NcoR). Whether the coregulator protein
that binds to the ligand-ER complex is a coactivator or corepressor protein
depends on the conformational alteration that the ER undergoes, which in turn
depends on the type ofligand to which it is bound. Furthermore, the amount of
coregulator proteins, in both absolute and relative terms, varies according to the
different cells that respond to estrogens. An extraordinary example of this fact
was described recently by Shang et al. (2002). These authors demonstrated that
the estrogen—antagonist action of tamoxifen and raloxifene on breast cells is
mediated by the action of corepressor proteins present in these cells. However,

Regulators of transcription

Activation

BRG1/hBrm, SRC TRAP, DRIP,
1-3, CBP, pCAF ARC, SMCC

\ | Basal
@ transcription

N-CoR, SMRT

Repression

Fig. 3.1. Coregulator proteins and gene transcription. The DNA-bound receptor can either
positively or negatively regulate target gene transcription. Agonist-bound ERs can recruit
transcriptional adaptors, proteins that permit the receptor to transmit its regulatory in-
formation to the cellular transcriptional apparatus. Among those adaptors are coactivators
(stimulators of gene transcription) and correpresors (inhibitors of gene transcription)
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the opposite action of these two SERMs on the endometrium is explained by
the capacity that tamoxifen shows in facilitating the recruitment of coactivator
proteins of a group of genes in endometrial cells. In short, the agonist effect of
tamoxifen on the endometrium is based on the induction in this tissue of a high
expression of coactivator SRC-1. This effect is not observed with raloxifene.
Therefore, differences in cell type and ratio of different coregulator proteins
in such cells may determine the response to different types of SERMs (Shang
et al. 2002).

3.5
Transrepression: Regulation of Gene Expression
by an ERE-Independent Mechanism

One last mechanism that has been put forward to explain the tissue selectivity
of SERMs, or even gene-specific regulation within the same cell, derives from
the existence of estrogen-dependent genes containing not the classic ERE se-
quence in the gene promoter region but other alternative response sequences,
in such away that only the genes that contain these non-ERE sequences are tran-
scribed when the tamoxifen-ER« or raloxifene-ER« complexes interact with
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i ' “ Signal transduction
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[ 3 “l‘l‘

Alternative response elements
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Fig. 3.2. Potential genomic and nongenomic activation routes that may be induced by natural
or synthetic ER ligands. The hypotheses that explain the tissue-selective action of SERMs
include (a) selective activation of ER subtypes, (b) different changes in the 3D configuration
of the ligand-ER complex, (c) recruitment of coactivator and corepressor proteins, and
(d) activation of alternative response elements in certain inducible genes
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the gene promoter (Paech et al. 1997; Yang et al. 1996b). The gene expression
in this ERE-independent mechanism involves other DNA-bound transcription
factors (Kushner et al. 2000; Abdelrahim et al. 2002). It should be noted that in
many estrogen-responsive genes a direct DNA binding of ER is not required
for ER-mediated activation of transcription. ER, through protein-to-protein
contacts with other transcription factors, such as AP-1 and Sp-1, allows in-
creased efficiency of transcription mediated by these factors (Kushner et al.
2000). This is the case of the Transforming Growth Factor f3 (TGF-83) gene,
ahighly abundant growth factor in the bone matrix with a highly potent antire-
sorptive activity whose expression has been reported with raloxifene and other
SERMs but not with 17-B-estradiol through a nonclassical ERE-independent
mechanism (Yang et al. 1996a,b).

Figure 3.2 provides a summary of the different mechanisms that have been
hypothesized to explain the selective tissue action of SERMs.

References

1. Abdelrahim M, Samudio I, Smith R, Burghart R, Safe S (2002) Small inhibitory RNA
duplexes for Sp! MRNA block basal and estrogen-induced gene expression and cell
cycle progression in MCF-7 breast cancer cells. ] Biol Chem 77:28815-28822

2. Brzozowski AM, Pike ACW, Dauter Z, Hubbard RE, Bonn T, Engstrém O, et al. (1997)
Molecular basis of agonism and antagonism in the oestrogen receptor. Nature 89:753-
758

3. Ho K], Liao JK (2002) Non-nuclear actions of estrogen. Arterioscler Throm Vas Biol
2:1952-1961

4. Kousteni S, Han L, Chen JR, Almeida M, Plotkin LI, Bellido T, Manolagas SC (2003)
Kinase-mediated regulation of common transcription factors accounts for the bone-
protective effects of sex steroids. J Clin Invest 11:1651-1664

5. Kuiper GG, Carlsson B, Grandien K, Enmark E, Haggblad J, Nilsson S, Gustafsson JA
(1997) Comparison of the ligand binding specificity and transcript tissue distribution
of estrogen receptors alpha and beta. Endocrinology 38:863-870

6. Kuiper GG, Enmark E, Pelto-Huikko M, Nilsson S, Gustafsson JA (1996) Cloning of
a novel estrogen receptor expressed in rat prostate and ovary. Proc Natl Acad Sci USA
3:5925-5930

7. Kushner PJ, Agard DA, Greene GL, Scanlan TS, Shiau AK, Uth R, et al. (2000) Estrogen
receptor pathways to AP-1. ] Steroid Biochem Mol Biol 74:311-317

8. McDonnell DP, Wijayarate A, Chang C, Norris JD (2002) Elucidation of the molec-
ular mechanism of action of selective estrogen receptor modulators. Am ] Cardiol
0(suppl):35F-43F

9. Meegan M], Lloyd DG (2003) Advances in the science of estrogen receptor modulation.
Curr Med Chem 0:181-210

10. Paech K, Webb P, Kuiper GGJM, Nilsson S, Gustafsson JA, Kushner PJ, et al. (1997)
Differential ligand activation of estrogen receptors ERa and ERp at AP1 sites. Science
77:1508-1510

11. QuiJ, Bosch MA, Tobias SC, Grandy DK, Scanlan TS, Ronnekleiv OK, et al. (2003) Rapid
signaling of estrogen in hypothalamic neurons involves a novel G-protein-coupled
estrogen receptor that activates protein kinase C. ] Neurosci 3:9529-9540



3 Action of Selective Estrogen Receptor Modulators 77

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Rosenfeld MG, Glass CK (2001) Coregulator codes of transcriptional regulation by
nuclear receptors. ] Biol Chem 276:36865-36868

Salom JB, Burguete MC, Pérez-Asensio FJ, Centeno JM, Torregrosa G, Alborch E (2002)
Acure relaxant effects of 17-8-estradiol through non-genomic mechanisms in rabbit
carotid artery. Steroids 7:339-346

Shang Y, Brown M (2002) Molecular determinants for the tissue specificity of SERMs.
Science 295:2465-2468

Shiau AK, Barstad D, Loria PM, Cheng L, Kushner PJ, Agard A, Greene GL (1998) The
structural basis of estrogen receptor/co-activator recognition and the antagonism of
this interaction with tamoxifen. Cell 5:927-937

Simoncini T, Genazzani AR, Liao JK (2002a) Nongenomic mechanisms of endothelial ni-
tric oxide synthetase activation by the selective estrogen receptor modulator raloxifene.
Circulation 105:1368-1373

Simoncini T, Varone G, Fornari L, Mannella P, Luisi M, Labrie E, et al (2002b) Genomic
and nongenomic mechanisms of nitric oxide synthesis induction in human endothe-
lial cells by a fourth-generation selective estrogen receptor modulator. Endocrinology
43:2052-2061

Smith CL, O’Malley BW (2004) Co-regulator function: a key to understanding tissue
specificity of selective receptor modulators. Endocr Rev 25:45-71

Wassmann S, Laufs U, Stamenkovic D, Linz W, Stasch JP, Ahlbory K, Rosen R, Bohm M,
Nickening G (2002) Raloxifene improves endothelial dysfunction in hypertension by
reduced oxidative stress and enhanced nitric oxide production. Circulation 105:2083-
2091

Yang NN, Bryant HU, Hardikar S, Sato M, Galvin RJS, Glasebrook AL, et al. (1996a)
Estrogen and raloxifene stimulate transforming growth factor-fs; expression in rat
bone: a potent mechanism for estrogen- or raloxifene-mediated bone maintenance.
Endocrinology 37:2075-2084

Yang NN, Venugopalan M, Hardikar S, Glasebrook AL (1996b) Identification of an
estrogen response element activated by metabolites of 17-f-estradiol and raloxifene.
Science 73:1222-1225. [Letter. Published errata: Science 275:1249, 1997 Feb 28]



CHAPTER 4

Cellular and Molecular Basis for Acute
Nongenomically Mediated Actions of SERMs

MARIO DiAZ - JORGE MARRERO-ALONSO - BENITO GARCfA MARRERO -
RAQUEL MARIN - ToMAS GOMEZ - RAFAEL ALONSO

4.1
Introduction

Compelling evidence accumulated over the past three decades have demon-
strated that, besides their ability to antagonize estrogen binding to their in-
tracellular specific estrogen receptors (ER), selective estrogen receptor mod-
ulators (SERMs) can affect a number of biochemical processes in eukaryotic
cells. Experimental data from in vivo and in vitro studies have revealed that
SERMs and estrogens are surprisingly pleiotropic molecules affecting molec-
ular targets in both estrogen receptor positive (ER+) and negative (ER-) cells.
Such “alternative” actions of SERMs and estrogens are typically independent
of canonical ERs and do not involve transcriptional or translational events,
thereby mediated nongenomically, and usually initiated (and accomplished)
within seconds to minutes after presentation of the molecule (Falkestein et al.
2000; Nadal el al. 2001). The spectrum of SERM-induced acute actions includes
awide set of molecular targets, from modulation of ion channels and signaling
molecules to alteration of membrane fluidity. In the following sections we re-
view data from different laboratories, including ours, in the context of cellular
and molecular evidences for acute nongenomic effects of SERMs observed at
pharmacological circulating concentrations. Special emphasis will be placed
on actions that might underlie clinically relevant beneficial effects as well as
undesirable side effects.

4.2
Cellular and Molecular Targets for Rapid Actions

4.2.1
Interaction with Ion Channels

4.2.1.1
Sodium and Potassium Channels

Electrophysiological studies on primary cultures of hypothalamic neurons and
C1300 neuroblastoma cells have shown that the triphenylethylene SERMs ta-
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moxifen and toremifene are able to rapidly inhibit macroscopic voltage-gated
tetradotoxin-sensitive Nat currents (TTX-sensitive Ina, ICs5o &~ 1-2 uM) and
delayed rectifier K* currents (Ipr) (ICso ~ 2-3 M), while only toremifene
exhibits a significant inhibition of transient outward (I,) currents (IC5) =~
3w M) (Hardy et al. 1998). Similar results have been reported in rat corti-
cal glial cells for voltage-gated TTX-sensitive Iy, and Ipr (Smitherman and
Sontheimer 2001). Moreover, in isolated cardiac myocytes, tamoxifen inhibits
voltage-gated delayed rectifier K* in a time-, concentration-, and voltage-
dependent fashion (Liu et al. 1998) and, more importantly, inhibits the inward
rectifier (Ix; and Ii,). Inhibition of Ix; and I, is especially noticeable since it
markedly prolongs the action potential duration, decreases the maximal rate
of depolarization, and decreases the resting membrane potential in cardiac
myocytes (He et al. 2003). The results of these studies suggest that inhibition of
I, Ipr, and Ix; by tamoxifen may contribute to prolonged QT interval of the
electrocardiogram observed in some patients receiving tamoxifen treatment,

celll

~ C 3‘
cGMP
- GTP

smooth muscle cell

VASORELAXATION

Fig. 4.1. Cellular model illustrating cell types in vascular wall involved in vasorelaxation
induced by SERMs. Putative targets of SERMs are indicated within cyan tags. SERMs di-
rectly affect L-type VDCC, BK B1 subunit in smooth muscle cells, and ER in endothelial
cells. L-type VDCC: L-type voltage-dependent calcium channel; BK: calcium-activated large
conductance K* channel; PKG: protein kinase G; eNOS: endothelial nitric oxide synthase;
GC: soluble guanylate cyclase; cGMP: cyclic GMP; V : electrochemical membrane potential;
ER: estrogen receptor. See text for further details
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thereby potentially causing untoward life-threatening polymorphic ventricular
arrhythmias (De Ponti et al. 2000; Pollack et al. 1997).

Tamoxifen also modulates a different set of K* channels, namely large-
conductance calcium-activated potassium channels (BK), by directly interact-
ing with the regulatory 1 subunit of the channel protein (Dick et al. 2001).
Interaction of tamoxifen, as well as 4-OH-tamoxifen and the impermeant ana-
log ethylbromide tamoxifen (EBTx), with the 81 subunit dramatically alters
the Ca®*/voltage sensitivity of BK, increasing the channel open probability
(ECs0 = 0.65-0.96 uM) and decreasing the unitary conductance of the channel
pore (Dick et al. 2001, 2002). Interestingly, the stimulatory effect of tamoxifen
on B1 is mimicked by 17S-estradiol (Valverde et al. 1999), though tamoxifen
is nearly fivefold more effective than 178-estradiol (Dick et al. 2001). These
results are clinically relevant since BK channels play a key role in maintain-
ing the dynamic equilibrium between vasoconstriction and vasodilation in
vascular smooth muscle, thereby controlling blood pressure. Activation of BK
channels leads to hyperpolarization of the cell membrane, which causes deac-
tivation of voltage-dependent calcium channels and subsequent vasodilation
(reviewed in Patterson et al. 2002). Positive modulation of large-conductance
potassium channels by tamoxifen and 17-estradiol likely underlie the acute
endothelium-independent relaxing effect of these compounds on vasculature
(Patterson et al. 2002; Valverde et al. 1999) (Fig. 4.1).

4.2.1.2
Calcium Channels

The ability of estrogens and nonsteroidal SERMs to modify calcium channel
activity in smooth muscle cells was initially inferred from competition binding
studies. Thus, it has been shown that tamoxifen and clomiphene compete with
dihydropyridine calcium channel antagonists (*H-nitrendipine) in binding in
membrane fractions of human and rabbit urinary bladder and myometrium
(Batra 1990). On the other hand, functional studies in different preparations
of vascular and visceral smooth muscle have revealed that estrogens, xenoe-
strogens, and SERMs induce relaxation through ER-independent mechanisms.
Thus, in vitro studies on isolated uterine, vascular, detrusor, and intestinal
smooth muscles from different species, including humans, have shown that ta-
moxifen rapidly inhibits spontaneous and agonist-induced contractile activity
by interfering with transmembrane calcium influx (Cantabrana and Hidalgo
1992; Diaz 2002; Ferndndez et al. 1993; Lipton 1987; Lipton et al. 1984; Ratz
etal. 1999; Song et al. 1996). Reported ICsq values for triphenylethylene SERMs
in these preparations were in the submicromolar range, i.e., for tamoxifen
and ethylbromide tamoxifen in mouse duodenal muscle values were 0.85 and
0.37 uM, respectively (Diaz 2002; J. Marrero-Alonso et al. in press), and for
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uterine muscles values were 0.70 and 0.58 M, respectively (J. Marrero-Alonso
et al. in press) (Fig. 4.2). In addition, direct electrophysiological evidence has
demonstrated that tamoxifen inhibits calcium entry through L-type calcium
channels in A7r5 and aortic smooth muscle cells (Song et al. 1996), isolated
colonic myocytes (Dick et al. 1999), and other nonmuscle cells, like clonal pi-
tuitary cells (Sartor et al. 1988) and PC12 neurosecretory cells (Greenberg et al.
1987). Recently, similar effects on vascular voltage-dependent L-type calcium
channels and contractile response of cerebral arteries (Tsang et al. 2004) and
pulmonary vessels (Chan et al. 2004) have been reported for the more recent
benzotiophene SERM raloxifene.

Obviously, the effects of tamoxifen and derivatives and of raloxifene on
L-type calcium channels from aortic and other blood vessels would reduce
vascular smooth muscle contractility. This action, in synergy with the afore-
mentioned effect on BK channels, would reduce blood peripheral resistance
and blood pressure, which may partially account for the reduction in cardio-
vascular risk (Da Costa et al. 2004; Trump et al. 1992) (Fig. 4.1).
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On the other hand, we have shown that 4-OH-tamoxifen is as effective as
tamoxifen in relaxing duodenal and ileal smooth muscle through inhibition
of L-type calcium channels (Dfaz 2002). Since tamoxifen is metabolized in
the liver to produce the active circulating metabolite 4-OH-tamoxifen, the
existence of effects induced by this metabolite provides a critical indication
of an in vivo pharmacological action. Indeed, levels of tamoxifen and 4-OH-
tamoxifen shown in intestinal preparations to cause a significant reduction of
calcium channels are well within the range of tamoxifen concentrations clin-
ically observed in humans and might provide a clue to explaining the occur-
rence of gastrointestinal disorders in patients receiving high-dose tamoxifen
therapies.

4.2.1.3
Chloride Channels

Maxi-Cl~ channels are large conductance voltage-dependent anion channels
with widespread distribution in eukaryotic cells, yet they have rarely been
recorded in intact cells. We have reported that Maxi-Cl~ channels are activated
in intact neuroblastoma C1300, vascular A7r5 myocytes, and NIH3T3 cells by
low micromolar concentrations of the extracellular triphenylethylene SERMs
tamoxifen and toremifene, as well as by the nonpermeant analog ethylbromide
tamoxifen (Diaz 1999; Diaz et al. 2001; Hardy and Valverde 1994; Valverde et al.
2002), which suggests the involvement of membrane antiestrogen binding sites
for these compounds (Fig. 4.3). The fact that Maxi-Cl~ channels are generally
inactive in whole cells but activate upon membrane-patch excision has sug-
gested the existence of regulatory mechanisms that keep Maxi-Cl~ channels
closed under nonstimulatory conditions, probably due to either basal phos-
phorylation of the channel protein or putative regulatory subunits. In this
sense, our observations on neuroblastoma C1300 and NIH3T3 fibroblasts re-
vealed that activation of Maxi-Cl~ channels by antiestrogens is triggered upon
activation of an okadaic acid-sensitive PP2A-like phosphatase in response to
tamoxifen and its derivatives, which dephosphorylates Maxi-Cl~ channels and
switches them to a voltage-sensitive active state (Dfaz et al. 2001). Interest-
ingly, activation of Maxi-Cl~ channels can be prevented by preincubation with
17 B-estradiol via activation of protein kinase A (PKA), which likely keeps the
channels in their phosphorylated inactive state (Diaz et al. 2001). The physio-
logical significance of the modulation of Maxi-Cl~ channels by estrogens and
triphenylethylene SERMs remains unresolved, but a number of studies have
emphasized their role in transmembrane electrolyte transport and setting of
the membrane potential (Gelband et al. 1996).

Volume-sensitive chloride channels are also sensitive to triphenylethylene
SERMs. Thus, tamoxifen, 4-OH-tamoxifen, and toremifene were all found to
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be high-potency fast blockers of volume-sensitive chloride channels in nearly
all cell types analyzed so far (Diaz 1996; Valverde et al. 1993; Zhang et al.
1994) by mechanisms independent of estrogen receptor activation that involve
direct interaction with the channel protein (Fig. 4.3). Furthermore, the ICsq for
tamoxifen-induced inhibition of volume-sensitive channels (= 0.3 uM) is, by
far, lower than for any other blocker of this type of chloride channels identified
to date (Zhang et al. 1994). Interestingly, lens fibers express volume-sensitive
chloride channels that play a crucial role in maintaining the hydroelectrolytic
equilibrium for normal lens clarity. It is known that one of the side effects
of tamoxifen therapies is cataracts (Gerner 1992; Jordan and Murphy 1990).
The fact that tamoxifen readily blocks volume-sensitive chloride channels in
isolated patches of lens fibers, and that tamoxifen reduces lens transmittance
in lens organ cultures at similar concentrations (Zhang et al. 1994), has raised
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the hypothesis that tamoxifen induces opacity and cataract formation through
its effect on channel function.

4.2.1.4
Neurotransmitter Receptors

Tamoxifen can compete with the binding of histamine and antihistaminergic
compounds such as DPPE (N,N-Diethyl-2-[(4-phenylmethyl)-phenoxy]etha-
namine hydrochloride) in rat brain microsomes and can antagonize histamin-
ergic contraction of canine tracheal smooth muscle preparations (Brandes et al.
1987; Kroeger and Brandes 1985). Comparison of relative binding affinities of
tamoxifen with those of histamine agonists and antagonists revealed a common
binding entity that is neither H; nor H;, (Kroeger and Brandes 1985). Simi-
larly, tamoxifen competes with high affinity the binding of *H-domperidone
(Kd=0.62nM) to the D, dopaminergic receptor in membrane preparations
of rat brain (Hiemke and Ghraf 1984). The Ki for tamoxifen in this system
(= 12uM) was one order of magnitude larger than the Ki for dopamine
(&~ 1 uM), but much smaller than for 173-estradiol (Hiemke and Ghraf 1984).
These interactions of tamoxifen with dopaminergic systems may be clinically
relevant since they could explain the emetic effects of antiestrogens, which are
among the most common mild side effects of adjuvant therapies (Hiemke and
Ghraf 1984).

Other neurotransmitter receptors are equally susceptible to modulation
by SERMs. For instance, Ben-Baruch and coworkers (1982) have investigated
the possible interaction between the triphenylethylene drug clomiphene cit-
rate and muscarinic receptors in homogenates from various regions of rat
brain. Binding analyses and dissociation kinetics studies using the highly
specific antagonist *H-N-methyl-4-piperidyl benzilate (4-NMPB) have shown
that clomiphene binds in a positively cooperative pattern to muscarinic recep-
tors (Ben-Baruch et al. 1982). More recently, both tamoxifen and clomiphene
have been shown to compete with quinuclidinyl benzilate (QNB) for their
binding to muscarinic receptors in membrane fractions of human and rab-
bit urinary bladder and myometrium, with ICsy values ranging from 5.0 to
13.6 M (Batra 1990). In addition, electrophysiological studies on adult-
type human muscle nicotinic receptors expressed in Xenopus oocytes have
shown that tamoxifen and toremifene inhibit inward cationic currents with
ICs¢ values of 1.2 WM (Allen et al. 1998). Interestingly, tamoxifen (and also
the impermeant analog ethylbromide tamoxifen) was also able to non-
competitively block another member of the nicotinic receptor family, the
ionotropic 5-HT3 receptor channel, in neuroblastoma x glioma NG108-15
hybrid cells with high affinity (ICs5p = 0.22puM for EBTx) (Allen et al.
2000).
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4.2.2
Multidrug Resistance and P-glycoprotein

Clinical success in the treatment of tumors with chemotherapy has significantly
improved over the past several years, though treatment failure due to drug re-
sistance of cancer cells has remained a major problem. The classical form of
multiple drug resistance (MDR) is perhaps the most common type of drug re-
sistance and represents the overexpression of a transmembrane glycoprotein
pump (P-170 or Pgp) that mediates an energy-dependent active efflux of a spec-
trum of structurally and functionally unrelated drugs (reviewed in Mansouri
et al. 1992; Ling 1997). Drug transport by P-170 is stoichiometrically coupled
to ATPase hydrolysis in a high chemical-potential coupling transition state,
where two ATP molecules are bound before the drug is moved to the external
side of the membrane (Al-Shawi et al. 2003). The strict dependence of the Pgp
ATPase activity on the presence of transport substrates indicates that the drug-
stimulated ATPase activity is a direct reflection of the drug transport function
of the Pgp. A number of studies in cellular models of drug resistance have shown
that the triphenylethylene SERMs tamoxifen, its metabolites (4-OH-tamoxifen
and N-desmethyltamoxifen), droloxifen, and toremifene all stimulate Pgp AT-
Pase activity and reverse drug resistance (Berman et al. 1994; Chatterjee and
Harris 1990; Li et al. 2001; Rao et al. 1994), often equalling the maximal stim-
ulation obtained by verapamil, the best known MDR chemosensitizer (Rao
et al. 1994). Interestingly, a single report on adriamycin-resistant MCF-7 cells
showed that triphenylethylene SERMs were effective inhibitors of ceramide-
induced toxicity, while the raloxifene analog LY117,018 was without influence
(Lucciet al. 1999). These results suggest that triphenylethylene SERMs, but not
benzotiophene derivatives, reverse the multidrug-resistant phenotype by di-
rectly interacting with Pgp, thus interfering with its anticancer-drug-extruding
activity (Rao et al. 1994).

The use of triphenylethylene SERMs as Pgp inhibitors for clinical applica-
tion has been hampered by unacceptable toxicity at doses required to achieve
adequate cellular concentration, which is likely due to the involvement of pro-
teins with the ability to bind these compounds. For instance, toremifene is
able to reverse MDR and to sensitize human renal cancer cells to vinblastine
in vitro. However, in vivo toremifene is tightly bound to serum proteins, in
particular al-acid glycoprotein (AAG), which may limit its tissue availability
(Braybrooke et al. 2000). In agreement with this, Chatterjee and Harris (1990)
have shown that tamoxifen and 4-OH-tamoxifen were similarly potent in re-
versing MDR in Chinese hamster ovary (CHO) cells with acquired resistance to
adriamycin. However, the addition of AAG (0.5 to 2 mg/ml, the range found in
vivo) to cell cultures decreased the effect of tamoxifen on reversing MDR, and
at the highest AAG concentration there was a complete reversal of the effects of
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both tamoxifen and 4-OH-tamoxifen (Braybrooke et al. 2000). Furthermore,
AAG has been found to bind *H-tamoxifen in a nonsaturable and nonspecific
manner, in contrast to the binding of tamoxifen to albumin (Chatterjee and
Harris 1990). Thus, the use of tamoxifen as a reversal agent for MDR in vivo
might be impaired by high binding to AAG.

4.2.3
Signalling Transducers

4.2.3.1
Calcium Signalling

Tamoxifen also affects Ca?* signalling independently of conventional ERs. This
compound binds calmodulin (CaM) in a Ca2+-dependent manner and thus in-
hibits the many functions that are activated by this Ca?*-binding protein,
including control of cell proliferation (Kahl and Means 2003; Lam 1984; Lopes
et al. 1990). Some studies have hypothesized that CaM inhibition might be
responsible for the ER-independent tamoxifen cytotoxicity (Borras et al. 1994;
Li et al. 2001). In isolated mammalian brain membranes, tamoxifen interacts
with two different binding sites of CaM, with an apparent dissociation constant
of about 6 nM and 9 uM, respectively (Lopes et al. 1990). In the micromolar
range, there exists cooperativity for tamoxifen inhibition that is competed for
by the CaM antagonist trifluoperazine (Lopes et al. 1990). Interestingly, tamox-
ifen interacts with CaM in its cation-activated form, which induces exposure
of a hydrophobic domain of the C-terminal region of CaM. This domain serves
the acceptor site for CaM-modulated enzymes or for CaM-antagonist drugs
(La Porte et al. 1980). Molecular modeling of tamoxifen and its derivatives’
interaction with CaM has revealed that the benzene rings of the triphenylethy-
lene moiety and ethyl group (Fig. 4.4) fit in hydrophobic pockets of the protein,
while the aminoethoxy side chain extends toward a region of acidic residues
close to the hydrophobic cavity (Hardcastle et al. 1995).

Because of its ability to bind CaM, tamoxifen can increase cyclic AMP surges
by inhibiting cyclic AMP hydrolysis by the Ca**-calmodulin-dependent cyclic
nucleotide phosphodiesterase (Fanidi et al. 1989; Rowlands et al. 1990). In
bovine brain preparations, tamoxifen appears to act as a competitive inhibitor
of calmodulin-activated phosphodiesterase with an ICsy of 2 uM, similar to
the value reported for trifluoperazine under the same experimental conditions
(Lam 1984).

Nonsteroidal SERMs can also amplify signal-induced Ca?* surges by in-
hibiting Ca?*-calmodulin-dependent membrane (Ca?* + Mg?")-ATPase. For
instance, in synaptic plasma membranes and red cell membrane ghosts, ta-
moxifen and other triphenylethylene compounds (but not estradiol) have been
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shown to inhibit (Ca?* + Mg?*)-ATPase in a calmodulin-dependent fashion
that was mimicked by trifluoperazine (Malva et al. 1990). In addition, ta-
moxifen decreases the calcium affinity of (Ca?* + Mg?*)-ATPase, as does
trifluoperazine in heart sarcolemma (Ca** + Mg?*)-ATPase. This reduction
of the enzyme sensitivity for calcium is probably due to an impairment of
calmodulin-induced transition from a low to a high Ca?* affinity form (Ca-
roni and Carafoli 1981). Moreover, tamoxifen greatly reduces trifluoperazine-
insensitive calmodulin-independent microsomal (Ca?* + Mg?*)-ATPase iso-
lated from brain cortex (Malva et al. 1990), a finding that has been interpreted
as the result of a direct interaction of this compound with the enzyme at the
endoplasmic reticulum. All these evidences suggest that triphenylethylenes
could affect cell proliferation through its ability to modulate CaM, a finding
that might explain, at least in part, its cytostatic and cytocidal effects on ER(-)
tumors and cell lines (Brandt et al. 2004; Fisher et al. 1983).

4.2.3.2
Protein Kinase C (PKC)

One of the most relevant targets for tamoxifen is PKC. These enzymes belong to
afamily of proteins that play crucial roles in signal transduction and cell growth
control (Nishizuka 1992), and numerous studies have demonstrated that PKCs
areinvolved in carcinogenesis and malignant transformations (Caponigro et al.
1997). Recently, in mammary carcinoma, PKC activity was found to be more
than twice that found in normal breast tissue from the same patients (Boyan
et al. 2003). Moreover, a high positive correlation between PKC activity and
tumor severity has been demonstrated in breast cancer specimens, with the
relationship being even greater in ER(-) tumors (Boyan et al. 2003). In fact,
several PKC inhibitors, in combination with cytotoxic drugs, are being used
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in clinical trials for cancer treatment (Chen et al. 2003), though the precise
role of the different PKC isoforms is not fully understood. Tamoxifen, its 4-OH
or N-desmethyl metabolites, and clomiphene have been shown to reduce the
activity of partially purified PKC and to inhibit the growth of several cell types
in culture (O’Brian et al. 1986, 1988).

Tamoxifen has also been reported to inhibit classical PKC isoforms («, 1,
B2, and y, which need calcium, phospholipids, and diacylglycerol (DG) for
catalytic activity) in different preparations, both in vitro and in vivo (Horgan
etal. 1986; O’Brian et al. 1986), and to induce the translocation of different PKC
isoforms from the cytosol to the plasma membrane (Ahn et al. 2003; Cabot
et al. 1997). The ICsq values for the inhibition of Ca?*- and phospholipid-
dependent PKC by 4-OH-tamoxifen and N-desmethyl-tamoxifen, the two main
metabolites of tamoxifen, were 2 and 8 pM, respectively (O’Brian et al. 1986),
which are well within the range of concentrations detected in plasma. The
inhibitory effect of tamoxifen and its derivatives on PKC activity has been
demonstrated in both ER(+) MCF-7 cells and ER(-) HCC38 cells, which is
an indication that the blocking effect is ER independent. In agreement with
this, triphenylethylenes have been shown to inhibit phorbol ester (PDBu)
binding and it is competed for by MgATP. This provides strong evidence that
triphenylethylenes can inhibit PKC by binding directly to the enzyme, likely
to the ATP-binding region of the active site of the enzyme (O’Brian et al. 1986,
1988), though other reports are consistent with modulation of the catalytic
site. Indeed, recent structure-activity studies have shown that the loss of a side
chain in tamoxifen molecules triggers the ability of compounds to inhibit the
catalytic site of PKC, whereas the absence of both the aminoethoxy side chain
and the B-ring makes compounds activators of PKC (De Medina et al. 2004a)
(Fig. 4.4).

4.2.3.3
Phospholipases and Lipid Signalling

Hyperactivation of phospholipase D (PLD) in certain tumor-derived cell lines
have been reported, and recent findings suggest a role for PLD in transfor-
mation and metastasis. Elevated levels of PLD have been demonstrated in
human breast cancer tissues (Noh et al. 2000) and human gastric carcinoma
cells (Uchida et al. 1999). Furthermore, elevated PLD activity, specifically by
the isoform PLD;, was reported in human colon adenocarcinoma cells, hu-
man breast adenocarcinoma cells (Fiucci et al. 2000), and human renal cancers
(Zhao et al. 2000). PLD catalyzes the hydrolysis of phosphatidylcholine (PC) to
choline and phosphatidic acid (PA), which has been implicated in signalling
cascades that regulate cell growth and metastasis (reviewed in Foster and Xu
2003). Hydrolysis of PA by phospholipase A2 generates the potent mitogen
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lysophosphatidic acid, whose serum levels have been shown to increase in cor-
relation with the malignancy degree in ovarian cancer patients (Westermann
et al. 1998). Interestingly, it has been shown that tamoxifen can stimulate
cellular PLD activity through an ER-independent mechanism (Kiss 1994).

In CCD986SK human mammary fibroblasts, incubation with tamoxifen re-
sults in dose- and time-dependent increases in the cellular second messengers
PA and diacylglycerol (DG) and activates PLD and phospholipase C (PLC)
(Cabot et al. 1997). Moreover, the addition of tamoxifen to cultures elicits
selective membrane association of PKCe (Cabot et al. 1997), indicating that ta-
moxifen exerts considerable extranuclear influence at the transmembrane sig-
nalling level. The proposed mechanism of this tamoxifen stimulation involves
the PLD activator PKC. Using the ER+ mammary epithelial cell line MCF-12A
and the ER highly tumorigenic mammary carcinoma cell line MDA-MB-23,
it was recently demonstrated that tamoxifen and raloxifene have differential
effects on PLD catalytic activity. Thus, tamoxifen stimulates PLD in both ER-
positive and ER-negative cells in vivo and in vitro, whereas raloxifene inhibits
PLD activity in these same cell types (Eisen and Brown 2002).

Other laboratories have reported that tamoxifen causes ER-independent
stimulation of phosphatidylinositol kinase and phosphatidylinositol-4-phos-
phate kinase activities in GH4Cl cells, a rat pituitary adenoma cell line (Fried-
man 1994). These enzymes are normally product inhibited by the polyphos-
phoinositides. Ithas been suggested that tamoxifen binds to polyphosphoinosi-
tides, which thereby releases the kinases from product inhibition. Binding of
tamoxifen to the polyphosphoinositides also leads to inhibition of phospholi-
pase C (PLC) activity. Tamoxifen causes inhibition of inositol phosphate accu-
mulation and phosphoinositide breakdown in whole GH4Cl1 cells in culture.
No other enzymes of the phosphoinositide breakdown cascade are inhibited
by this drug (Friedman 1994). These findings are interesting since increased
concentrations of inositol triphosphate (IP3) have been detected in hepatomas
and numerous human carcinomas in both clinical samples and tissue culture
cells, where the elevated signal transduction activity, as measured by the IP3
concentration, was downregulated in a time- and dose-dependent fashion by
tamoxifen (Weber et al. 1999).

Tamoxifen also releases arachidonic acid (AA) and stimulates prostacyclin
(PGF1a) production from rat liver cells at micromolar concentrations (Levine
2003a). This ability of tamoxifen to release AA is rapid and not affected by
preincubation with either actinomycin or the estrogen antagonist ICI182780,
indicating its nongenomic nature (Levine 2003b). Since AA and tamoxifen
have been associated with the induction of apoptosis (even in ER-negative
cells), the induction of AA release by tamoxifen suggests a mechanism for
cancer chemoprevention that does not require metabolism by cyclooxygenase
(Levine 2003a).
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4.2.3.4
Nitric Oxide

In the vascular system, nitric oxide (NO) is synthesized in the endothelium
from L-arginine by endothelial nitric oxide synthase (eNOS) (Palmer et al.
1988). NO can diffuse rapidly to smooth muscles, causing relaxation via stim-
ulation of soluble guanylate cyclase, followed by an increase in cyclic GMP
(Rapoport et al. 1983) (Fig. 4.1). Subsequent activation of protein kinase G
leads to phosphorylation of BK channels, which increases BK open probabil-
ity and causes vasorelaxation (Patterson et al. 2002). A number of in vitro
studies have demonstrated a direct relationship between SERMs (and estro-
gens) and acute activation of endothelial NO production (Kim et al. 1999;
Simoncini and Genazzani 2000). Tamoxifen induces significant endothelium-
dependent rapid relaxation in precontracted rabbit coronary arteries (Fig. 4.1).
This relaxation is inhibited by the NO synthase inhibitor N”-nitro-L-arginine
methyl ester (L-NAME) and also by the estrogen receptor antagonist ICI
182,780 (Figtree et al. 2000). Similar L-NAME-sensitive acute effects caused
by toremifene on thoracic aorta (Gonzalez-Pérez and Crespo 2003) and by the
novel tryphenylethylene SERM idoxifene have been observed in aortic and
mesenteric tromboxane A;,-precontracted vessels (Christopher et al. 2002).

Benzothiphene SERMs have also been demonstrated to have an endothelium-
dependent relaxing effect. In cultured human umbilical vein endothelial cells,
clinically effective concentrations of raloxifene triggered a rapid and dose-
dependent release of NO from endothelial cells (Simoncini and Genazzani
2000). Interestingly, raloxifene-induced NO production was abolished by the
pure ER antagonist ICI 182,780, though it was not associated with changes in
eNOS messenger RNA (Simoncini and Genazzani 2000). Indeed, raloxifene-
induced NO production is due to an ER-dependent acute stimulation of eNOS
enzymatic activity via a phosphatidylinositol 3-kinase (PI3K) pathway (Si-
moncini et al. 2002a). Similar ER- and NO-dependent vasodilation has been
observed for raloxifene in coronary arteries (Figtree et al. 1999). These studies
strongly argue in favor of raloxifene exerting a potentially important direct
vasculoprotective effect by stimulating endothelial NO production.

Recently, it was found that EM-652 (acolbifene), a fourth-generation SERM
exerting complete antiestrogenic effects on the breast and uterus, potently
stimulates endothelial NO production in vitro and in vivo (Simoncini et al.
2002b). EM-652 triggers NO release by human umbilical vein endothelial
cells through nongenomic mechanisms, rapidly activating eNOS via an ER-
dependent sequential activation of MAPKs and PI3K/Akt pathways indepen-
dently from gene transcription or protein synthesis. Moreover, EM-652 in-
creases eNOS protein levels during prolonged treatment. Upon pharmacolog-
ical comparison, EM-652 has been demonstrated to be markedly more potent
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than the SERMs raloxifene and tamoxifen in increasing NO synthesis from
endothelial cells (Simoncini et al. 2002b).

4.2.4
Lipids, Membrane Lipids, and Fluidity

Triphenylethylene SERMs, like most anticancer drugs, are amphiphilic mole-
cules of highly lipophilic character and likely to accumulate in membrane
lipids and protein moieties. Experimental studies performed on artificial and
biological membranes show that tamoxifen is enriched in lipid bilayers and
affects both physical properties and composition (Custodio et al. 1993; Engelke
et al. 2002; Wiseman et al. 1993). Thus, tamoxifen, 4-OH-tamoxifen, drolox-
ifene (3-OH-tamoxifen), and other related compounds (such as 17--estradiol
and cholesterol) inhibit metal-ion-dependent lipid peroxidation in liver micro-
somes and brain liposomes in vitro (Wiseman et al. 1992b). Nonetheless, the
chemical structure of tamoxifen indicates that it is unlikely to act as a chain-
breaking antioxidant because it does not possess easily donatable hydrogen
atoms (Wiseman et al. 1992a). Instead, the beneficial antioxidant action of
tamoxifen seems to be related to its role as membrane stabilizer against lipid
peroxidation, via decreased membrane fluidity. Direct evidence exists that ta-
moxifen decreases membrane fluidity and increases the physical order of pure
phospholipid liposomes, human cancer breast cells, and retinal epithelium
(Custodio et al. 1993; Engelke et al. 2002; Wiseman et al. 1993). In addition,
a good correlation has been found between decreased membrane fluidity and
the antioxidant ability of tamoxifen (Wiseman et al. 1993). Computer molecu-
lar modeling indicates that this property of tamoxifen is shared by cholesterol,
which stabilizes membranes via interactions between the rigid hydrophobic
structure of cholesterol and the saturated, monounsaturated, and polyunsatu-
rated fatty acid chain of phospholipids (Wiseman et al. 1992a).

These effects on cell membrane physicochemical properties could also ex-
plain some side effects of tamoxifen. For instance, there is clear evidence that
tamoxifen, prescribed for long-term low-dose therapy of breast cancer, in-
duces retinopathy (Pavlidis et al. 1992), although the underlying mechanisms
are largely unknown. Recently, studies performed on human retinal pigment
epithelial cell line D407 have provided evidence for the involvement of cellular
membranes in the cytotoxic action mechanism (Engelke et al. 2002). Tamox-
ifen increases the physical order of the lipid bilayer in D407 cells, which is
accompanied by a compensatory decrease in the cholesterol content of the
plasma membrane. In intracellular membranes, phosphatidylcholine content
is reduced to 50% of the controls, and this reduction may be related to the sus-
tained activation of protein kinase C via the phospholipase C pathway. Since
increased plasma membrane fluidity, as well as sustained activation of protein
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kinase C, influences the rod outer segment binding and/or ingestion by retinal
pigment epithelial cells, these membrane-mediated pathways might contribute
to the tamoxifen-induced retinopathy (Engelke et al. 2002).

The compensatory effect of cholesterol observed in D407 cells have also
been demonstrated in other cell lines (Cho et al. 1998; Holleran et al. 1998)
and may well be a consequence of tamoxifen-induced severe inhibition of
lanosterol (to cholesterol)-converting enzymes. In rat liver preparations and
CHO cells, sterol A8-isomerase (ICsq ~ 0.21-0.15 uM) was the most sensitive
lanosterol-converting enzymes to inhibition (which is noncompetitive) by ta-
moxifen. In these cells, inhibition of A8-isomerase activity was paralleled by
a decreased rate of ['*C]-mevalonate incorporation into cholesterol (Cho et al.
1998). These findings might explain the fact that administration of tamoxifen
to either humans or laboratory animals results in both a marked accumulation
of sterol metabolites in serum and a drastic reduction in cholesterol. Clearly,
these results provide important insights into the underlying mechanism(s) of
tamoxifen’s cardioprotective role by interfering with cholesterol biosynthesis
by lanosterol in mammals.

Paralleling the acute effect of tamoxifen and metabolites on cholesterol
biosynthesis, triphenylethylenes have been reported to protect against the
progression of coronary artery diseases in human and different atherosclerosis
animal models by blocking the appearance of the atheromatous plaque, though
the precise molecular mechanisms of cardioprotective remain unknown. Re-
cently, evidence for Acyl-CoA:cholesterol acyl transferase (ACAT) being a pu-
tative target for tamoxifen has been provided. ACAT catalyzes the biosynthesis
of cholesteryl esters, which are the major lipids found in atheromatous plaque,
using both long-chain coenzyme-A-activated fatty acids and cholesterol as
substrates (Chang et al. 1997). Tamoxifen inhibits ACAT in a concentration-
dependent manner on rat liver microsomal extract (De Medina et al. 2004b).
More importantly, tamoxifen is able to inhibit ACAT on intact macrophages
stimulated with acetylated low-density lipoproteins and block the formation of
foam cells, a step that precedes the formation of the atheromatous plaque (De
Medina et al. 2004b). Molecular modeling reveals that tamoxifen displays three-
dimensional structural homology with Sah 58-035, a prototypical inhibitor of
ACAT, and that the major structural element of tamoxifen responsible for this
effect is the stilbene moiety present in the triphenylethylene backbone (De
Medina et al. 2004a) (Fig. 4.4). This work constitutes the first evidence that ta-
moxifen is an inhibitor of ACAT and foam cell formation at therapeutic doses,
and that this may account for its atheroprotective action.

The antioxidant effect of tamoxifen has also been postulated to underlie
some beneficial cardiovascular effect of this and other SERMs. Oxidative dam-
age of LDL plays an important role in the development of atherosclerosis,
and it has been postulated that these highly lipophilic molecules stabilize LDL
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againstlipid peroxidation by interaction between its hydrophobic rings and the
polyunsaturated residues of the phospholipid layer of LDL (Resch et al. 2004;
Wiseman 1994). In fact, tamoxifen (and more potently 4-OH-tamoxifen) and
raloxifene can protect human LDL against Cu?*-dependent lipid peroxidation
(Resch et al. 2004; Wiseman 1994). Recent studies have demonstrated that the
in vitro antioxidant activity of raloxifene on LDL in postmenopausal women
is substantially more potent than that of tamoxifen or 17-8-estradiol (Arteaga
et al. 2003).

4.2.5
Specific Antiestrogen-Binding Sites (AEBS)

The existence of specific antiestrogen binding sites was initially reported
by Sutherland and coworkers in 1980 in the microsomal fraction of hu-
man mammary and endometrial carcinomas (Sutherland et al. 1980). Since
then, AEBS have been found in microsomes from most normal and tumori-
genic tissues and cells investigated (Jordan and Murphy 1990; Lazier and
Bapat 1988) including ER(-) cells (Mehta and DasGupta 1987). Such AEBS
correspond to high-affinity (Kd ~ 1nM for tamoxifen in rat uterus), sat-
urable binding sites that do not bind estradiol or ICI182,780 or ICI164,384
but compounds that retain both a basic aminoether side chain and a di- or
tricyclic aromatic ring structure (De Medina et al. 2004a; Watts and Suther-
land 1987) (Fig. 4.4). This shows that the important feature for tamoxifen
binding to the AEBS is the presence of a dimethylmethano moiety linked
to the aminoethoxy side chain (De Medina et al. 2004a) (Fig. 4.4). Such
structure-activity relationship outcomes have prompted the development of
selective AEBS ligands such as 1-Benzyl-4-(N-2-pyrrolidinylethoxy)benzene
- HCI (PBPE) or 4-(2-morpholinoethoxy) benzophenone (MBoPE), which has
been used to demonstrate that these binding sites are membranous multi-
proteic complexes that require phospholipids to bind tamoxifen (Kedjouar
et al. 2004; Mesange et al. 2002). These studies provide strong evidence
that AEBSs are hetero-oligomeric complexes including, among others, car-
boxylesterase ES-10, liver fatty acid binding protein (FABP), epoxide hydro-
lase mEH, 3 8-hydroxysterol-A8-A7-isomerase, and the 3 8-hydroxysterol-A’-
reductase as subunits (reviewed in De Medina et al. 2004a). The latter two
proteins are necessary and sufficient for tamoxifen binding in mammary cells
(Kedjouar et al. 2004). Altogether, these data indicate that AEBSs are enzymat-
ically linked to cholesterol metabolism at a postlanosterol step under acute
regulation by triphenylethylene antiestrogens. Furthermore, because selec-
tive AEBS ligands are antitumoral compounds, these data suggest a link be-
tween cholesterol metabolism and tumor growth control (De Medina et al.
2004b).
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4.3
Final Considerations

Since the introduction in the early 1980s of tamoxifen, the first SERM used in
clinical therapeutics, evidence has steadily grown that this compound is able
to affect biochemical processes other than interacting, either in an agonistic or
antagonistic manner, with intracellular ERs. Similarly, tamoxifen metabolites
(4-OH-tamoxifen and N-desmethyltamoxifen), as well as other triphenylethy-
lene derivatives, share many of the pleiotropic actions of tamoxifen. It seems
now that benzothiphene derivatives led by raloxifene or LY156,758, as repre-
sentatives of another class chemically different from SERMs, can also trigger
acute effects in different molecular models. In general, these acute actions are
non-ER-mediated and nongenomically transduced and take place with a short
delay after exposure to SERMs. More importantly, we have emphasized the fact
that these nongenomic actions take place at concentrations that fall within the
low micromolar and submicromolar ranges, as indicated by the ECsq or ICs
values reported by different laboratories.

Continual administration of therapeutic doses of tamoxifen (about 40 mg
daily as adjuvant for breast cancer) gives serum concentrations that increase
linearly with tamoxifen intake, averaging 4-6 pM at the higher dose levels
(Trump et al. 1992). Moreover, tamoxifen is a lipophilic compound, meaning
its concentration in plasma membranes may be even higher than in serum. In
fact, tissue concentration of tamoxifen is approximately 10- to 60-fold higher
than in serum (Lien et al. 1991). These observations strengthen the notion that
acute nongenomic effects of triphenylethylene and benzothiphene SERMS re-
viewed here are therapeutically and clinically relevant. Indeed, as we have
discussed, some of these demonstrated effects account satisfactorily for both
beneficial (i.e., vasorelaxation) and undesirable side effects (i.e., ocular tox-
icity) reported in individuals receiving different pharmacological therapies
based on SERMs. Undoubtedly, these experimental and epidemiological ob-
servations will support the rationale for the design and development of new
function- and tissue-specific SERMs.

In this sense, we have observed that, unlike tamoxifen, the quaternary
derivative ethylbromide tamoxifen fails to block volume-sensitive chloride
channels (as those found in lens fibers) in HeLa and C1300 neuroblastoma cells
(unpublished data). Likewise, ethylbromide tamoxifen is totally ineffective on
delayed rectifier K* channels in NG108-15 cells, while tamoxifen is a potent
reversible blocker (Allen et al. 2000). From this point of view, nonpermeant
SERM derivatives are useful pharmacological tools for investigating whether
binding sites in membrane targets are located in the extracellular domains of
membrane proteins or, because they can partition into the membrane, interact
at some level within the lipid bilayers.
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As a final remark, though the spectrum of acute actions induced by SERMs
from in vitro assays is considerable, it is widely assumed, and has been clin-
ically proven, that tamoxifen toxicity is generally low. Several reasons can be
advanced to account for the apparent discrepancy between in vivo and in vitro
data. The concentrations of an unbound drug are likely to be different, and
insufficient, in tissues and cells that, like nerve cells, have limited access to cir-
culating plasma molecules. This observation could explain the low incidence
of neurological disorders in patients under tamoxifen treatments, in spite
of proven inhibitory in vitro effects found in critical voltage-dependent Na*
and K* channels as well as neurotransmitter receptor cationic channels (see
above). Furthermore, SERMs are protein bound in serum, and even in vitro
the presence of serum proteins (like albumin and AAG) reduces the effective-
ness of SERMs. Nevertheless, accumulation will occur after time, especially in
long-term therapies, and therefore appropriate concentrations are likely to be
reached.
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CHAPTER 5

The Hypothalamus-Pituitary-Ovarian Axis
as a Model System for the Study of SERM Effects:
An Overview of Experimental and Clinical Studies

R. ALoNsoO - F. MARIN - M. GONZALEZ - P. GUELMES - C. BELLIDO -
G. HERNANDEZ - R. MARIN - M. DfAz - J.E. SANCHEZ-CRIADO

5.1
Introduction

Female reproductive function depends on the coordinated activity of different
brain areas and peripheral organs, finally leading to pregnancy and delivery.
These include the hypothalamus, the anterior pituitary, the ovaries, and the
uterus. During reproductive age, oocytes mature and are released from the
ovariesina cyclic manner inresponse to aneural signal. Central in the control of
female reproduction is the feedback action of the ovarian hormones estradiol
and progesterone, which act at different levels of the reproductive system
through specific receptors and modulate the activity of a wide variety of cell
types. Therefore, although the primary control of female reproductive cycles
arises from the brain, it is actually the ovary that controls its own function
by cyclically secreting estradiol and progesterone, which in turn feed back at
different levels of the system (Freeman 1994; Hotchkiss and Knobill 1994).

In all sex-steroid-responding tissues, the magnitude and type of response
are determined by the relative population of specific steroid hormone receptors
and their space-temporal expression pattern (Conneely 2001). In the classi-
cal model of steroid hormone action, cell response to a particular hormone
depends upon different receptor subtypes and the presence of a constellation
of proteins that act in complexes as coactivators, corepressors, and coregu-
lators and whose interactions after hormone-receptor binding induce either
an increment or an inhibition of gene transcription (Tsai and O’Malley 1994;
McKenna et al. 1999; Glass and Rosenfeld 2000; Smith and O’Malley 2004).
In the case of estrogen receptors (ERs), two main subtypes, ERa and ERp,
encoded by two different genes have been identified (Kuiper et al. 1996; Couse
and Korach 1999).

During the last decade, the development of animal models with selective ab-
lation of specific genes has allowed the identification of physiological responses
associated with each receptor subtype, as well as their complementarity in the
regulation of reproductive function (Lubahn et al. 1993; Krege et al. 1998;
Dupont et al. 2000). In addition, a large number of recent reports have shown
thatin a variety of tissue and cell types sex steroids are also able to interact with
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specific binding sites at the plasma membrane to activate different, highly coor-
dinated signaling pathways (Nadal et al. 2001; Morales et al. 2003; Guerra et al.
2004; Marin et al. 2005). To add more complexity, ERs can be activated either
by the cognate ligand or, in some tissues, in a ligand-independent manner (De-
may et al. 2001; Blaustein 2004). These findings explain the wide spectrum of
estrogen physiological actions, as well as the diverse repertoire of responses to
either endogenously or exogenously administered steroid molecules in a given
organism (Conneely 2001; McDonnell 2003). Furthermore, the variety of es-
trogen actions and the potential beneficial effects of this sex hormone on
anumber of tissues, in addition to the reproductive system, has opened a fasci-
nating field of pharmacological development (McDonnell 2003). As described
in other parts of this book, selective estrogen receptor modulators (SERMs) are
compounds that can interact with ERs and act either as estrogen agonists or
antagonists, depending on the tissue and the cellular environment (McDonnell
1999; McDonnell et al. 2002; Smith and O’Malley 2004). Due to the development
of SERMs, pharmacology is now growing up in the context of modern hormone
therapy (Turgeon et al. 2004), and there is a need to analyze the potential effects
of these compounds on different levels of the female reproductive system. In
this chapter we attempt to discuss results from our and other laboratories re-
garding the effects of SERMs on the hypothalamus-pituitary system of female
rats or tissue explants. In addition, we have reviewed most relevant clinical
findings in women treated with different SERMs. Because of the complexity of
this subject and to avoid undesirable confusion, we have focused on the func-
tional unit formed by gonadotropin releasing hormone (GnRH) secreted by
hypothalamic neurons and gonadotropins secreted by the anterior pituitary.

5.2
Hypothalamus-Pituitary-Ovarian Axis of Mammals

5.2.1
General Aspects

During follicular development and while circulating levels of ovarian hor-
mones are reduced, basal secretion of gonadotropins, follicle stimulating hor-
mone (FSH), and luteinizing hormone (LH) determine both maturation of
granulose cells and production of steroid hormones. A gradual rise in ovarian
hormone levels exerts several coordinated actions at different levels of the re-
productive axis (Fink 1988). On one hand, estrogen exerts a negative feedback
effect on gonadotropin secretion by acting both at the hypothalamus and the
anterior pituitary, which partially prevents the development of additional fol-
licles during a cycle. At the same time, estrogen stimulates its own secretion by
granulose cells, which allows continuous follicular steroid hormone secretion
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even at a low gonadotropin secretory rate. When circulating estrogen reaches
a critical concentration, it switches to a positive feedback mode of action, at
both the hypothalamic and pituitary levels (Fink 1995, 2000). This is potenti-
ated by rising levels of progesterone released from granulose cells of dominant
follicles. These synergistic influences induce a dramatic increase in the syn-
thesis and secretion of GnRH from a subset of hypothalamic neurons (Kimura
and Fumabashi 1998) as well as an enhancement of pituitary responsiveness
to this peptide (de Koning et al. 2001).

GnRH has the capacity to enhance pituitary responsiveness to itself, a unique
phenomenon known as GnRH self-priming (Fink 1995, 2000; de Koning
et al. 2001). In addition, the stimulatory action of GnRH is facilitated by
a decreased bioactivity of the putative ovarian protein gonadotropin surge-
attenuating/inhibiting factor (GnSAF/IF, attenuin) (Fowler and Templeton
1996), a 60-66 Kda protein that is presently being isolated and characterized
(Fowler et al. 2002, 2003; Fowler and Spears 2004). The secretion of GnSAF/IF
is dependent on FSH action on granulose cells, and it has been suggested that
its inhibitory action on pituitary sensitivity to GnRH might be exerted through
interactions with estrogen-dependent PR activation (Byrne et al. 1996; Tebar
et al. 1998). The overall consequence of all these convergent inputs is a surge
of LH - the preovulatory peak - and, to a lesser extent, of FSH.

5.2.2
Functional Organization

In the majority of mammals, functional relationships between the hypothala-
mus and the anterior pituitary are mediated by similar mechanisms (Levine
et al. 1985; Moenter et al. 1991; Freeman 1994; Hotchkiss and Knobil 1994).
Since most information on SERM effects in experimental animals comes from
the female rat, we will refer to this model in the following description. As
mentioned above, gonadotropin secretion exhibits two patterns: a tonic pat-
tern, which is responsible for follicular growth, and a phasic pattern, which is
characterized by the preovulatory surge of LH and FSH (Fink 1988, 2000). Both
secretory patterns are under the control of GnRH, which is released episodi-
cally from nerve terminals at the median eminence into the hypophyseal portal
system (Levine et al. 1991; Terasawa 2001). GnRH secretion also shows two pat-
terns of secretory activity, one characterized by pulses of low amplitude and
high frequency and one characterized by pulses of high amplitude and low
frequency (Levine et al. 1995). A neuronal subset of GnRH neurons localized at
the arcuate and ventromedial nucleus of the mediobasal hypothalamus (MBH)
seems to be responsible for the tonic pattern of GnRH secretion (“pulse genera-
tor”), while another group of neurons at the preoptic area (POA) is responsible
for the GnRH surge (“surge generator”) (Kimura and Funabashi 1998).
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As described below, GnRH neurons receive several synaptic afferents from
both hypothalamic and extrahypothalamic regions (for a review see Herbi-
son 1998; Herbison and Pape 2001). Some of these influences are excitatory
in nature and probably mediated by excitatory aminoacids (Lépez et al. 1990;
van den Pol et al. 1990; Ping et al. 1994), while others are inhibitory and ex-
erted through a variety of interneurons that use y-aminobutyric acid (GABA)
(Jarry et al. 1991; Herbison et al. 1991; Mitsushima et al. 1997) or opioid
peptides (Weisner et al. 1984; Lustig et al. 1988; Mallory and Gallo 1990).
In addition, many other synaptic contacts, including different monoamin-
ergic and peptidergic terminals, may modulate the activity of GnRH neu-
rons (Herbison 1998; Herbison and Pape 2001). Thus, the activity of dif-
ferent subsets of GnRH neurons may be the consequence of a complex in-
terplay between their intrinsic oscillatory activity and the overall synap-
tic input (Suter et al. 2000; Nunemaker et al. 2002). The combination of
cyclic fluctuations in the secretory pattern of GnRH neurons with changes
in the synthetic and secretory capacity of pituitary gonadotropes gener-
ates the dramatic changes in gonadotropin secretory profiles observed dur-
ing the ovarian cycle in all mammals (Freeman 1994; Hotchkiss and Knobil
1994).

5.2.3
Estrogen Feedback Regulation of Hypothalamus-Pituitary Axis

In both males and females during the luteal phase of the ovarian cycle estrogen
restrains LH secretion through what has been called its “negative feedback”.
This effect is due to a combined inhibitory action on GnRH secretion by
hypothalamic GnRH neurons (Sarkar and Fink 1980; Chongthammakun and
Teresawa 1993; Evans et al. 1994) and, although less documented, on pituitary
gonadotropes (Shupnik 1996). In addition, in the female of most mammalian
species, estrogen also exerts a “positive feedback” action on GnRH neurons
(Sarkar et al. 1976; Moenter et al. 1990; Rosie et al. 1990; Xia et al. 1992)
and sensitizes anterior pituitary cells to GnRH (Speight et al. 1981). However,
specific cellular mechanisms responsible for these estrogen actions remain
partially understood.

5.2.3.1
Estrogen Receptors in GnRH Neurons

Up until the last few years, it was thought that hypothalamic GnRH neurons
did not contain ERs, as they were not able to either concentrate estradiol within
the nucleus (Shivers et al. 1983) or present immunoreactivity corresponding to
the classical ER (Watson et al. 1992; Herbison et al. 1993; Sullivan et al. 1995).
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However, the finding of a second subtype of ER (Kuiper et al. 1996), ER 8, com-
pletely changed this point of view. With the use of highly sensitive techniques
of in situ hybridization and immunocytochemistry, it has been recently shown
that certain populations of GnRH neurons from rats and mice express both
the mRNA encoding ERB (Skynner et al. 1999; Hrabovsky et al. 2000; Sharifi
et al. 2002) and the protein (Hrabovsky et al. 2001; Kallo et al. 2001; Legan and
Tsai 2003) (Table 5.1). On the other hand, studies from immortalized cell lines
producing GnRH (Mellon et al. 1990) have allowed the combination of im-
munocytochemical identification of ERs with the characterization of signaling
pathways. Thus, GnRH-releasing GT1-7 cells appear to express ERa and ERB
transcripts and proteins (Butler et al. 1999; Roy et al. 1999; Martinez-Morales
et al. 2001; Navarro et al. 2003), as well as plasma membrane estrogen binding
sites. Nevertheless, while GT1-7 cells clearly express ER«, with the exception of
one study in rats treated with colchicine (Butler et al. 1999), this protein has not
been detected in vivo. Since GT1-7 cells may represent immature GnRH neu-
rons, developmental studies must be performed in different species in order
to clarify this point.

Table 5.1. Detection of ERa and ER protein and/or mRNA in hypothalamic GnRH neurons
of rats and mice

Hypothalamus
ER« ERB Technique Reference
Low levels Dual immunolabeling Butler et al. 1999
High levels  Low levels RT-PCR Skynner et al. 1999
Not detected Highlevels  Dual-label in situ

hybridization Hrabovszky et al. 2000
Not detected High levels = Dual immunolabeling Hrabovszky et al. 2001
Not detected High levels = Dual immunolabeling Kallo et al. 2001
Not detected Highlevels  Immunohistochemistry Legan and Tsai 2003
5.2.3.2

Estrogen Receptors in Anterior Pituitary Cells

In rats and mice both ER transcripts and proteins have been identified in 60 -
70% of anterior pituitary cells (Kuiper et al. 1997; Wilson et al. 1998; Wilson
etal. 1998; Nishihara et al. 2000; Pelletier et al. 2000). While ER« is the predom-
inant subtype in adult rats, in anterior pituitaries from fetal and prepubertal
animals ERS appears to be expressed in greater abundance (Nishihara et al.
2000). In addition, differential developmental and estrogen-dependent expres-
sion of pituitary ERs has been reported (Pasqualini et al. 1999). Approximately
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8-10% of anterior pituitary cells express both ER subtypes, suggesting that
interaction between them through heterodimers may have functional signif-
icance (Mitchner et al. 1998). With respect to cell types expressing each ER
subtype, ER is expressed at high levels in lactotropes and, to a lesser extent,
in gonadotropes, while ERS is expressed at low levels in all anterior pituitary
cells (Mitchner et al. 1998; Nishihara e al. 2000; Childs et al. 2001; Sdnchez-
Criado et al. 2004) (Fig. 5.1; Table 5.2). Two isoforms of truncated estrogen
receptor products (TERP), TERP1 and TERP2, are also expressed in the rat
pituitary and are capable of forming heterodimers with ERe and ER (Schrei-
hofer et al. 2002; Vaillant et al. 2002). In addition, several reports have indicated
the presence of ERx associated with the plasma membrane of rat pituitary cell
lines (Pappas et al. 1994; Norfleet et al. 1999), which might be related to rapid
estrogen actions on prolactin (PRL) secretion (Christian and Morris 2002).

Table 5.2. Detection of ERe and/or ERS in different cell types of rat anterior pituitary

Anterior pituitary gland

ER« ERB Technique Reference
Lactotropes, foli- Lactotropes, foli- Combined in situ Mitchner et al.
cullostellate cells, cullostellate cells, hybridization and 1998
corticotropes, corticotropes, immunohisto-

and gonadotropes  and gonadotropes  chemistry

Lactotropes and Immunobhisto- Nishihara et al.
gonadotropes chemistry 2000
Gonadotropes Gonadotropes Dual immuno- Childs et al.
labeling 2001
Gonadotropes Gonadotropes Dual immuno- Sanchez-Criado et al.
labeling 2005
Lactotropes, Lactotropes, Dual immuno- Gonzdlez et al.
somatotropes, somatotropes, labeling unpublished
thyrotropes, and and gonadotropes
gonadotropes
5.2.3.3

Estrogen Negative Feedback on GnRH Neurons

Estradiol represses GnRH gene expression in immortalized GT1 cells (Roy et
al. 1999; Bowe et al. 2003) and may exert either stimulatory or inhibitory effects
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Fig.5.1. Comparison between ERe and ER immunoreactivities in lactotropes (PRL-ir) and
gonadotropes (FSH-ir) of the female rat anterior pituitary. The left panel shows anterior
pituitary sections of double-label immunostaining for ERe and PRL (A, B) or FSH (E, F).
The right panel shows anterior pituitary sections double-label immunostaining for ERS
and PRL (C, D) or FSH (G, H). Numerous ERa-positive nuclei are seen in many lactotrope
(A) and several gonadotrope (E) cells, whereas scarce ER 8-positive cytoplasms are detected
in isolated lactotrope (C) and gonadotrope (G) cells. Cellular details with double labels
are depicted in the upper-right sections (B, D, F, H). Arrows indicate double-labeled cells.
Magnifications are 270x (C, G), 320x (E), 340x (A), 430x (D, H), and 650x (B, F). Briefly,
anterior pituitaries were fixed with 4% paraformaldehyde in phosphate buffer saline (PBS,
0.1 M, pH 7.4) and frozen. The indirect immunocytochemical procedure was carried out
by incubating pituitary sections with MC20 rabbit antimouse ERa (1/250, Santa Cruz
Biotechnology) or with Y-19 goat antimouse ERf (1/250, Santa Cruz Biotechnology). This
first immunostaining was revealed by the streptavidin-biotin-peroxidase method (1:1000
and 1:1500, respectively) using diethyl-carbazol (red product). The same pituitary sections
were also incubated in rabbit anti-PRL (1:1000, Chemicon International) or in rabbit anti-
FSH (1:1000, Chemicon International), and 4-chloro-1-naftol was used for the subsequent
labeling (blue product)

in transfected nonneural cells through ERo (Wierman et al. 1992; Dong et al.
1996; Chen et al. 2001). In addition, estrogen inhibitory effects on GnRH gene
expression have been found after in vivo treatment in experimental animals
(El Majdoubi et al. 1998; Pelletier et al. 2001) as well as in brain tissue from
menopausal women (Rance and Uswandi 1996). On the other hand, in mice
lacking ERe, but not ERB, the inhibitory effects of estrogen on either hypotha-
lamic GnRH mRNA levels or LH secretion are absent (Wersinger et al. 1999;



110 R. Alonso et al.

Dorling et al. 2003). However, direct estrogen actions on GnRH gene expression
of hypothalamic GnRH neurons have not been demonstrated. Therefore, since
these cells do not express ER« in large amounts, it is reasonable to think that
classical ER-mediated negative feedback is not exerted on GnRH neurons di-
rectly but rather through modulation of excitatory or inhibitory interneurons.

Results from experimental animals have shown that estrogen administra-
tion to ovariectomized mammals reduces GnRH (Sharkar and Fink 1980) and
LH levels (Condon et al. 1988) in portal blood and peripheral plasma within
minutes. Since it suggests a rapid, nongenomic, estrogen direct action on either
GnRH hypothalamic neurons or pituitary gonadotropes, a number of studies
have addressed this issue by the use of different experimental models. Studies
in hypothalamic slices from ovariectomized guinea pigs have shown that estra-
diol hyperpolarizes within seconds GnRH neurons and reduces the potency of
p-opioid and GABAg receptor agonists (Lagrange et al. 1995) through mod-
ulation of Ca?*-activated K*-channels (Kelly et al. 2002). On the other hand,
in GT1-7 cells estradiol acutely reduces ACh-induced Ca®* signals, an effect
that is apparently mediated by a specific membrane receptor and not blocked
by the antiestrogen ICI 182,780 (Morales et al. 2003). In addition, estradiol
could exert part of its negative feedback effect indirectly by modulating the
activity of some presynaptic inputs. Thus, in hypothalamic slices from guinea
pigs and mice, estradiol increases the inhibitory tone of both GABAergic and
B-endorphin neurons by interaction with specific membrane receptors coupled
to Gag-protein and activation of PKC (Qiu et al. 2003). Therefore, although
the identity of receptor proteins and the second messenger cascades that are
activated remain to be clarified, all these findings indicate that estradiol may
exert a critical part of its negative feedback effects on GnRH neurons through
specific membrane sites, either directly or transynaptically.

5.2.3.4
Estrogen Positive Feedback on GnRH Neurons

Clear experimental evidence supporting direct estrogen action on GnRH neu-
rons in its positive feedback mode is lacking at the present time. Nevertheless,
recent studies have shown that estradiol can exert rapid stimulatory effects
(less than 30 min) on mice GnRH neurons, both in vivo (Abrahdm et al. 2003)
and in nasal explants (Temple et al. 2004). Apparently, these estrogen effects
are exerted through intracellular ERS and may be related to phosphoryla-
tion of cAMP response element binding protein (CREB) (Abrahdm et al. 2003)
and changes in transcriptional activity (Temple et al. 2004). However, nei-
ther the downstream signals activated by estradiol nor their relation to GnRH
synthesis or secretion is presently known. On the other hand, in GT1-7 cells
expressing both ERe and ERB, biphasic, dose-dependent effects of estradiol on
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cAMP signaling have been demonstrated; these effects are apparently exerted
through membrane receptors and coupled to changes in pulsatile GnRH secre-
tion (Navarro et al. 2003). Unfortunately, given the difficulty of generalizing
results from immortalized cell lines, the interpretation of these findings should
await further experimentation.

In contrast, most available evidence suggests that estrogen positive feedback
effects on GnRH neurons are exerted via indirect, transynaptic mechanisms
(Herbison and Pape 2001). Thus, ERe and ERS containing neurons at the
anteroventral periventricular region of rats (AVPV) appear to be critical for
estrogen positive feedback since they are coactivated with GnRH neurons at
the time of LH surge (Le et al. 1999). In addition, electrolytic lesions of this
region impair the LH surge (Wiegand et al. 1982), and antiestrogen microim-
plants block both the estrogen-induced LH surge and the phasic increase in
GnRH gene expression (Petersen et al. 1995). Even though the identity of these
neuronal inputs on GnRH neurons remains to be clarified, most experimental
evidence indicates that they are mainly GABAergic and glutamatergic (for re-
view see Herbison and Pape 2001; Petersen et al. 2003). Thus, estrogen-sensitive
neurons projecting to the location of GnRH neurons contain and release GABA
(Ondo et al. 1982; Flugge et al. 1986) or glutamate (Ping et al. 1994; Jarry et al.
1995), and receptors for these neurotransmitters have been found in GnRH
neurons (Eyigor and Jennes 1997; Spergel et al. 1999). In addition, estrogen-
dependent progesterone receptor (PR) on AVPV neurons (Chappel and Levine
2000) as well as several paracrine factors released from glial cells (Prevot et al.
2000) also appear to be critical components of events leading to the preovula-
tory GnRH surge.

5.2.3.5
Estrogen Feedback Actions on Anterior Pituitary

It has been known for years that estrogen regulation of the hypothalamus-
pituitary axis in females is the result of a combined action on hypothalamic
neurons releasing GnRH (as described above) and on the responsiveness of
anterior pituitary to GnRH (Fink 1995, 2000; de Koning et al. 2001). Since both
gonadotropes and lactotropes contain ERs, anterior pituitary cells are potential
targets for estrogen action in the regulation of the female reproductive cycle.
However, even though estrogen seems to contribute to the negative feedback
on LH secretion by direct actions on gonadotropes (Henderson et al. 1977),
most evidence indicates that the major site for estrogen action is the hypotha-
lamus rather than the pituitary (Leipheimer et al. 1983). By contrast, in the
case of the positive feedback, there is little doubt that estrogen acts directly on
gonadotropes to enhance their responsiveness to GnRH (Dronin and Labrie
1981). In addition, estradiol elicits GnRH self-priming by inducing pituitary
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PR receptor expression in the gonadotrope (Szabo et al. 2000; Scott et al. 2002),
a phenomenon that is determinant in the expression of the preovulatory LH
surge (Levine 1997; Fink 2000). Although the intracellular signals and down-
stream cascades activated by estradiol remain to be clarified, most positive
estrogen effects on gonadotropin and PRL synthesis and secretion at the level
of anterior pituitary cells seem to be dependent on ER« (Scully et al. 1997;
Sdnchez-Criado et al. 2004). Studies from pituitary cell lines and rat pituitary
cells have demonstrated that estrogen differentially regulates gene expression
of different ER subtypes, a mechanism that may serve to modulate estrogen
responsiveness (Mitchner et al. 1998; Schreihofer et al. 2000). Also, ERs in an-
terior pituitary cells can be activated in a ligand-independent manner through
several signal cascades that include PKA, PKC, or MAPK activation (Schrei-
hofer et al. 2001). Furthermore, in gonadotrope o-T3-1 cells, GnRH triggers
signaling pathways that result in estrogen-independent transactivation of ERx
and potentiate estrogen-dependent ER« transactivation (Demay et al. 2001).

5.24
Overview of Hypothalamic-Pituitary Function
at Time of Gonadotropin Surge

In summary, even though the evidence concerning GnRH neurons is still frag-
mentary, regulatory estrogen effects on the activity of the GnRH neuronal
system and the secretion of GnRH to the hypophyseal-portal system have
been demonstrated in most species. In addition, estrogen modulates the ex-
pression of its own receptors in anterior pituitary cells and thereby regulates
their responsiveness to GnRH. Some estrogen effects may be exerted directly
on GnRH neurons through intracellular estrogen receptors (probably ERpS)
and/or putative membrane receptors. Also, a variety of estrogen actions on
GnRH neurons are exerted transynaptically through interactions on different
estrogen-sensitive interneurons that send a complex synaptic input to GnRH
neurons.

Although the precise cellular mechanisms underlying estrogen feedback
actions on the GnRH neuronal system and, as a consequence, GnRH secretion
remain to be clarified, a rather speculative working model can be provided
(Fig. 5.2). In rats and other mammals, low estrogen concentrations during
most of the cycle exert a direct negative feedback action on a population
of GnRH neurons at MBH (“pulse generator”) through ERS and, perhaps,
several potential estrogen-sensitive membrane sites. This low activity of GnRH
neurons is probably reinforced or maintained by a variety of inhibitory afferents
from different interneurons. A rise in estrogen levels prior to ovulation would
reclute several estrogen-sensitive presynaptic neurons through ER« and ERp,
which in turn modulate the activity of another subgroup of GnRH neurons
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Fig. 5.2. Schematic representation of estrogen feedback actions on GnRH-gonadotrope
system in mammals. As described in the text, estrogen may modulate the activity of
hypothalamic GnRH neurons either directly or transynaptically. In rats and mice, direct
estrogen interactions with GnRH neurons seem to be exerted via genomic mechanisms
through nuclear ERB. In addition, acute estrogen effects on GnRH neurons may also
be exerted directly through potential membrane binding sites, which remain to be
characterized. On the other hand, estrogen also interacts with several interneurons and
glial cells, which in turn exert either excitatory or inhibitory actions on GnRH neurons.
Thus, low estrogen concentrations during most of the ovarian cycle exert a direct negative
feedback action on GnRH neurons and thereby maintain the tonic pattern of GnRH
secretion. This low rate of GnRH secretion is probably reinforced by a variety of inhibitory
afferents from different interneurons. A rise in estrogen levels prior to ovulation would
reclute several estrogen-sensitive presynaptic neurons through ERa and ERS to further
modulate, transynaptically, the activity of other subgroups of GnRH neurons. The overall
predominance of afferent excitatory inputs and/or the reduction of inhibitory inputs would
allow GnRH neurons to increase their firing rate and the magnitude of GnRH secretion in
the hypophyseal-portal system. In addition, the concurrent action of estrogen and GnRH
on gonadotrope cells in the anterior pituitary elicits GnRH self-priming and increases
gonadotrope responsiveness, which is further increased by progesterone

at POA (“surge generator”). The overall predominance of afferent excitatory
inputs and/or the reduction of inhibitory inputs would allow GnRH neurons
to increase their firing rate and the magnitude of GnRH secretion in the
hypophyseal-portal system. In addition, the concurrent action of estrogen
and GnRH on gonadotrope cells in the anterior pituitary elicits GnRH self-
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priming and increases gonadotrope responsiveness, which is further increased
by progesterone. Thus, estrogen appears to coordinate the surge of GnRH and
the gonadotrope responsiveness to it in such a way that both events reach
a peak at the same time and provoke the preovulatory surge of LH.

5.3
Effects of SERMs on Hypothalamus-Pituitary-Ovarian Axis

Since, as described above, estrogen exerts a complex constellation of effects on
the female reproductive axis, differential effects of SERMs would be expected.
Thus, the administration of different SERMs to experimental animals shows
a variety of results depending on dose, method of treatment, experimental
model, and tissue-specific response. While the use of cycling rats allows the
observation of the hypothalamus-pituitary-ovarian axis as a whole, ovariec-
tomized animals permit the modification of estrogen status as an experimental
controlled variable (Bellido et al. 2003; Herndndez et al. 2003; Sdnchez-Criado
et al. 2002). In addition, studies on tissue explants, dispersed pituitary cells,
or immortalized cell lines give the possibility of detailed analysis of signal-
ing pathways involved in a particular estrogen response. Nevertheless, all this
information must be integrated in order to understand the relative effect of
a particular compound on different levels of the female reproductive axis.

In the case of clinical studies, although pharmacological effects of SERMs
have been extensively analyzed in several reproductive and nonreproductive
tissues of menopausal women, the influence of these compounds upon regu-
lation of the hypothalamus-pituitary-ovarian axis has not been fully clarified,
and conflicting results are frequently published. Whereas high physiological
concentrations of estradiol in postmenopausal women inhibit GnRH secretion
and reduce plasma LH and FSH levels, exogenous pharmacological estrogen
concentrations sensitize the anterior pituitary to GnRH and lead to increased
gonadotropin levels. As a consequence, the net estrogenic or antiestrogenic
activity of a given SERM will depend upon the balance between these opposite
actions (Ravdin et al. 1988; Jordan et al. 1991; Szdmel et al. 1998). On the other
hand, the effect of SERMs on the human hypothalamus-pituitary-gonadal axis
may also depend on a combination of clinical variables. Thus, diverse and
conflicting results have been reported depending on gender, ovarian function
status (pre- or postmenopausal), dose and duration of treatment, coexistence of
diseases, and use of concomitant medications that can alter the hypothalamus-
pituitary axis, like the frequent case of adjuvant chemotherapy in advanced
breast cancer patients (Jordan et al. 1987a,b; Kostoglou-Athanassiou et al.
1997; Ellmen et al. 2003). Moreover, several of the published reports included
small sample sizes or heterogeneous patient populations which may account
for nonsignificant results.
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In the following sections, we will first review recent experimental find-
ings from our and other laboratories on the effects of different SERMs on
the hypothalamus-pituitary-ovarian axis in the cyclic female rat, as well as
from anterior pituitary explants from ovariectomized rats subjected to dif-
ferent estrogen environments. We will next review most of the relevant pub-
lished data on the effects of SERMs on the hypothalamus-pituitary-ovarian
axis in humans, with special emphasis to gonadotropin and sex hormones
in postmenopausal women. Given the extensive current use of these drugs
in both the prevention and treatment of breast cancer and postmenopausal
osteoporosis, as well as the continuous flow of new SERMs in late-phase clin-
ical development, it is interesting to know whether these compounds differ
in terms of their effects on gonadotropin secretion. Moreover, the analysis
of pharmacological effects of SERMs on the hypothalamus-pituitary-ovarian
axis of both humans and experimental animals may help to understand
the complex mechanisms that control the regulation of reproductive func-
tion.

5.3.1
Experimental Studies in the Rat

5.3.1.1
Trifenilethylene Derivatives

Clomiphen is a racemic mixture of two molecules with different estrogen ag-
onist and antagonist activity, which induces ovulation in rats, probably acting
at all levels of the hypothalamus-pituitary axis (Adashi 1984). In perifusion
experiments of MBH and pituitary, this compound induces GnRH and LH
release, both effects being potentiated by estrogen in the incubation medium
(Miyake et al. 1983). However, when implanted into the MPA of ovariectomized
rats, clomiphen has been shown to inhibit both negative and positive estro-
gen feedback actions on LH secretion (Docke et al. 1989, 1990). At the level
of the anterior pituitary, clomiphen blocks nuclear translocation of ERs (Ter-
akawa et al. 1985) and inhibits estrogen-induced PR in ovariectomized rats
(Terakawa et al. 1986). However, both in cyclic (Kilic-Okman et al. 2003) and
ovariectomized rats (Schuiling et al. 1985) clomiphen stimulates gonadotropin
release by enhancing pituitary responsiveness to GnRH (Adashi et al. 1981;
Engel et al. 2002), probably through an increase in the number of pituitary
GnRH receptors (Shimizu et al. 1986).

Tamoxifen was the first SERM described and has been used for the treat-
ment of breast cancer for decades (Jordan et al. 1987, 1991; Jordan and Mor-
row 1999). It exhibits either estrogen agonist or antagonist activities on sev-
eral reproductive parameters in the female rat. Tamoxifen inhibits ovulation
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both in adult (Donath and Nisshino 1998) and in prepubertal rats given ex-
ogenous gonadotropins to induce follicular development (Gao et al. 2002),
and it reduces estrogen and progesterone levels at proestrus (Donath and
Nishino 1998). These effects are mainly due to an impairment of the pre-
ovulatory surges of LH and FSH since the anovulatory action was reversed
by treatment with human chorionic gonadotropin (Gao et al. 2002). Further-
more, tamoxifen treatment of cyclic rats at proestrus reduces both basal and
GnRH-stimulated LH secretion, either in vivo or in vitro (Sdnchez-Criado
et al. 2002). In addition, tamoxifen reverses estrogen facilitation of high K*-
induced GnRH release from rat hypothalamic explants (Drouva et al. 1988)
and antagonizes the stimulatory effect of estradiol and E-BSA on nitric ox-
ide (NO) release from the rat median eminence (Prevot et al. 1999). With
respect to other brain areas that are involved in reproductive behavior, chronic
tamoxifen treatment increases oxytocin receptor binding and ERS gene ex-
pression either in the ventromedial nucleus (VMN) (Pautisaul et al. 2003) or
in the total hypothalamus (Zhou et al. 2002) by itself, without antagonizing
the effects of estradiol on this parameter, and inhibits estrogen-dependent
PR gene expression and PR immunoreactivity in the medial preoptic nucleus
(MPN) and the VMN (Shugrue et al. 1997; Yin et al. 2002; Patisaul et al.
2003).

While the above-mentioned results indicate that this compound may act
mainly as an overall estrogen antagonist on the estrogen positive feedback,
their effects on gonadotropin secretion suggest a more complex behavior.
Thus, tamoxifen elevates GnRH-induced LH release and PRL release in ante-
rior pituitaries from proestrous rats (Gonzdlez et al. 2000) and increases GnRH
self-priming (Sdnchez-Criado et al. 2002). Interestingly, while tamoxifen in-
duces GnRH self-priming by itself, it reduces the estrogen-sensitizing effect
on GnRH-stimulated LH secretion and abolishes estrogen-dependent GnRH
self-priming (see discussion below). On the other hand, treatment of ovariec-
tomized rats with tamoxifen enhances PR-B mRNA levels in a similar extent to
that of estradiol and increases the number of anterior pituitary cells expressing
immunoreactive PR (Sdnchez-Criado et al. 2003). Moreover, pretreatment with
the “pure” antiestrogen RU58668 reduces tamoxifen-induced PR expression
and GnRH self-priming, while pretreatment with the antiprogestin RU38486
blocks tamoxifen-induced GnRH self-priming (Sédnchez-Criado et al. 2003).
In addition, treatment of ovariectomized rats with tamoxifen increases the
number of LH-positive cells expressing ER«x to an extent similar to that of
of cycling proestrous rats (Sdnchez-Criado et al. 2005a). Therefore, at the rat
gonadotrope level, tamoxifen behaves either as an estrogen agonist or antag-
onist, its estrogen agonistic activity being related to a direct induction of PR
expression in the gonadotrope through ER«x (Tena-Sempere et al. 2004). With
respect to PRL secretion, tamoxifen shows also a mixed agonist/antagonist
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activity depending on the estrogen status of the animal. Thus, this compound
increases PRL levels in both ovariectomized (Gonzélez et al. 2000) and prepu-
bertal rats (Toney and Katzenellenbogen 1986), whereas it inhibits estrogen-
induced PRL elevations (Donath and Nishino 1998; Toney and Katzenellenbo-
gen 1986).

5.3.1.2
Benzotiophene Derivatives

In the female rat, raloxifene acts as a complete antiestrogen on the hypothala-
mus-pituitary-gonadal axis and displays clear anovulatory effects under
chronic treatment (Long et al. 2001). Although there are few studies at hy-
pothalamic level, this compound apparently lacks estrogen agonist activity on
the expression of ERs or PR in all brain areas (Zhou et al. 2002), and reduces
estrogen-induced PR expression in the MPN (Shughrue et al. 1997). With re-
spect to the anterior pituitary, raloxifene inhibits the expression of ER« in
cyclic rats to the same extent of “pure” antiestrogens and completely abolishes
nuclearlocalization of ER« in gonadotropes at proestrus (Sdnchez-Criado et al.
2002). In addition, in ovariectomized rats, raloxifene exhibits rather deleterious
effects on pituitary ERs since it decreases the proportion of LH-positive cells
staining for ERo and shows no evidence of estrogen agonist activity on ERS or
PR expression (Sdnchez-Criado et al. 2004). These effects are consistent with
an overall antiestrogenic activity on basal and GnRH-stimulated LH release or
estrogen-induced GnRH self-priming (Gonzélez et al. 2000; Sdnchez-Criado
et al. 2002). On the other hand, raloxifene treatment of ovariectomized rats
reduces estrogen-induced PRL release (Buelke-Sam et al. 1998), whereas it has
either no effect (Gonzalez et al. 2000) or a stimulatory action (Pinilla et al.
2001) on PRL secretion.

We have used a pyrroliding analog of raloxifene, LY117018, to study SERM
effects at different levels of the reproductive system of normal cycling rats.
In the anterior pituitary, LY117018 inhibits the expression of ER«a and blocks
the proestrus-induced nuclear localization of this protein to the same ex-
tent as raloxifene (Sdnchez-Criado et al. 2002). In addition, treatment with
LY117018 inhibits ovulation in a dose-dependent manner and reduces both
negative and positive estrogen feedback actions on gonadotropin secretion in
ovariectomized rats (Herndndez et al. 2003), without significantly affecting
the release of GnRH into the hypophyseal system at proestrus, and reduces
estrogen-induced GnRH self-priming (Sdnchez-Criado et al. 2002). Therefore,
LY117018 anovulatory actions seem to be due mainly to the inhibitory effect
of this compound on the preovulatory surge of LH, probably by reducing the
pituitary responsiveness to GnRH (Fig. 5.3) (Guelmes et al. 2003; Herndndez
et al. 2003).
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Fig. 5.3. Effect of benzothiophen derivative LY117018 on various reproductive parameters
in female rats (modified from Herndndez et al. Reproduction 125:597-606, 2003). In this
and other similar figures, values are mean = SEM of the corresponding variable. (A) Dif-
ferent doses of LY117018 were administered s.c. to female rats at diestrus, and ovulation
was assessed at estrus by inspection of the ampullary region. (A) e represents the percent-
age of ovulating rats after treatment with high doses of LY117018 plus human chorionic
gonadotropin (hCG). *P < 0.01 by two-tailed Fisher’s exact probability test versus con-
trols (bar). (B) Effect of administration of LY117018 (16 mg/Kg) to cyclic female rats at
proestrus on GnRH secretion rate from hypophyseal portal system. (C) Time course of
effect of LY117018 (16 mg/Kg) on pituitary sensitivity to GnRH (50 nG/100 g) in cyclic
female rats. Blood samples were collected during proestrus at the time of expected endoge-
nous surge of LH. *P < 0.01 versus controls. (D) Effect of estradiol (40 ug/day, 2 d) and
LY117018 (16 mg/Kg) on GnRH-induced (10 nM during 40 min) phospholipase activity in
hemipituitaries from ovariectomized rats. *P < 0.05 versus controls
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5.3.2
Lessons in SERM Behavior from Effects of Tamoxifen
on Rat Pituitary Function

In 1994, we found that endogenous estradiol decreased serum LH concen-
trations in tamoxifen-treated cyclic rats, and we explained this paradoxical
effect as an “inappropriate feedback of endogenous estradiol” (Tebar et al.
1994). More recently, our laboratories have routinely used anterior pituitary
glands harvested from ovariectomized rats treated with different ER ligands.
Thereafter, these pituitaries were incubated with the corresponding ligand and
LH secretion was measured (Gonzdlez et al. 2000; Sdnchez-Criado et al. 2002;
Bellido et al. 2003; Sdnchez Criado et al. 2004, 2005a,b ). More by accident
than on purpose, it was observed that 2-h incubation with 10% M estradiol
of pituitaries from ovariectomized rats treated with 3 mg tamoxifen blocks
the agonist effect of this SERM on GnRH self-priming (Fig. 5.4). GnRH self-
priming is a phenomenon different from the GnRH-releasing action in which,
under endogenous estrogen levels, the magnitude of LH release after a first
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Fig. 5.4. LH secretion from hemipituitaries from ovariectomized rats treated during 3 d
with oil (0.2 ml), estradiol benzoate (EB, 25 pg), or tamoxifen (TX, 3 mg) and incubated
for 3 h with medium alone, 178-estradiol (E;, 1078 M), or TX (10”7 M), in response to two
consecutive GnRH challenges (1078 M, for 15 min) at indicated time periods. Values of LH
secretion from hemipituitaries of oil- and EB-injected ovariectomized rats incubated with
medium alone, E;, or TX (24 hemipituitaries), and from hemipituitaries of TX-injected rats
incubated with medium alone or TX (16 hemipituitaries) are represented together, as no
effect of the incubation conditions was observed. Values of LH secretion from hemipitu-
itaries of TX-injected ovariectomized rats incubated with E, are the mean of 8 half glands.
*P < 0.01 versus non-EB-treated rats (modified from Sdnchez-Criado et al. ] Endocrinol
186:43-49, 2005)
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exposure to GnRH (“umprimed response”) sensitizes pituitary gonadotropes
to a second GnRH pulse given 60 min later (“primed response”) (Fink 1995;
2000; de Koning et al. 2001). Therefore, as described above, although tamoxifen
treatment has no effect on LH secretion in ovariectomized rats, it induces PR
expression in the gonadotrope (Sdnchez-Criado et al. 2004), as well as a robust
GnRH self-priming (Bellido et al. 2003) that is abolished by incubation with
estradiol (Fig. 5.5). Moreover, whereas coincubation with ICI 182,780, a “pure”
type-II antiestrogen, reverses the inhibitory effect of estradiol on tamoxifen-
induced GnRH self-priming, tamoxifen by itself (a type-I antiestrogen) has no
effect (Sdnchez-Criado et al. 2005b). These findings indicate that the inhibitory
effect of estradiol on tamoxifen-induced GnRH self-priming is probably ex-
erted at the level of an unknown ER with extremely low affinity for tamoxifen,
which is different from classical ERs. Additional preliminary data have shown
that both the ER« agonist PPT (Sdnchez-Criado et al. 2004) and the membrane
impermeant estradiol analog E-BSA also inhibit tamoxifen-induced GnRH self-
priming (Sdnchez-Criado et al. 2005b). Taken together, these findings lead us
to the conclusion that tamoxifen may evoke GnRH self-priming in the anterior
pituitary of ovariectomized rats by acting on ERa. This interpretation would
imply that, under physiological conditions, a cross-talk between nuclear and
membrane ERs may exist in the gonadotrope to modulate estrogen action on
GnRH self-priming and, hence, on LH release.

Furthermore, using the new selective ER agonists PPT and DPN (Sun et al.
1999; Stauffer et al. 2000; Meyers et al. 2001), we have found that ER«, which is
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treated for 3 d with oil, B, or TX and incubated for 3 h with medium alone, E,, or TX. GnRH
self-priming was calculated as the peak response to the second GnRH pulse x 100/peak
response to the first GnRH pulse. A value of 100% or less indicates absence of GnRH self-
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predominant in the anterior pituitary (Scully et al. 1997; Nishihara et al. 2000),
mediates all actions of estradiol on the gonadotrope (Sdnchez-Criado et al.
2004; Tena-Sempere et al. 2004). However, in the absence of ER« activation,
the ERB isoform can replace the effect of ERe on the synthesis, but not on
the release, of gonadotropins (Sdnchez-Criado et al. 2004). In addition, our
recent results indicate that, whereas selective ERx activation by PPT restores
the estrogen negative feedback on LH secretion, sensitizes the gonadotrope to
GnRH, and induces PR expression and GnRH self-priming (Sdnchez-Criado
et al. 2004), selective ERS activation by DPN stimulates all steps leading to
LH secretion except exocytosis (Sdnchez-Criado et al. 2005b). Therefore, this
suggests that, in the gonadotrope, ERx and ERp are not mere components of
a redundant regulatory system but rather complementary players involved in
the regulation of gonadotropin synthesis in a “ying-yang” relationship.

We are now tempted to speculate that estrogen action on gonadotropin
secretion, which includes both synthesis and release, not only involves the
two ER isoforms identified so far, but also plasma membrane ERs working in
an integrated manner (Fig. 5.6). Whereas the predominant action of nuclear
ERa on gonadotropin synthesis, but not release, is probably modulated by
nuclear ERB, plasma membrane ER may inhibit gonadotropin release elicited
by nuclear ERa by acting specifically on PR-dependent GnRH self-priming
(Waring and Turgeon 1992; Sénchez-Criado et al. 2004). Whether these as yet

Fig. 5.6. Schematic diagram of estrogen (E2) actions on LH secretion in rat gonadotropes.
Activation of nuclear ER« stimulates LH secretion (synthesis + release), whereas activation
of nuclear ERS modulates the effect of ERx on the synthesis, but not the release, of LH in
a sort of ying-yang relationship. In addition, activation of putative membrane ER« by the
cognate ligand would blunt the releasing effects of nuclear ER« activation by a potential,
and as yet uncharacterized, cross-talk interaction



122 R. Alonso et al.

unidentified plasma membrane ERs in the anterior pituitary are structurally
related to ERw, as has been suggested for other cellular functions (Marin
et al. 2003), and how signaling pathways activated after estrogen binding to
membrane ERs are coordinated with those dependent on nuclear ER activation
is just starting to be understood (Valverde and Parker 2002; Azuma et al. 2004;
Razandi et al. 2004; Marin et al. 2005). The finding that particular SERMs, like
tamoxifen, may differentially interact with different ER-dependent pathways
within the same cell and modulate a particular cell function, as occurs in the
rat gonadotrope, may be extremely useful in both cell biology and estrogen
pharmacology (McDonnell 2003). On one hand, the discovery of the action
mechanisms of different SERMs is a key factor for their proper clinical use. On
the other hand, the combination of SERMs with ERa and ERS selective analogs
will surely provide investigators with tools needed to dissect the biology of
classical nuclear ERa and ERB isoforms and novel, membrane-related ERs.
Most probably, a “new” estrogen biology will be discovered in the near future
using these compounds to isolate ER isoforms and plasma membrane estrogen
actions that had been masked by the simultaneous activation of the complete
orchestra of ERs by the cognate ligand.

5.3.3
Clinical Studies

5.3.3.1
Trifenilethylene Derivatives

Tamoxifen has been used for over 30 years, and the clinical experience from
over 10 million women per year is a proof of its beneficial effect in the treatment
of disseminated breast cancer and as an adjuvant drug in primary prevention
in women at high risk of developing this disease. Other members of this
chemical group are clomiphene, a classical antiestrogen used for initiation of
ovulation in anovulatory women of reproductive age, toremifene, droloxifene,
idoxifene, miproxifene, ospemifene, and fispemifene (Chap. 2, Pharmacology
of SERMs, Marin and Barbancho). Among all these newer triphenylethylenes,
only toremifene has been commercialized for the treatment of disseminated
hormone-responsive breast cancer, and available data on the neuroendocrino-
logical effects in humans of this class of SERMs are limited to tamoxifen,
toremifene, and droloxifene. It should be noted that many of these results
originated in women with advanced breast carcinoma who were receiving ad-
juvant chemotherapy, which likely influenced the hormonal results, mainly in
premenopausal women (Jordan et al. 1987a; Ravdin et al. 1988; Jordan et al.
1991; Ellmen et al. 2003).
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Administration of tamoxifen to postmenopausal women reduces plasma
gonadotropin levels, probably due to a partial estrogen agonist activity at both
the hypothalamus and the anterior pituitary, and increases plasma levels of sex
hormone binding globulin (SHBG) by an estrogen agonist action on the liver
(Kostoglou-Athanassiou et al. 1997). In a recent series of 32 postmenopausal
women with breast cancer, plasma FSH and LH fell by a mean of 45% and
48%, respectively, after approximately 12 months of treatment, with increases
in SHBG of 65% and slight decreases in plasma estradiol and testosterone
(Lenning et al. 1995). This magnitude of gonadotropin suppression is similar
to previous reports in postmenopausal women receiving tamoxifen and ad-
juvant chemotherapy (Jordan et al. 1987b) or to the suppression of basal and
GnRH-induced gonadotropin secretion observed in estrogen-deprived post-
menopausal women receiving clomiphene, the first SERM used in humans
(Messinis and Templeton 1990; Garas et al. 2004). The modest decrease in
plasma estradiol observed by Lenning et al. (1995) may be due to the drop in
plasma testosterone, as aromatization indexes are not influenced by tamoxifen.
Overall, the moderate but significant reduction in plasma estradiol concentra-
tions during tamoxifen therapy, combined with an increase in plasma SHBG,
indicates a reduced plasma level of its free fraction. The influence of these
effects on estradiol delivery to breast cancer tumor cells is unknown. However,
it should be noted that the effects of tamoxifen on serum estradiol levels are
not a uniform finding in postmenopausal women, as some reports show either
no significant changes in this sex hormone during treatment (Ellmen et al.
2003) or a slight increase (Kostoglou-Athanassiou et al. 1997).

Data on hypothalamic-pituitary and ovarian hormonal parameters in pre-
menopausal women treated with tamoxifen are rather scarce and limited to
short series of subjects receiving this drug as adjuvant therapy after mastec-
tomy (Jordan et al. 1991). These women continue having menstrual cycles,
unaffected SHBG levels, and normal circulating levels of FSH and LH, includ-
ing LH surges and subsequent increases in progesterone, which indicates that
ovulation has occurred and patients remain at risk of pregnancy. Overall, the
results in women with circulating estrogen levels in the normal premenopausal
range indicate that the activity of tamoxifen at the hypothalamus-pituitary axis
is negligible when used at therapeutic doses. These results are in contrast with
the estrogen antagonistic effects of tamoxifen and clomiphene in anovulatory
or oligo-ovulatory women at reproductive age, where both drugs initiate or
augment ovulation by blocking endogenous estrogen negative feedback and
promote FSH and LH release (Messini and Nillius 1982; Adashi 1984).

In contrast with the partial estrogen agonist effect of tamoxifen on go-
nadotropins, several studies have consistently shown that PRL levels are sup-
pressed by 30-50% in pre- and postmenopausal women taking the drug (Jor-
dan et al. 1987b, 1991; Kostoglou-Athanassiou et al. 1997), which indicates
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a partial estrogen antagonistic effect on lactotropes in humans. This antie-
strogenic action has also been observed with toremifene (chlorotamoxifen)
on both basal and thyrotropin-releasing hormone (TRH)-induced PRL release
(Szédmel et al. 1994). In addition, an increase in SHBG and a reduction in serum
estradiol concentrations have also been shown, thereby confirming similar ef-
fects of toremifene and tamoxifen on both the anterior pituitary and the liver.
The effects of toremifene (60 and 200 mg daily) and tamoxifen (20 mg daily) on
FSH and LH levels were also studied in another recent phase II trial in a large
series of postmenopausal women with advanced breast cancer (Ellmen et al.
2003). Serum FSH and LH declined during the 10 months of treatment with
both drugs, reaching premenopausal values after 8 weeks (Fig. 5.7), whereas
SHBG increased in all treated groups by approximately 100%. Similar results
have been reported in postmenopausal women with breast cancer in shorter
phase I trials with droloxifene (3-hydroxy-tamoxifen) and idoxifene (4-iodo-
pirrolidine-tamoxifen). After 3 months of droloxifene therapy, plasma levels
of SHBG increased in a dose-dependent manner by 17-74%, while FSH and
LH levels decreased by approximately 16-20%, which suggests a less potent
estrogen agonistic effect of this drug on the liver and on the hypothalamus-
pituitary axis as compared with tamoxifen (Geisler et al. 1995a,b). In addition,
two weeks of idoxifene treatment at several doses was also associated with
significant reductions in FSH and LH levels, with no differences in serum
estradiol or SHBG concentrations in postmenopausal women with advanced
breast cancer (Coombes et al. 1995).
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Fig.5.7. Effect of daily treatment with 20 mg tamoxifen (solid line), 60 mg toremifene (dotted
line), or 200 mg toremifene (dashed line) on mean LH and FSH serum concentrations of
postmenopausal breast cancer patients for at least 8 weeks (modified from Ellmen et al.
Breast Cancer Res Treat 82:103-111, 2003)
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5.3.3.2
Benzotiophene Derivatives

The effects of raloxifene on the human hypothalamus-pituitary-gonadal axis
have been studied primarily in postmenopausal women (Lasco et al. 2002;
Reindollar et al. 2002; Cheng et al. 2004; Garas et al. 2004), although results
in normal premenopausal women (Baker et al. 1998) and healthy men (Blum
et al. 2000; Doran et al. 2001; Ueberlhart et al. 2004) have also been reported.
The analysis of results from these studies reveals clear differences based on
gender, hormonal milieu, and ovarian functional status that are incompletely
understood at the present time and await further investigations. Regarding
the gonadal axis, the reported results on the effects of raloxifene on basal
gonadotropin levels in postmenopausal women are not uniform. While treat-
ment with 60 mg daily of raloxifene, the approved dose in humans, induced
a significant decrease in FSH levels after 3 months (Reindollar et al. 2002), and
of FSH and LH after 12 months of therapy (Cheng et al. 2004), other studies
have reported no changes (Lasco et al. 2002; Garas et al. 2004). Although the
reasons for these discrepancies are unclear, they may be due to the small sam-
ple size and the variety of doses used. Nevertheless, the reported decreases in
gonadotropin levels after raloxifene treatment are of smaller magnitude than
those described for tamoxifen, which suggests a less potent estrogen agonist
effect of the former compound on the hypothalamus-pituitary-gonadotrope
axis.

Like tamoxifen and toremifene, raloxifene induces a decrease in both base-
line and TRH-induced PRL levels (Lasco et al. 2002; Cheng et al. 2004), which
may indicate a direct antiestrogenic effect on the lactotrope or, alternatively,
an increase in S-endorphin (Florio et al. 2001; Genazzani et al. 2003). The
effects of raloxifene on sex hormones and SHBG in healthy or osteoporotic
postmenopausal women are also similar to those of tamoxifen or toremifene.
Thus, raloxifene increases SHBG by 21% (Coombes et al. 1995), without signif-
icant changes (Geisler et al. 1995a) or even producing small decreases (Doran
et al. 2001) in serum estradiol levels.

The effects of raloxifene in premenopausal women have been analyzed in
subjects with normal ovarian function treated with high doses (100 to 400 mg
daily) at either different time points of their menstrual cycle or continuously
for 4 weeks (Baker et al. 1998). Raloxifene did not prevent ovulation, nor did it
alter thelength of the menstrual cycle or the day of the LH surge. However, it did
stimulate FSH secretion, increase serum estradiol levels, and decrease serum
PRL. These results are also similar to those reported for premenopausal women
taking tamoxifen (Jordan et al. 1991) and are indicative of some antiestrogenic
action at either the hypothalamic and/or pituitary level.
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The effects of arzoxifene, a third-generation SERM similar to raloxifene
but with improved estrogen antagonistic activity in the breast and the uterus,
has been recently investigated in two short-term phase I studies in pre- and
postmenopausal women (Fabian et al. 2004). As observed for other SERMs, ar-
zoxifene increased SHBG levels after 2 weeks of treatment and induced a slight
reduction in serum LH levels, without affecting estradiol, estrone, or FSH
serum concentrations. This probably indicates certain estrogenic properties
on the gonadotrope axis and the liver similar to other SERMs clinically tested.

Finally, although it is beyond the scope of this review, the effects of ralox-
ifene on the hypothalamus-pituitary axis of human males have been analyzed
in few clinical trials. Even though different doses and treatment duration have
been used, in contrast with the findings in postmenopausal women, raloxifene
appears to increase serum gonadotropin levels in adult eugonadal men (Doran
etal. 2001; Uebelhart et al. 2004) and either elevate or not affect serum estradiol
and testosterone levels (Blum et al. 2000; Doran et al. 2001; Uebelhart et al.
2004). Since those subjects with low baseline estrogen levels displayed a higher
response to both gonadotropin and sex hormones, it is possible that sex hor-
monal status may influence overall SERM actions in men. Further studies must
be conducted before a clear relationship between gender and hormonal status
could be established for the differential effects of SERMs in humans.

5.4
Summary and Conclusions

Ovarian hormones control female reproductive function by acting at different
levels of the hypothalamus-pituitary-gonadal axis throughout the synergistic
activation of several receptor subtypes. In most mammalian species, including
the human, the activity of this highly coordinated system is aimed at main-
taining reproductive cycles, leading to eventual pregnancy, and at promoting
body adaptations to maternal metabolism. In the case of women, given the
beneficial effects of sex steroid hormones on a variety of reproductive and
nonreproductive tissues, the development of specific molecules capable of re-
producing steroid hormone action after cessation of ovarian function with
aging has been a main objective of modern pharmacology. As described in
different parts of this book, SERMs are compounds that may act either as es-
trogen agonists or antagonists in a tissue- or cell-specific manner and therefore
have the capacity to influence hypothalamus-pituitary function in a complex
manner. In this chapter, we have analyzed the available evidence from both
experimental and clinical studies in order to understand the impact of SERM
treatment on gonadotropin secretion. Recent findings indicate that particular
SERMs may interact with several ER-dependent pathways within the same cell,
thereby inducing a variety of responses that are highly dependent on estrogen
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and progesterone status. This fact partially explains why treatment with differ-
ent SERMs in human subjects frequently gives conflicting results depending on
dose, age, gender, reproductive status, duration of treatment, and coadjuvant
medication. Therefore, the use of newer SERMs in whole animal and cell stud-
ies not only will provide basic investigators with tools to dissect the biology
of classical and alternative ERs but also will surely help to design specific and
selective approaches in hormone therapy. In addition, the analysis of clinical
trials with steroid hormone analogs from the consideration of integrated es-
trogen and progesterone molecular interactions will provide critical insight
for drug development in this promising field.
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CHAPTER 6

Pure Antiestrogens

CARLOS HERMENEGILDO

6.1
Introduction

An antiestrogen is a compound that blocks the action of estrogens. According
to McGregor and Jordan (1998), antiestrogens can be classified into two major
groups:

6.1.1
Typel

This group is made up of compounds exhibiting mixed estrogenic/antiestroge-
nic actions in the laboratory. These compounds are also known as SERMs
(selective estrogen receptor modulators) and include both triphenylethylene
derivatives (such as tamoxifen, toremifene, idoxifene, or droloxifene) and ben-
zothiophenes (raloxifene) (Bryant and Dere 1998). The agonist-antagonist
profile for a given compound is tissue and species specific. Tamoxifen, for in-
stance, inhibits estrogen-stimulated growth of breast cancer cells (antagonistic
activity) but stimulates endometrial proliferation (agonistic activity). Tamox-
ifen is a pure estrogen antagonist in the chick but partial estrogen agonist in
the mouse, rat, and human (Baker and Jaffe 1996).

6.1.2
Type II

Type Il antiestrogens, pure antiestrogens, or selective estrogen receptor down-
regulators (SERDs) (Howell et al. 2004b) have no estrogen-like properties in
laboratory assays.

To illustrate the different actions of both groups of antiestrogens, Table 6.1
presents the tissue-specific effects obtained with the administration of type I
(tamoxifen and raloxifene) and type II (ICI 164384 and fulvestrant) antiestro-
gens in preclinical studies.

The pure antiestrogens were discovered about 20 years ago by Wakeling and
collaborators (Wakeling and Bowler 1987). To date, a few distinct compounds
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Table6.1. Tissue-associated estrogen activities of various estrogen receptor ligands based on
preclinical studies. We present the effects of two estrogen receptor agonists (178-estradiol
and 17a-ethynyl estradiol), two selective estrogen receptor modulators (SERMs, tamoxifen,
and raloxifene), and two pure antiestrogens (fulvestrant and ICI 164384) (from Bryant and
Dere 1998)

Compound Mammary Uterus Bone Cholesterol
tissue metabolism

17 B-estradiol Agonist Agonist Agonist Agonist

17a-ethynyl

estradiol

Tamoxifen Antagonist Partial agonist ~Agonist Agonist

Raloxifene Antagonist Antagonist Agonist Agonist

ICI 164384 Antagonist Antagonist Antagonist Antagonist

Fulvestrant

of this group have been discovered. All of them are able to bind to the estrogen
receptor (ER) without any estrogenic activity, either in vitro or in vivo, in any
studied species or tissues, including all estrogen target tissues such as uterus,
mammary gland, ovary, or bone.

The main potential utility of antiestrogens would be the treatment of ad-
vanced breast cancer after failure oflong-term tamoxifen therapy. Nevertheless,
pure antiestrogens could also find application in gynecology and in other non-
malignant conditions (Gradishar and Jordan 1997). In April 2002, fulvestrant
was the first pure antiestrogen approved by the Food and Drug Administration
for clinical practice (Bross et al. 2003).

The aim of the present review is to update the recent discoveries on the
mechanisms of action, biological effects, clinical trials, and potential clinical
utility of pure antiestrogens.

6.2
Chemical Structure and Classification

The main compounds that have demonstrated a pure antiestrogenic activity
in the laboratory are the following (Fig. 6.1):

1. ICI 164384. This is the first pure antiestrogen discovered (Wakeling and
Bowler 1987). This compound is a 7c-alkylamine derivative of 17(-
estradiol, with a 16-atom carbon chain in the 7« position.

2. Fulvestrant. Also called ICI 182780 and Faslodex, this compound is also
a 7a-alkylamine derivative of 17p-estradiol, developed from ICI 164384
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Fig. 6.1. Chemical structures of pure antiestrogens. Chemical structures of ICI 164384,
fulvestrant, RU 58668, and EM-139 are presented (MacGregor and Jordan 1998)

to improve the bioavailability and the biological profile of its activity: the
amide moiety was replaced by other polar groups and the terminal alkyl
function was fluorinated. Those molecular changes made fulvestrant more
potent, and its affinity for ERs approximately is 4-5 times higher than
that of ICI 164384 (Wakeling et al. 1991). Since both compounds are poorly
soluble and have low oral activity, they are being used as depot injections in
clinical studies. Fulvestrant is the only pure antiestrogen approved for the
treatment of hormone-sensitive breast cancer in postmenopausal women
with disease progression following antiestrogen therapy (Bross et al. 2002,
2003).

3. RU 58668. This is a 178-estradiol derivative compound, substituted in
the 118-position with a long hydrophobic side chain, producing a spatial
arrangement similar to the 7a-substituted compounds in relation to the
plane of steroid nucleus (Van de Velde et al. 1994, 1996).

4. EM-139. This compound is also a 7« derivative of 178-estradiol, with
a structure similar to that of ICI 164384 (Doualla-Bell et al. 1995).

Other compounds, such as ZK-703 and ZK-253, are currently under preclinical
testing, and preliminary data show a pure antiestrogen activity in xenograft
breast cancer models (Hoffmann et al. 2004).

6.3
Mechanism of Action

Pure antiestrogens are distinguishable form other SERMs in terms of their
mechanism of action, although both classes of agent mediate their effects
through the two types of estrogen receptors (ER«a and ERp).
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Type I antiestrogens are competitive inhibitors of the binding of estro-
gens to ER. As demonstrated for raloxifene, these compounds seem to form
a complex with the ER that retains partial transcription activity as a result of
imperfect changes in the tertiary structure of the complex (Brzozowski et al.
1997). Due to this partial agonistic activity, type I antiestrogens show a wide
range of biological functions, from complete antagonism to partial agonism,
depending upon the species, tissue, or target genes studied (Bryant and Dere
1998).

Pure antiestrogens also act as competitive inhibitors of the estradiol-ER
complex. For instance, ICI 164384 is a competitive antagonist of both ERe and
ERpB (Barkhem et al. 1998). In MCF-7 cells, similar amounts of estradiol and
RU58668 are bound to ER (Jensen and Khan 2004).

Distinct mechanisms of action have been ascribed to pure antiestrogens
(Fig. 6.2). According to one proposal, pure antiestrogens impede the dimeriza-
tion of two ER-ligand complexes, preventing binding to DNA and, as a con-
sequence, gene activation (Fawell et al. 1990). However, it was later reported
that the pure antiestrogen-ER complex is able to bind to EREs, as has been
demonstrated for ICI 164384 and RU 58668 (Barsalou et al. 1998), though the
transcription unit formed is inactive (Pink and Jordan 1996).

Pure antiestrogens also exert a unique mechanism of action: they decrease
intracellular levels of ER (Wakeling 2000). Fulvestrant is able to bind to newly

Fulvestrant

Decreased Reduced

dimerization binding to ERE
AF1 No activators
are recruited

4
NO
TRANSCRIPTION
INCREASED

RECEPTOR
DEGRADATION

Fig. 6.2. Proposed mechanisms of action of pure antiestrogens (fulvestrant). 1 Fulvestrant
(ICI) binds to estrogen receptor (ER). 2 Fulvestrant binding to ER accelerates receptor
degradation (“ER down-regulator”). 3 Rate of dimerization and nuclear localization of
fulvestrant-ER complex is reduced. 4 Reduced binding of fulvestrant-ER to ERE. 5 No
transcription of estrogen-responsive genes; since AF-1 and AF-2 are inactive, no coactivators
are recruited and the activity of RNA polymerase II is not activated (or inhibited) (Wakeling
2000)
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synthesized ER in cell cytoplasm, modifying the cytoplasm-nucleus net flux
of the ER by diminishing its transport into the nucleus. The paralyzed re-
ceptors are then rapidly destroyed (Dauvois et al. 1993) in a process im-
plying an increased turnover of ER by the ubiquitin—proteasome pathway,
since the complex formed between ER and fulvestrant causes a high ubiqui-
tination and rapid destruction of the receptor (Wijayaratne and McDonnell
2001).

Also, RU 58668 modifies the subcellular distribution of ER, appearing as
clusters in the perinuclear region of cytoplasm, without association to specific
cellular structures. This means that after RU 58668 treatment, ER is sequestered
in the cytoplasm associated to short half-life proteins (probably induced by
RU 58668 treatment) that impede its entry into the nucleus (Devin-Leclerc
et al. 1998).

As a consequence of the above-cited studies, it has been suggested that
the title of pure antiestrogen should be given to those compounds that are
capable of blocking the entry of the ER into the nucleus. This mechanism
of action would be the essential difference between pure antiestrogens and
SERMs (type I antiestrogens). In this sense, type I antiestrogens induce an
increase in the amount of ER in the cell nucleus, while pure antiestrogens
diminish it (and therefore they can also be named SERDs) (Devin-Leclerc et al.
1998; Howell et al. 2004b).

In explaining these observed differences between both classes of antiestro-
gens, it has been proposed that the large side chains in the pure antiestrogen
molecules are responsible for the mechanism of differences observed in the ac-
tion. The binding of estradiol, raloxifene, and ICI 164384 to ER has been studied
by crystallography. Raloxifene and ICI 164384 bind to the same aminoacids as
estradiol, but the side chain of both compounds interacts differently with sev-
eral amino acids of the binding domain. Such interaction modifies the tertiary
structure of the complex, which may explain the differences in their actions
(Brzozowski et al. 1997; Schafer et al. 1999; Pike et al. 2001; Lonard and Smith
2002).

In addition to their interference with ER physiology, alternative mechanisms
of action have been reported that help to explain the antiestrogenic potential
of pure antiestrogens. Among other things, pure antiestrogens seem to inhibit
some enzymatic activities involved in estrogen synthesis. EM-139 was the first
pure antiestrogen reported to inhibit an enzyme, 178-hydroxysteroid dehy-
drogenase, thus reducing the peripheral conversion of estrone into estradiol
(Lietal. 1995). Additionally, fulvestrant has been reported to inhibit aromatase
activity in vitro. This inhibition is not due to down-regulation of the aromatase
transcript; on the contrary, its activity remains inhibited even after the pure
antiestrogen is removed from the cells, suggesting that fulvestrant remains
bound to the enzyme (Long et al. 1998).
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Finally, it has been suggested that fulvestrant, in addition to its antiestro-
genic activity, has also significant antiprogestin activity, comparable to the
activity of the antiprogestin RU-486 (Nawaz et al. 1999).

6.4
Effects of Pure Antiestrogens

The majority of the actions of pure antiestrogens have been described in
studies designed in cell cultures (effects in vitro) or in experiments performed
in animals. During the last few years, only a few clinical studies have been
completed. The main objective of the majority of the studies has been to
demonstrate the pure antiestrogenic action of these compounds.

6.4.1
In Vitro Studies

These studies have been focused on the effects of pure antiestrogens on gene
expression, on cell growth and proliferation, and on the effects on different
growth factors.

6.4.1.1
Effects on Gene Expression

In a study of global gene expression in MCF-7 cells, fulvestrant antagonized
estradiol action on > 95% of estradiol-regulated genes. Moreover, the antago-
nism of fulvestrant was not accompanied by partial agonism, in comparison
with the other tested compounds (raloxifene and hydroxytamoxifen), support-
ing the full pure antiestrogen activity of this compound. There were also genes
specifically down-regulated by fulvestrant, and the majority of these genes
appear to be regulators of the cell cycle, cell proliferation, and DNA synthesis.
Therefore, by down-regulating the expression of these genes, fulvestrant has
an additional beneficial effect against the proliferation of breast cancer cells
(Frasor et al. 2004).

6.4.1.2
Effects on Cell Growth and Proliferation

In the initial studies with pure antiestrogens, both ICI 164384 and fulvestrant
inhibited cell growth and arrested the cell cycle in the G; phase. These effects
were two orders of magnitude more potent than those achieved with tamoxifen
in the same experimental conditions (Wakeling and Bowler 1987).
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When used in tumor cells, fulvestrant was initially described as a potent,
competitive growth inhibitor of ER-positive, human breast cancer MCF-7 cells,
whose growth is stimulated by estradiol. The compound was ineffective in
tumor cell lines without ER, such as MDA-MB-231. The inhibitory effects were
more pronounced with fulvestrant than with tamoxifen in the same cell line
(Wakeling et al. 1991).

6.4.1.3
Effects on Growth Factors

Pure antiestrogens have been demonstrated to block some of the effects of es-
trogens on growth factors. Estrogens increase the transforming growth factor
o (TGFwa) production, which in turn stimulates cell growth and, in a pro-
cess that implies the epidermal growth factor (EGF), increases cell replica-
tion. ICI 164384 and fulvestrant block estradiol-stimulated TGF« production
(Wakeling et al. 1989; MacGregor and Jordan 1998; Tong et al. 2002).

Fulvestrant has been reported to decrease both insulin-like growth fac-
tor I (IGF-I) stimulated cell growth and IGF-I receptor mRNA (Huynh et al.
1996). Moreover, in the human fetal osteoblast cell line (hFOB/ERO cells), both
ICI 164384 and fulvestrant blocked the estradiol-induced increase in IGF-I
mRNA levels (Kassem et al. 1998).

6.4.2
Experiments in Animals

To date, all the experiments done in animals with pure antiestrogens have
disregarded any estrogenic actions of these compounds. Some of the described
effects are presented here, arranged by the tissue or organ where they have
been described (Table 6.2).

6.4.2.1
Breast

The main potential utility of the pure antiestrogens is in the treatment of breast
cancer. Several studies on their effects on the breast demonstrate both the pure
antiestrogenic action of the tested compounds and their beneficial effects on
breast cancer treatment. In experiments conducted in nude mice xenotrans-
planted with two different human estradiol-dependent breast tumors, a single
injection of fulvestrant provided an antitumor efficacy equivalent to that of
daily tamoxifen treatment for at least 4 weeks (Wakeling et al. 1991). Addition-
ally, RU 58668 was able to induce up to 30% disappearance of MCF-7 breast
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Table 6.2. Effects of pure antiestrogens on experimental animals

Organ Effect Animal Antiestrogen Reference
Breast Mammary atrophy Rat Fulvestrant (Lim et al.
2001)
Antitumor Nude mice Fulvestrant (Wakeling et al.
1991)
Uterus Development block Immature  Fulvestrant (Wakeling et al.
rat 1991)
Involution Mature rat  Fulvestrant (Wakeling et al.
1991)
Involution Monkey Fulvestrant (Dukes et al.
1992, 1993)
Block of endometrial ~ Athymic ICI1 164384 (Gottardis et al.
tumor progression mice 1990)
Skeleton Decreased trabecular ~ Rat ICI 164384 (van Bezooijen
bone density et al. 1998)
Reduced bone volume  Rat Fulvestrant (Gallagher
et al. 1993)
Cardiovascular Block of cholesterol- Rat Fulvestrant (Lundeen et al.
effects lowering activity of 1997)
estradiol
Block of vascular Rat ICI 164384 (Cathapermal
smooth muscle cell et al. 1998)
proliferation
Block of estradiol- Rabbit Fulvestrant (Hegele-
induced increase in Hartung et al.
blood flow in aorta 1997)

cancer tumors implanted in nude mice (Van de Velde et al. 1995). Moreover,
a 3-week treatment with fulvestrant in control rats induced a great mammary
atrophy, as a consequence of an increased epithelial cell apoptosis (Lim et al.
2001).

6.4.2.2
Uterus

The effects of pure antiestrogens in the uterus have also been extensively
studied, since it is an estrogen-dependent organ and the target of the main side
effects of tamoxifen therapy, such as endometrial hyperplasia, hypertrophy of
glandular epithelium, or even focal cellular atypia (Sourla et al. 1997).
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Fulvestrant has demonstrated high antiuterotrophic potency in several ani-
mal models. This compound has been reported to block the uterus development
in immature rats (Wakeling et al. 1991) and to promote the involution of uterus
in adult normal (Dukes et al. 1993) and ovariectomized monkeys (Dukes et al.
1992). In vivo, RU 58668 displayed a total antiuterotrophic activity in mice and
rats without exhibiting any agonistic effect (Van de Velde et al. 1994).

When studied in a model of human endometrial carcinoma, such as EnCal01
tumors in athymic mice, ICI 164384 not only showed no stimulatory activity
on tumor progression but also blocked the tamoxifen-stimulated growth of the
tumor (Gottardis et al. 1990).

The overall uterine effects obtained in animals treated with the different
compounds make it possible to assume that pure antiestrogens could be used in
the treatment of endometrial disorders and endometrial carcinoma (Gradishar
and Jordan 1997).

6.4.2.3
Skeleton

The effects of the pure antiestrogens on the skeleton are controversial, al-
though it seems ICI 164384 and fulvestrant decrease bone density. It has been
demonstrated that treatment of rats with the pure antiestrogen ICI 164384
induced a significant decrease in trabecular bone mineral density, comparable
to that observed after ovariectomy (van Bezooijen et al. 1998). Administra-
tion of fulvestrant to adult female rats reduced bone volume at the proximal
tibial metaphysis and increased the osteoclast surface. When administered
to ovariectomized rats, fulvestrant inhibited the estradiol-stimulated cancel-
lous bone formation, while affecting neither longitudinal nor periosteal tibial
growth (Gallagher et al. 1993).

6.4.2.4
Cardiovascular Effects

Estrogens are thought to exert their cardiovascular effects by acting on blood
lipoproteins or by direct effects on blood vessels. In studies performed in rats,
fulvestrant had no effect on plasma cholesterol levels. When administered
along with estradiol, however, it blocked the cholesterol-lowering activity of
estradiol (Lundeen et al. 1997).

By acting on the vessel wall, estradiol significantly inhibited superox-
ide anion-induced vascular smooth muscle cell proliferation, whereas the
pure antiestrogen ICI 164384 reversed the inhibitory effect of estradiol
(Cathapermal et al. 1998). Fulvestrant also reversed the estradiol-induced in-
crease in blood flow in rabbit aorta (Hegele-Hartung et al. 1997).
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6.4.3
Clinical Studies

There is very little information concerning the performance of pure antiestro-
gens in clinical conditions, and all studies have been done with fulvestrant.

6.4.3.1
Pharmacokinetics

Pure antiestrogenic activity must be sustained over time to achieve its effects,
mainly an effective inhibition of estrogen-controlled proliferation. Therefore,
exposure to fulvestrant via chronic administration is required. Since oral deliv-
ery is not an appropriate route of administration, fulvestrant is administered
by a long-acting, intramuscular formulation (Robertson and Harrison 2004).
It is given as a 250 mg dose in a prolonged-release intramuscular formulation.
Plasma concentrations of fulvestrant are measurable up to 28 d after dosing,
with peak plasma concentrations occurring 1-11 d after dosing, reaching Cpax
values of about 6 ng/ml (Robertson and Harrison 2003).

6.4.3.2
Tolerability.

In general, fulvestrant is well tolerated in studies conducted in healthy volun-
teers (Addo et al. 2002) and in clinical trials (Howell et al. 2002, 2004a; Osborne
et al. 2002). The most common adverse effects are nausea, asthenia, pain, va-
sodilatation, and headache (Robertson et al. 2003; Howell et al. 2004a). In trials
in which fulvestrant was compared to anastrazole (an aromatase inhibitor),
the incidence of adverse events relevant to endocrine therapy (gastrointesti-
nal disturbances, hot flushes, vaginitis, weight gain, thromboembolic disease,
urinary tract infection, and joint disorders) were similar for both groups, with
the exception of joint disorder incidence, which was lower with fulvestrant
(Robertson et al. 2003). In the trial comparing fulvestrant with tamoxifen, the
incidence of hot flushes was lower in patients treated with fulvestrant, with-
out any difference in the other above-mentioned adverse events relevant to
endocrine therapy (Howell et al. 2004a).

6.4.3.3
Clinical Efficacy Studies

The first clinical trial of fulvestrant was conducted to assess its tolerance, phar-
macokinetics, and short-term biological effects in women with primary breast
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cancer. Control group patients received no treatment. The treated patients re-
ceived daily intramuscular injections of fulvestrant at doses of 6 or 18 mg for 7 d
prior to primary breast surgery. There were no effects on serum gonadotropin
or sex hormone binding globulin levels, suggesting a lack of agonist activity
of the compound at the pituitary or hepatic level. Fulvestrant significantly re-
duced the tumor expression of ER, progesterone receptor, and Ki67, a nuclear
antigen whose expression is closely related to cell proliferation (DeFriend et al.
1994). Similar, comparative studies performed with tamoxifen and fulvestrant
showed no effect of tamoxifen on tumor expression of ER (McClelland et al.
1996).

In tumor samples derived from the study of DeFriend (DeFriend et al. 1994),
ER protein content was suppressed by fulvestrant, whereas the levels of EGF
receptor (EGFR) and its ligand TGFo were unaltered by treatment. Since a loss
of endocrine sensitivity has been attributed to tumors with elevated levels of
EGFR and TGFq, treatment with fulvestrant preserves the hormone response
of tumor cells (McClelland et al. 1996).

Fulvestrant has also been administered to premenopausal women. The ad-
ministration of 12 mg/d for 7d in the follicular phase prior to hysterectomy
produced no changes in luteinizing hormone (LH) and follicle-stimulating
hormone (FSH) levels or in ovarian function. As expected, fulvestrant caused
a potent antiestrogenic action in the endometrium, blocking the physiological
increase of the endometrial thickness (Thomas et al. 1994). In another study
of similar design, fulvestrant administration prior to hysterectomy reduced
endometrial ER and Ki67 expression (Dowsett et al. 1995).

The effect of long-term treatment (up to 33 months) with fulvestrant in
patients with advanced tamoxifen-resistant breast cancer was first studied
in a small group of patients (n = 19) in phase I/II clinical trials (Howell
et al. 1995, 1996). A clinical benefit (complete response + partial response +
stable disease > 24 weeks) rate of 69% was obtained in patients treated with
fulvestrant, without serious side effects from the treatment. Moreover, the
high level of response suggested that fulvestrant was not cross-resistant with
tamoxifen. The LH and FSH levels rose after suspension of tamoxifen and
then remained stable thereafter, suggesting no effect of fulvestrant on the
pituitary-hypothalamic axis. There were no significant changes in serum levels
of prolactin, the sex-hormone-binding globulin (SHBG). Compared to the
effects of tamoxifen, which reduces serum levels of LH and FSH (Willis et
al. 1977) and reduces LDL and cholesterol levels and increases SHBG, HDL,
and triglycerides levels (Sakai et al. 1978; Love et al. 1990), those of long-term
treatment with fulvestrant did not modify levels of total cholesterol, LDL-
cholesterol, HDL-cholesterol, or tryglycerides (Howell et al. 1996).

Three randomized phase III trials have evaluated the efficacy of fulves-
trant. The first two trials were designed to compare the efficacy of fulvestrant
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(250 mg) with anastrazole (1 mg), an inhibitor of aromatase, for the treatment
of postmenopausal women with advanced disease previously treated with
antiestrogenic therapy (mainly tamoxifen) (Howell et al. 2002; Osborne et al.
2002). Trial 0021, conducted in North America, and trial 0020, conducted in
Europe, Australia, and South Africa, were designed to allow the combination
of their results (Morris and Wakeling 2002). In both trials, fulvestrant (total
n = 851 patients) was at least as effective as anastrazole, with time to disease
progression of disease slightly higher (Howell et al. 2002; Osborne et al. 2002).
The combined analysis of both trials revealed that time to disease progres-
sion of disease was significantly higher (30%) in the fulvestrant-treated group
(Morris and Wakeling 2002).

In the third phase III trial, fulvestrant was compared with tamoxifen in 587
postmenopausal patients with metastatic/locally advanced breast cancer pre-
viously untreated for advanced disease. At a median followup of 14.5 months,
there was no significant difference between fulvestrant and tamoxifen for time
to progression. Nevertheless, fulvestrant showed only noninferiority to ta-
moxifen in the receptor-positive group, and the time to treatment failure was
significantly worse for fulvestrant when all patients were considered (Howell
et al. 2004a). Data analysis reflects a higher rate of early progressions in the
fulvestrant group. Moreover, pharmacokinetic studies demonstrate that ful-
vestrant takes 3-6 months to reach steady-state plasma levels, suggesting that
either a loading dose or doses of fulvestrant may be required (Howell et al.
2004b).

6.5
Clinical Utility

The main potential clinical utility of the pure antiestrogens is their use as
a second-line treatment in patients with tamoxifen-resistant breast cancer. Ta-
moxifen is, for the moment, the first option in breast cancer expressing ER, but
in a number of patients, tumors develop resistance to tamoxifen (Jordan 1993).
Different hypotheses have been proposed to explain this resistance: alterations
in tamoxifen metabolism (Osborne et al. 1991), specific mutations on the genes
encoding RE protein (which could explain the fact that an antiestrogen trans-
mits an estrogenic signal) (Jiang et al. 1992), alterations induced by tamoxifen
in the gene regulation mechanisms (Johnston et al. 1997), and others, such as
alterations in ER phosphorylation and direct effects on genes (MacGregor and
Jordan 1998).

Pure antiestrogens, which act by different mechanisms of action, probably
are not affected by the mechanisms of tamoxifen resistance. As a result, those
compounds might be a good choice as second-line hormonotherapy of breast
cancer after failure of tamoxifen treatment, as has been reported in clinical



6 Pure Antiestrogens 153

trials (DeFriend etal. 1994; Howell et al. 1995, 1996, 2004a; Morris and Wakeling
2002).

It seems reasonable that pure antiestrogens might be used as a good alter-
native to tamoxifen in the treatment of breast cancer, due to their beneficial
effects, without increasing the risk of endometrium cancer (Simard et al. 1997).

Nevertheless, their potential use in large treatments will depend on systemic
actions, since the beneficial effects may be counterbalanced by deleterious
consequences on the cardiovascular (Hegele-Hartung et al. 1997) and skeletal
systems (Gallagher et al. 1993). Moreover, most pure antiestrogens have a poor
oral bioavailability. Therefore, the use of other routes of administration, such
as intravenously, is mandatory. In some cases, to circumvent such problems,
the production of nanospheres loaded with the pure antiestrogen RU 58668
has been tested (Ameller et al. 2004).

Finally, therapeutic sequencing of different hormonal agents is fast becom-
ing a common clinical practice, and fulvestrant is a good treatment choice
to extend the opportunity for using endocrine therapies before reliance upon
cytotoxic chemotherapy is necessary. Further research is required in order to
evaluate the optimal sequence, both in clinical practice as well as in the lab-
oratory, to choose the correct treatment of breast cancer in each person after
the appearance of tamoxifen-induced drug resistance (Robertson 2004; Osipo
et al. 2004; Johnston 2004; Robertson et al. 2005).
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CHAPTER 7

Physiological Regulation of Bone Metabolism
and Estrogen Agonism

MIGUEL ANGEL GARCIA-PEREZ

The adult skeleton is periodically remodeled by transitory anatomic structures
that contain juxtaposed osteoclast and osteoblast teams and that replace old
bone with new bone. The purpose of this remodeling is both to prevent bone
aging and repair the damage that occurs as well as to guarantee a contribution
of minerals, especially calcium, to body cells for their correct function. In the
last few years, due mainly to the research in molecular biology and cellular
differentiation and to studies of genetically manipulated mice, it has been
possible to discover many aspects both of the cellular and molecular bases of
this bone remodeling as well as of the differentiation and function of the two
main implied cell types: osteoblasts and osteoclasts.

This chapter will focus mainly on the effects that the modulation of the
estrogen receptor (ER) determines on bone metabolism. This information will
contribute to a better understanding of the data presented in the next chapter,
which is dedicated to demonstrated SERM actions on bone. Much of our
knowledge on the role of ER agonism in the field derives from the observation
of the action of estrogens. Particular attention will be paid in this chapter
to the role that estrogens have in normal bone remodeling and the one that
is established when the protection of sex steroids ceases during menopause.
Certainly, estrogens and androgens slow the rate of bone remodeling and
protect against bone loss. Conversely, loss of estrogen leads to an increased
rate of remodeling and inclines the balance between bone resorption and
formation in favor of the former.

The regulation of this process is very complex because there are many cy-
tokines and growth factors implicated and because systemic hormones control
production of numerous local mediators in the bone microenvironment. Nev-
ertheless, it has recently been possible to expand our knowledge of the factors
that govern this bone remodeling with the discovery of decisive molecules for
the differentiation and function of osteoclasts. These molecules are proteins
belonging to the tumor necrosis factor (TNF) superfamily: osteoprotegerin
(OPG), the receptor activator of nuclear factor-«B ligand (RANKL), and their
receptor RANK. Nevertheless, other molecules such as TNF-q, IL-1, and IL-6
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are important mediators during bone remodeling, in particular after estrogen
deficiency.

7.1
Normal Bone Remodeling

The skeleton is a specialized and dynamic organ subjected to continuous re-
generation. In adult skeleton, this process, known as bone remodeling, consists
of the renovation of old bone by new bone in the same anatomical place (Frost
1973). In adult vertebrates, 10% of the skeletal bone mass is replaced every year,
amounting to a complete structural overhaul every decade. Bone resorption
and formation are closely linked within spatiotemporal anatomic structures
called the basic multicellular unit (BMU) (Parfitt 1994). A working and mature
BMU consists of an osteoclast team in the front degrading bone followed by
an osteoblast team forming new bone (Fig. 7.1). Although the role of this bone
remodeling in the mature skeleton is not completely clarified, it is believed that
it serves not only to repair damage, to prevent bone aging and the underlying
consequences, but also to assure appropriate blood levels of calcium, which is
needed for cell function (Manolagas 2000).

The two main arguments in favor of bone remodeling being principally an
autocrine-paracrine function are that bone remodeling occurs simultaneously
in multiple locations and that cells of osteoblast lineage participate in osteo-
clast differentation (Rodan et al. 1981; Lacey et al. 1998; Simonet et al. 1997; Ya-
suda et al. 1998). Early progenitors of hematopoietic lineage differentiate into
osteoclasts when they receive appropriate signals from stromal/osteoblastic
(stromal/OB) support cells. These support cells express M-CSF and RANKL to
promote differentiation of osteoclast progenitors. In addition, the process is
subject to both negative and positive control by a complex network of transcrip-
tional regulators, of circulating hormones, and of locally produced cytokines
acting on RANKL and OPG synthesis such as parathyroid hormone (PTH),
1,25-vitamin D3 (vitamin D3), TNF-«, IL-1, and IL-6 (Manolagas et al. 1995).

The factors responsible for the initiation of a BMU are unknowns, although
there is evidence to suggest that osteocytes are implicated (Verborgt et al.
2000). The osteocytes are the most abundant cells in bone, and they derive from
osteoblasts that have been absorbed into the bone matrix as a consequence of
the bone-forming function of osteoblasts. Osteocytes communicate with each
other and with the cells that line the bone surface via an extensive canalicular
network (Jilka 2003), so that they can detect areas of bone that should be
repaired and transmit the appropriate signals to osteoprogenitors in BM to
begin a new BMU (Jilka 2003). The mechanism by which bone cells reach
BMUs await full clarification, especially in those parts of the skeleton where
hematopoietic marrow is sparse or absent. In these parts, the circulatory route
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Fig. 7.1. Bone remodeling cycle in basic multicellular unit (BMU). After microdamage to
bone, or following mechanical stress or chemical or cellular signaling, a BMU will originate.
The preosteoclasts, which are related to macrophages, appear and, by means of different
stages, in which the activation of several genes intervenes, and after the action of soluble
cytokines, they transform into multinucleated osteoclasts. The mature osteoclasts resorb
bone (A-C). While advancing the BMU, new osteoclasts are continuously activated and
start resorption. After resorption, osteoclasts disappear (probably by apoptosis), and this
or other poorly known signals, such as bone-derived growth factors that are released by
resorption, probably attract osteoblasts (D). Osteoblasts start the formation of new bone
by secreting osteoid that later mineralizes (E). The final osteoblasts turn into lining, while
some of the osteoblasts turn into osteocytes that remain in the bone, connected by long cell
processes that can sense mechanical stresses to the bones called canaliculi

is the only route by which osteoclasts can reach bone, although this is not valid
for osteoblasts since preosteoblasts are not known to circulate (Parfitt 2000).
Recruitment of osteoblasts can be due to the release of growth factors from the
bone matrix during bone resorption, to derived signals from endothelial cells
that participate in the BMU, to differentiation of the near stromal cells, or even
to differentiation of cells that initially displayed a vascular phenotype (Parfitt
2000, 2001).

7.2
Executive Cells: Osteoblasts and Osteoclasts

The most important cells implied in bone remodeling are the osteoclasts and
osteoblast, although in this process different cellular types such as endothelial
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cells, stromal cells, lining cells, osteocytes, and T-cells participate. Bone forma-
tion is a complex process involving the commitment of osteoprogenitor cells,
the proliferation of preosteoblasts, and their differentiation into mature and
functional osteoblasts. Osteoblasts come from multipotential undifferentiated
mesenchymal stem cells that are able to form cartilage, bone, muscle cells, or
adipocytes after induction by hormonal or local factors. Several experiments
have demonstrated that adipocytes and osteoblasts share a common precursor
cell (Pittenger et al. 1999; Triffitt 1996). This cell differentiates into one or the
other cell depending on the expression of specific transcription factors. Thus,
the expression of peroxisome proliferator activated receptor 2 (PPARy2) is
requested for commitment to the adipocyte lineage, whereas mesenchymal
cells expressing Cbfal/Runx2 are committed to osteoblast lineage (Rodan et
al. 1997).

Many transcription factors and proteins are involved not only in the for-
mation and differentiation of osteoblasts but also in their inhibition. Among
them, bone morphogenetic proteins (BMPs) and core binding factoral (Cbfal)
are crucial molecules in bone biology because they induce differentiation of
mesenchymal cells toward cells of osteoblastic lineage (Canalis et al. 2003). The
BMPs are members of the TGF-8 superfamily of proteins that includes TGF- g,
activins, and inhibins. BMPs are the only factors able to initiate osteoblastoge-
nesis from noncommitted progenitors (Abe et al. 2000). An essential function
of BMPs is to induce the differentiation of mesenchymal cells toward cells of
osteoblastic lineage and promote osteoblast maturation and function, which
requires interactions between BMPs and other factors like Smad and Cbfal
(Yamaguchi et al. 1996). BMPs are modulated by numerous secreted factors
such as Noggin, Chordin, SOST, and Gremlin, which inhibit BMP action by
binding BMPs (Lee et al. 2000; Balemans et al. 2002). Cbfal is a specific tran-
scription factor of osteoblasts whose deficiency causes an arrest of osteoblast
development, absence of osteoblasts, and lack of bone formation (Ducy et al.
1997). Several studies have demonstrated that Cbfal is crucial also for post-
natal differentiation and maintenance of osteoblasts and for the function of
mature osteoblasts (Ducy et al. 1998, 1999). Regulation of osteoblastogenesis
is much more complex and involves a large number of genes, but it is not the
topic of this chapter (Canalis et al. 2003; Balemans et al. 2002; Harada et al,
2003; Ducy et al. 2000).

Once stem cells are committed to the osteoblast lineage, proliferating
osteoprogenitors become preosteoblasts, cell growth declines, and there is
a progressive expression of differentiation markers by osteoblasts (Stein et
al. 1996). Osteoblastic differentiation is characterized by the sequential ex-
pression of alkaline phosphatase (ALP), an early marker of osteoblastic phe-
notype, followed by the synthesis and deposition of collagen type I, bone
matrix proteins, and glycosaminoglycans and an increased expression of os-
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teocalcin and bone sialoprotein at the onset of mineralization. When bone
matrix has been deposited and calcified, most of the osteoblasts reduce their
activity of matrix synthesis and become flattened lining cells. Around 10%
of the osteoblasts are absorbed into the matrix synthesized by themselves
and thus becoming osteocytes, which remain connected to each other by
cytoplasmic extensions located in canaliculi. This allows for the transfer of
molecules and nutrients from the older bone to the bone surface. Due to
the proximity of the bone matrix, the osteocytes and lining cells sense ex-
ternal mechanical signals and transfer this information to other cells by
changes in integrins and the cytoskeletal network. More than half of the
osteoblasts undergo apoptosis when bone formation concludes (Jilka et al.
1998).

Osteoclasts are large, highly specialized, and polarized multinucleated cells
with a characteristic trait. Their cell membrane has folds and invaginations at
the interface with the bone surface called “ruffled border”. Resorption occurs
under this membrane in a microcompartment localized between the ruffled
border and the bone matrix. Osteoclasts resorb bone by means of producing hy-
drogen ions to solubilize the mineral phase and to secrete proteolitic enzymes
to degrade the organic matrix. To function, osteoclasts should be attached to
the bone surface and secrete several enzymes such as tartrate-resistant acid
phosphatase (TRAP; a phenotypic marker of these cells), cathepsins, and ma-
trix metalloproteases (Blair 1998; Boyle et al. 2003). The acidification of the
mineralized matrix depends on proton production by carbonic anhydrase II,
whose deficiency induces osteopetrosis due to a lack of bone resorption (Sly
et al. 1983). In addition, indicating the importance of cathepsin K, knockout
mice of this protein exhibit an inhibition of bone resorption and display an
osteopetrotic phenotype (Gowen et al. 1999). The most important integrin re-
sponsible for osteoclast attachment to bone is the vitronectin receptor («V 83).
If this integrin is inhibited, bone resorption is impaired, thus showing the
importance of attachment to the bone for osteoclast function (Helfrich et al.
1992).

Osteoclasts are derived from hematopoietic stem cells of the monocyte-
macrophage lineage, which also produces monocytes and macrophages (Kuri-
hara et al. 1989; Roodman 1996). The point at which the committed osteoclast
progenitor separates from the macrophage lineage is not clear, but when it
receives the appropriate signal, this progenitor abandons the BM and goes
to bone either by means of circulation or by direct migration. Deletion of
gene encoding for molecules that regulate osteoclastogenesis (OCS) results in
osteopetrosis due to a failure in osteoclast formation, and, in occasions, an
absence of macrophages also occurs. The transcription factor PU.I is critical
for both the initial commitment of both cellular types, since its deficiency re-
sults in osteopetrosis with neither osteoclasts nor macrophages (Tondravi et al.
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1997). Macrophage-colony stimulating factor (M-CSF) is needed for both early
as well as for committed progenitors, promoting proliferation and survival
(Kodama et al. 1991). The absence of c-Fos, however, results in osteopetrosis
in the absence of osteoclasts, but with normal macrophage numbers, showing
a step that allows for the differentiation of osteoclast and macrophage lineages
(Grigoriadis et al. 1994). Other crucial proteins for the formation and differ-
entiation of osteoclasts, whose discovery has been one of the most remarkable
contributions to osteoclast biology in recent years and to which an entire sec-
tion of this chapter is dedicated, are RANKL, RANK, and OPG (Lacey et al.
1998; Simonet et al. 1997; Anderson et al. 1997).

7.3
Role of Proinflammatory Cytokines in Bone Resorption

Early stages of hematopoiesis and OCS progress along similar pathways; there-
fore it is normal that cytokines and growth factors implied in hematopoiesis
also affect the development of osteoclasts. The first evidence of this implica-
tion came from the discovery that supernatants of activated human mono-
cytes stimulated bone resorption (Horton et al. 1972). This activity was called
osteoclast-activating factor (OAF) and later identified as interleukin 1 (IL-1)
(Dewhirst et al. 1985). Afterwards, IL-6 and TNF-« were identified, which, like
IL-1, are essential mediators in inflammatory responses. Many other cytokines
that stimulate bone resorption like IL-3, IL-11, IL-15, IL-17, and GM-CSF and
others that inhibit it such as IL-4, IL-10, IL-18, and IFN-y were also identified
(Manolagas 2000; Manolagas et al. 1995; Jilka 1998). All these agents directly
affect OCS or indirectly act as local regulators of the action of systemic hor-
mones like PTH, vitamin D3, and estrogens. This chapter will focus on the
involvement of the cytokines most implicated in bone resorption such as IL-1,
TNEF-¢, and IL-6.

Interleukin 1 (IL-1) is produced mainly by activated monocytes-macropha-
ges, and its principal action is to stimulate thymocytes. A pleiotropic cytokine,
IL-1 induces the expression of a large diversity of cytokines such as IL-6,
leukaemia inhibitory factor (LIF), and other proinflammatory molecules (Di-
marello 1994). IL-1 and TNF-« carry out as part of their function increasing
the expression of NF-xB and JNK (c-Jun N-terminal kinase). The importance
of IL-1 in OCS is demonstrated because the IL-1-receptor-deficient mouse
is resistant to ovariectomy (OVX)-induced bone loss (Lorenzo et al. 1998).
The importance in pathological bone loss is also illustrated by the fact that
treatment with IL-1 receptor antagonist slows down bone erosion for patients
affected with rheumatoid arthritis (Kwan et al. 2004). IL-1 increases osteoclast
differentiation rather than mature osteoclast activity, and infusion of IL-1 into
mice induces hypercalcemia and bone resorption. Finally, IL-1 and TNF-«



7 Physiological Regulation of Bone Metabolism and Estrogen Agonism 167

stimulate OCS by inducing the expression of RANKL, and it has been demon-
strated that IL-1 mediates the osteoclastogenic effect of TNF-« by enhancing
stromal cell expression of RANKL (Wei et al. 2005).

Tumor necrosis factor « (TNF-«) is a multifunctional cytokine produced
by activated monocytes-macrophages. TNF-« is one of the most potent os-
teoclastogenic cytokines produced in inflammation, and, in addition, TNF-«
induces IL-1 synthesis. Like the other known stimulators of bone resorption, it
acts through osteoblastic cells; however, it has been demonstrated that TNF-«
is able to induce osteoclast formation from stromal-depleted macrophages,
with potency similar to that of RANKL (Kobayashi et al. 2000). TNF-« is able
to induce bone resorption in vitro (Thomson et al. 1987) as well as in vivo
(Koning et al. 1988). Osteoclasts induced by TNF-« have the capacity to form
resorption pits on dentine slices only in the presence of IL-1o. TNF-q, together
with IL-1, plays an important role in bone resorption in inflammatory diseases
(Kobayashi et al. 2000). Inhibition of TNF by TNF binding protein (TNFbp)
completely prevents bone loss and osteoclast formation (Kimble et al. 1997).

Interleukin-6 (IL-6) is a member of the gp130 cytokine family and is con-
stitutively produced by several cells of bone microenvironment, particularly
by osteoblasts and their precursors (Heymann et al. 2000). The main function
in bone is on OCS and bone resorption, and its effects are connected to those
of IL-1, TNF-w, and PTHrP. IL-6 induces osteoclastlike formation by induc-
ing IL-1 synthesis, and the addition of anti-IL-1 inhibits osteoclast formation
by IL-6 (Kurihara et al. 1990). Moreover, IL-6 mediates the effects of TNF-«
and enhances PTHrP-induced hypercalcemia and bone resorption by increas-
ing the osteoclast progenitor pool and differentiation into mature osteoclasts
(Devlin et al. 1998).

Independently, if these cytokines can exert their bone resorption functions
without RANKL, they all stimulate the production of RANKL for stromal/OB
cells, and conversely RANKL is able to increase IL-1 and TNF-«a synthesis
in vitro. To complicate this scenario, these systems of cytokines connect with
the network of systemic hormones, such as PTH, PTH-related protein (PTHrP),
vitamin D3, estrogens, androgens, glucocorticoids, and T4, since the hor-
mones regulate the production of many of these cytokines by stromal/OB cells
(Manolagas et al. 1995; Bellido et al. 1995; Lakatos et al. 1997).

7.4
The RANKL/RANK/OPG System

During the 1970s data on the expression of receptors for known stimulators of
bone resorption, like PTH and vitamin D3, demonstrated that these receptors
were not present on osteoclasts or their precursor cells, but were on osteoblasts
(Rodan et al. 1981). Moreover, cellular interactions between stromal/OB cells
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and hematopoietic cells of BM are critical for osteoclast development, and
this requirement of interaction became a common denominator for all known
OCS stimulators (Kelly et al. 1998). These precedents served to formulate the
hypothesis that in the surface of these cells exists an “osteoclast differentiating
factor” (ODF) (Suda et al. 1992). The molecular mechanism of dependence
that OCS has with stromal/OB cells has been explained recently with the
discovery of a new bone system of cytokines belonging to the TNF superfamily
of receptors and ligands. These crucial proteins for the differentiation and
function of osteoclasts are RANKL, its receptor RANK, and OPG.

RANKIL, also known as TRANCE, OPGL, or ODF, was cloned almost simulta-
neously by 4 groups (Lacey et al. 1998; Yasuda et al. 1998; Anderson et al. 1997;
Wong et al. 1997). RANKL is expressed in stromal/OB cells, and its expression
is increased for factors that induce bone resorption as glucocorticoids, IL-1,
IL-6,IL-11,IL-17, TNF-o, PGE2, PTH, or vitamin D3 (Lacey et al. 1998; Yasuda
et al. 1998). RANKL stimulates the differentiation and survival of osteoclast
precursors, activates to mature osteoclast, and prolongs its lifespan by inhibit-
ing its apoptosis (Lacey et al. 1998; Yasuda et al. 1998). RANKL, together with
M-CSF, is necessary and sufficient to carry out all the steps of OCS, even in the
absence of stromal cells. The administration of RANKL to the mouse induces
a severe osteoporosis, hypercalcemia, and rapid bone loss (Lacey et al. 1998).
Conversely, RANKL-deficient mice have a severe osteopetrosis phenotype with
the absence of mature osteoclasts, defects in the dental eruption, and several
defects in the maturation of T- and B-cells and in the formation of the lym-
phatic node (Kong et al. 1999a; Kong et al. 1999b). Several agents regulate
RANKL expression (Table 7.1). Thus, IL-1, IL-6, TNF-«, vitamin D3, and PTH
are compounds that stimulate the production of RANKL, whereas TGF-f is the
main factor that inhibits RANKL expression (Khosla 2001; Hofbauer et al. 2000;
Suda et al. 1999). Estrogens do not seem to modulate the in vitro expression
of RANKIL, although the OVX accompanies an increase in the expression of
RANKL (Suda et al. 1999) and OPG (Hofbauer et al. 1999).

The receptor for RANKL is RANK, also known as ODAR (Anderson et al.
1997; Hsu et al. 1999). RANK is expressed in osteoclast precursors, mature
osteoclasts, condrocytes, fibroblasts, and immune system cells (Anderson et
al. 1997; Hsu et al. 1999). The binding of RANKL with RANK on preosteoclasts
initiates the OCS and the activation of osteoclasts (Anderson et al. 1997; Hsu
et al. 1999; Nakagawa et al. 1998). RANK-deficient mice display a phenotype
characterized by osteopetrosis and several defects in the immune system simi-
lar to that observed in RANKL-deficient mice (Dougall et al. 1999). Consistent
with this hypothesis, RANK-deficient mice are resistant to bone resorption
induced by TNF-¢, IL-18, or vitamin D3 (Li et al. 2000). In agreement with
this, mice deficient in molecules implied in the transduction pathway from
RANK like TRAF-6 or NF-«B1/NK-«B2 also show an osteopetrotic phenotype,
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Table 7.1. Regulators of RANKL, RANK, and OPG expression

RANKL RANK OPG Reference

PTH T U (Yasuda et al. 1998;
Lee et al. 1991)
Vitamin D3 i f  (Yasuda et al. 1998;
Hofbauer et al. 1998)
Estrogen # f  (Hofbauer et al. 1999)
Calcium T f  (Ahlen et al. 2002;
Takami et al. 2000)
Glucocorticoids T | (Gaoetal. 1998)
BMP-2 f  (Hofbauer et al. 1998)
IL-1 I f  (Hofbauer et al. 1999)
TNF-a i f  (Hofbauer et al. 1999)
IL-6 I U f  (Palmgqvist et al. 2002)
IL-11 i f  (Yasuda et al. 1998;
Ahlen et al. 2002)
IL-17 T (Nakashima et al. 2000)
TGF-p U f  (Murikami et al. 1998)
IL-4 + ¢-CD3 (T-cells) M i (Anderson et al. 1997)
TGF-B+a-CD3 (T-cells) i i (Anderson et al. 1997;
Quinn et al. 2001)
CD40L (dendritic cells) T f  (Anderson et al. 1997;
Yun et al. 1998)
Cyclosporine A i |  (Hofbauer et al. 2001)
Rapamycin T U  (Hofbauer et al. 2001)

1} increase expression; |} decrease expression; # unchanged

demonstrating that signals through RANK are necessary for the differentiation
and activation of osteoclasts (Lomaga et al. 1999; Iotsova et al. 1997). Unlike
RANKL and OPG, the expression of RANK on osteoclastic cells is stable, with
few variations for osteopetrotic agents (Hofbauer et al. 2000). In the immune
system, however, the expression of RANKL in T-cells is activated for IL-4 and
TGF-B, while the expression of RANK on dendritic cells is upregulated by
CD40-L (Table 7.1) (Anderson et al. 1997).

The osteoprotegerin (OPG), also known as OCIF, TR1, or FDCR-1, is the
first soluble protein that belongs to the TNF superfamily (Simonet et al. 1997;
Kwon et al. 1998; Yun et al. 1998). Unlike RANK and RANKL, OPG is expressed
in high concentrations in a variety of tissues and cellular types such as skin,
bones, large arteries, and the gastrointestinal tract (Simonet et al. 1997). In
bone, OPG is produced by stromal/OB cells (Hofbauer et al. 1999) and works
as a “decoy receptor” for RANKL, competing with RANK for binding RANKL.
Therefore, OPG is a potent inhibitor of the OCS. In vitro, OPG inhibits the
differentiation and survival of osteoclast precursors, blocks their activation,
and induces their apoptosis (Lacey et al. 1998; Yasuda et al. 1998; Hofbauer et al.



170 M.A. Garcia-Pérez

1999). OPG in vivo overexpression induces severe osteopetrosis similar to that
in RANKL- and RANK-deficient mice, although without showing the effects
on the immune system of these (Simonet et al. 1997). OPG-deficient mice show
asevere osteoporosis, an arterial calcification that suggests a role in the vascular
system, and an altered B-cell maturation and antibody response (Yun et al.
2001). OPG s also produced by osteoblasts in response to anabolic agents such
as estrogens and BMPs, and administration of recombinant OPG to the mouse
results in an increase of bone mass and prevents the bone loss induced by OVX
(Simonet et al. 1997; Yasuda et al. 1998; Udagawa et al. 2000). The production
of OPG is stimulated by IL-1, TNF-«, TGF-8, BMP-2, BMP-7, vitamin D3, 178-
estradiol, and calcium, while it is diminished by PGE2, glucocorticoids, PTH,
and cyclosporine A (Hofbauer et al. 2000; Suda et al. 1999).

The proposed model to explain OCS is schematized in Fig. 7.2. Several
agents, induced or not for estrogen deficiency, stimulate the expression of
RANKL on stromal/OB cells. The binding of RANKL with its receptor RANK
on osteoclastic precursors, together with M-CSEF, is a necessary and sufficient
condition to carry out all the steps in the formation and differentiation of the
osteoclasts. Undoubtedly all this is much more complex than what is described
here since at least 24 genes that positively and negatively regulate OCS have
been described (Boyle et al. 2003).

Inflammation and autoimmunity often are associated with the destruction
of bone, but the molecular link between these two processes had long been
unclear. The role of bone in the generation of immune system cells is evident
since they are formed in the marrow housed within the bone; however, the
role of these cells on bone is not so clear. RANKL and RANK were described
initially in activated T-cells and in dendritic cells, respectively, where they
have functions in the regulation of cellular lifespan and immunomodulation
(Anderson et al. 1997; Wong et al. 1997). Recently the term osteoimmunology
has been coined to describe the link between the immune system and bone
(Arron et a. 2000). Several data support this idea:

1. T-cell-deficient mice do not lose bone after OVX (Cenci et al. 2000).

2. Activated monocytes or T-cells can induce OCS through the secretion of
proresorptive cytokines IL-1, TNF-«, and IL-11, which upregulate RANKL
in osteoblasts (Hofbauer et al. 1999).

3. Activated T-cells also express RANKL (Anderson et al. 1997).

4. The systemic activation of T-cells leads to a RANKL-dependent increase of
OCS (Kong et al. 1999b).

5. Mice lacking CTLA4, in which T-cells are systemically activated, exhibit
osteoporosis (Kong et al. 1999b).

Nevertheless, T-cells also secrete cytokines, including IFN-y, IL-12, IL-18,
TGF-$, and IFN- B, which inhibit the pro-osteoclastogenic effects of RANKL.
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Fig.7.2. Osteoclastogenesis. Several bone resorbing factors such as IL-1, TNF-«, vitamin D3,
and dexamethasone stimulate the expression of RANKL on the membranes of stromal/OB
cells, although it can be secreted into circulation. The binding of RANKL with RANK on
osteoclast precursors, together with M-CSE, is the signal required to initiate and maintain
all steps of the OCS. The OPG is another member of the TNF superfamily and acts as a decoy
receptor for RANKL. OPG is secreted by stromal/OB cells and inhibits osteoclast formation
by blocking the RANKL/RANK signal pathway

Therefore, T-cells participate in bone loss during inflammation or when T-
cells are chronically activated (rheumatoid arthritis, periodontitis, infections,
bone prothesis) and recently have been implicated in postmenopausal bone
loss (Cenci et al. 2000, 2003; Roggia et al. 2001).

7.5
Bone Remodeling After Estrogen Deficiency

Osteoporosis is a consequence of the reduction of skeletal mass caused by an
imbalance between bone resorption and bone formation. The loss of gonadal
function and aging are the two main factors that contribute to the development
of osteoporosis. Around the fourth or fifth decade of life, men and women lose
bone at a rate of 0.3-0.5% per year. After menopause, the rate of bone loss
increases to 10% a year (Nordin et al. 1990; Riggs et al. 1986, 1998). The bone
loss due to estrogen withdrawal is associated with increments in both bone
resorption as well as in bone formation, with the former exceeding the latter.
This indicates the birth of new BMUs or an increase in the lifespan of cur-
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rent BMUs (Manolagas 2000). Estrogen deficiency increases the activation fre-
quency (birth rate) of BMUs, which leads to higher bone turnover and induces
a remodeling imbalance by prolonging the resorption phase (osteoclast apop-
tosis is reduced (Hughes et al. 1996)) and a shortening of the formation phase
(osteoblast apoptosis is increased (Manolagas 2000)). Unlike postmenopausal
bone loss, in which there is a net increase in the number of osteoclasts, bone
loss associated with aging is related to a reduced offer of osteoblasts in relation
to the demand of the newly created BMUs (Erikson et al. 1990). Both types of
bone loss affect different bone types; while postmenopausal bone loss occurs
mainly in trabecular bone, the age-associated one occurs primarily in cortical
bone.

For a long time it was suspected that estrogens exerted a direct action on
bone cells since these cells have active receptors for estrogens (Eriksen et al.
1988; Oursler et al. 1991). The abrupt increase in bone remodeling as a conse-
quence of estrogen deprivation is accompanied by an increase in the produc-
tion of several cytokines and growth factors (Manolagas 2000; Manolagas et
al. 1995; Jilka 1998; Pacifici et al. 1998). Many studies on bone estrogen action
have focused on the role of cytokines and molecules such as IL-1, IL-6, TNF-«,
GM-CSF, M-CSF, and PGE2 (Fig. 7.3). These factors induce bone resorption,
and their expression increases with estrogen deficiency and decreases with
estrogen administration (Manolagas 2000; Manolagas et al. 1995; Hofbauer et
al. 2000; Riggs et al. 1998; Pacifici et al. 1998). In 1987 it was demonstrated that
cultures of monocytes from osteoporotic women have higher levels of IL-1
than those in women with normal bone turnover (Pacifici et al. 1987). These
authors also demonstrated an increase in the production of IL-1 and TNF for
cultures of monocytes from women subjected to OVX but not if these women
took estrogens (Pacifici et al. 1991). In mice, treatment with inhibitors of IL-1
and TNF prevents bone loss induced by OVX (Yamamoto et al. 1996), and OVX
is not followed by bone loss in IL-1 type I receptor (IL-1RI)-deficient mice or
in mice that overexpress a soluble form of the TNF receptor, that which makes
them unable to respond to TNF-o (Ammann et al. 1997). Moreover, treatment
of ovariectomized mice with an inhibitor of TNF, such as TNF-binding protein
(TNFbp), prevents bone loss induced by OVX (Kimble et al. 1997).

While studies have repeatedly demonstrated that IL-1 and TNF-« are potent
inductors of bone loss after OVX, the role of IL-6 is more uncertain. The IL-6-
deficient mouse does not lose bone mass after OVX, although it has increased
bone turnover (Poli et al. 1994), while the mouse overexpressing IL-6 does not
present osteoporosis, which seems to be a contradiction (Kitamura et al. 1995).
Moreover, neutralizing antibodies against IL-6 prevents an increase in osteo-
clast number after OVX (Kimble et al. 1997; Jilka et al. 1992), although it does
not prevent bone loss after OVX, nor does it diminish in vivo bone resorption
(Kimble et al. 1997). All this suggests that IL-6 contributes to the expansion
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Fig. 7.3. Osteoclastogenesis after estrogen deficiency. Estrogen deprivation leads to an
increase in the synthesis of RANKL for stromal/OB cells of the BM. This increase in the
expression of RANKL leads to an increase in OCS. Estrogen deficiency also induces the
synthesis and secretion of cytokines, such as IL-6 and M-CSE, that increase the number of
preosteoclasts in the BM, and thus increases OCS. Nonetheless, certain cells of the immune
system, such as monocytes and T-cells, intervene in the process when the supply of estrogens
fails. These cells secrete IL-1 and TNF-« that are powerful inductors of OCS. When estrogens
or agonists of estrogen receptors like raloxifene are administered, the synthesis and secretion
of many of the mentioned cytokines diminish and the synthesis and liberation of OPG and
TGF-p are stimulated. These molecules inhibit OCS by inhibiting the RANKL/RANK signal
pathway and by promoting osteoclast apoptosis

of osteoclasts from hematopoietic precursors, although it does not seem to be
a dominant factor in estrogen-deficiency-induced bone loss (Manolagas 2000;
Hofbauer et al. 2000).

In summary, IL-1 and TNF-« activate mature osteoclasts indirectly via a pri-
mary effect on osteoblasts and by inhibiting osteoclast apoptosis. In addition,
they increase osteoclast formation either by directly stimulating the prolifera-
tion of osteoclast precursors or by increasing the pro-osteoclastogenic capacity
of bone stromal cells. Although in vitro TNF-« and IL-1 can apparently induce
the development of TRAP+ osteoclasts in the absence of RANKL/RANK, all
data seem to indicate that TNF-« and IL-1 potentiate osteoclast development
via the activation of common second messenger systems, such as NF-«B acti-
vation, and that the effects on OCS require the RANKL/RANK system (Jones
et al. 2002).
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If the RANKL/OPG system is a final effector on the biology of osteoclasts,
then this system should be the basis for the antiresorptive effects of estrogen.
Indeed, estrogen stimulates OPG synthesis for osteoblastic cells (Hofbauer et
al. 1999), estrogen deficiency induced by OVX results in a decrease in OPG
and increased RANKL production, an action that is prevented by estradiol
administration, and OPG administration prevents bone loss induced by OVX
(Simonet et al. 1997; Hofbauer et al. 2000; Hofbauer 1999). In addition, estrogen
can suppress RANKL and M-CSF-induced differentiation of myelomonocytic
precursors into multinucleated TRAP+ osteoclasts through an ER-dependent
mechanism that does not require mediation by stromal cells (Shevde et al.
2000). Finally, treatment with estradiol inhibits the response of osteoclast
precursors to the action of RANKL (Srivastava et al. 2001).

As previously stated, T-cells intervene in bone loss that is established in
states of inflammation. There are, however, more data that implicate T-cells in
bone loss associated with estrogen deficiency (Fig. 7.3). Bone loss after OVX
is prevented by estrogen administration, by the administration of TNFbp, and
by a neutralizing antibody to TNF-«. There is no bone loss after OVX in T-
cell-deficient mice (Cenci et al. 2000). In addition, it has been shown that
enhanced T-cell production of TNF is a key mechanism by which estrogen
deficiency induces bone loss in vivo (Roggia et al. 2001). Activated T-cells
also produce IFN-y, which strongly suppresses OCS by interfering with the
RANKL/RANK signaling pathway via the induction of TRAF6 degradation
that results in an inhibition of the RANKL-induced activation of NF-«B and
JNK (Takayanagi et al. 2000). OVX increases TNF levels in BM by increasing
the production of TNF by T-cells, which is induced by a complex mechanism
driven by IFN-y (Cenci et al. 2003; Gao et al. 2004). This cytokine augments
antigen presentation by enhancing MHCII expression on BM macrophages
through induction of class II transactivator (CIITA) expression (Cenci et al.
2003). Upregulation of antigen presentation results, in turn, in increased T-
cell activation, proliferation, and lifespan. Therefore, TNF produced by T-cells
plays a pivotal role in the mechanism of estrogen-deficiency-induced boneloss.
The mechanism by which OVX upregulates the production of IFN-y remains
undetermined, but TFG-$ could be involved since it has been reported that
TFG-f represses the production of IFN-y by directly targeting T-cells and
inhibiting their proliferation and differentiation (Kehrl et al. 1986; Gorelik et
al. 2002).

7.6
Effects of Estrogen and Agonist of Estrogen Receptor on Bone Cells

Bone cells contain estrogen receptors (Eriksen et al. 1988; Oursler et al. 1991;
Vidal et al. 1999). Estrogens act directly on osteoblasts and affect cell pro-
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liferation and the expression of many genes coding for enzymes, bone ma-
trix proteins, transcription factors, and hormone receptors, as well as growth
factors and cytokines (Spelsberg et al. 1999). It has been shown that estro-
gen inhibits the synthesis of IL-1, IL-6, TNF-o, and IL-11, as well as IL-6
synthesis in response to IL-1 (Manolagas 2000; Jilka 1998; Jilka et al. 1992;
Kimble et al. 1996). Estrogen has also been shown to induce the synthe-
sis of BMP-6, OPG, TGF-3, NF-«B, and c-Fos (Stein et al. 1995; Tau et al.
1998; Rickard et al. 1998). The main in vivo action of estrogens on the skele-
ton is to inhibit bone resorption. This action is indirect since it implies the
regulation of cytokines and growth factor production by osteoblasts. Estro-
gens should have a direct action on osteoclasts, however, since active ERs
have been described on osteoclasts. The most important action is probably
that estrogens induce osteoclast apoptosis (Hughes et al. 1996; Kameda et
al. 1997). This estrogen-mediated induction of apoptosis may be enhanced
in vivo by TGF-8 since this molecule produces osteoclast apoptosis and its
production is increased by estrogens (Hughes et al. 1996). Estrogens have
also shown the capacity to inhibit the expression of TRAP, to increase the
induction in the expression of an IL-1 decoy receptor gene (Sunyer et al.
1999), and to inhibit certain steps in the RANK-JNK signal transduction path-
way by suppressing activation of MKK4 and JNK, and c-Jun expression and
its subsequent AP-1 transactivation of transcription (Srivastava et al. 2001,
1999). Some evidence suggests that estrogens increase osteoblast formation,
differentiation, proliferation, and function, although results vary among the
different model systems (Manolagas 2000; Chow et al. 1992; Gohel et al.
1999).

It has been proposed that estrogen’s effects may be mediated by different
cell signaling pathways. It has been described that the antiapoptotic effect
of estradiol on osteoblasts and osteocytes can be mediated for rapid, nonge-
nomic, and sex-nonspecific signaling through the ligand binding domain of
the ER that is localized exclusively in the cell membrane (Kousteni et al. 2001).
In addition, investigators have identified a synthetic ligand called estren that
reverses boneloss in ovariectomized females (Kousteni et al. 2002), which acti-
vates only a subset of these pathways, suggesting that bypassing the traditional
estrogen pathways can prevent bone loss without the associated side effects on
reproductive organs. This compound exhibits no classical sex steroid hormone
activity, and it is a potent activator of the rapid cell-membrane-mediated Src-
MAPK pathways in cell culture models that induce a rapid activation of MAPK
(Kousteni et al. 2003). This extranuclear mode of action of estren has led to
the definition of a new class of pharmacotherapeutic agents called ANGELS
(Activators of Nongenotropic Estrogen-like Signaling) (Manolagas et al. 2002).

The beneficial role of estrogen replacement therapy (ERT) to prevent bone
loss has been largely demonstrated (Nelson et al. 2002; Wells et al. 2002). Re-
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cently, however, the results of the great clinical study WHI (Women’s Health
Initiative) was published in which several side effects, such as an increase
in breast cancer incidence and several vascular problems of ERT, were re-
ported (Kobayashi et al. 2000; Rossouw et al. 2002). All of this has led to the
large present effort to find new alternatives to ERT. Some of these alterna-
tives are phytoestrogens and SERMs (Selective Estrogen Receptor Modula-
tors).

The ideal SERM would have the beneficial effects of estrogen in bone with-
out the undesirable effects in the breast and uterus, the current gold standard
being raloxifene. SERMs are compounds that bind to estrogen receptors and
exhibit estrogen agonistic effects on bone and lipid metabolism and estro-
gen antagonistic effects on uterine endometrium and breast tissue. Because
of its tissue selectivity, raloxifene may have fewer side effects than is typi-
cally observed with ERT. The beneficial role of raloxifene in bone loss, in the
decrease in bone fractures (Delmas et al. 1997; Ettinger et al. 1999), in the
decrease in the incidence of breast cancer (Cummings et al. 1999), and in car-
diovascular problems (Barrett-Connor et al. 2002) is well established. It has
been demonstrated in osteoporotic postmenopausal women that raloxifene
decreases levels of the cytokines involved in bone resorption such as IL-6 and
TNF-«. This suggests that modulation of soluble factors could play a pivotal
role in the mechanisms of the osteoprotective effect of raloxifene (Gianni et al.
2004).

Raloxifene, like 178-estradiol, significantly reduces the number of osteo-
clasts in culture, inhibits bone resorption in a pit assay, increases osteoblast
proliferation, increases Cbfal transcription factor mRNA, prevents the TNF-a-
induced IL-1p increase, and stimulates TGF-f expression in rat bone (Taranta
et al. 2002; Tou et al. 2001; Yang et al. 1996). Moreover, it has been shown
that raloxifene can suppress RANKL and M-CSF-induced differentiation of
myelomonocytic precursors into multinucleated TRAP+ osteoclasts through
an ER-dependent mechanism that does not require mediation by stromal
cells (Shevde et al. 2000). Raloxifene decreases levels of RANKL (Cheung
et al. 2003) and stimulates OPG production and inhibits IL-6 production by
human osteoblasts, and therefore, since OPG production increases with os-
teoblastic maturation, enhancement of OPG production by raloxifene could
be related to the stimulatory effects on osteoblastic differentiation (Viereck
et al. 2003). It seems, however, that the stimulation of bone formation by
raloxifene differs from that of estradiol (Qu et al. 1999). Finally, raloxifene,
like estradiol, directly decreases the expression of beta3-integrin mRNA and
protein, which suggests that the inhibitory action of raloxifene and estra-
diol on bone resorption may affect adhesion and, like estradiol, prevent
the increase in B-cells induced by OVX (Saintier et al. 2004; Onoe et al.
2000).
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7.7
Conclusions

Bone metabolism has quickly become a topic of fascinating research. The bone,
far from being a metabolically inactive tissue, is a tissue where different cell
types and different molecules carry out numerous and varied functions. This
has been due largely to the discovery of the RANKL/RANK/OPG system of
cytokines. These new molecules are decisive in OCS, bone metabolism, and
bone loss, but they are also important for other tissues and cells. Indeed, these
proteins are critical in several systems: the immune system, where they have
functions that affect cell survival and the immunomodulation of T-, B-, and
dendritic cells; the vascular system; and the endocrine system.

This chapter has focused on normal bone remodeling and that which is
established after estrogen deficiency. Bone remodeling is regulated not only
by this new system of cytokines, but also by other molecules, especially when
gonadal function ceases. This constitutes a complex scenario in which tran-
scription factors, systemic hormones, growth factors, and cytokines, together
with a variety of cells like osteoclasts, osteoblasts, osteocytes, endothelial cells,
lining cells, T-cells, B-cells, and dendritic cells, cohabit and interrelate.

All these discoveries have generated new therapeutic possibilities based on
the use of OPG and on inhibitors of the RANKL/RANK signaling pathway,
not only for the treatment of postmenopausal bone loss, but also for other
pathologies. Special mention should be made of the new therapeutic possibil-
ities constituted by ANGELS, since everything seems to indicate that research
is at the threshold of a new way of inhibiting bone loss without the side effects
of classic ERT.
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CHAPTER 8

The Role of SERMs in the Treatment
of Osteoporosis

ADOLFO DIEZ-PEREZ - JosE Luis DUENAS-DIEZ

8.1
Introduction

Osteoporosis is currently defined as “a skeletal disorder characterized by com-
promised bone strength predisposing to an increased risk of fracture. Bone
strength reflects the integration of two main features: bone density and bone
quality” (NIH Consensus 2001). Thus, osteoporosis is a debilitating condi-
tion of the skeleton that propends to fractures and is associated with ad-
vanced age. The disease has a high prevalence in western countries, as it is
a condition associated with advanced age, and it is on the rise since life ex-
pectancy has risen dramatically in the last several decades. It is, therefore,
a major public health problem because it not only induces morbidity (frac-
tures and chronic sequelae) with a substantial impact on health-related qual-
ity of life, but is also associated with increased mortality (Badia et al. 2001,
2004).

Although osteoporosis affects both men and women, the ratio of female to
male patients is as high as 6 to 1. This is related not only to the lower total bone
acquisition in women during development but also to the abrupt estrogen de-
ficiency as a result of menopause. It has been demonstrated that estrogens play
an important role in female bone homeostasis, and their deficiency increases
bone resorption. Thus, in recent years the administration of estrogens has
been extensively used as the main therapy to prevent osteoporosis in women.
Estrogens not only reduce the rate of bone remodeling, acting as an antire-
sorptive agent, but also offer positive effects on the undesirable symptoms of
menopause. There is still much discussion, however, on the overall benefits of
an exclusive hormone replacement therapy (HT) either with estrogens alone
or combining estrogens and progestogens, because these therapies increase
the risk of serious health disorders, such as breast cancer (Writing Group
for the Women’s Health Initiative Investigators 2002; Million Women Study
Collaborators 2003).

Some years ago breast cancer patients treated with tamoxifen showed pro-
tection against loss of bone in postmenopausal women (Powles et al. 1996).
This clinical result led to a revision of the traditionally accepted role of ta-
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moxifen as an antiestrogen. It is clear that a number of substances can act in
some organs or tissues as estrogen agonists and be antagonists in others. As
aresult of these observations and a better knowledge of the molecular features
of estrogen receptors (ERs), the term selective estrogen receptor modulator
(SERM) was coined. Tamoxifen and raloxifene belong to this group of sub-
stances. This chapter will review the scientific evidence supporting the role of
SERMs as bone antiresorptive agents.

8.2
Experimental Results

8.2.1
Tamoxifen

The most extensively used animal model to evaluate the action of SERMs on
bone has been the ovariectomized (OVX) rat. In rats, tamoxifen antagonizes
bone resorption and uterine growth (Turner et al. 1987, 1988) and reduces the
number and size of osteoclasts. The inhibitory effect on bone resorption of
tamoxifen has also been reported in dogs and immobilized male rats (Wakley
et al. 1988; Waters et al. 1991). As an antiresorptive agent, however, tamoxifen
is less effective than 178-estradiol (178E2) (Williams et al. 1991) and has no
effect when the endogenous production of estrogens is normal (Evans et al.
1994).

8.2.2
Raloxifene

Initial studies of the effects of raloxifene on bone metabolism were also carried
out in OVX rats. Animals treated with raloxifene showed significantly lower
rates of bone remodeling markers (Black et al. 1994) while bone mineral
density (BMD) remained unchanged. The BMD was measured by single photon
absorptiometry (Frolik et al. 1996) in distal femur metaphysis and in proximal
tibia and by dual-energy X-ray absorptiometry (Sato et al. 1994) in lumbar
vertebrae and femur. Research has demonstrated that raloxifene is an efficient
drug to prevent the loss of bone mass, which is maintained homogeneously at
levels significantly higher than those obtained in OVX rats without treatment
and similar to those obtained in animals treated with ethinyl-estradiol (EE)
(Sato et al. 1994; Turner et al. 1994). Measurements of BMD, however, shed
no light on the dynamics of the bone formation and resorption processes. In
order to evaluate these aspects, some investigators (Turner et al. 1994; Evans et
al. 1995) carried out histomorphometric analyses after tetracycline labeling in
OVX rats. The reduction of the bone resorption area in the trabecular surfaces
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of the animals treated with raloxifene paralleled the reduction seen in rats
treated with EE.

Turner et al. (1994) have estimated bone strength by measuring the minimal
effective force required to produce fractures in femoral neck and vertebrae.
These researchers found that this force was significantly higher in rats treated
with raloxifene and EE than in control rats. In a four-arm comparative trial,
Frolik et al. (1996) evaluated the role of raloxifene, EE, tamoxifen, and alen-
dronate as bone-protecting agents. With the exception of the group treated with
tamoxifen, all the groups under experimental treatment showed a statistically
significant higher protection rate than control animals. Perhaps this result can
be partially explained by the finding that the treatment with raloxifene induces
a decrease in the density of microcracks (Burr 2003). Moreover, a raloxifene
analog, LY 117018, inhibits the osteocytic apoptosis induced by oophorectomy
in a rat model (Colishaw et al. 2003).

One of the most valuable experimental findings has been the partial elu-
cidation of the mechanism whereby raloxifene regulates bone homeostasis.
By performing transient cotransfection experiments using a transforming
growth factor-f promoter-chloramphenicol acetyltransferase reporter con-
struct (TGFp promoter-CAT reporter) and an ER expression plasmid in human
MG63 osteosarcoma cells, Yang et al. (1996) have shown that the TGFSCAT ex-
pression was significantly upregulated by raloxifene, with a sevenfold increase,
and by 17 -estradiol or tamoxifen, with twofold increases. These authors sug-
gest that raloxifene regulates TGFB3 gene expression with two fundamental
consequences: the production of osteoblasts is promoted and osteoclast dif-
ferentiation is inhibited (Yang et al. 1996).

Different SERMs (as well as the natural ligand estradiol) can activate more
predominantly one of the other estrogen receptors (alpha or beta) . The con-
formational changes of the ER-ligand complex can vary for different ligands
(Katzenellenbogen 2002). Furthermore, the various ligands can activate differ-
ent intracellular pathways combining with different response elements (Nuttall
etal. 2000). Altogether, the genomic responses differ for each compound. With
respect to estradiol, the two receptor subtypes elicit different responses. More-
over, diverse activating or repressing genes express themselves in discrete ways
for different SERMs (Kian et al. 2004).

8.3
Other SERMs

Levormeloxifene induces an increase in lumbar and tibial bone mass in a rat
model and is associated with a decrease in osteocalcin and cholesterol levels,
while it has a neutral effect on the uterus (Bain et al. 1997; Nowak et al. 1998).
In monkeys, a decrease in bone remodeling with prevention of bone loss has
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also been demonstrated (Stavisky et al. 1998). Idoxifene is another SERM that
activates the ER through the classical estradiol pathway. Its effect on bone is
similar, acting as a full antagonist on mammary and uterine tissue (Nuttall
et al. 1997, 1998). Droloxifene is efficacious in the prevention of bone loss
in OVX rats as well as in the reduction of serum cholesterol levels. Unlike
estrogens and tamoxifen, it has no deleterious effects on the uterus. The drug
inhibits bone remodeling very much as estrogens do, resulting in a positive
effect on bone mass (Ke et al., 1995a,b, 1997a,b; Chen et al. 1995). Ormeloxifene
can also prevent bone loss in animal models (Bain et al. 1994; Arshad et al.
2004).

Lasofoxifene is a SERM that also protects from bone loss, reduces cholesterol
levels, and exerts a positive effect on bone strength in rats, specifically in male
models (Ma et al. 2002). This compound is in the final stages of clinical develop-
ment. Two other SERMs also in advanced phase I11 trials are bazedoxifene and
arzoxifene, both with protective effects against ovariectomy-induced bone loss.
Arzoxifene has shown both bone remodeling reduction with positive effects
on bone quality as well as a reduction in cholesterol levels in oophorectomized
rats (Biskobing 2003).

Other SERMs are currently under development. Diaz Curiel et al. (1998) have
proved that a raloxifene analog, LY117018 HCI, is effective in reducing bone
loss in OVX rats. In addition, the administration of the substance permits
a significant reduction in the minimal effective dose of human parathyroid
hormone (PTHh) required in the treatment of osteopenic rats (Hodsman et al.
1999a,b). Two more compounds, FC1271a 41 and HMR-3339 (Ammann et al.
2004), show promising results in preclinical studies.

8.4
Clinical Effects of SERMs

Research in humans has been mainly focused either in the prevention of
osteoporosis in healthy postmenopausal women or in the treatment of already
osteoporotic women. Some research programs have extensively used estimates
of biochemical markers of bone remodeling, while others have mostly relied
on evaluations of BMD, histomorphometry, and fracture incidence.

8.4.1
Tamoxifen

The effects of tamoxifen on bone have been evaluated mainly in breast cancer
patients who received the product as an adjuvant agent to other therapies.
A number of surveys (Love et al. 1992; Kristensen et al. 1994; Wright et al.
1994; Grey et al. 1995; Kenni et al. 1995) have shown a decrease in some serum



8 The Role of SERMs in the Treatment of Osteoporosis 191

biochemical markers related to bone formation, such as osteocalcin (Love et
al. 1992; Wright et al. 1994; Kenni et al. 1995) and total alkaline phosphatase
(Love et al. 1992; Kenni et al. 1995). Similar data for bone resorption biochem-
ical markers, such as urinary hydroxyproline (Grey et al. 1995; Cozick et al.
1992), urinary C-telopeptide (Grey et al. 1995), urinary pyridinolines (Grey
et al. 1995), and type I procollagen peptide (Kenni et al. 1995), have been
recorded.

Data on the effect of tamoxifen on bone mass have been obtained from
numerous trials carried out on both premenopausal as well as postmenopausal
women. Retrospective surveys (Cozick et al. 1992) and the first prospective
studies (Gotfredsen et al. 1984; Fentiman et al. 1989) comparing tamoxifen-
treated women against the placebo group found no significant differences
in BMD at the lumbar spine and femoral neck. In contrast, prospective and
randomized surveys carried out with breast cancer patients (Love et al. 1992;
Kristensen et al. 1994) revealed a significant, long-term (3-year) prevention of
boneloss in women treated with tamoxifen. The effect of tamoxifen on the BMD
in healthy, late postmenopausal women (11 years after menopause on average)
has been studied by Grey et al. (1995). These researchers found no significant
difference in the hip, but the BMD in the lumbar spine of tamoxifen-treated
women had certainly increased. In a 3-year survey for the prevention of breast
cancer in premenopausal healthy women, however, Powles et al. (1996) found
a progressive decrease in the BMD in the tamoxifen-treated group. Likewise,
Wright et al. (1994, 1993) found no difference with the control group when
evaluating the effect of tamoxifen on cancellous bone by histomorphometry.
In the treatment group, though, the bone formation rate had significantly
decreased, the total bone remodeling span was longer, and the trabecular
connectivity indices were increased.

In the Breast Cancer Prevention Trial (Fisher et al. 1998) a clinical survey
aimed at determining the potential of tamoxifen for breast cancer preven-
tion in women at increased risk, 13,338 pre- or postmenopausal women were
monitored over 5 years. After randomization, women in the treatment group
(n = 6681) were given a 20-mg daily dose of tamoxifen, while the remaining
(n = 6707) received a placebo. Although the overall rate of fractures was about
the same in both groups, tamoxifen-treated women sustained fewer hip, spine,
and Colles fractures. Nevertheless, relevant data may have been biased, since
in this trial there was an indiscriminate inclusion of pre- and postmenopausal
women and no spinal radiographs were carried out.

In summary, available scientific evidence on the effects of tamoxifen on
human bone seems to parallel data collected in animal trials. Tamoxifen, acting
asapartial estrogen agonist, seems to have beneficial effects on the preservation
of bone mass in postmenopausal women, while in premenopausal women it
might act as an estrogen antagonist. An alternative explanation could be that
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the weaker agonistic effect with respect to estrogens might cause bone loss in
estrogen-replete women.

8.4.2
Raloxifene

Early studies indicate that raloxifene has an effect on bone homeostasis similar
to that of estrogens. In a survey by Draper et al. (1996) that monitored 251
postmenopausal women aged 45-60 for 8 weeks, subjects were randomized in
two treatment groups (treated either with raloxifene or CEE) and a placebo
group. Treated women showed a significant decrease when compared with the
placebo group in osteocalcin, serum alkaline phosphatase, urinary piridinoline
crosslinks, and urinary calcium excretion. The European survey (Delmas et
al. 1997), which has already monitored 601 postmenopausal women over 24
months, has revealed a significant reduction against the placebo group for
three of the biochemical markers of bone remodeling under study (osteocalcin,
bone-specific alkaline phosphatase, and type I collagen C-telopeptide). Lufkin
et al. (1998) recorded similar data in a 1-year clinical treatment study of 143
postmenopausal women with osteoporosis.

The effect of raloxifene on bone mass has been assessed in American, Eu-
ropean, and international prevention studies. After 24 months of treatment,
there was a significant increase in BMD in all the monitored skeletal sites in
raloxifene-treated patients against the placebo group. This increase was de-
tected after 12 months of treatment and was maintained over the following
12 months. The first study published was carried out in Europe by Delmas
et al. (1997). The American study also researched healthy postmenopausal
women and had very similar results, while the international trial assessed
the effects of the drug in hysterectomized women (Cosman 1999). A total of
1764 women were monitored in these prevention trials, measuring the bio-
chemical markers of bone remodeling and the BMD of lumbar spine and
femoral neck. All three were concealed randomized placebo-controlled stud-
ies. In the European and American surveys three treatment doses were tested
(30, 60, and 150 mg daily), while the international trial had two treatment
groups (with daily 60- and 150-mg doses) and a third group that received
conjugated equine estrogens (CEE) 0.625 mg daily. Other studies have evalu-
ated the effect of the drug in Asian women with similar results (Kung et al.
2003; Liu et al. 2004). A recent metaanalysis has evaluated the overall effi-
cacy of the drug across the different trials showing homogeneity in the drug
effect and a consistent risk reduction for vertebral fracture (Seeman et al.
2003).

Yet the pivotal study on raloxifene has been the Multiple Outcomes of Ralox-
ifene Evaluation (MORE), arandomized, double-blind, placebo-controlled trial
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aimed at evaluating the effect of raloxifene on both bone mass as well as on the
occurrence of vertebral fractures in a cohort of 7705 women with osteoporosis
(Ettinger etal. 1998,1999; Delmas et al. 2002). After 4 years of treatment, the re-
sults showed an increase in bone density both at lumbar spine and femoral neck
(Delmas et al. 2002). This positive effect is extended for up to 7 years of treat-
ment (Lufkin et al. 2001). The most important outcome, however, has been the
significant risk reduction in the occurrence of new vertebral fractures. Women
included in substudy 1 (cases with at least one prevalent vertebral fracture at
baseline) had a significant reduction in the risk of sustaining new (incident)
vertebral fractures after 3 (Ettinger et al. 1999) and 4 years (Delmas et al. 2002)
of treatment of 34% [RR0.66 (95% CI = 0.55,0.81)] (Fig. 8.1). Women enrolled
in substudy 2 (no baseline vertebral fracture) showed a risk reduction of 49%
at the end of the 4-year treatment [RR0.51 (95% CI = 0.35,0.73)] (Delmas et
al. 2002). These figures represent the number needed to treat (NNT) value to
prevent an event after 4 years of treatment of 12 for patients with prevalent ver-
tebral fracture and 34 for those without. Subgroup exploratory analyses showed
a 93% reduction in the risk of suffering multiple vertebral fractures (Lufkin et
al. 2001) with sustained efficacy during the fourth year. Other post hoc anal-
yses have also suggested an early efficacy on clinical vertebral fracture after
12 months of treatment (Maricic et al. 2002) and fracture reduction in women
with previous treatment with estrogens or estrogen-progestagens (Johnell et
al. 2004) (Table 8.1). Perhaps more interesting for the prevention strategy is
that in cases with osteopenia (no fracture and BMD in this range), another
exploratory analysis demonstrated not only BMD improvement but also sig-
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Fig. 8.1. Effect of raloxifene in women with or without preexisting fractures. MORE trial —
4 years (Delmas et al. 2002). RR = relative risk
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Table 8.1. Main antifracture results of raloxifene (60 mg daily dose)

Relative risk

reduction

Treatment for 3 years*

Baseline vertebral fracture 30%

No baseline vertebral fracture 55%
Treatment for 4 years*

Baseline vertebral fracture 34%

No baseline vertebral fracture 49%
Multiple vertebral fractures (> 2) 93%
Clinical vertebral fractures (1 year treatment) 68%
Women with osteopenia® 45%
Fractures during fourth year of treatment*®

Baseline vertebral fracture 38%

No baseline vertebral fracture 50%
Moderate or severe vertebral fracture

Baseline vertebral fracture 37%

No baseline vertebral fracture 61%
Nonvertebral fracture after 3 years (overall population) N.S.
Nonvertebral fracture after 3 years (high-risk patients) 47%
Nonvertebral fracture after 8 years (overall population) N.S.
Nonvertebral fracture after 8 years (high-risk patients) 36%

* Vertebral fracture as outcome; ® denotes risk reduction during fourth year of treatment
only (sustained efficacy). N.S. = no risk reduction

nificant fracture risk reduction (Kanis et al. 2003). However, the drug did not
show any reduction in nonvertebral fracture risk after 3 (Cozick et al. 1992)
and 8 years of treatment (Siris et al. 2004).

To test the bone formation rate and the activation frequency, Heaney
and Draper (1997) carried out a comparative histomorphometric survey. Ten
women received a 60-mg daily dose of raloxifene while 8 received a 0.625-mg
daily dose of CEE. Biopsies carried out before and after 6 months of treatment
revealed a decrease in both parameters, especially in the group treated with
estrogens.

The effects of raloxifene on bone histomorphometry were analyzed by Ott
etal. (2002). In a group of 54 women enrolled in the MORE study, two transiliac
bone biopsies were obtained at baseline and after 2 years of treatment. The
results confirmed the safety of the drug on bone tissue since no woven bone,
mineralization defect, cell toxicity, or medullary fibrosis was observed. More-
over, the number of empty osteocytic lacunae also suggested an antiapoptotic
effect on the osteocyte. More recent experimental data further confirm this
antiapoptotic effect of raloxifene on osteoblastic and osteocytic cells (Taranta
et al. 2002).
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8.5
Bone Quality and Its Relevance

For years osteoporosis has been defined as a disease induced by a decrease in
bone mass. This definition was quite simplistic since only one of the compo-
nents of bone, quantity, is taken into account. A National Institute of Health
Consensus Panel Ref. 1 has redefined the disease as a skeletal disorder char-
acterized by an alteration in bone strength that predisposes a person to an
increased risk of fracture. This concept of bone strength permits a multidi-
mensional view of the disease and represents a new paradigm in our conception
of the disease (Heaney 2003; Bouxsein 2003; Van Rietbergen et al. 2000). The
new definition adds a large number of aspects related to the quality of the bony
tissue: geometry, microarchitecture, remodeling rate, mineralization degree,
and homogeneity and fatigue damage, among others (Sato et al. 1994; Kung et
al 2003; Heaney 2002; Bouxsein 2003; Van Rietbergen et al. 2000; Hodgskinson
et al. 1993; Hou et al. 1998; Schaffler et al. 1995; Akkus et al. 2003; Ahlborg
et al. 2003). The aspects of bone quality are of great relevance to a better
understanding of the action of SERMs on bone.

The relationship between the decrease in BMD and an increased fracture
risk has been widely demonstrated, in all the measured skeletal regions and by
different techniques (Melton et al. 1993; Marshall et al. 1996; Cummings et al.
1993). Marshall et al. (1996) demonstrated in a metaanalysis that one standard
deviation decrease in BMD in lumbar spine, hip, or proximal radius increased
the risk of fracture in these locations by 50 to 60% (Fig. 8.2). A different picture
is seen, however, when the effects on BMD of the different antiresorptives and
their relationship with the fracture risk reduction are analyzed.

Antifracture efficacy of drugs that inhibit bone remodeling has been firmly
established in a large number of controlled clinical trials. Yet when the results
of the different studies are analyzed together, there is a clear discrepancy
between the magnitude of the increase in bone density and the associated
fracture risk reduction for the different drugs. Figure 8.3 depicts the gains in
lumbar spine BMD vs. placebo and the corresponding vertebral fracture risk
reduction observed in different trials (Ettinger et al. 1999; Chesnut et al. 2000;
Harris et al. 1999; Reginster et al. 2000; Black et al. 1996; Cummings et al. 1998).
The BMD gains up to 7%, induced by alendronate in the FIT trial (Cummings
et al. 1998), and is accompanied by a fracture risk reduction figure similar
to those described for other antiresorptives, risedronate (Harris et al. 1999;
Reginster et al. 2000) and raloxifene (Ettinger et al. 1999), that produce less
pronounced gains in bone density. Therefore, the limited BMD gain does not
explain the dramatic decrease in fracture risk induced by these agents.

Sarkar et al. (2002) analyzed the relationship between the observed increase
in BMD in the placebo and in the raloxifene-treated patients of the MORE trial.
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Fig. 8.2. Relationship between change in femoral neck BMD and vertebral fracture risk.
MORE trial - 3 years. Similar changes in BMD (dotted line) are related to different fracture
risks (arrows) for the raloxifene- and placebo-treated patients. Adapted from (Lufkin et al.
2001)

Only 4% of the fracture reduction is explained by the changes in bone density
for the treated group. Moreover, the curves for the placebo- and raloxifene-
treated cases are quite different (Fig. 8.2) (Lufkin et al. 2001, with different
slopes and no overlap between them (including the 95% confidence intervals).
In other words, the bone intrinsic properties, well beyond the changes observed
in BMD, account for the vast majority (96%) of the antifracture efficacy of the
drug. Similar variations in bone density are accompanied by very different
risks of fracture during the 3-year observation period in the two groups.

Table 8.2. Relative risk of fracture for every standard deviation in BMD (adjusted by age)

BMD Type of fracture

measurement Forearm Hip Spine  All fractures
Lumbar spine 1.5 1.6 2.3 1.5

Hip 1.4 2.6 1.8 1.6
Proximal radius 1.8 2.1 2.2 1.5

Metaanalysis of several measurement methods except ultrasound (Cosman 1999)
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LS BMD#** Relative Risk (95% CI)

Raloxifene Preexisting vertebral 2.2
60 mg/d fracture (VFx)! i

No preexisting VFx! 2.9 —a—
Alendronate Preexisting VFx2 6.2 ——
5/10 mg/d No preexisting VFx3 6.8 —a—
Risedronate Preexisting VFx* 43 ——
5 mg/d No preexisting VFx3 5.9 —a—
Calcitonin Preexisting VFx0 0.7 —a—
200 IU/d

0 0.5 1.0

Fig. 8.3. Randomized studies of antiresorptives in postmenopausal women with osteoporo-
sis. Risk of vertebral fractures. Not head-to-head comparison. ** Increase in lumbar spine
BMD vs. placebo (Wright et al. 1994; Liu et al. 2004; Seeman et al. 2003; Ettinger et al. 1998,
1999; Delmas et al. 2002)

From these data one can conclude that antiresorptives are capable of induc-
ing striking reductions in fracture risk with limited changes in bone density.
Therefore, other factors than bone density should explain their efficacy. Bone
quality is the term that encompasses all the non-bone-density elements implied
in bone strength, as previously discussed.

From an operational point of view, bone-quality elements can be grouped
in three different categories: bone architecture, bone turnover, and intrinsic
material properties (Turner 2002; Seeman 2002). Bone architecture could be
divided into macroscopic and microscopic architecture. The macroarchitec-
ture, also denominated bone geometry, is genetically determined, and some
of its elements are well known. Bone shape and distribution of the mineral
material are behind such factors as diameter, moment of inertia, and torsion
strength, which are related to the mechanical properties of bone and fracture
propensity. Different imaging techniques, from simple radiographs to DXA
or CT measurements, can be used to analyze these factors (Beck et al. 2000;
Gomez-Alonso et al. 2000; Genant et al. 2004).

The objective of bone turnover is to replace old bone containing impaired
material properties with fresh, new bone that is able to offer full strength again.
This is the so-called targeted remodeling, and in zones where structural dam-
age (microcracks) has been produced, the resorption is initiated and followed
by a formation that completes the replacement cycle. The equilibrium between
resorption and formation maintains a neutral bone balance with preservation
of the bone mass and microarchitecture. Nevertheless, in situations in which
resorption exceeds formation, associated with increased bone remodeling,
we can observe negative effects on this microarchitecture. Horizontal struts
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disappear and the vertical elements of the trabecular network suffer a notch-
ing process that greatly impairs the mechanical competence of the trabeculae
(Heaney 2003; Parfitt 2004). Bone remodeling is, therefore, a determining ele-
ment of the microarchitectural integrity of the skeleton. The rapid reduction in
the fracture risk observed a few months after starting antiresorptive therapies
can be explained largely by the positive effects on this notching process, well
before any improvement in bone density is observed (Heaney 2003; Parfitt
2004).

The bone remodeling rate is another determinant of the intrinsic material
properties of bony tissue. Bone tissue is composed of two major components,
a mineral matrix and an organic matrix, mainly collagen. The mineral com-
ponent is predominantly hydroxyapatite in normal bone, although different
mineral elements can be induced when calcium is replaced by fluoride or
strontium. Newly formed bone is mineralized up to approximately 70% in
a few months’ process (primary mineralization). Full mineralization of each
bone remodeling unit requires years (secondary mineralization) and induces
several effects: on the one hand, it increases the mean degree of mineralization
of bone tissue, and on the other, it increases the homogeneity of the tissue
(Seeman 2002). Both factors have been related to decreased bone toughness
since, although stiffer, the tissue is more brittle, offering less resistance to the
propagation of microcracks (Turner 2002). Data on raloxifene-treated patients
demonstrate that the drug preserves a normal degree of mineralization and
homogeneity (Boivin et al. 2003), in accordance with the preclinical data sup-
porting a positive effect on microcrack density. Collagen composition is also
modulated by the remodeling rate since the crosslinking of the molecules influ-
ences the mechanical competence and can vary with aging (Wang et al. 2002).

There is considerable debate on what the normal remodeling rate is. Exces-
sive bone turnover is, as mentioned, negative for microarchitecture integrity.
An extremely low turnover, though, can also be deleterious since the normal
mechanism of microdamage repair could be impaired (Compston et al. 2002).
Microdamage increases with age but negatively correlates with the rate of bone
remodeling (Mashiba et al. 2000, 2001). Some experiments with high doses of
antiresorptives have shown increased numbers of microcracks in experimen-
tal animals (Mashiba et al. 2000, 2001). Therefore, the theoretical concern is
the possible depression of remodeling until a level so low (Chavassieux et al.
1997) that the replacement of old bone by fresh new units, albeit mechanically
more competent, would be insufficient. Despite no clinical data supporting
this theory, SERMs depress turnover to an intermediate degree, safe enough
to maintain a sufficient rate of repair. Clinical data support the notion that
raloxifene restores bone turnover to premenopausal levels (Johnell et al. 2002;
Stepan etal. 2003), and experimental data show that the drug actually decreases
microcrack density in bone tissue.
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Several additional clinical considerations about antiresorptives in general
and SERMs in particular could be discussed. Can they be used in combination
with such anabolic agents as PTH, either concomitantly or sequentially? It has
been demonstrated that the simultaneous use of a bisphosphonate with PTH
decreases bone-forming response (Black et al. 2003; Finkelstein et al. 2003), but
preliminary data suggest the opposite when the combined drug is raloxifene
(Deal etal. 2004). It is known that drugs that strongly suppress turnover induce
a delay in the response to anabolic therapy, while in patients previously treated
with raloxifene a full response is observed (Ettinger et al. 2004). Therefore,
the practical message is that SERMs appear to be better partners for anabolic
agents and that in younger postmenopausal women, SERMs will not jeopardize
the anabolic effect if PTH is needed in posterior phases of the disease. Indeed,
associations of two antiresorptives are generally useless, can add side effects,
have no demonstrated superior efficacy, and are not suitable (Compston et
al. 2002). Last but not least, extraskeletal effects of SERMs have enormous
potential for the future when ad hoc trials (RUTH, STAR) yield their final
results. What is known today is that raloxifene is safe for the breast and the
cardiovascular system even after 8 years of treatment (Martino et al. 2004).

8.6
Future SERMs

A large number of compounds selectively regulating ERs are under develop-
ment and have been briefly reviewed in the preclinical stage. Some have reached
clinical research stages. Levormeloxifene (Skrumsager et al. 1997; Bjarnason
et al. 1997) has been studied for pharmacokinetics, safety, dosing, and antire-
sorptive effects. Its development, however, was stopped after the phase II trials
when uterine safety problems were detected even though there were positive
skeletal effects (Warmig et al. 2003). Idoxifene has demonstrated positive ef-
fects on both bone density after 12 months of treatment (Chesnut et al. 1998) as
well as on decreased turnover in osteopenic postmenopausal women (Delmas
et al. 1998).

In advanced (phase III) stages of their clinical development, three SERMs
are currently on the horizon: bazedoxifene, lasofoxifene, and arzoxifene. What
these new molecules can offer will be known shortly in a field - the selective
regulation of hormone receptor - that has opened unsuspected perspectives
for the better management of patients.
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CHAPTER 9

Cardiovascular Disease and SERMs

ANTONIO CANO

A wealth of epidemiological, clinical, and experimental studies link estrogens
with cardiovascular disease (CVD). This evidence has promoted CVD as a key
area within the extragenital effects of estrogens. The question is of interest
because it directly affects the wide clinical use of estrogens as contraceptive
agents or as principal constituents of hormonal therapy (HT) formulations in
postmenopausal women. The significance of the subject is further reinforced
by the relevance of CVD as a cause of mortality and morbidity in both women
and men.

CVD is a generic denomination mainly integrated by coronary heart disease
(CHD) and stroke. Although not considered as a form of CVD in some in-
stances, venous thromboembolic disease (VTED) shares with the other forms
of CVD the territorial assignment, the vascular tree, although clear differ-
ences exist in the main pathophysiological mechanisms. In most CVD forms,
however, thrombus formation plays a crucial role.

All forms of CVD are serious disorders, although CHD is the most prevalent
and lethal. Global data in the USA attribute 54% of deaths from CVD to C
HD and 18% to stroke (http://www.americanheart.org). Figures for Europe are
similar, where about half of deaths from CVD correspond to CHD and nearly
one third to stroke (British Heart Foundation 2000). The burden of the disease
is also shared by developing countries where it is estimated that CVD will
be the leading cause of death by 2010 (World Health Organization Web site
www.who.int/ncd/cvd). Specific gender patterns have been detected for both
the prevalence as well as the behavior of CHD, further suggesting a relevant
role for reproductive hormones. Fewer differences have been found for stroke.

VTED has a lower prevalence (approximately 1/1000 persons per year), but
it rises exponentially with age from < 5 cases per 100,000 persons < 15 years
old to = 500 cases per 100,000 (0.5%) at age 80 years (White 2003). Against the
strong gender differences found in CHD statistics, no convincing difference
between men and women have been detected for VTED (Silverstein et al. 1998).

The observation that, compared with men, women maintain some level of
protection against CHD has nourished the debate about a possible favorable
effect associated with exposure to estrogens. Furthermore, most of the infor-
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mation gathered in the latter years has confirmed the association of estrogens
with many benefits both in experimental as well as in clinical models at the
level of intermediate indicators. Consequently, HT was proposed not only for
control of symptoms but also for primary and secondary CHD prevention in
postmenopausal women. Contrary to the beneficial effects found in the first,
observational studies, three more recent randomized controlled trials have
found that HT is neutral (Hulley et al. 1998; Anderson et al. 2004) or even
prejudicial (Rossouw et al. 2002) when administered to women for the pur-
pose of CVD prevention. The data yielded by these studies affect not only CHD
but also stroke and VTED, where HT has been shown to be detrimental, too.
Following this evidence, scientific societies, such as the American Heart Asso-
ciation, have advised against the use of HT for the prevention of CVD in women
(Mosca et al. 2004). The mixture of protective effects, mainly at the level of risk
factors and of data gathered from experimental models, as well as of neutral
or prejudicial clinical outcomes defines the present picture. It is one where the
confirmation of estrogens as important regulators of CVD pathophysiology
emerges as a main conclusion. Consequently, selective estrogen receptor mod-
ulators (SERMs) offer a unique opportunity to achieve cardiovascular outcome
profiles that might improve those attained by conventional HT.

This chapter will analyze some specific traits of CVD that will be used
to review the principal variables that have exhibited sensitivity to estrogen
agonism. Then, current information on the particular actions of SERMs will
be presented.

9.1
The Focal Phenotype of CVD

The vascular tree is divided into two main, well-demarcated areas composed
of the arterial and the venous trees. They both define different microenvi-
ronments that create the conditions for the development of focal episodes
determining the occurrence of obstructive phenomena that are at the base
of CVD. Arterial episodes (CHD and stroke) occur at sites of inflamed arter-
ies, while VTED or venous stroke episodes develop as a result of thrombus
formation at discrete locations in the venous tree.

Atherosclerosis, a disease of the vascular wall, is the substrate for the arterial
forms of CVD. Atherosclerotic plaques exhibit a focal distribution along the
arterial tree as a consequence of local conditions that favor their initiation
and progression. Low or reversed shear stress, for example, contributes to
plaque development, a process in which the regulation of several genes may
be involved (Resnick and Gimbrone 1995).

Thrombosis is the other phenomenon that crucially contributes to both
the arterial and the venous forms of CVD, although the type of thrombus,
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Table 9.1. Risk factors for coronary heart disease and venous thromboembolic disease
[adapted from Friedewald (1996) and Rosendaal (1999)]

Coronary heart disease Venous thromboembolic disease
Unmodifiable Modifiable Genetic Acquired Mixed genetic
and acquired
Age Cigarette Protein C Immobilization Increased concen-
smoking deficiency tration of pro-
thrombin
Male gender  Highblood  Protein S Surgery Increased concen-
pressure deficiency tration of
factor VIII
Family history High blood  Antithrombin Trauma Hyper-homo-
of premature  cholesterol deficiency cystinemia
disease
Physical Factor V Pregnancy
inactivity Leiden
Diabetes Prothrombin Puerperium
20210 A
Overweight  Increased Lupus

concentration antico-
of factorIX  agulant

Psychological Malignant

conditions disease
Female
hormones

Diseases affecting
liver, endothelium,
or other organs
producing clotting
factors

Abnormal
dietary intake
of substrates
or vitamins
(vitamin K)

its biological determinants, and consequently the corresponding risk factors
differ for each form (Table 9.1). There is a list of factors that are involved
in the increased thrombotic risk within the arterial tree (Table 9.2). Some
of them directly depend on the altered focal environment, while others are
systemic. The interaction between platelets and the arterial wall is one critical
step. Platelet adhesion and deposition is strongly determined by local wall
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Table 9.2. Factors affecting thrombogenicity in coronary heart disease [from Badimon et al.
(1999)]

Local factors Systemic factors

Degree of plaque disruption Cholesterol, Lp(a)
(i.e., erosion, ulcer)

Degree of stenosis Catecholamines

(i.e., change in geometry) (i.e., smoking, stress, cocaine)

Tissue substrate Fibrinogen, impaired fibrinolysis (i.e., PMI-1),
(i.e., lipid-rich plaque) activated platelets and clotting

(i.e., factor VII, thrombin generation, F1 + 2)
Surface of residual thrombus  Infections
(i.e., recurrence) (C. Pneumoniae, CMV, H. Pylori)
Vasoconstriction Diabetes
(i.e., platelets, thrombin)

phenomena, essentially inflammation, with or without the substrate of an
atheromatous plaque. The activation of platelets is followed by the induction of
platelet coagulation activity, a process in which there is close collaboration with
leukocytes adhering to the initial plug (Cano and Van Baal 2001). Liberation
of tissue factor is another mechanism that participates in the generation of
a thrombus.

Hypercoagulable states, in turn, have been traditionally associated with
venous thrombosis. Consequently, attention has been paid to alterations of the
hemostatic balance. Although this is a systemic variable, focality is favored due
to the contribution of decreased blood flow, as confirmed by the preferential
development of venous thrombi at the level of valves, an area of stasis where
low-velocity flow is moderately turbulent.

In conclusion, hemostasia intervenes in distinct critical steps of both the
arterial and venous forms of CVD. The particulars, however, differ in each
case, as confirmed by the different array of risk factors for CHD and VTED.
The participation of the vascular wall is pivotal in explaining the focality of
these processes. Within the vascular wall, the role of the endothelium is critical
given its involvement in the origin of atherosclerosis and its influence on the
development of VTED (for review see Cano and Van Baal 2001; Cano 2003).

9.1.1
The Crucial Role of the Endothelium

The vascular wallis an organ composed of an endothelium, smooth muscle, and
fibroblasts. The endothelium has a privileged position to act as both a sensor
and an effector. The endothelium governs remodeling by releasing growth
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factors and vasoactive substances that regulate cellular growth and apoptosis.
The key role of endothelium in the plasticity of the vascular wall helps to better
understand the modern hypotheses that root the initiation and development
of atherosclerosis in endothelial dysfunction (Ross 1999). The rupture of the
coordinated equilibrium of checks and balances that is at the base of endothelial
homeostasis is followed by a well-described sequence of events starting with
the increase of adhesiveness of the endothelium to leukocytes or platelets and
leading to an atherosclerotic plaque (Ross 1999) (Fig. 1). The progression of
the plaque follows several steps represented by lesions I to IV (Fuster et al.
1992a,b).

Glycoprotein IIb/ITTa
+

vWf/ fibrinogen

Platelet ‘ Platelet / 1
adhesion activation
Platelet aggregation

Weibel-Palade bodies

Normal Dysfunctional Injured
endothelium endothelium endothelium

Functional endothelium

Dysfunctional endothelium

*Nitric oxide *Endothelin +Von Willebrand factor
*Prostacyclin *Superoxide anion -Platelet-activating factor
*Thrombomodulin *Angiotensin-II «Adhesion molecules

+t-Plasminogen *Thromboxane
activator *Endoth-derived
*Glycoproteins constricting factor

Fig. 9.1. A dysfunctional or injured endothelium is at the basis for initiation of and pro-
gression to atherosclerosis. Several mechanisms, such as adhesion molecules or liberation
of von Willebrand factor (vWf{, upper panel), determine a series of phenomena, including
platelet activation and aggregation. This participation of platelets involves the implication
of molecules like glycoprotein IIb/IIIa, fibrinogen, and von Willebrand factor. The endothe-
lium also acts as a source of signals that regulate local functions, including VSMCs (lower
panel). A list of the most relevant messengers produced by a functional and a dysfunctonal
endothelium is presented in the lower panel
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A very innovative area of research has focused on the determinants of
plaque stability. An important role seems to be played by enzymes involved in
the degradation of the extracellular matrix. The rupture of unstable plaques
induces platelet activation, too. Acute thrombus formation under these condi-
tions seems fundamental to the onset of acute ischemic events.

A key concept inferred from the ideas discussed above is the difference
between the development of conditions that favor the clinical eruption of any
form of CVD (i.e., atherosclerosis) and the proper occurrence of the clinical
event, since the inductors do not necessarily have to be the same. Furthermore,
the possibility exists that a concrete factor may be protective at several stages
of the silent form of the disease, but once it is sufficiently advanced, it may act
as a trigger. This distinction is pivotal when considering the role of hormones,
which have been shown to differentially regulate atherosclerosis and proper
clinical events.

9.2
Estrogen Agonism and CVD

Some crucial steps in the biology of CVD have demonstrated sensitivity to es-
trogen agonists. Some of these actions have shown to be mediated by the clas-
sical pathway of estrogen receptors (ERs), though in other cases the involved
mechanisms seem more complex and require the consideration of alternative
options (Mendelsohn 2002). The available evidence concentrates on actions on
lipids or on direct actions on the vascular wall.

9.2.1
Lipids

There is plenty of information concerning lipid changes as a result of estrogen
agonistic effects. Most of the data come from studies with either synthetic or
natural estrogens.

A protective lipid profile, with reduction of total cholesterol and LDL and
amodest increase in high-density lipoprotein (HDL), has been associated with
oral estrogen therapy (Writing Group for the PEPI Trial 1995). This effect,
however, has been considered negligible when compared with the benefits
traditionally ascribed to estrogens (Marsh et al. 1999).

More interest has been generated by the potential effects of estrogens as
modulators of LDL oxidation, a mechanism considered to be the authentic
mediator of the detrimental action of LDL particles in atherosclerosis. Oxidized
LDL becomes trapped in an artery and is then internalized by macrophages
(Steinberg 1997; Navab et al. 1996; Morel et al. 1983; Griendling and Alexander
1997). This internalization leads to the formation of lipid peroxides resulting
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in the formation of foam cells. Additionally, oxidized LDL is an agent that by
itself promotes vasoconstriction and platelet activation (Kugiyama et al. 1990;
Chin et al. 1992; Chen et al. 1996).

Estrogens have been shown tolimit LDL susceptibility to oxidation, although
this action is under discussion at present. Only supraphysiological doses have
demonstrated this effect in the laboratory (Hermenegildo et al. 2001; Santanam
et al. 1998). Some indirect evidence favoring protection, such as the reduction
of antibodies to oxidized LDL, has been proposed (Hoogerbrugge et al. 1998),
but, again, there is no general consensus on the subject (Uint et al. 2003;
Heikkinen et al. 1998). More recent research has found that estrogens reduce
the production of Fyy-isoprostanes, a product of a nonenzymatic, free radical
catalyzed peroxidation of arachidonic acid (Liu et al. 1998) that has been
recognized as a stable, good biomarker of in vivo oxidative stress (de Zwart
etal. 1999; Pratico 1999). Moreover, increased F,,-isoprostane levels have been
found in human atherosclerotic lesions (Oguogho et al. 2001) and are being
considered as a reliable biomarker of both atherosclerosis (Gross et al. 2005)
and coronary events (Vassalle et al. 2003) (Fig. 9.2).
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Vascular Wall

The vascular wall is a target for sexual hormones. In the particular case of es-
trogens, specific receptors have been found in both endothelium and vascular
smooth muscle cells (VSMC) (Venkov et al. 1996; Karas et al. 1994). The trophic
effects of estrogens on the endothelium have been advocated as crucial against
initiation and promotion of atherosclerosis. Thus, cellular and animal models,
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as well as clinical observation with doppler techniques, confirm that estro-
gens promote vasodilation. This effect is maintained for years in menopausal
women subjected to HT (Jokela et al. 2003). Nitric oxide (NO) and prostacyclin
(PGI), two main locally produced antiaggregant and vasodilatory mediators,
are the principal agents in this myorelaxant effect of estrogens (Couzin 2004).
In agreement with current concepts, their effects have been demonstrated
as protective against atherosclerosis in animal models (Perrault et al. 2003;
Niebauer et al. 2003; Todaka et al. 1999). Together with the protection asso-
ciated with these mediators, the inhibition of TNF-alpha-induced endothelial
cell apoptosis in a dose-dependent manner has been an additional beneficial
effect linked with estrogens (Spyridopoulos et al. 1997).

Proliferation and migration of VSMC follows endothelial dysfunction. Lim-
itation of this activity in VSMC has been understood to be protective against
atherosclerosis. The effect of estrogens on VSMC proliferation is controversial.
Some studies have reported a reduced proliferative capacity by estrogens in
a dose-dependent manner (Bhalla et al. 1997; Moraghan et al. 1996; Espinosa
etal. 1996; Akishita etal. 1997) and through activation of ER (Vargas et al. 1996).
In contrast, other investigators have found induction of VSMC proliferation
with estrogens (Ricciardelli et al. 1994; Song et al. 1998).

Experiments in monkeys have shown that estrogens alone, or in associa-
tion with progestogens, protect against diet-induced atherosclerosis (Clarkson
1994). There has been some discussion on whether or not this is the case in
humans, although HT was unable to have a significant effect on the progression
of the disease in women with established atherosclerosis (Hodis et al. 2003).

9.3
SERMs as an Alternative to Estrogens in CVD

The expectations created for estrogens faded as a result of the publication of
randomized clinical studies, which failed to show any protection against any of
the CVD forms in postmenopausal women receiving hormones (Hulley et al.
1998; Rossouw et al. 2002). The clear opposition between these trials and most
of the experimental and previous clinical studies has raised much discussion in
theliterature (Speroff2002). Despite the many criticisms against distinct details
of the discrepant studies, there is consensus on the appreciable regulatory
effects of the hormone on the vascular wall. This conception, together with the
significant advances experienced by the knowledge on the molecular details of
estrogen action, has created a great opportunity for investigating alternative
agonists with a potentially better profile than estrogens themselves.

In one a priori analysis the versatility of ER modulation offers a wide array
of options. These include the selective activation of either the ERx or the ERS
isoform, or the use of compounds sufficiently similar to estrogens so as to bind
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to the ER, yet different enough to generate a ligand-receptor complex with
a 3D conformation capable of activating cell functions with a profile distinct
to estrogens (Fig. 9.3). The interesting observation that ERS can interact with
ERa, together with the varied distribution of each ER isoform in different
tissues, has raised attractive possibilities associated with selective binding
to one or another isoform. Despite the recent availability of compounds with
selective agonism for either ERx or ER (Harrington et al. 2003; Muthyala et al.
2003; Ghosh et al. 2003), there is no clear proof to date associating the selective
action of any of the available SERMs in the vascular system with preferential
binding to one of the two ER isoforms. Consequently, the most consistent
data on cardiovascular effects of SERMs have been obtained in studies with
compounds that have been approved for use in patients, particularly tamoxifen,
raloxifene, and toremifene.

Another important point to keep in mind when reviewing the cardiovascu-
lar effects of SERMs is that, in the absence of clinical studies of consistency
comparable to estrogens, most of the available evidence has been obtained
in experimental models. The work has concentrated on the selective areas of
vascular physiology that have shown susceptibility to ER activation and, there-
fore, has followed steps that often overlap with those taken in research with

estrogens.
) Target
Agonist <: ' tissues

Ligand-receptor
Agonist ER complex

-2+ (> @D
n t+ ﬁ-’@
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Fig. 9.3. Several mechanisms underlie the functional versatility of the ER. The different
distributions of the alpha and beta isotypes of ER conditions a first step that warrants
distinct functional profiles depending on the higher or lower affinity of the ligand for one or
another isotype (upper panel). Then, different ligands generate distinct 3D conformations in
theligand-receptor complex that condition different interaction profiles with the promoters
of target genes (lower panel)
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9.4
Actions of SERMs

9.4.1
Arterial Disease

Most of the forms of arterial disease result from atherosclerosis and its com-
plications. The evidence against protection refers not only to CHD but also
against stroke (Hulley et al. 1998; Rossouw et al. 2002; Bath and Gray 2005).

9.4.1.1
Lipids and Lipid Peroxidation

Changes in the lipid profile, which exhibits small differences from that associ-
ated with oral estrogens, have been described for tamoxifen, toremifene, and
raloxifene. One common finding has been the decrease in the circulating con-
centration of cholesterol and LDL cholesterol, an effect with a magnitude that
seems directly related to pretreatment levels (Walsh et al. 1998; Delmas et al.
1997; Saarto et al. 1996; Decensi et al. 2003; Joensuu et al. 2000; Herrington et al.
2000). Contrary to the increase in triglycerides described for estrogens, a more
beneficial neutral response appears associated with SERMs. Slight increases
in triglycerides, however, have been found in women treated with raloxifene
(Mosca et al. 2001b; Reid et al. 2004), and cases of acute triglyceridemia have
been associated with tamoxifen (Hozumi et al. 1997; Kanel et al. 1997). Only
toremifene has achieved increases in the levels of high-density lipoprotein
(HDL) (Saarto et al. 1996).

More refined analyses have focused on changes in the ratio of serum con-
centration of apolipoprotein B, the common constituent in all lipoproteins
comprising non-HDL cholesterol, to apoliprotein A, the apolipoprotein asso-
ciated with HDL. Raloxifene was equivalent to HT in lowering the apolipopro-
tein B/apolipoprotein A ratio in one study (Anderson et al. 2001).

Because of the similarity, it is difficult to conclude whether the lipid changes
induced by SERMs offer any advantage over the profile determined by HT.
Triglyceride levels have been proposed as an independent risk factor for CVD
in postmenopausal women (Miller 1998). Further, there are some indications
that increases in triglycerides may favor the reduction in the size of LDL
particles. Smaller LDL particles are more susceptible to oxidation and have
been associated with a higher risk potential (Austin et al. 1988), but whether
this observation confers any clinical prejudice to hypertriglyceridemia has not
been proven at present.

There is fragmentary information concerning the behavior of some more
recent SERMs. Whereas ospemifene showed a neutral effect (Ylikorkala et al.
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2003), HMR 3339, a newly designed molecule that binds to human recombinant
ER and shows selective agonistic and antagonistic activity in vitro and in vivo,
rapidly decreased cholesteroland LDL in a dose-dependent manner (Vogelvang
et al. 2004). It seems, therefore, that the decrease in non-HDL cholesterol is
a hepatic effect quite accessible to compounds that, despite differences in
chemical structure, are capable of exerting some type of SERM activity.

The relevance attributed to oxidized lipids, and particularly oxidized LDL,
in atherogenesis has precipitated interest in the ability of SERM:s to this regard.
Ex vivo experiments have confirmed that both tamoxifen and raloxifene exert
some protection against the oxidation of LDL particles (Arteaga et al. 2003;
Zuckerman and Bryan 1996) and that, interestingly, raloxifene is a more pow-
erful antioxidant than tamoxifen or estradiol. It seems that this antioxidant
effect is not mediated by the activation of the ER since pure antiestrogens like
ICI 182780 and other SERMs like EM 652 have proven to have similar protective
effects on LDL (Hermenegildo et al. 2002) (Fig. 9.4).
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Little evidence exists concerning alternative actions on oxidative stress, such
as modulation of the circulating levels of isoprostanes or myeloperoxidase.
Some interference with the actions of myeloperoxidase, however, was found
in one study (Zuckerman and Bryan 1996). Antioxidant properties have been
described for other types of SERMs, thus confirming the wide extension of
this potential in the different families of these compounds (Baumer et al.
2001).

9.4.1.2
Direct Actions on Vascular Wall

9.4.1.2.1

Endothelium

The idea that the endothelium is a target organ for estrogens derives from more
than just the identification of both isoforms of ER in this tissue (Mendelsohn
2000). There is ample evidence showing rapid responses that are compat-
ible with mechanisms distinct from the classical pathway for estrogen ac-
tion. A species of membrane ER that determines a rapid activation of ni-
tric oxide synthase (NOS) has been described recently in immortalized hu-
man endothelial cells (Li et al. 2003). Both genomic and nongenomic actions
have been proposed to explain the estrogenic regulation of endothelial func-
tions.

Among the local mediators directly produced by endothelium, NO and PGI
emerge as two principal regulators of vascular tone and platelet aggregation.
Both are sensitive to estrogenic stimuli, and, as mentioned in a previous section,
their role is crucial in atherogenesis. How their production is modulated by
SERMs is, consequently, an important test of vascular protection.

Much of the data concerning the effects of SERMs on these endothelial
mediators refer to raloxifene, given its wide therapeutical use in women free
of malignancies. Raloxifene has demonstrated the induction of NOS and NO
production in endothelial cells in culture. Furthermore, this effect occurs in
seconds and involves nongenomic mechanisms where NOS is phosphorylated
in a process implicating Akt and extracellular signal-regulated protein kinase
with the participation of ER alpha and reduction of oxidative stress (Simoncini
and Genazzani 2000; Wassmann et al. 2002). In agreement with this agonistic
action, experiments on the same cellular model have confirmed an activation
of cyclooxygenase-1 and -2 at both the protein and the gene level, leading to
increased prostacyclin production (Oviedo et al. 2004, 2005). Selective block-
ade of both isoforms of ER has confirmed the involvement of both ERe and
ERp as well as the likely participation of a mechanism distinct to the classical
ER-dependent pathway.
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Experiments with isolated vessels have confirmed the enhancing effect of
raloxifene on endothelial NOS (Rahimian et al. 2002) with a similar behavior
for tamoxifen (Hutchison et al. 2001).

The data with cells and isolated organs have been corroborated in animal
models. An increase in endothelial NOS expression and activity was observed
in spontaneously hypertensive rats (Wassmann et al. 2002), whereas in ovariec-
tomized ewes the vasodilating effect of raloxifene surpassed that of estrogens
(Gaynor et al. 2000). Endothelium-dependent vasodilation was observed for
rabbit coronary arteries in vitro, an effect that agrees with some vascular re-
laxing properties described for toremifene, tamoxifen, idoxifene, and EM 652
in rat vessels (Gonzalez-Perez and Crespo 2003; Thorin et al. 2003; Figtree et al.
2000; Christopher et al. 2002; Tatchum-Talom et al. 2003).

Mixed evidence, however, has been described in women. Raloxifene im-
proved flow-mediated, endothelium-dependent vasodilation in postmeno-
pausal women (Sarrel et al. 2003) to an extent similar to that of HT (Colacurci
et al. 2003; Saitta et al. 2001). Other investigators, however, have been unable
to detect any effect of raloxifene (Ceresini et al. 2003; Griffiths et al. 2003).
Flow-mediated vasodilation has been described for droloxifene (Herrington
et al. 2000), while a neutral effect on vascular reactivity has been described for
ospemifene, a more recent SERM (Ylikorkala et al. 2003).

One early sign of endothelial dysfunction consists of the expression of
cell adhesion molecules at the endothelial surface. These molecules facilitate
leukocyte and platelet binding. Further, endothelial permeability is dependent
on interendothelial junctions, where the participation of cadherin, a trans-
membrane, endothelium-specific glycoprotein, exerts an important level of
control (Bobryshev et al. 1999; Fulimoto et al. 1998). Once expressed, adhesion
molecules may be shed from the endothelial surface. An increase in adhesion
molecules in plasma, therefore, is understood as a sign of endothelial dysfunc-
tion and permeability. Furthermore, raised levels of cell adhesion molecules
in blood have been associated with increased risk for CHD (Blankenberg et al.
2001; Hwang et al. 1997). A well-established effect of estrogens has been the
reduction of the circulating concentration of cell adhesion molecules (Koh
et al. 1997), an effect paralleled by raloxifene (Blum et al. 2000; Sbarouni et al.
2003; Colacurci et al. 2003). Different actions have been found for other SERMs
in the sparse literature available. Tamoxifen had a neutral effect in one study
(Simoncini et al. 1999), whereas in another study droloxifene had a mixed
effect, with a decrease in E-selectin and an increase in vascular cell-adhesion
molecule-1 (VCAM-1) (Herrington et al. 2001).

Finally, a new area of research has concentrated on monocyte chemotactic
protein-1 (MCP-1), a 76-amino acid peptide that is one of the best-studied
members of the C-C chemokine subfamily. Recent human and animal studies
indicate that the recruitment of macrophages to the arterial lesion is predom-
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inantly mediated by MCP-1. There are preliminary data showing that both
tamoxifen and raloxifene parallel estradiol in reducing the expression of MCP-
1 in a model of endothelial cells in culture (Seli et al. 2002).

9.4.1.2.2

VSMC

Indirect evidence suggests that the blockade of VSMC proliferation is associ-
ated with ER agonism (Lavigne et al. 1999). The data obtained with SERMs are
still sparse and mainly restricted to raloxifene. In experiments in vitro, ralox-
ifene exhibited an effect similar to estrogens in inducing arrest and apoptosis
in VSMC (Takahashi et al. 2003; Mori-Abe et al. 2003). Consistent with this
observation, raloxifene was equivalent to estradiol in limiting intimal thick-
ening in a model of ovariectomized senile ewes (Selzman et al. 2002). Some
evidence favors a similar protective effect for other SERMs, like idoxifene (Yue
etal. 2000) and tamoxifen (Dubey et al. 1999; Somjen et al. 1998; Grainger et al.
1993).

9.4.1.2.3

Atherosclerotic Plaque

The biological effects that have been described above, i.e., reduction of LDL
and its oxidation, the protection of endothelial function, and the limitation of
VSMC proliferation, globally suggest a protective effect against atherosclero-
sis. This hypothesis has been assayed with the use of distinct animal models
with diet-induced atherosclerosis. Some experiments have been carried out
in genetically modified mice that have been subjected to targeted inactiva-
tion of the apolipoprotein E (apo E) and LDL receptor (LDLR) genes. These
animals respond to moderate amounts of dietary cholesterol with severe hy-
percholesterolemia and develop lipid-rich vascular lesions resembling human
atherosclerotic plaques. An atheroprotective effect has been confirmed for es-
trogens in rabbits (Haines et al. 1999; Haarbo et al. 1991; Bjarnason et al.
1997, 2001; Hough and Zilversmit 1986) and monkeys (Adams et al. 1990;
Wagner et al. 1991) subjected to an atherogenic diet. Experiments with LDLR-
and apoE-null mice further confirmed that the extent of atheroprotection by
estradiol was greater than could be explained solely by the change in lipid
levels (Hodgin et al. 2001; Tangirala et al. 1995; Elhage et al. 1997; Marsh et al.
1999).

The data obtained with SERMs are more mixed. Tamoxifen attenuated
atheroma development in apoE-null mice, an effect that correlated with
changes in the lipoprotein profile and with elevated levels of transforming
growth factor-B (Reckless et al. 1997). The accumulation of cholesterol in
atherosclerotic lesions (Bjarnason et al. 1997) in the aorta was limited by
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raloxifene in a model of cholesterol-fed rabbits. Subsequent experiments with
the same model confirmed that raloxifene reduced atherosclerosis (Bjarna-
son et al. 2000), an effect similar to that of estrogens in another study where
progression of advanced atherosclerosis was limited (Bjarnason et al. 2001)
(Fig. 9.5). In a primate model, however, in which a téte-a-téte comparison
between estrogens and raloxifene was carried out, only estrogens, but not
raloxifene, effectively limited atherosclerosis (Clarkson et al. 1998). Protection
against VSMC proliferation in culture as well as in experimental models of
atherogenesis in rats has been described for idoxifene (Yue et al. 2000). A more
active reendothelialization was observed in treated animals in the same study.

Only fragmentary information exists in the human. In a study on 27 post-
menopausal women with breast cancer, tamoxifen slightly slowed the pro-
gression of atherosclerosis as assessed by changes in carotid intima-media
thickness (Stamatelopoulos et al. 2004).
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Fig. 9.5. Protection by SERMs against atherosclerosis has been researched in animals. In
a model of ovariectomized rabbits, raloxifene reduced the cholesterol content in the inner
part of the aorta more than placebo did (upper panel). This effect was more intense in
animals treated with estradiol (Bjarnason et al. 1997). In contrast, in a different model
of oophorectomized monkeys (lower panel), estradiol, and not raloxifene at two different
dosages, significantly decreased the size of atherosclerotic plaques (Clarkson et al. 1998)

9.4.1.3
Inflammatory Markers and Mediators

The results of both the WHI and HERS studies have contributed decisively
to clarifying the difference between atherogenesis itself and the rupture of
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one atheromatous plaque as the concrete phenomenon leading to an occlusive
vascular event. Although necessarily interrelated, the slow progression of a sta-
ble plaque, with its consequent reduction of the arterial lumen, may have its
ischemic effects limited by the adaptive response including the concurrent de-
velopment of collateral circulation (Fuster et al. 1992a,b). The concatenation of
acute thrombosis as a result of either plaque disruption or severe erosion of the
endothelial surface is, however, at the base of most acute coronary syndromes.
This concept defines the support of the most widely accepted hypothesis on
the action of hormones. As a result of this conception, much interest has arisen
in the study of inflammatory mechanisms that underlie disruption of the cap
of a lipid-rich plaque, the characteristic form of so-called unstable plaques. It
has been shown that estrogens may modify local inflammatory processes and
promote the expression and activity of metalloproteinases, a group of enzymes
active in the digestion of the matrix (Zanger et al. 2000).

In this new scenario much attention is being paid to the investigation of
a series of markers of inflammation as reliable indicators of coronary risk.
Their value is stressed by the observation that up to one third of events oc-
curs in subjects without traditional risk factors. The C-reactive protein (CRP)
seems to provide the strongest risk prediction for CHD in women (Albert 2000;
Ridker 2001), although homocysteine, interleukin-6 (IL-6), and lipoprotein (a)
[Lp(a)],among others, have each been independently associated with increased
risk for CHD in women (for a review see Davison and Davis 2003; Rader 2000).

As for lipids, the effects of SERMs do not overlap exactly those of HT. Oral
estrogens increase the circulating levels of CRP (Writing Group for the PEPI
Trial 1995), while this is not the case for raloxifene (Walsh et al. 2000). A better
profile was observed for droloxifene as well as for tamoxifen, which achieved
a diminution of CRP (Herrington et al. 2001; Cushman et al. 2001).

Slight, yet similar, range decreases were observed for oral estrogens and
raloxifene when studied for changes in homocysteine (Walsh et al. 2000; Smol-
ders et al. 2002; Mijatovic et al. 1998; De Leo et al. 2001), a molecule that may
have damaging effects on endothelium. A reduction was found for Lp(a), too,
although in this case the decrease achieved for estrogens was of a higher mag-
nitude in one study (- 19% vs. - 7%) (Walsh et al. 2001). Droloxifene, however,
was more efficient than estrogens in reducing Lp(a) levels (Herrington et al.
2000).

IL-6 participates in both atherogenesis and inflammatory processes. In one
interesting mouse model that was double deficient at the apoE and IL-6 loci,
animals displayed similar hypercholesterolemia compared to apoE-null mice,
but disclosed larger and more calcified lesions at 1 year of age (Klinge 2001).
Thus, IL-6 appears to be involved at the fibrous plaque stage of the atheroscle-
rotic process. Moreover, IL-6 is a key factor in the generation of the hepatic
acute-phase response and so increases the levels of CRP, fibrinogen, platelet
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Table 9.3. Effects of SERMs on inflammatory markers in postmenopausal women

Marker Author (year) Intervention Type Typeof = Number of Effect of
of drug and dose study subjects ~ SERM
per day

CRP Walsh (2000) Raloxifene RCT 390 &
60/120 mg vs. Placebo
vs. HT

Herrington (2001)Droloxifene 60 mg RCT 35 U
vs. CEE 0.625 mg

Cushman (2001) Tamoxifen 20 mg RCT 111 U
vs. placebo

IL-6 Walsh (2001) Raloxifene 60 mg vs. RCT 184 &
placebo vs CEE
0.625 mg + MPA 2.5 mg

Gianni (2004) Raloxifene 60 mg Observa- 14 U
tional

Homo- Mijatovic(1998) Raloxifene RCT 52 U

cysteine 60/120 mg vs. CEE

Walsh (2000) Raloxifene 60/120 mg RCT 390 U
vs. placebo vs. HT

De Leo (2001) Raloxifene 60 mg RCT 45 U
vs. placebo

Smolders (2002) Raloxifene 60 mg or RCT 95 U
150 mg vs. placebo
vs. HT

TNFa  Walsh (2001) Raloxifene 60 mg vs. RCT 184 U
placebo vs. CEE0.625 mg
+ MPA 2.5 mg

Lp(a) Herrington (2000)Droloxifene 60 mg vs. RCT 24 s
CEE 0.625 mg

Walsh (2001) Raloxifene 60 mg RCT 184 U

vs. placebo vs. CEE
0.625 mg + MPA 2.5 mg

number and activity, and blood viscosity. Only raloxifene has been tested for
IL-6, which did not change in one study (Walsh et al. 2001) and decreased
by 35% in another study after 24 months of treatment (Gianni et al. 2004).
Tumor necrosis factor o (TNFa) is another cytokine associated with cardio-
vascular risk in epidemiological studies (Ridker et al. 2000). Similar decreases
for TNFa have been found in a study comparing HT and raloxifene (Walsh
et al. 2001).

In conclusion, SERMs exhibit changes in inflammatory markers that do
not match those found with oral HT. Some variability exists within HT itself,
depending on the compound (estrogens or tibolone) and on the administration
route (oral vs. transdermal). There is sufficient background to hold the value
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of inflammatory markers as strong indicators of coronary risk, but whether
interventions modifying their circulating levels have an influence in risk is still
uncertain. A summary of the effects of SERMs on inflammatory markers may
be found in Table 9.3.

9.4.1.4
Hemostasia

The apparent protection conferred to the endothelium by estrogens in healthy
women operates in favor of platelet stabilization. This interpretation agrees
with studies on platelet aggregation that is diminished in response to different
stimulants while under exposure to estrogens (Bar et al. 1993, 2000; Nakano
etal. 1998; Chen et al. 1998). Nonetheless, in women with advanced atheroscle-
rosis and unstable plaques the picture may be different. Furthermore, little is
known about the mechanisms involved in platelet activation, and the sparse
evidence is not always favorable to estrogens (Garcia-Martinez et al. 2004).
Whether a different profile is imposed by SERMs is not totally clear. Recent
work has demonstrated that raloxifene shares with estradiol some protective
effects on platelet aggregation induced by ovariectomy (Jayachandran et al.
2005). In a flow chamber model tamoxifen has shown no effect on platelet ag-
gregation (Miller et al. 1994), an effect that agrees with experiments on platelets
subjected to different endocrine environments since, unlike hormonal contra-
ceptives, tamoxifen reduced intracellular calcium and release (Miller et al.
1995).

Additionally, attention has been focused on some factors that, operating
in the hemostatic balance, have been attributed the role of risk markers of
clinical events. Thus, increased plasma concentration of factor VII, fibrinogen,
plasminogen activator inhibitor type 1 (PAI-1), and the already mentioned
Lp(a) have been associated with the occurrence of CHD. Much work has been
done on the modulation of these factors by HT (for a review see Cano and Van
Baal 2001), and both similarities and differences have been found in the sparse
literature on SERM action. Raloxifene and droloxifene decrease fibrinogen
more actively than does HT (Walsh et al. 1998; Herrington et al. 2000). In
contrast, the effective reduction demonstrated for PAI-1 with oral HT was not
confirmed for raloxifene or droloxifene (Walsh et al. 1998; de Valk-de Roo et al.
1999; Herrington et al. 2000).

9.4.1.5
Clinical Data

There are no randomized clinical trials on the efficacy of SERMs in either the
primary or the secondary prevention of CHD. The Raloxifene Use for the Heart
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(RUTH) study is a trial specifically designed to clarify the effect of raloxifene
on the risk of CHD. The study had included 10,101 women from 26 countries
at the closure of the inclusion period, August 2000 (Mosca et al. 2001a). Results
from the trial remain to be reported.

Indirect evidence favoring protection has been obtained from a post hoc
analysis of the data from the Multiple Outcomes of Raloxifene Evaluation
(MORE) study in the subgroup of women who were at increased risk. Using
the same scoring system as in the RUTH study to stratify women, a total
of 1035 women were assessed as being at significant coronary risk (Barrett-
Connor et al. 2002). When women within the group that had been randomized
to raloxifene were separated from those randomized to placebo it came up that
treatment was associated with protection against new clinical events, and that
the higher the score, the greater the protection (Fig. 9.6).

Favors raloxifene Favors placebo
Overall S T —
Cardiovascular risk score

>3 =

>4 Y —

>6 =

1 1 1 1 1 1 1
0.0 0.4 0.8 1,2 1,4

Relative risk (95% confidence interval)

Fig. 9.6. Relative risk (£95% confidence intervals) for any cardiovascular event in the group
treated with raloxifene or placebo. The information was obtained from the subgroup of
women at increased cardiovascular risk in the MORE study. The overall data seem to favor
raloxifene, but this effect is clearer when women were grouped according to their risk as
assessed by the previously defined severity score (from Barrett-Connor et al. 2002)

The effects of tamoxifen in women with and without CHD have been ana-
lyzed in the National Surgical Adjuvant Breast and Bowel Project Breast Can-
cer Prevention Trial (BCPT). This randomized, placebo-controlled study in-
cluded 13,388 women at increased risk for breast cancer. The conclusions
of the trial are somewhat limited by the fact that it was designed to inves-
tigate the effect of tamoxifen as a chemopreventive for breast cancer, and
not its effect on CVD risk. There was no indication that tamoxifen would
modify the risk of CHD in women with or without heart disease (Reis et al.
2001).
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9.4.2
VTED

A consistent observation linked with estrogen agonism has been the increased
risk of VTED. Both hormonal contraceptives and HT determine increased
risk oscillating from 2- to 11-fold for contraceptives (Hannaford and Owen-
Smith 1998) and from 2- to 4-fold for HT (Daly et al. 1996; Jick et al. 1996;
Grodstein et al. 1996; Pérez-Gutthan et al. 1997; Varas-Lorenzo et al. 1998). The
risk has been associated with estrogens, but particularly in the case of some
third-generation molecules used in contraception, also with the progestogenic
component (Vandenbroucke et al. 2001). Interestingly, and despite intensive
research, there is not a sufficiently clear understanding of the mechanisms set
in motion by hormones to promote risk (Cano and Van Baal 2001). Venous
thrombogenesis seems influenced by both hypercoagulable states and flow
disturbances, including the independent or collaborative effects of decreased
flow and local turbulence (Cano 2003). Much of the research has focused on the
inhibitory action that some studies have detected for hormones on the natural
anticoagulant system. It is intriguing, however, that increased risk associated
with exogenous hormones is not reproduced by endogenous hormones. As
mentioned above, age and not gender determines the increase in risk in the
general population. Some data find an even slightly higher risk for men during
aging (Silverstein et al. 1998).

It is remarkable that most of the data collected from the available SERMs
are unanimous in reproducing an estrogen agonistic profile in venous throm-
bogenesis. The vast clinical experience acquired with tamoxifen confirms an
augmented risk for both deep venous thrombosis and pulmonary embolism.
This increase, however, did not presuppose increased mortality in the overview
of randomized trials of adjuvant tamoxifen for early breast cancer, where the
one extra death per 5000 woman-years of tamoxifen attributed to pulmonary
embolus was not statistically significant (Early Breast Cancer Trialists’ Collab-
orative Group 1998).

The main source of data for raloxifene derives from the MORE study. A
twofold increased risk for VTED was observed through 4 years of followup
(Delmas et al. 2002), and, as for HT and tamoxifen, an accumulation of events
occurred during the first year.

There is discussion on the adequacy of tests to identify the hypercoagula-
ble states underlying susceptibility to VTED. The complexity of factors and
interactions involved in the hemostatic equilibrium has favored the use of
functional tests. Among the several options available the measurement of frag-
ments 1 + 2 (F1 + 2), the amino terminus fragment split during the activation
of prothrombin has been widely considered the test of choice. The sparse in-
formation available for SERMs, however, is unclear. Raloxifene did not modify
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F1 + 2 fragments in one study where HT was also neutral (Walsh et al. 1998).
Other investigators, however, detected slight increases in F1 + 2 fragments for
HT in another direct comparison with raloxifene (de Valk-de Roo et al. 1999).

9.5
Conclusion and Outlook for the Future

The different profiles of the diseases integrated within CVD make their sen-
sitivity to the modulation of ER or, in a more general view encompassing
other alternative agonistic pathways, of estrogen action rather variable. There
is a clear gender influence on CHD only, but, and of interest, the administration
of hormones affects the risk for other forms of CVD, like VTED or stroke. This
reality, together with the vast amount of experimental data confirming the
action of estrogens on several mechanisms crucial in the pathogenesis of each
form of CVD, has reinforced the concept of the important regulatory potential
of estrogens. Advances in the knowledge of estrogen action have opened up
the field of SERMs, which in one a priori analysis should accomplish a peculiar
profile of actions. The data obtained to date confirm this assumption.

The greatest amount of information has been compiled for CHD. The most
widely used SERMs, like tamoxifen and raloxifene, seem to behave accept-
ably concerning the mechanisms underlying the disruption of atherosclerotic
plaques. This may be an advantage over estrogens, and some preliminary clini-
cal data seem to favor this interpretation. In contrast, it seems estrogens might
perform better in protecting against atherosclerosis development. There is
very little information on whether SERMs may offer advantages against arterial
stroke, although the increase associated with estrogens in recent randomized,
placebo-controlled clinical trials have not been detected for SERMs. Although
it only offered data on mortality and did not clearly separate the distinct CVD
forms, the important overview of randomized trials of adjuvant tamoxifen
could not find increased mortality for the aggregate of all cardiac or vascular
deaths (Early Breast Cancer Trialists’ Collaborative Group 1998).

Venous thrombosis defines a field where there is a strong parallel perfor-
mance of estrogens and of the SERMs presently developed. This adds to the
still mysterious mechanisms underlying the increase in risk that has been
found. There is plenty of evidence in favor of an antagonism of hormones on
the anticoagulant pathway of hemostatic equilibrium, but very poor data have
been obtained with functional tests of coagulation. The dearth of information
on the mechanisms by which estrogens/SERM:s interfere with anticoagulation
further impairs the finding of successful research options.

In conclusion, we are at a very preliminary step on what is probably a long
but promising path. The modulation of estrogen action seems a powerful
mechanism in the control of CVD risk. Additional advances in the knowledge
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of estrogen action as well as in the improvement in the design process of
new SERMs should offer substantial progress in this area. The concomitant
acquisition of clinical data, as is expected from the RUTH study, will consolidate
research developments.
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CHAPTER 10

SERMs and the Breast

JoaQuUIM CALAF I ALSINA - ANTONIO CANO SANCHEZ

10.1
Introduction

Lactation is a basic period in mammalian reproduction, and the breast, its
function, and pathology have a very important place in medicine and so-
ciety. In developed countries breast cancer is the most important issue, far
more important than nonlactational galactorrhea; it is frequently related to
infertility or unsuccessful breastfeeding and is a major health concern among
women.

Breast cancer is the most common malignant tumor in women. It comprises
18% of all female cancers, before cervix (15%) and colon (9%) cancer. After
lung cancer it is the most frequent malignancy resulting in death (Brinton
and Devesa 1996). However, the incidence and mortality vary widely among
countries. From 6 per 100,000 women/year in Japan to almost 30 in the UK.
Studies in migrants show that the rates of breast cancer tend to be those of the
host country within one or two generations and become different from those
of the family members remaining in the country of origin. This suggests that
nutritional and other environmental factors are more important than genetics.

Age is the most important risk factor. Both the incidence of the disease and
related mortality increase with age, and there is a clear slowing after menopause
(Fig. 10.1). This alone suggests a relationship between estrogen priming and
the incidence of the disease. This is corroborated by the differences in inci-
dence according to the duration of reproductive life. Early menarche or late
menopause increases the risk of presenting a breast cancer, and having had
an oophorectomy before age 35 lowers the risk of presenting breast cancer
to 40% of that presented by women reaching natural menopause at around
age 50. Other anthropometric factors like body weight or body mass index
are negatively related to breast cancer incidence. Skin and fat tissue are major
sites for aromatase, an enzyme converting androgenic precursors to estrogens,
and consequently obese women are able to produce more estrogens. Obesity
is also negatively related to circulating levels of sex hormone binding glob-
ulin (SHBG), a plasmatic protein that binds potent estrogens like estradiol,
and thus leaving a higher percentage of circulating estrogens “free” to bind
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to estrogen receptors (ERs). Other risk factors identified, like socioeconomic
group, alcohol consumption, and saturated-fat-rich diets, seem to act through
an increase in the ability to produce estrogens.

With these evidences in mind the rationality of any attempt at blocking
the access of an estrogen molecule to its receptor, and consequently dimin-
ishing the risk of breast cancer, seems justified. SERMs, a family of molecules
characterized by their ability to bind to ERs with high affinity and competing
with genuine estrogens, are in a preferential position to play this role. In fact
tamoxifen, the first widely used SERM, has been the major tool for adjuvant
therapy in early, ER(+) breast cancer and remains the only drug accepted for
preventive intervention in high-risk women. In this battle against breast cancer
SERMs have to find their place among new agents also able to minimize the
estrogenic stimulation of the breast cell, normal or neoplastic, as aromatase
inhibitors or “pure” ER antagonists.

In this chapter we will review the basic aspects of endocrine regulation
of breast tissue growth and development. The relationship between genetics,
estrogen exposure, and breast cancer risk will be discussed, and preclinical
and clinical experience in the use of SERMS for both prevention and ad-
juvant treatment of ER-positive breast cancer will be reviewed and put in
perspective.

10.2
Biology of Breast Development and its Endocrine Regulation

Mammary epithelium is very sensitive to hormonal stimulation. It is where
proliferative events take place and where neoplastic transformation begins.
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Crucial for the understanding of this process are the studies of Russo (Russo
and Russo 1997), according to which any carcinogenetic action takes place in
the less differentiated and highly proliferating areas of the breast.

Consequently, breast cancer develops as the result of the synergy between
a foreign stimulating agent and an especially sensitive area of the mammary
epithelium. According to Russo and coworkers (1992), the mammary ductal
tree shows a clear regional specialization. From their studies it can be deduced
that, from birth, the mammary gland enters in a continuous branching pro-
cess giving rise to the lobules. Since this is a dynamic process, lobules can
be found in different developmental stages that have been classified in four
categories. Type 1 lobule, also called the terminal ductal lobular unit, is the
less differentiated structure.

Type 1 lobules evolve into type 2 lobules by incorporating a higher number
of ducts. During pregnancy all of them progress to type 3 lobules endowed with
a highly dense duct branching system. Lactation is based on type 4 lobules,
with an intense secreting activity that regresses to types 2 and 3 after weaning.
After menopause the majority of these structures regress to type 1 (Russo et al.
1992). Consequently, pregnancy is a determinant factor for the development
of type 3 and 4 lobules and, in nulliparae, type 1 is predominant. It is in this
type of lobule where cancer develops more frequently. After age 50 the lobular
composition of the breast tissue is predominantly composed of type 1 lobules
in both nulliparae and early para women. However, the risk of developing
a cancer is higher in nulliparae, and it is plausible that type 1 lobules from
the former have a higher malignancy potential since they have never reached
type 4 differentiation.

Explaining this higher tendency to malignancy are the observations of
a higher proliferating activity in type 1 lobules, especially in nulliparae, and
also a higher concentration of estrogen and progesterone receptors. According
to this, the majority of the most common breast cancers arise from type 1
lobules, whereas type 2 lobules used to be the place of origin of atypical hy-
perplasias or in situ carcinomas. Type 3 lobules are the site of fibro-adenomas
or cysts (Wellings et al. 1975).

10.3
Framework of Breast Cancer Research

An integrated analysis of the biological, epidemiological, and clinical data
recently available has led to a multitarget approach to the investigation of the
origins of breast cancer (Wolman et al. 1997). This involves new knowledge in
molecular genetics, cellular biology, and endocrine environment.

In the field of molecular genetics, several susceptibility genes for breast can-
cer have been identified. The genes involved in the regulation of development
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and differentiation of normal breast tissue and the role of their abnormality
in the onset of a tumor are crucial in the understanding of the disease. The
isolation of the proteins regulated by these genes open new approaches for
tumoral research (McPherson et al. 2000).

Two genes, BRCA1 and BRCA2, have been identified and are present in
a relevant proportion of high-risk families. They are located in the long arms
of chromosomes 17 and 13, respectively. They are large genes allowing for
multiple mutations at different positions and thus making the detection of
genetic abnormalities in a given patient technically and time demanding.
P53 and PTEN are genes associated with rare familial syndromes including
breast cancer, but, together with other unknown genes, they are also involved
in an increase in risk above the general population level. They are probably
rather common and account for a substantial part of the genetic contribution
to breast cancer (Black 1994).

A second element in breast cancer genesis is cellular biology. The availabil-
ity of cellular models able to reproduce the development of a breast cancer
allows the study of the sequential morphologic changes and to test the im-
pact of different manipulations of factors modifying the progression of the
disease.

In this field two models contribute especially to the advance of research:
the culture of primordial mammary cells, able to grow even as a xenograft,
and the transgenic mouse. The mouse hyperplasic alveolar node is the most
advanced model of preneoplastic breast tissue. It is a focal lesion related to
situations known to be at high risk of developing breast cancer. It has been
used to investigate the role of chemical carcinogens, viruses, hormones, and
growth factors in its progression to a malignant tumor.

A third basic element is the micro environment of the tumor. The tumoral
cells are surrounded by other cellular and acellular components and establish
with them a paracrine relationship that determines the ability of the tumor
to grow and create metastasis. Relevant in this sense are the members of the
family of IGFs and the proteases, cytokines, or factors regulating tumoral
angiogenesis like vascular endothelium growth factor. Also very important in
clinical terms are the evidences of the high aromatase concentrations in the
tumor itself and in the surrounding benign areas, assuring a local contribution
of high levels of estrogens to tumor growth (Santner et al. 1997).

Finally, estrogen-dependent tissues are all related by the endocrine infor-
mation system where the messengers are estrogenic molecules. As has already
been mentioned, any modification, positive or negative, in the availability of
estrogen to the mammary breast cells has an impact on the future risk of breast
cancer. This opens new and interesting research lines in methods to diminish
breast tissue estrogenic priming and thus diminish the risk of presenting the
disease.
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10.4
Relationship Between Estrogens and Breast Cancer

10.4.1
Endogenous Estrogens

The origin of a malignant tumor is a random genetic mutation leading to the
loss of mitotic control by the cells. Normal cells experience mutations regularly,
and they are necessary mechanisms of adaptation that are strictly controlled.
Malignant transformation, however, means a loss of control and a chaotic,
uncontrolled growth.

The factors inducing and maintaining mutations leading to malignant
growth can be distinguished as inducers or promoters. The former are the
genuine carcinogens giving rise to genomic modification, whereas the latter
maintain and amplify the lesion. However, both roles can be interconnected.
Estrogens, as naturally occurring substances, do not fulfill the criteria of a car-
cinogen but exert a proliferative effect leading to continuous cellular divisions,
a risk situation for the appearance of mutations. The errors, appearing during
the process of DNA replication, are corrected by a complex repair system in
which cellular proteases and specific genes like P53 are involved.

If the effectiveness of this repair system is overcome by the intense prolif-
erating rate induced by estrogens, a number of abnormally mutated cells will
continue to divide and give rise to a malignant tumor, making estrogens both
inducers and promoters (Fig. 10.2) (Ames and Gold 1990).

Based on this concept of correlation between high replication rate/high
persistent mutation risk, Pike et al. (1983) formulated the hypothesis of “breast
tissue age” and developed a mathematical model to predict the effects of
exposure to ovarian hormones. This model incorporates reproductive and
endocrine items related to breast cancer and is able to predict the relative risk
of individual situations with results that are very close to those observed in
clinical trials. According to this hypothesis, both the years of exposure and
the circulating serum levels of estrogens are associated to short-term breast
cancer risk in postmenopausal women (Toniolo et al. 1995).

Consequently, anylife event related to an increase in breast tissue exposure to
estrogens leads to a higher risk of developing a cancer. Thus early menarche or
late menopause increases the risk of presenting a cancer, whereas long periods
of hypoestrogenic amenorrhea or early oophorectomy decreases the risk as
compared to the general population. Obesity implies a larger amount of skin
and fat, both tissues rich in aromatase, the enzyme that converts androgens
to estrogens. At the same time high body mass index is an independent factor
diminishing the hepatic secretion of sex hormone binding globulin (SHBG),
a transport protein binding both to testosterone and estradiol and limiting its
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Different pathways to malignancy
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Fig. 10.2. Breast epithelial cells can evolve into a malignant ones either as a consequence of
the functioning of the repair system or after repeated replication favored by estrogens. Both
mechanisms can coexist and act synergistically

bioavailability (McTiernan et al. 2003). Thus, in obese postmenopausal women
the peripheral production of estrogens is higher as compared to lean ones, and
those estrogens are more available to the ER. This leads to a higher breast
cancer incidence (Endogenous Hormones and Breast Cancer Collaborative
Group 2003).

Conversely, circumstances reducing estrogen production such as exercise,
reduced alcohol intake, or low-fat diet decrease the risk (Chlebowski et al.
1999; McTiernan et al. 2004). The role of smoking remains controversial be-
cause mutagenic substances present in tobacco smoke can cause DNA damage,
but current smoking can have an antiestrogenic effect by interfering in es-
trogen metabolism (Manier et al. 2004). In summary, any anthropometric
or behavioral circumstance increasing endogenous production of estrogens
and consequently higher circulating concentrations increases the likelihood of
presenting a breast cancer in the future.

10.4.2
Exogenous Estrogens

The consequences of the administration of substances with estrogenic activity
on brest cancer incidence are probably different before and after menopause.
During reproductive age the concentrations of estrogens during the sponta-
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neous cycle or in some anovulatory situations like polycystic ovary syndrome
change from woman to woman and cycle to cycle. With the administration
of hormonal contraception the synthetic steroids contained in contraceptive
preparations block the ovarian function and replace the endogenous hor-
mones. In these circumstances the circulating concentrations of estrogens are
relatively homogeneous and not necessarily higher than those present during
the natural cycle. At the present time several cohort studies have failed to
show any increase in breast cancer among users of hormonal contraception
(Marchbanks et al. 2002).

After menopause the exogenous hormones just add to those produced
through peripheral metabolization of androgens and mean an increase in
estrogen availability to breast epithelium. Until recently the evidences on the
effect of hormone therapy (HT) after menopause came from observational or
cohort studies. In 1995 an evaluation of this topic among the participants of
the Nurse’s Health Study (Colditz et al. 1995) detected a small increase in the
risk of presenting a breast cancer after the use of HT, either estrogens alone
or combined with progestins, for more than 5 years. A reanalysis of the data
published in 51 studies comparing the information from 52,705 cases of breast
cancer with 108,411 controls (Collaborative Group on Hormonal Factors in
Breast Cancer 1997) confirmed an increase in risk among users of HT.

In recent years two large-sample, prospective, double-blind, randomized
trials have been performed to evaluate the usefulness of HT as a tool for sec-
ondary (Heart and Estrogen/Progestin Replacement Study, HERS) or primary
(Women’s Health Initiative, WHI) prevention of cardiovascular disease in post-
menopausal women (Grady et al. 2002; Rossouw et al. 2002; Anderson et al.
2004). HERS randomized 2763 postmenopausal women with coronary disease
to receive a combination of conjugated equine estrogens (CEE) 0.625 mg/d plus
2.5 mg medroxyprogesterone acetate or placebo. Two thousand three hundred
twenty-one surviving HERS participants consented to continue the 4-year
placebo-controlled period with a subsequent open-label observational study
for 2.7 years. It totalized a 6.8-year followup period. Breast cancer was one
of the outcomes evaluated in the study, and after nearly 7 years of treatment
the difference between hormone and placebo group was insignificant even
if the incidence was slightly higher in the treated group (RH = 1.27; 95%
CI = 0.84-1.94) (Hulley et al. 2002).

WHI had two different arms. One included postmenopausal women with
intact uterus randomly assigned to receive daily (Rossouw 2002). A parallel
study randomized postmenopausal hysterectomized women to receive either
placebo or 0.625mg/d of CEE. The two studies included a total of 27,347
women. The study with nonhysterectomized women was interrupted prema-
turely, after a mean of 5 years of treatment, because health risks exceeded
benefits. Among them an increase in invasive breast cancer was observed
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in the treated group up from the fourth year of treatment (HR = 1.24 95%
CI =1.01-1.54) with the intent of treating analysis (Fig. 10.3). When a sen-
sitivity analysis was performed excluding the events in nonadherent women,
the observed effect was slightly higher (HR = 1.49) with the possibility of an
earlier appearance of the effect. Unlike what had been observed in previous
studies (Holli et al. 1997), where tumors were slightly larger (1.7 cm [1.1] vs.
1.5 cm [0.9]), tumors have been diagnosed at a more advanced stage compared
to those in the placebo group and were similar in histology (Chlebowski et al.
2003).

The part of the study involving hysterectomized women was also inter-
rupted in February 2004 after nearly 7 years of treatment because there was no
protective effect on the risk of heart disease, but the risk of stroke increased at
the same rate as for the estrogen plus progestin combination.

It is important to note that the invasive breast cancer rate was 23% lower in
the CEE group than in the placebo group (26 vs. 33 cases per 10,000 woman-
years) approaching statistical significance (HR = 0.77 95% CI = 0.50-1.01).
These results do not support the previously quoted hypothesis on the effects of
estrogen exposure and breast cancer incidence, but some aspects must be taken
into account. The majority of studies have found a higher effect of HT on breast
cancer incidence when progestins were associated to estrogens. At the same
time a high percentage of hysterectomized women are also oophorectomized
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and, consequently, the endogenous contribution of androgen precursors for
aromatization is limited to adrenal secretion. Thus these results do not override
the general advice of limiting postmenopausal estrogen (Fig. 10.4) adminis-
tration to symptomatic women at the lowest effective dose (Anderson et al.
2004).

10.5
Pharmacological Blockade of Estrogen Receptors:
The Concept of Chemoprophylaxis

The evidence for a negative effect of estrogen exposure on breast cancer risk
raises automatically the idea of minimizing the risk by diminishing the binding
of estrogens to their receptors. Oophorectomy has been the first measure
to show effectiveness in improving the evolution of advanced breast cancer.
This alternative was challenged by the discovery of molecules able to bind
to ERs competing with estrogens. The substances were called “antiestrogens”
and shown to be at least as effective as surgery without invasive measures
(Buchanan et al. 1986; Ingle et al. 1986).

The evidence that tamoxifen was able to exert estrogenic effects on several
tissues like the bone (Love et al. 1992) opened the door to the concept of
SERMs, which is explained in detail in Chaps. 2 and 3 of this book. The
mechanisms of action of these substances on ERs is explained in detail in
Chap. 3. However, it is pertinent to comment on some special aspects of its
action on mammary cancer cells. IGF-1 is a key element in growth control of
malignant breast cells through endocrine and paracrine pathways. Tamoxifen
and its active metabolite are able to inhibit IGF-1-stimulated growth (Jordan
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Pharmacological modulation of estrogen action
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Fig. 10.5. Drugs can impair the estrogenic stimulation of the mammary cell in different
ways: 1. Increasing SHBG hepatic secretion and diminishing the amount of free bioavailable
hormone. 2. Inhibiting the activity of aromatase and blocking the conversion of weak
androgens to estrogens. 3. Pure antiestrogens, like fulvestrant, compete with estrogens
to bind to the receptor and blocks its ability to influence on nuclear action. 4. SERMs
bind to the receptor but influences selectively on cellualar action depending on the tissue.
(A = androgens, E = estrogens, ER = estrogen receptors, SHBG = sex hormone binding
globulin)

1994), modulate the expression of IGFBPs (Lee and Yee 1995), reduce the
autocrine secretion of IGFs (Huff et al. 1988), and reduce both the plasmatic
levels (Colletti et al. 1989) and the receptor population (Freiss et al. 1990) of
IGF-1.

Tamoxifen has pioneered the field of primary and secondary chemopreven-
tion of breast cancer, which has been followed by second- and third-generation
SERMs and alternative approaches as aromatase inhibitors or “pure antiestro-
gens”, as will be explained below (Fig. 10.5).

10.5.1
Tamoxifen as Adjuvant Therapy in Early ER(+) Breast Cancer

Tamoxifen has been widely used in the adjuvant treatment of invasive breast
cancer associated to surgery and chemotherapy. It has been shown to be effec-
tive in preventing new contralateral tumors and local or peripheral recurrences
(Nolvadex Adjuvant Trial Organization 1983; Cuzick and Baum 1985; Abe et al.
1998). The overview comprised 37,000 women from 55 randomized trials and
included events occurring more than 5 years after randomization. The effects
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of tamoxifen administration in cases with a low or zero level of ER measured
in the primary tumor (about 8000 women) appeared to be small, and con-
sequently analysis of recurrence and total mortality have been restricted to
patients with ER(+) tumors or untested (around 30,000 cases altogether). Both
recurrence and mortality reductions over approx. 10 years of followup had
a clear significant trend toward greater effect with longer treatment. After 1, 2,
and 5 years of adjuvant treatment, recurrences were reduced by 21, 19, and 47%
and mortality by 12, 17, and 26%, respectively. Even if the relative reduction
in mortality was similar for both node-negative and node-positive patients,
the absolute mortality reductions were greater in node-positive women. The
proportional reductions in contralateral breast cancer were 13, 26, and 47%,
respectively, for the aforementioned periods of treatment (Fig. 10.6).

Toremifen is a SERM considered a tamoxifen analog characterized by one
chlorine atom and is approved for first-line treatment of metastasic breast
cancer in postmenopausal women who have tumors that are either ER(+) or of
unknown status. In a 3-year face-to-face study with tamoxifen, there were no
significant differences between both drugs. The number and profile of adverse
events are also similar. Experience with toremifen is limited and far from that
accumulated with tamoxifen.

Until recently tamoxifen has been the gold standard for adjuvant therapy in
ER(+) early breast cancer. Recent information from controlled trials comparing
tamoxifen to aromatase inhibitors has challenged this idea. More research is
needed to establish the respective roles of the two families of substances in the
hormonal management of breast cancer (Chlebowski et al. 2002).
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10.5.2
Tamoxifen in Primary Prevention of ER(+) Breast Cancer

Since SERMs are able to block (estrogen-dependent) malignant mammary
cell growth, it is logical to deduce that its administration to healthy women
should prevent the progression from premalignant to malignant epithelial cells.
The administration of tamoxifen to different groups of high-risk women has
produced relevant information on the advantages and inconveniences of such
an approach (Chlebowski et al. 1999).

The most relevant study is the Breast Cancer Prevention Trial (BCPT,
NSABP-P1) (Fisher et al. 1998). Initiated in the USA by the National Surgi-
cal Adjuvant Breast and Bowel Project, this study recruited 13,388 women
considered at high risk for breast cancer based on Gail’s probability algorithm
(Gail et al. 1989).

The women were randomized to receive either tamoxifen (6681) or placebo
(6707) for 5 years. However, the trial was stopped prematurely because
the findings provided strong evidence of a reduction in breast cancer with
tamoxifen therapy. The results have been released and made available at
http://cancertrials.nci.nih.gov. These are the first available data supporting
the hypothesis that breast cancer can be pharmacologically prevented in an
at-risk female population. The administration of tamoxifen was effective in re-
ducing by 69% the annual rate of ER(+) tumors, both invasive and in situ, but
was ineffective in reducing the occurrence of ER(-) neoplasias (Young 1999).

This prevention was evident in all risk category groups included in Gail’s
score and with any previous history of breast lesions (atypical hyperplasia,
lobular carcinoma in situ, etc.) (Fig. 10.7).

Three other studies were conducted to investigate the preventive potential
of tamoxifen. One in Italy (Veronesi et al. 1998), one at the Royal Marsden Hos-
pital, United Kingdom (Powles et al. 1998), and a multicentric international
study (IBIS 2002). The British study was the smallest in size (2471 participants)
but concentrated on women with a high incidence of family history and conse-
quently presented a higher number of breast cancers. The Italian trial included
only women with previous hysterectomy and, accordingly, around 50% had
also undergone bilateral oophorectomy. The family risk was low: only 15%
had a first-degree relative affected by breast cancer. Both European studies
permitted concurrent HRT, and 26% of the participants in the British trial
received HRT while on study and 42% had “ever received” HT for menopausal
symptoms. Neither of the studies showed any positive effect of the treatment
with tamoxifen on the incidence of breast cancer. Reasons for this lack of effect
can be different for each trial.

The Italian study included low-risk women, especially as concerns the as-
pects expected to be protected by tamoxifen, and the sample was too small to
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Fig. 10.7. Effect of tamoxifen administration on incidence of invasive (left panel) or nonin-
vasive (right panel) breast cancer. Reproduced with permission from Fisher et al. and other
National Surgical Adjuvant Breast and Bowel Project Investigators (1998)

show differences with the placebo group. The compliance has been reported to
be very low since only 149 women completed the expected 5 years of treatment.
Two recently published subanalyses of the Italian trial focus on two especially
high-risk subgroups: HRT users (Veronesi et al. 2002a) and those fulfilling
precise risk criteria for breast cancer (Veronesi 2002b). Both subanalyses show
significant protection from tamoxifen administration. As the authors point
out, “Tamoxifen’s effect appears to be restricted to women who are predicted
to be at high risk of the hormone-dependent form of breast cancer. If it proves
to be true the same reduction in the absolute numbers of breast cancer could
be obtained by restricting treatment to the reduced women at high risk and
thus improve the cost effectiveness of the intervention”.

The results obtained in the UK trial are more difficult to explain. Since
the sample was basically composed of rather young women (62% younger
than 50 years old) with increased risk by family history (96% with a first-
degree relative affected), it can be postulated that the origin of the majority of
cancers was probably more genetic than hormonal. Furthermore, there is no
information on the receptor status of the tumor detected in both placebo and
treated group.

The IBIS-I study was promoted by the UK Coordinating Committee for Can-
cer Research and supported by the Imperial Cancer Research Fund. A group
of 7152 high-risk women were selected according to criteria related to familial
cases of breast cancer, previous atypical biopsies, and parity. The most im-
portant group was that of women with two or more first- or second-degree
relatives with breast cancer. For this group the yearly frequency of breast can-
cer, in the absence of any intervention, was calculated to be 7.50 per 1000
women. This proved to be accurate since the actual frequency in the placebo
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group was 6.74 per 1000, not significantly different from that projected. The
study took place predominantly in the UK, Australia, and New Zealand, with
testimonial participation of some European countries (Spain, Ireland, Finland,
Italy, Belgium, and Switzerland).

After median followup of 50 months a risk reduction of 32% in the
tamoxifen-treated group has been observed. This protection was independent
of age, degree of risk, and previous or actual use of HRT. The most striking
outcome of the study has been the significant increase in the death rate of all
causes in the tamoxifen group as compared to that receiving placebo (25 vs.
11 cases). The increases correspond to cancers other than breast cancer (only
four deaths were due to breast cancer, two in each study group), pulmonary
embolism other vascular causes, and cardiac deaths. The variety of causes of
death and the lack of an increase in overall frequency suggests that this may be
a chance finding excepting thromboembolic events, which will be discussed
in detail later. This increase in overall mortality in the treated group raises the
issue of the cost-benefit of these interventions. If the number of breast cancers
has been lower than expected, and the reduction in the number of new cases
is at the cost of unexpected deaths, the appropriateness of the treatment has
to be carefully evaluated. The editorial introduction at the moment of the IBIS
publication was entitled “Chemoprevention of breast cancer: a promising idea
with an uncertain future” (Kinsinger and Harris 2002). A summary of the data
on prevention trials is presented in Table 10.1.

Table 10.1.
Trial Sample size Women/years Cancers/1000 women/year
of followup
Placebo Tamoxifen
BCPT 13.388 46.858 6.6 3.6
Powles 2.471 12.355 5.0 4.7
Veronesi 5.408 20.731 2.3 2.1
IBIS 7.152 29.967 101 69
10.5.3

Drawbacks of Tamoxifen as a Preventive Agent

The estrogenicity of tamoxifen at several levels brings both advantages and
inconveniences. Among the former we have already mentioned bone quality
and vaginal proliferation. However, the inconveniences, especially endometrial
polyps and cancer and thrombotic events, are important enough to avoid the
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systematic use of this drug as a preventive agent except with well-identified
high-risk patients. Thus a careful cost-benefit analysis is needed.

A recent review by Cuzick et al. has pooled the information generated by the
four randomized prevention trials mentioned above (Cuzick et al. 2003). The
observed reduction in breast cancer incidence was 38%, in good agreement
with what was expected from the individual trials. When analyzing according
to ER status, there was no reduction in the incidence of ER(-) tumors, and a re-
duction of 48% was observed in the incidence of ER(+) cancers. These figures
clearly confirm that tamoxifen can reduce the risk of ER(+) breast cancer.

The rates of endometrial cancer were increased in the tamoxifen group
in all trials. The consensus relative risk was 2.4 (1.5-4.0) in the prevention
trials, and the hazard ratio was 3.4 (1.8-6.4) in the adjuvant studies. The risk
increase is seen almost exclusively after 50 years of age, and the information
available suggests that the cancers detected in the tamoxifen-treated women
are not of worse prognosis than those detected in the general population.
The endometrial action of tamoxifen seems to be exerted mainly through
the IGF system rather than by direct binding to ERs. Tamoxifen decreases
the synthesis of IGFBPs and potentiates the tisular activity of IGF-1 through
tyrosine phosphorylation (Kleinman et al. 1996) (Fig. 10.8).

Besides cancer, tamoxifen induces benign changes in the endometrial and
subendometrial structures, which induce a burden of unnecessary exam-
inations (ultrasound, hysteroscopy, biopsy etc.) and surgery (D&Cs, hys-
terectomies) due to misleading or false positive ultrasonographic reports
(Dijkhuizen et al. 1996). Since the absolute incidence of the disease is low
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Fig. 10.8. Hazard ratio of presenting an endometrial cancer as the consequence of treatment
with tamoxifen or raloxifene (MORE study). Reproduced with permission from Cuzick et al.
(2003)
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and frequently manifested by abnormal bleeding, the American College of
Obstetricians and Gynecologists recommends limiting the endometrial ex-
amination of tamoxifen users to those presenting with abnormal bleeding.
This situation makes very suitable the availability of new agents devoid of
endometrial activity.

Tamoxifen users present also a doubling incidence of deep venous throm-
bosis (DVT) and pulmonary embolism (PE) (118 vs. 62 cases). This increase is
similar to that seen with HRT. There are some aspects of this side effect that
should be commented on to improve the management of women eligible for ta-
moxifen treatment and at risk for DVT (Goldhaber 2005). In the subanalysis of
the Italian study (Decensi et al. 2005), the venous thromboembolism definition
included DVT, PE, and superficial phlebitis. Most of the VTE that the authors
reported were, in fact, cases of superficial phlebitis, whereas the admitted
definition of venous thromboembolism excludes this entity. Such conceptual
differences, together with differences in age and background characteristics
between the four studies, can explain the diversity in the incidences observed.

It is interesting to note that in IBIS, where the rate of thromboembolic
events was about 2.5 times higher in the tamoxifen group, the majority of
the events took place within 3 months of major surgery or after long-term
immobility. Twenty of 25 such events were in women in the tamoxifen group.
This is why the authors strongly suggest discontinuing tamoxifen before any
surgery or longstanding immobility and providing appropriate antithrombotic
measures. The treatment should not be restarted until full mobility is restored.
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Fig. 10.9. Hazard ratio of presenting a venous thomboembolic event as the consequence of
treatment with tamoxifen or raloxifene (MORE study). Reproduced with permission from
Cuzick et al. (2003)
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The Italian study subanalysis identifies as independent predictors of VTE:
age > 60 years, height > 165 cm, and diastolic blood pressure > 90 mm. Also
relevant is the association between high global cardiovascular risk scores and
VTE incidence. This means that there is a correlation between arterial and
venous risks, and consequently prevention of arterial complications will also
mean lower venous risk (Decensi et al. 2005; Goldhaber 2005) (Fig. 10.9).

Considering the information presented, tamoxifen does not appear to be
suitable for breast cancer prevention. Further studies are needed to reduce
risks and increase efficiency either by reducing the dose or identifying those
women likely to gain the highest benefit (Powles and Chang 1997). Meanwhile,
new agents emerge as alternatives with similar or higher protective effects and
fewer or different side effects (Fabian and Kimler 2005; Cuzick 2005).

10.6
Raloxifene and Breast Cancer

Raloxifene is a SERM devoid of stimulating effects on the uterus as is known
from the initial studies (Delmas et al. 1997). Eliminating one of the major
concerns raised by the experience gained with tamoxifen studies, both in pre-
vention and adjuvant treatments, puts raloxifene in a place of privilege to be
a rational alternative agent. At the same time it improves bone density, pre-
vents osteoporosis and vertebral fracture, and reduces cardiovascular events
in a subset of high-risk patients (Silverman et al. 2004). The evidences on the
effects of raloxifene on the uterus are explained in detail in Chap. 10 of this
book.

Experimental studies showed antitumoral effects of raloxifene in different
in vitro preparations and animal models. Raloxifene has been able to inhibit the
mitogenic effect induced by estrogens on ZR-75-1 cells, an estrogen responsive
human breast cancer cell line (Poulin et al. 1989). In a well-accepted rat model
of breast cancer induced by nitroso-methyl urea (NMU) raloxifene significantly
suppressed the development of breast tumors and acted synergistically with
9 cis-retinoic acid (Anzano et al. 1996).

10.6.1
Clinical Studies

The strongest clinical information on the effects of raloxifen on breast cancer
risks emerges from the MORE study. As a reminder, this study included 7705
osteoporotic women randomized either to placebo (2576) or raloxifene (5129),
either 60 or 120 mg. Mammographic evaluation was optative during the first
year but mandatory at the second, third, and fourth years. At the six-month
followup controls the patients were asked about any mammary event, and in the



256 J. Calaf i Alsina - A. Cano Sanchez

case of surgery or biopsy the mammograms, pathological reports, specimens,
and ER special staining slides were reviewed by an independent board for
adjudication. There were no differences in family history between the placebo
and the treated group, and no specific evaluation of breast cancer risk factors
has been made.

From the first evaluations a positive effect of raloxifene tratment on the
incidence of breast cancer was detected (Cummings et al. 1999). During the
4 years of treatment 79 breast cancer cases were detected and 77 of them were
confirmed by the review board. In the placebo group 44 cases were identified, of
which 39 were invasive, whereas in the raloxifene-treated group 33 cases were
detected and 22 were invasive. The differences between both groups appeared
progressively and tended to increase over time. This means a relative risk of
0.38 (IC: 95% 0.24-0.58) or, in other words, a reduction in the incidence of
breast cancer of 68%.

Absolute risks can better reflect the clinical importance of the protective
effect. In the placebo group the incidence was 5.3 cases per 1000 woman-years,
while in the treated group only 1.9 cases per 1000 woman-year were diagnosed.
If we only take into account invasive cancers, the figures would be 4.7 and 1.3,
respectively, meaning a relative risk of 0.28 or a decrease of 72% (Cauley et al.
2001).

These encouraging results, similar to those observed with tamoxifen in the
BP-1 study, lead to the design of CORE (Continuing Outcomes Relevant to
Evista) with the primary objective of investigating the effect of four additional
years of raloxifene treatment on the incidence of invasive breast cancer. In
fact, the study was the continuation of MORE in a slightly reduced subset
with a change in the primary endpoint. A final group of 4011 participants of
MORE agreed to continue in CORE. They continued with the same assignment,
raloxifene or placebo. Consequently, 1286 received placebo and 2725 raloxifene.
The active treatment was 60 mg/d raloxifene because it is the dose approved
for the prevention and treatment of osteoporosis and because the two dosage
groups in MORE (60 and 120 mg/d) had similar reductions in the incidence
of breast cancer. All participants had a bilateral mammogram within the year
of enrollement and 2 and 4 years thereafter. The process of adjudication by an
independent review board was similar to that implemented for MORE.

During the 4 years of the trial 61 cases of breast cancer were reported and
confirmed. Of these, 30 were in the placebo group (28 invasive) and 31 were in
the raloxifene group (24 invasive). This means a 59% reduction in the incidence
of invasive breast cancer in the raloxifene group as compared with women
receiving placebo (2.1 vs. 5.2 cases per 1000 woman-years; HR = 0.41, CI = 0.24
t0 0.71). Only nine intraductal, noninvasive breast cancers were detected, seven
in the raloxifene group and two in the placebo group. The treatment with
raloxifene reduced the overall incidence of breast cancer by 50%. The results
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obtained in this second treatment period are very similar to those observed in
MORE.

Considering all 7705 MORE participants from the moment of the initial
randomization to the end of their participation in either MORE or CORE,
a total number of 121 breast cancers were adjudicated, 56 cancers in the
raloxifene group and 65 in the placebo group. Of these 58 in the placebo
group (4.2 cases per 100 woman-years) and 40 in the raloxifene group
(1.4 cases per 1000 woman-years) were invasive. Consequently, raloxifene in-
duced a 66% reduction in the incidence of invasive breast cancer compared
with the placebo group (HR = 0.34, 95% CI = 0.22-0.50) (Martino et al. 2004b)
(Fig. 10.10).
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Fig. 10.10. Cumulative incidence of invasive breast cancers during 8 years of treatment
either with raloxifene (dotted line) or placebo (solid line) Reproduced with permission
from Martino et al. (2004)
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10.6.2
Estrogen Receptor Status

It is also important to note that, as happened with tamoxifen, this decrease in
risk concentrated exclusively in ER(+) tumors. ER status was determined for
88 cases, and 75% of these were considered positive. The decrease in risk in-
duced by raloxifene administration during the total 8 years of MORE plus CORE
reached 76% of the invasive ER(+) cases, compared with the placebo group
(0.8vs. 3.2 cases per 1000 woman-years; HR = 0.24; 95% CI = 0.15to 0.40). There
was no influence of the raloxifene treatment on the incidence of ER(-) invasive
tumors (0.53 versus 0.51 cases per 1000 woman-years; HR = 1.06;95% CI = 0.43
t0 2.59). This confirms the hypothesis that raloxifene exerts its protective effect
through its binding to breast cell ERs, avoiding the proliferative effect of es-
trogens to take place. Consequently ER(-) tumors cannot be influenced by the
presence of raloxifene in the blood, and no difference in its incidence should be
expected between placebo and treated groups (Cauley et al. 2001) (Fig. 10.11).

4.
HR = 0.24
(95% CI = 0.15 to 0.40) (] Placebo
3.5 P <.001 Il Raloxifene

g 3

]

=

& 25

£

£

8 21

e

§ 1.5 4

§ HR = 1.06

. I 95% Cl = 0.43 to 2.5

Fig. 10.11. Annual incidence = g (85% =90 02:59)
rate per 1000 woman-years of
followup for invasive breast 054
cancers over the 8 years of
CORE according to ER status. 0
Reproduced with permission ER-positive ER-negative
from Martino et al. (2004a) breast cancers breast cancers
10.6.3

Estrogen Circulating Levels and Raloxifene Protection

The hypothesis of protection based on the competition of raloxifene with es-
trogens for the occupation of ERs implies the need for circulating estrogens to
compete with. For the same reason the higher the concentrations of estrogens
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circulating, the higher the expected risk of presenting an ER(+) breast cancer
and, consequently, the higher the protection offered by the administration of
a SERM. The validity of this hypothesis has been tested both in MORE and
CORE.

Lippman et al. (2001) determined the basal serum estradiol levels of 7290
women participating in MORE at the moment of enrollement. The samples
were analyzed in a central laboratory with a low-sensitivity radioinmuno anal-
ysis (RIA) allowing for discrimination only between samples containing more
or less than 12 pmol/L. The incidence of invasive breast cancer was clearly
higher among women in the placebo group, with values higher than 12 pmol/L.
The number of cancers was similar in the treatment group irrespective of the
estradiol concentrations. Thus the effect of raloxifene treatment was also more
evident in the group of women with the higher estrogen levels.

Using a more sensitive RIA, but studying the same population, Cummings
et al. (2002b) were able to discriminate between undetectable concentrations
and those lower than 5, 6 to 10, and more than 10 pmol/L. In the placebo group
the incidence of invasive breast cancer increased according to increases in the
concentrations of circulating estradiol detected. As expected, the raloxifene-
treated group presented the same incidence of breast cancer, irrespective of
circulating levels of estradiol at recruitment, reflecting the ability of raloxifene
to compete with any postmenopausal level of circulating estradiol. Since the
incidence was higher in the high estrogen group, the degree of protection was
also more important in these patients.

Finally, Martino et al. (2004a) analyzed the cases from MORE and CORE
together using the basal data analyzed by Cummings et al. (2002). Partici-
pants were divided into three groups: those with baseline levels of < 5 pmol/L
(N =3655), 5-10 pmol/L (N = 983), or > 10 pmol/L (N = 2652). The in-
cidence of invasive breast cancer cases was significantly reduced by 75%
(HR =0.25, 95% CI = 0.14-0.47; ARR =46 cases per 10,000 woman-years)
in the raloxifene group compared to placebo in women with serum estradiol
> 10 pmol/L.

In those with serum estradiol concentrations of 5-10 pmol/L, invasive
breast cancer incidence was reduced by 67% (HR = 0.33, 95% CI = 0.13-0.84;
ARR = 40 cases per 10,000 woman-years) in the raloxifene group compared
to those receiving placebo. In women with serum estradiol levels < 5 pmol/L,
the 48% reduction in invasive breast cancer incidence for the raloxifene group
compared to placebo was not significant (HR = 0.52, 95% CI = 0.26-1.06;
ARR = 11 cases per 10,000 woman-years). However, the interaction test showed
that the magnitude of reduction in breast cancer incidence with raloxifene was
independent of estradiol level (interaction p = 0.317).

These figures lend support to the hypothesis that raloxifene prevents the
progression of breast cancer by blocking the binding of estrogens to spe-
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Fig. 10.12. Effect of raloxifene on the risk of invasive breast cancer at different serum
estradiol levels evaluated in two different studies. Elaborated from Lippman et al. (2001)
and Cummings et al. (2002a)

cific intracellular receptors and allows for the suggestion that the detection
of relatively high estrogen concentrations can be a criterion for selecting
women in which a pharmacological intervention would be cost-effective.
This is not an easy task since the usual clinical RIA systems are not sensi-
tive enough to discriminate among the very low estradiol levels circulating in
postmenopausal women (Stanczyk 2002). However, this is technically feasi-
ble, and specific RIAs could be set up if such a selection system were shown,
by prospective randomized studies, to be clinically useful (Cummings 2002b)
(Fig. 10.12).

10.6.4
Bone Density and Effect of Raloxifene on the Breast

Allwomen included in MORE met criteria for osteoporosis defined as a lumbar
spine or femoral neck bone mineral density (BMD) T score equal to or less
than 2.5 or as the presence of a radiographic vertebral fracture. These women
are considered to be at lower risk for breast cancer than women with normal
BMD since this parameter could partially reflect a woman’s lifetime exposure
to estrogens (Zhang et al. 1997). After the start of MORE, NHANES III criteria
standardizing total hip BMD measurements became available allowing part of
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the MORE population to be recategorized as having osteopenia and the rest as
being osteoporotic.

Delmas and coworkers (2005) have analyzed the impact of raloxifene treat-
ment on breast cancer incidence over the 8 years of MORE plus CORE depend-
ing on the classification of the participants as osteopoenic or osteoporotic. For
women assigned to placebo, more cases of invasive and ER(+) invasive breast
cancers were reported in the osteopenic than in the osteoporotic group.

In postmenopausal women with osteopenia, 8 years of raloxifene, com-
pared with placebo, was associated with a 65% lower incidence of invasive
breast cancer and 78% lower incidence of ER(+) invasive breast cancer. In
postmenopausal women with osteoporosis, 8 years of raloxifene, compared
with placebo, was associated with a 69% lower incidence of invasive breast
cancer and a 71% lower incidence of ER(+) invasive breast cancer. As men-
tioned previously, raloxifene performed better in protecting from ER(+) can-
cers, and consequently this effect was more evident in the osteopenic group,
expected, according to the hypothesis, to have a higher estrogenic priming
along reproductive life. Even if this reanalysis has the limitation of being based
on a post hoc classification, according to new conventional criteria, it gives
indications of the correlation between bone density and breast cancer risks
and suggests that what is true for osteoporotic patients could also apply to
women with normal BMD (Fig. 10.13).
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Fig. 10.13. Effect of raloxifene on invasive breast cancer incidence by ER status in post-
menopausal women with osteopenia or osteoporosis. Reproduced with permission from
Delmas et al. (2005)
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10.6.5
Other Conditions Related to Raloxifene Protection

Several secondary analyses have evaluated the effect of raloxifene as compared
to placebo after stratifying for different factors known to be related to invasive
breast cancer incidence as age, family history, Gail score, or previous expo-
sure to hormone treatment for menopausal symptoms. Martino et al. (2005a)
stratified MORE + CORE participants according to age (< 65 and > 65 years).
The participants older than 65 had a 77% increase in the risk of presenting an
invasive breast cancer vs. those < 65 years (hazard ratio 1.77, 95% CI = 1.01,
3.12). The invasive breast cancer rates were 29.6 and 51.0 per 10,000 woman-
years in the age categories < 65 and > 65 years, respectively. The absolute
risk reduction (ARR) was 17.1 cases per 10,000 woman-years for the group
younger than 65 years and 35.6 cases per 10,000 woman-years for those older
than 65 years. Therapy by age group interaction was not significant (p = 0.43),
and consequently raloxifene risk reduction was independent of age group.

As previously mentioned, HT is considered to increase risk for invasive
breast cancer. The ability of raloxifene to reduce breast cancer risk was evaluted
after MORE (Lippman 2001; Johnell et al. 2004) and has been evaluated recently
with a consideration of all the breast cancer cases diagnosed after MORE +
CORE (Purdie et al. 2004). Previous HT use was reported by 2235 women and
no previous HT use by 5447 women. In these women, the overall reduction in
invasive breast cancer incidence for the 8 years of MORE plus CORE was 66%
(HR =0.34; 95% CI = 0.22-0.50). In the placebo group the incidence of invasive
breast cancer was 2.7% in those with prior HT use compared to 2.1% in those
with no prior use (p = 0.279). In women with a history of prior HT use,
raloxifene significantly reduced invasive breast cancer incidence by 71% (HR
= 0.29; 95% CI = 0.14-0.59) compared to placebo. In women with no prior
exposure to HT, a 64% reduction in incidence of invasive breast cancer was
found in those receiving raloxifeneX (HR = 0.36; 95% CI = 0.22-0.59). The
magnitude of risk reduction with raloxifene did not differ irrespective of the
previous exposure to HT (interaction p = 0.618).

Another prespecified secondary analysis addressed the effect of raloxifene
administration after stratifying by previous family history (FH) of breast can-
cer defined as breast cancer occurring in a first-degree relative (Martino
et al. 2005b). The group with FH included 949 participants, whereas 6569
did not have FH. Raloxifene decreased the risk for invasive breast cancer in
both groups, but this decrease was higher in the group with family history:
HR =0.11; (95% CI = 0.03-0.38) vs. HR = 0.42 (0.27-0.66) for the group with-
out FH. Expressed in terms of absolute risk reduction (ARR), raloxifene avoided
72 cases per 10,000 woman-years in the FH group vs. 21 cases in the group
with no FH (p = 0.04). Thus, compared with placebo, raloxifene significantly
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reduced the incidence of invasive breast cancer both in those postmenopausal
osteoporotic women with and those without a FH of breast cancer, but this
reduction was significantly greater in women with a FH.

As discussed in the preceding section, osteoporotic women are known to
be at lower risk for invasive breast cancer. However, the incidence detected in
the study was not lower than that expected for a similar general population.
The breast cancer incidence rate for the placebo group in the CORE trial was
5.4 cases per 1000 woman-years, slightly higher than the 4.4-4.5 observed for
a similar age group population as reported by the National Cancer Institute’s
Surveillance, Epidemiology and End Results Program (Kikuchi et al. 1997).
Thus the CORE participants were not at lower risk for breast cancer despite
having osteoporosis. To explain this situation Cauley and coworkers (2004)
analyzed the basal risk for breast cancer as evaluated according to Gail’s score
(Gail et al. 1989).

Ofthe 5213 MORE participants included in the CORE primary analysis, 3996
had a Gail risk assessment; 2718 received 60 mg/d raloxifene and 1278 received
placebo during CORE. The mean 5-year breast cancer risk for all women in
CORE was 1.94, and 54% met the Gail criteria for breast cancer high risk (Gail’s
score > 1.67%). In the placebo group, the rate of invasive breast cancer was
2.7 times higher in the high-risk group than the low-risk group (p = 0.034).
In the total cohort, there were 45 adjudicated cases of invasive breast cancer:
21 (0.8%) in the raloxifene group vs. 24 (1.9%) among those receiving placebo
(HR = 0.42, 95% CI = 0.23, 0.75; p = 0.002 vs. placebo). In the high-risk
group there were 31 cases of invasive breast cancer, 13 in the group receiving
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Fig. 10.14. Effect of raloxifene on incidence of invasive breast cancer after stratifying for
risk evaluated with Gail’s score. Redrawn from Cauley et al. (2004)
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raloxifene (0.9%) and 18 (2.7%) in the pacebo group (HR = 0.33, 95% CI =
0.16, 0.67). Even if the protective effect was three times higher in the high-risk
group, there was no significant difference in the effect of raloxifene between
those patients at low and those at high risk of breast cancer based on the Gail
model (interaction p = 0.28) (Fig. 10.14).

10.6.6
Raloxifen as a Breast Cancer Preventive Agent

In 1999 the American Society of Clinical Oncology working group on breast
cancer risk reduction strategies concluded that “it was premature to recom-
mend raloxifene use to lower the risk of developing breast cancer outside of
a clinical trial setting” (Chlebowski et al. 1999). Five years later the amount and
quality of information has increased significantly. The results obtained in the
CORE study prove that what was true for a 5-year treatment with tamoxifen
in BP1 can persist for at least 8 years with raloxifene. The most relevant lesson
learned from all tamoxifen prevention trials is that the degree of protection
is closely related to the risk profile of the participants. Even in osteoporotic
women, CORE included a significant amount of high-risk women irrespective
of the evaluation system used (age, family history, Gail’s score, or estrogen
levels), which probably explains the high degree of protection offered by ralox-
ifene. Even not reaching significance, raloxifene always performed better in
these high-risk subgroups. Consequently, more refined and updated scores
than Gail’s, including biological data such as estradiol levels, would decrese
the number of women to treat (NNT) to avoid a new case. Such an evaluation
should be considered in future strategies for breast cancer prevention.

On the other hand, efforts have to be made to reduce the major side effect
shared by both tamoxifen and raloxifene: thromboembolism (Cuzick et al.
2003). This could be achieved through a careful selection of women at risk
(Goldhaber 2005) and concomitant administration of preventive treatments
like low-dose aspirin. At the present time tamoxifen is not the answer (Powles
and Chang 1997) since for apparently similar protective effects it has similar
venous effects and significant increase in endometrial cancer risk as compared
to raloxifene. We have to wait for the results of STAR (Wickerham 2003), an
ongoing breast cancer study comparing the ability of tamoxifen and raloxifene
to reduce the incidence of breast cancer in postmenopausal women at high
risk, and RUTH (Mosca 2001), a prospective, double-blind, randomized study
comparing raloxifene an placebo in both secondary prevention of cardivascu-
lar disease and risk reduction of breast cancer in postmenopausal women. In
the meantime we have to keep in mind that, for menopausal women with os-
teoporosis and increased breast cancer risk, raloxifene is a reasonable choice to
treat osteoporosis and also reduce the risk of breast cancer (Kalidas et al. 2004).
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10.7
New Perspectives

Atthe present time SERMs are the only alternative for pharmacological primary
prevention of ER(+) breast cancer. Only a small percentage of the eligible
women agree to enter into such a process, the most important reason being
the uncertainty about the risk/benefit ratio. Consequently, new research aims
to find substances or strategies maintaining the preventive ability at the level
of the breast and bone and without the negative impact on venous thrombosis
or uterine cancer (Fabian and Kimler 2005).

There are evidences showing that lower daily doses of tamoxifen, between
1 and 5 mg, can obtain antiproliferative effects on in situ or small invasive can-
cers similar to those observed with the usual dose of 20 mg (Decensi et al. 2003).
If that proves to be true with respect to the protective effect in primary preven-
tion, it would probably allow skipping the negative effects on endometrium
and coagulation, both dose related.

New SERMS are in different development stages. Lasofoxifene has been
shown to have positive effects on bone and lipid metabolism without negative
impact on uterine growth (Ke et al. 1998). There is a large-sample, prospective,
randomized clinical trial in progress in which breast cancer, together with
fracture prevention, is one of the main outcomes.

Bazedoxifene has also demonstrated in experimental studies its ability to in-
hibit the growth of ER(+) tumors in mice and rats in the absence of uterotrophic
effects (Greenberger et al. 2001). At the present time bazedoxifene’s ability to
counteract the estrogenic effects of CEE at the levels of both breast and en-
dometrium is being tested in a multicentric study comparing calcium + vita-
min D to bazedoxifene with and without a low dose of CEE in mild symptomatic
postmenopausal women.

Arzoxifene, a third-generation SERM, has demonstrated in experimental,
preclinical, and presurgical studies its ability to inhibit tumoral proliferation
and prevent bone loss. A randomized trial of arzoxifene vs. placebo has been
initiated in late postmenopausal women to evaluate its preventive effect on
breast cancer and vertebral fractures.

All these new SERMs will be challenged by the emerging alternative in
prevention: aromatase inhibitors (Santen et al. 2001; Cuzick 2005). Data from
adjuvant trials suggest that these substances could be more efficient than ta-
moxifen in preventing new ER(+) cancers without the drawbacks of endome-
trial cancer and thromboembolic risks. However, they increase bone turnover
and induce bone mineral loss leading to the need for coadministering an antire-
sortive agent. Two large studies, IBIS II and MAP3, are now in the recruitment
period to evaluate the preventive effect of anastrazole and exemestane, respec-
tively. IBIS II will also consider the coadministration of a bisphosphonate in
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case of initial low bone mass, and MAP3 will associate colecoxib to exemes-
tane during the first 3 years in a subgroup of 5100 high-risk postmenopausal
women.

When the results of these studies and STAR are made available, the choice
between the two alternatives will likely be very complex. Decisions will be
influenced by the profile of the women, the importance of the different (bone
and breast) risks, and additional risk factors. With quality evidences available,
wise clinical judgment will be made on a case-by-case basis.
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CHAPTER 11

Endometrial Effects of SERMs

SANTIAGO PALACIOS

11.1
Introduction

SERMs (Selective Estrogen Receptor Modulators) are compounds with a molec-
ular structure different from that of steroids. They share with steroids their
selective binding to estrogen receptors (ERs), which is followed by an agonistic
or antagonistic effect, depending on the target cell and the hormonal environ-
ment. Initially known as antiestrogens, and developed for treatment of breast
cancer, the two better known SERMs tamoxifen and raloxifene are being used
currently in the prevention and treatment of breast cancer and osteoporosis,
respectively. A recently published review of a total of 37,000 women in 55 trials
confirmed that, when used as an additional treatment, tamoxifen significantly
improved 10-year survival in women with breast cancer positive for ER (Early
Breast Cancer Trialists’ Collaborative Group 1998). Nevertheless, the incidence
of endometrial cancer appeared to double after 1 to 2 years of treatment,
and nearly quadrupled when treatment lasted for 5 years (Early Breast Cancer
Trialists’ Collaborative Group 1998).

These clinical observations demonstrate that the effect of tamoxifen and
other SERMs on the endometrium needs to be studied in depth in order
to offer objective evidence-based information on these compounds to our
patients. This chapter provides a summary of the information available on the
mechanism of action and on the clinical data of SERMs on the endometrium.

11.2
Mechanism of Action in the Endometrium

As has been widely commented in previous chapters, the agonist/antagonist
profile of a given SERM is determined by the type of compound and the
particular target tissue.

Members of the different SERM families bind to the ligand-binding domain
(LBD) of the ER, whose particular crystal structure has been revealed for
estradiol and for raloxifene (Brzozowski et al. 1997). Once inserted into the
binding cavity, estradiol makes direct hydrogen bonds bewteen its A-ring and
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the carboxylate of Glu 353, the guanidinium group of Arg 394, and between
a water molecule, and between its D-ring and His 524 (Brzozowski et al. 1997).
As a consequence of the estradiol insertion within the LBD, the large helix 12
of the ER folds over and traps the steroid, thus exposing three specific amino
acids, 540, 543, and 547, critical within the activating function-2 (AF-2) region
for binding coactivators (Tzukerman et al. 1994).

Raloxifene is also anchored to the same three amino acids as estradiol by
direct hydrogen bonds, but it also interacts with Asp 351. The final orientation
of raloxifene within the binding pocket determines that its side chain dis-
places helix 12. Then, helix 12 becomes reoriented and cannot seal the pocket
containing the ligand (MacGregor et al. 1998). The repositioned AF-2 region
impairs the formation of transcription complex by coactivators, and the signal
transduction is blocked.

11.2.1
Tamoxifen

Together with other members of the triphenylethylene family, tamoxifen has
been shown to act as an AF-2 antagonist, a trait shared with raloxifene. How-
ever, tamoxifen and other triphenylethylene derivatives act as partial ago-
nists in the uterus, an effect that seems opposite to that of raloxifene. It
may, therefore, be postulated that at the endometrial level (where both ta-
moxifen and raloxifene share the same tissue and promoter context), the
contrasting action of those compounds may be due to particular details of
the conformational change induced on the ligand-receptor complex, at ei-
ther the AF-2 or other domain. Recent results obtained in mice further sup-
port the notion that tamoxifen acts in the endometrium as a classical im-
peded estrogen and that the AF-1 domain regulates its effects (Zhang et al.
2005).

The proliferative effects of tamoxifen on the endometrium have been sup-
ported by molecular data. The expression of both ER and progesterone recep-
tors (PRs) was found to be consistently positive in endometria from women
treated with tamoxifen for 1 month (Cano et al. 2000). That positivity has
been reported to be even higher than that found in a control group of pre-
menopausal women (Kommoss et al. 1998). Tamoxifen also mimicked estra-
diol treatment in up-regulating ERs, c-fos, and glyceraldehyde phosphate de-
hydrogenase mRNAs, together with other estrogen-induced genes (Rivera-
Gonzalez et al. 1998; Robertson et al. 1998). The bromo-deoxyuridine index,
an indicator of cell mitogenesis, has been shown to increase in endome-
trial cells from tamoxifen-treated uteri (Karlsson et al. 1998; Carthew et al.
1999). In this connection, the expression of markers of proliferation, e.g.,
Ki67, was potentiated by tamoxifen in human endometrium (Elkas et al.
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1998). More recently, tamoxifen increased Ki67 expression in the human
endometrial adenocarcinoma Ishikawa cell line (Koda et al. 2004). An in-
creased susceptibility to genetic lesions associated with carcinogenesis linked
to tamoxifen was suggested by a study on endometrium of surgically post-
menopausal cynomolgus macaques, where the drug induced p53 positivity,
although at a lower level than conjugated equine estrogens (CEE) (Isaksson et
al. 1999).

The available experimental information is still of little help in clarifying
whether tamoxifen is genotoxic and oncogenetic in human endometrium.
There is, nonetheless, a great deal of debate about the actual relevance of
minor concentrations of adducts (as detected by high-perfomance liquid chro-
matography and other modern technology), compared with the high con-
centrations induced in rat hepatic tumors, or the equally elevated concen-
trations formed in human DNA as a result of enviromental sources (Swen-
berg et al. 1997). Accordingly, if tamoxifen is an endometrial carcinogen,
as classified by the International Agency for Research on Cancer (IARC),
its mechanism of action is possibly different from that reported in rat
liver.

An alternative oncogenetic mode of action of tamoxifen on human en-
dometrium may derive from its proliferative activity. It is possible that the
increase in the rate of mitoses in a given tissue entails an augmented risk of
mutation, the first step toward malignancy (Ames et al. 1990). Therefore, it
is possible that the oncogenetic attributes of estrogens in tissues where they
induce a proliferative effect (e.g., breast or endometrium) might be influ-
enced by the mutagenic potential derived from a higher mitotic activity. This
might also be the main pathway for the oncogenetic action of tamoxifen in the
uterus, where one study showed that an increase in uterine weight by tamox-
ifen was accompanied by a doubled uterine expression of insulinlike growth
factor-I (IGF-I), whereas the opposite occurred when the pure antiestrogen
ICI 182780 was used instead of tamoxifen (Huynh et al. 1993). In a subse-
quent study, the same investigators showed that the expression of insulinlike
growth factor-binding protein (IGFBP)-3, the principal quantitative binder
of IGF-I, was similarly suppressed by estradiol and tamoxifen (Huynh et al.
1994).

The dysregulation of transforming growth factor-g (TGFB) has also been
suggested as an additional epigenetic (nongenotoxic) mechanism of tamox-
ifen carcinogenicity (Carmichael et al. 1998). It has been postulated that the
tamoxifen-induced dysregulation of the TGFf signalling pathway may cre-
ate an environment that selects for the cells with genetic alterations in the
signal system (Carmichael et al. 1998). Cells with mutations in this pathway
become refractory to mitosis inhibitory signals, thus developing into end-stage
tumors.
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11.2.2
Raloxifene

Crystallographic studies have confirmed that a critical difference in the antie-
strogenic action of raloxifene lies in the interaction of the alkylaminoethoxy
side chain with the amino acid aspartate at position 351. The peculiar orienta-
tion of this side chain of the raloxifene molecule, an essential determinant of
the antiestrogenic properties of the drug, is believed to account for its lack of
endometrial activity (Clark et al. 1976; Grese et al. 1997; Bryant et al. 1998).

Biochemical data support the lack of agonistic activity of raloxifene on uter-
ine tissue (Somjen et al. 1996). Raloxifene has exhibited little uterothropic
activity in rodents (Black and Goode 1980, 1981; Black et al. 1983) and has
not resulted in increases in uterine weight or in stimulation of epithelial cell
height and eosinophilic infiltration (Bryant et al. 1998). In other experiments
on ovariectomized rats, raloxifene was similar to the no-treatement controls
with regard to uterine epithelial cell height myometrial thickness and stromal
expansion (Black et al. 1994; Sato et al. 1996). There are, however, discrepant
data showing increases in uterine weight and uterine epithelial thickness in
ovariectomized (Sato et al. 1996) or immature (Ashby et al. 1997) rats. Interest-
ingly, raloxifene has been shown to block the stimulating endometrial effects
of estrogen and tamoxifen (Bryant et al. 1998; Black et al. 1994; Sato et al. 1996;
Palacios et al. 2000), an effect confirmed on an endometrial carcinoma cell line
grown in athymic mice (Kleinman et al. 1996).

Table 11.1. Actions of SERMs on uterus. Preclinical data (Gottardis et al. 1990)

— In ovariectomized rats

e Tamoxifen produces a trophic effect:
1 weight of uterus
4 thickness of endometrium
4 thickness of myometrium
— Raloxifene produces a minimum effect on:
o Weight of uterus
e Endometrium
e Myometrium

— Ovariectomized rats treated with estrogens

e Tamoxifen produces a partial blockade of the estrogenic effect
(partial agonistic effect)

e Raloxifene blocks the estrogenic effect (antagonist)

Intact rats

Mature:

e Tamoxifen | | the weight of the uterus
e Raloxifene | | the weight of the uterus
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A summary of preclinical data on the uterus is given in Table 11.1 (Gottardis
et al. 1990).

11.3
Tamoxifen and Endometrium: Clinical Consideration

Descriptive as well as case-control and cohort studies have shown that ta-
moxifen may cause alterations, including cancer, in human endometrium. The
findings have been observed in studies using ultrasound technology or histol-
ogy data.

11.3.1
Ultrasonographic Findings

Studies carried out with transvaginal ultrasound (TVU) in postmenopausal
women with breast cancer have shown that the endometrium is thickened
more frequently in women receiving tamoxifen than in those not treated with
the drug. For example, in a transversal study Cohen et al. observed that 94.6%
of women treated with tamoxifen and nonsymptomatic from a gynecological
point of view had an endometrial thickness > 5 mm, an observation that was
present in only 40% of women who did not receive this treatment (Cohen et al.
1994).

Further, postmenopausal women taking tamoxifen for secondary preven-
tion of breast cancer for an average of 24 months seemed to have a uterus signif-
icantly larger and with a greater volume than those who did not take the drug.
Their endometrium was also significantly thicker (average of 9.1 vs. 4.8 mm, re-
spectively). Yet, although the normal appearance of the endometrium was more
frequent in the untreated group, this difference was not significant. However,
the image of thickened cystic endometrium was significantly more frequent in
the tamoxifen group (Kedar et al. 1994).

11.3.2
Hystological Findings

The presence of an enlarged endometrium (> 5mm) may be associated with
endometrial abnormalities, principally polyps, hyperplasia, or even adeno-
carcinoma of the endometrium, in the postmenopausal woman (Dijkhuizen
et al. 1996; Granberg et al. 1991; Holbert 1997). It seems that treatment with
tamoxifen in postmenopausal women sustains this association. Thus, in the
previously mentioned study by Cohen et al. (1994), the only endometrial ab-
normalities were found in those women whose endometrium had a thickness
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> 5mm. The endometrial pathology was seen more frequently in tamoxifen-
treated women (35.5% vs. 20%). The histology of the endometrial biopsies
obtained in women on tamoxifen was reported as proliferative endometrium
(24.74%), polyps (5.38%), cancer of the endometrium (3.2%), and hyperplasia
(2.15%). In the case of women not on tamoxifen, no material was obtained
from biopsy in 80% of cases, and in the rest the diagnosis was proliferative
endometrium. Although a clear relationship between length of treatment and
the presence of pathological endometrium could not be demonstrated, all
tamoxifen-treated women with abnormal endometrium had received treat-
ment for approximately 1 year (Cohen et al. 1994). Healthy postmenopausal
women were also associated with histological alterations of the endometrium
when treated with tamoxifen.

A randomized placebo-controlled trial found that 39% of the tamoxifen-
treated women had an endometrial abnormality, a percentage that was reduced
to 10% of women on placebo (p < 0.0001) (Kedar et al. 1994), though no
cases of endometrial cancer were diagnosed in this study. The histological
abnormalities found in the tamoxifen group were atypical hyperplasia (16%),
proliferative endometrium (13%), polyps (8%), or presence of mitosis (2%).
The authors concluded that the predicative value of an endometrium thickness
> 8 mm was 100% for the presence of atypical hyperplasia or endometrial
polyps. No correlation could be found between the presence of endometrial
pathology and the length of treatment with tamoxifen (Kedar et al. 1994).

In contrast to the data from that study, other authors have suggested that
the increased endometrial thickness found in postmenopausal women treated
with tamoxifen is less frequently associated with endometrial abnormalities,
even in the presence of a marked thickening and cystic appearance (Achiron
et al. 1996; McGonigle et al. 1998). Those ultrasonographic findings often
represent subendometrial processes such as cysts or stromal edema (Bese et
al. 1996; Bornstein et al. 1994; Achiron et al. 1995).

In this respect McGonigle et al. (1998) have observed that after an aver-
age of 2.4 years the endometrial abnormalities associated with tamoxifen in
a group of postmenopausal women were polyps (66%), found more frequently
in women with vaginal bleeding previous to surgery, cysts covered with an
atrophic endometrium, or cystic endometrial atrophy (29%). Although one
of the polyps proved to be a leiomyoma, no cases of atypical hyperplasia or
adenocarcinoma were found among the women studied, thus supporting the
idea that endometrial thickening does not seem to reflect serious endometrial
pathology in most cases. The authors suggest that the presence of cystic en-
dometrial atrophy could explain the endometrial abnormalities detected by
TVU and that do not correspond with polyps, hyperplasia, or adenocarci-
noma. Given that TVU cannot differentiate between polyps, hyperplasia, and
cysts, the authors recommended the use of sonohysterography in those cases
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where a taximofen-treated woman has a thickened endometrium and a benign
histology after an endometrial biopsy. If sonohysterography does not reveal
the presence of polyps, it is very possible that the patient will have a cystic
endometrial atrophy (McGonigle et al. 1998).

An important criticism to most of the available information on tamoxifen-
induced changes in endometrium has been that the initial status of the en-
dometrium has not been assessed (Berliére et al. 1998). To establish a link be-
tween tamoxifen and endometrial changes, it has been said, the endometrium
needs to be evaluated before and during treatment.

Three prospective studies have initially assessed the endometrium (Berliere
et al. 1998; Neven et al. 2000; Gal et al. 1991). In two of them (Neven et al. 1990;
Gal et al. 1991), the low number of women studied, 16 and 12, could be respon-
sible for the lack of endometrial alterations detected prior to treatment and
for their low incidence as a result of treatment. The third study (Berliére et al.
1998), however, which included 264 nonsymptomatic postmenopausal women
with breast cancer, detected a high prevalence of endometrial abnormalities
prior to treatment, 17.4%, polyps being the most frequent (77%). Note that one
case of endometrial adenocarcinoma and another of atypical hyperplasia were
detected in the pretreatment evaluation. Women with and without lesions were
followed separately and, after 3 years of treatment (20 mg/d), the incidence of
lesions with/without atypias was significantly greater in the group with lesions
prior to treatment. The incidence of benign lesions was similar in both groups
(9.8 vs. 11.1%), but atypic endometrial hyperplasia, and adenocarcinoma, had
a significantly higher incidence in women with endometrial lesions before
treatment with tamoxifen.

Interestingly, the authors observed that the severity of the lesions seemed to
increase with the length of exposure to tamoxifen. Women with previous alter-
ations would be, they suggested, more sensitive to the carcinogenetic effects
of tamoxifen, an indication favoring the concept that lesions would represent
arisk factor (Berliere et al. 1998). However, contrary to what was observed by
other researchers (Sasco et al. 1995; Magriples et al. 1993), the adenocarcino-
mas diagnosed during the study were well differentiated (Berliere et al. 1998).
It was then postulated that, as observed for endometrial tumors associated
with estrogen replacement therapy, tamoxifen would induce a high propor-
tion of highly differentiated tumors with a better prognosis. Nevertheless, this
hypothesis still lacks conclusive data.

11.3.3
Tamoxifen and Risk of Endometrial Cancer

The partial agonistic effect of tamoxifen on the uterus has caused concern
not only regarding an increased incidence of endometrial pathology but also
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regarding a potential increase in endometrial cancer. The probability that
a woman will develop endometrial cancer is low, varying from 12 cases per
100,000 women at 40 years to 84 cases per 100,000 women at 60 years (Rose
1996). Tamoxifen has been found to increase the risk for endometrial cancer
in the majority of studies. The relative risks (RRs) seem to vary between 1,3
(van Leeuwen et al. 1994) and 6.4 (Early Breast Cancer Trialist’s Collaborative
Group; Fornander et al. 1989; Andersson et al. 1991, 1992; Fisher et al. 1998)
for dosages of 20-40 mg/d. However, some studies did not detect any increase
in risk (Fisher et al. 1989; Stewart et al. 1989; Nayfield et al. 1991; Cook et al.
1995).

In a case-control study (van Leeuwen et al. 1994) in which 98 cases of inva-
sive endometrial carcinoma were diagnosed at least 3 months after diagnosis
of primary breast cancer, it was observed that the use of tamoxifen was as-
sociated with a RR of 1.3. The risk appeared to have a tendency to increase
during treatment, from 0.6 for less than a year to 3.0 for more than 5 years
of treatment. It should be noted that the accumulated dose of tamoxifen was
significantly associated with risk of endometrial cancer. However, the average
daily dose used (20-40 mg/d) did not seem to influence risk. Other authors
have also observed that the increase in risk is only detected when a determined
accumulated dose is attained (van Leeuwen et al. 1994; De Muylder et al. 1991).

The observation that women with breast cancer receiving tamoxifen had
a reduced incidence of contralateral cancer was the basis for the NSABP-
PI study, a randomized, double-blind, placebo-controlled trial that began in
1992. The main objective was to ascertain whether tamoxifen might effectively
reduce the risk for breast cancer in women with a high risk of developing
this disease. A total of 13,388 women > 35 years old were randomized to
either tamoxifen (20 mg/d) or placebo for 5years. In 1998, the trial was pre-
maturely interrupted as the hypothesis of the study was confirmed (Fisher et
al. 1998). However, the reduction in breast cancer risk with tamoxifen was
accompanied by an increase in the incidence of invasive endometrial cancer
(mean RR = 2.53). The increased risk was seen principally among women
> 50 years old with a RR of 4.01, while among women < 49 years old the RR
was 1.21.

During the 66 months of the study the accumulated incidence of endometrial
cancer was 5.4/1000 women in the placebo group and 13.0/1000 women in the
treatment group. Fourteen out of the 15 cancers in the placebo group were
diagnosed in stage 1 of the FIGO classification, and one cancer was diagnosed
in stage IV. The 36 invasive endometrial tumors diagnosed in the tamoxifen-
treated women were in stage I. Three out of the 4 cases of carcinomas in situ
were detected in the placebo group. The only death due to endometrial cancer
occurred in the placebo group. In light of these results, the authors commented
that the concern about the excess of risk of endometrial cancer associated with
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tamoxifen could be somewhat exaggerated, in agreement with their and other
studies (Fisher 1996; Fisher et al. 1994), the endometrial tumors associated
with tamoxifen did not seem to be either more aggressive or to have a worse
prognosis or mortality than those arising in women untreated or on estrogen
therapy.

In a recent British case-control study, treatment information on 813 pa-
tients who had endometrial cancer after being diagnosed with breast cancer
was compared to 1067 control patients with breast cancer but no subsequent
endometrial cancer. The use of tamoxifen was associated with an increased risk
of endometrial cancer (odds ratio = 2.4). Based on the concluding informa-
tion, the majority of researchers recommended that women taking tamoxifen
should be carefully evaluated from an endometrial point of view, both before
starting treatment and periodically during its use, and that a physician be con-
sulted in the case of abnormal vaginal bleeding. This risk should be considered
for both premenopausal and postmenopausal women for at least 5 years after
the last treatment (Swerdlow et al. 2005).

11.4
Raloxifene

None of the clinical trials carried out to evaluate the effects of raloxifene,
extending from 8 weeks to 4 years, detected stimulating effects of the drug on
endometrium. Consequently, an antiestrogenic, or neutral, profile of raloxifene
on endometrium has been vindicated.

11.4.1
Data Obtained from Biopsy

The clarification of whether raloxifene has any potential agonistic effect on
the endometrium has been investigated through quantification of the ratio
of estrogenicity. This effect has been assessed by studying endometrial tissue
samples obtained though biopsy. In one clinical trial by Draper et al. (1996) on
251 healthy postmenopausal women, the treatment with raloxifene at a dose
of 200 or 600 mg/d for 8 weeks did not produce changes in the degree of
estrogenicity of the endometria when compared with biopsies taken before
initiating treatment. In contrast, a group of women randomly assigned to
CEE (0.625mg/d) in the same study exhibited a significant increase in the
aforementioned ratio after 8 weeks of treatment. Even the placebo-treated
women had a estrogenicity significantly superior to that of women receiving
raloxifene (Draper et al. 1996).

In a subsequent study, Boss et al. (1997) confirmed that raloxifene (200 or
600 mg/d) did not produce significant morphological changes in the glandular
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epithelium or in the stroma when compared with placebo. As expected, treat-
ment with CEE (0.625 mg/d) induced changes clearly proliferative. Curiously,
treatment with raloxifene produced, similarly to estrogens, an improved qual-
ity in the sample obtained from biopsy, that is to say, the percentage of samples
obtained with intact glands and with stromal tissue increased with respect to
samples obtained prior to treatment. The authors suggested that raloxifene
could produce a lighter edematous endometrium, which in turn would enlarge
the cervical orifice, facilitating its entrance and increasing the surface of the
sample (Boss et al. 1997).

11.4.2
Ultrasonographic Data and Symptomatology

Delmas et al. (1997) carried out a clinical trial on 601 healthy postmenopausal
women to evaluate the antiosteoporotic effect of 2 years of raloxifene treatment
at a dose of 30, 60, or 150 mg/d vs. placebo. In this study TVU was used to
evaluate the effect of raloxifene on the thickness of the endometrium. No
change was observed in endometrial thickness in the 4 groups during the
whole study. Vaginal bleeding was observed in 3.0% of women on 60 mg/d
raloxifene, which was not significantly different from the 2.2% observed in the
control group. Endometrial thickness in these women who bled was in all cases
< 5mm, an indication favoring the hypothesis that the bleeding came from
atrophic endometrium.

Another clinical trial on women treated with raloxifene at dosages of 60 or
120 mg/d for 6 months confirmed a low incidence in vaginal bleeding, 5 and
3%, respectively. This incidence was similar to that observed in the placebo
group (5%) and significantly less than in the group on hormonal treatment
(0.625mg/d of CEE + 2.5mg/d of MPA), where bleeding attained 45%. No
dropouts were produced as a result of bleeding in either of the raloxifene-
treated groups or in the placebo group, whereas 9% of women treated with
hormones dropped out of the study for this reason (Walsh et al. 1998).

Cohen et al. (2000) presented integrated data from two identically designed,
randomized, double-blind, placebo-controlled trials, including 969 healthy
women less than 60 years old who were followed for a period of 3 years. Dosages
of 30, 60, and 150 mg of raloxifene were used. Endometrial thickness was
measured by TVU at the initial stage and then regularly at 6-month intervals
for 2 years and again at 3 years. There was no statistical difference between the
groups in terms of the endometrial thickness at the initial stage. None of the
raloxifene dosages increased vaginal bleeding, affected endometrial thickness,
or was associated with uterine pathologies. These findings were confirmed in
studies comparing raloxifene with hormone therapy (Christodoulacos et al.
2002; Neven et al. 2000) (Fig. 11.1).
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Endometrial Thickness
(longitudinal axis; centralized reading)

(Average values in %)

2mgr 17B-estradiol + 1mgr
Raloxifene norethisterone acetate

-

p<0.001

Basal 6 months Basal 6 months

0.18+1.63 p<0.001 1.17+£2.18

Fig. 11.1. Effects of raloxifene on endometrial thickness compared to combined continuous
Hormones: 2 mgr of 17 B-estradiol and 1 mgr of noretisterone acetate for 6 months. (Palacios
et al. 2000)

As concluded from the above-mentioned data, the presence of bleeding or
spotting is rare during treatment with raloxifene, the incidence being similar
to that of placebo. In another study (Christodoulacos et al. 2002), only 7.7%
of patients who took raloxifene presented sporadic spotting during the first
6 months of treatment. The incidence of bleeding-spotting was similar in the
placebo group and significantly lower than in a group receiving a continu-
ous combined hormonal formulation (estradiol plus norethisterone acetate
[NETA]). These results are similar to those of the Euralox study (Neven et al.
2000) and those of Fugere et al. (2000), who reported an incidence of 6.8 and
9%, respectively. All these results further reinforce the notion that raloxifene
does not stimulate the endometrium.

Recently Neven et al. (2003) published data of the Euralox study in which
the use of raloxifene was not associated with an increase in vaginal bleeding or
spotting or in uterine volume after 6 and 12 months of treatment (Fig. 11.2).
In this trial, where raloxifene was compared with a formulation containing
continuous combined estrogen plus progestin therapy, women using hormones
had a higher incidence of benign endometrial pathology, which required more
frequent protocol-specific gynecological assessment and followup (Table 11.2)
(Neven et al. 2004).

In another study where raloxifene (60 mg/d) was compared with placebo
in postmenopausal women for up to 5 years, a similar incidence of vaginal
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Vaginal bleeding and spotting

55,1 %

M Raloxifene

B 2mgr de 17B-estradiol +
1 mgr norethisterone
acetate

6,8

Pre-treatment 6 months of
treatment

Fig. 11.2. Percentage of women who referred to vaginal bleeding or spotting previous to
treatment and after 6 months of treatment with Raloxifene or continuous combined therapy
with 2 mgr of 17B-estradiol and 1 mgr of noretisterone acetate (Neven et al. 2003)

bleeding or a mean endometrial thickness of more than 5mm was found.
No diagnosis of endometrial hyperplasia or endometrial cancer was made in
either group (Jolly et al. 2003).

Additionally it has been observed that raloxifene reduces the risk of breast
cancer by 58-66%, without producing an increased risk of endometrial cancer
in postmenopausal women (Cummings et al. 1999; Jordan et al. 1998). The Mul-
tiple Outcomes of Raloxifene Evaluation (MORE) clinical trial is particularly
eloquent in this regard (Cummings et al. 1999). A total of 7704 postmenopausal
women (average age 66.5 years) with osteoporosis and without history of breast
or endometrial cancer were included. The trial, which was randomized and
double-blind, used two doses of raloxifene (60 or 120 mg/d) or placebo to as-

Table 11.2. Uterine effects of estrogen plus progestin therapy and raloxifene (Euralox study)
(Neven et al. 2004)

Estrogen/progestin therapy vs. raloxifene
Average values in %

Benign endometrial proliferation 8.8vs. 1.2 p < 0.001
Endometrial polyps 4.3vs.2 p =0.048
Cystic atrophy 5.5vs. 1.2 p < 0.001
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sess whether raloxifene reduced the number of fractures more effectively than
placebo. Apart from the successful effect against fractures, raloxifene signifi-
cantly reduced the risk of breast cancer (RR = 0.26) with respect to placebo
after an average of 28.9 months of followup. Moreover, raloxifene did not sig-
nificantly change the incidence of endometrial cancer (Cummings et al. 1999).
This neutral effect was subsequently confirmed after 48-month followup in the
MORE study (Cauley et al. 2001).

11.5
Others SERMs

11.5.1
Arzoxifene

Arzoxifene is an orally active third-generation selective ER modulator. Arzox-
ifene has been shown to induce apoptosis in an ER-positive cell line through
amechanism that includes induction of TGFg (Colletta et al. 1990). The capac-
ity to induce TGF- 8 expression may contribute to the potential antiproliferative
effects of arzoxifene in hormonally responsive uterine.

In preclinical models, arzoxifene exerts an estrogen agonistic effect on bone
and on the lipid profile and an estrogen antagonistic effect in breast and
endometrium (Sato et al. 1998; Russo et al. 1990; Ma et al. 1998). Thus, in both
the ovariectomized rat and the ovary-intact rat arzoxifene did not stimulate
uterine weight gain (Russo et al. 1990).

Clinical phase I and II data reveal arzoxifene to be safe, well tolerated,
and efficacious. Two multi-institutional phase II trials including 100 women
with metastatic or recurrent endometrial cancer have demonstrated significant
activity of arzoxifene at 20 mg/d in patients with metastatic or recurrent en-
dometrial cancer. The observed clinical response rates were 25 and 31%, with
a mean response duration of 19.3 and 13.9 months, respectively. Progression
of the disease was stabilised in a substantial number of women. Toxicity was
mild, except for two cases of pulmonary embolism that might have been drug
related (Burke et al. 2003).

PhaseIll trials on treatment and prevention of postmenopausal osteoporosis
are in progress.

11.5.2
Bazedoxifene Acetate

Bazedoxifene acetate is a third-generation SERM. In in vitro studies bazedox-
ifene competitively inhibited 178-estradiol binding to both ER« (Ki = 0.1 nM)
and ERpB (Ki = 0.03 nM). Bazedoxifene’s ability to competitively bind to ERs
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while exhibiting estrogenlike activity in a promoter and cell-type selective
manner is the hallmark of SERM-type action and a prominent characteristic
of this drug (Miller et al. 2002).

Bazedoxifene’s primary indication is the treatment and prevention of post-
menopausal osteoporosis (Miller et al. 2002). In animal models bazedoxifene
displays estrogenlike agonistic activity on bone loss and significantly reduces
total cholesterol levels with doses as low as 0.1 mg/kg (Miller et al. 2002). Also
in these models, there is no evidence of an estrogenic stimulatory effect on the
endometrial epithelial cell (Miller et al. 2001).

Clinical phase I and IT data reveal bazedoxifene to be safe, very well tolerated,
and efficacious. Phase III trials are currently in progress.

11.5.3
Lasofoxifene

This is a third-generation SERM. It binds with high affinity to human estrogen
receptors and acts as a tissue-selective estrogen antagonist or agonist.

In preclinical models of postmenopausal osteoporosis, lasofoxifene inhib-
ited bone turnover and prevented bone loss throughout the skeleton (Maeda
et al. 2004). The primary indication of lasofoxifene is the treatment and
prevention of postmenopausal osteoporosis. In preclinical models, lasofox-
ifene inhibited breast tumor formation and reduced serum cholesterol (Maeda
et al. 2004). Lasofoxifene-treated animals did not differ from ovariectomized
controls with respect to endometrial thickness and superficial and basal
endometrial gladular epithelial luminal area (Maeda et al. 2004; Ke et al.
2004).

The clinical phase I and II trials correlate well with the preclinical pharma-
cology. Phase III trials are currently in progress.

11.5.4
Ospemifene

Ospemifene is a novel third-generation SERM that in animal models has been
shown to have agonistic effects on bone and the cardiovascular system and
antagonistic effects in uterus and breast.

In a double-blind, placebo-controlled phase I study, ospemifene exerted
a very weak estrogenic effect on endometrial histology, and no clinically sig-
nificant changes were seen in endometrial thickness at any dose level (Voipio
et al. 2002). In another double-blind study, ospemifene at daily doses of 30
to 90 mg did not stimulate growth of endometrial thickness (Rutanen et al.
2003).
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11.6
Conclusions

The preclinical data indicate that SERMs exert a specific action depending not
only on the tissue on which they act but also on the hormonal enviroment.
Tamoxifen, through its partial estrogenic agonism on the uterus, seems to pro-
duce a trophic effect in the endometrium and myometrium in ovariectomized
rats. Raloxifene behaves as an estrogenic antagonist at this level, producing
a minimum effect on the uterus. However, both raloxifene and tamoxifen pro-
duced a decrease in the weight of the uterus in intact rats, although to a lesser
degree than that produced by surgical castration.

According to results from clinical trials, the agonistic effects of tamoxifen
detected in animals were also observed in the human uterus as it produces
a trophic effect and an increase in the incidence of endometrial pathology,
which is related to endometrial thickening (> 4 mm). Its use seems to be
associated with an increase in endometrial cancer, which is related to the
length of treatment and the accumulated dose of tamoxifen. Nevertheless,
these tumors do not seem to be more aggressive or to have a worse prognosis
than those found in women who do not follow this treatment or who receive
hormone therapy.

Clinical evidence indicates that the use of tamoxifen increases survival up
to 10 years in women with breast cancer. Tamoxifen also seems to diminish
the incidence of breast cancer in healthy women with a high risk of suffering
from the tumor. Its use as a therapy in breast cancer should be accompa-
nied by careful periodic vigilance of the endometrium. In healthy women,
a careful evaluation of the risk/benefit for each and every woman should be
imposed.

Unlike tamoxifen, raloxifene seems to have a minimum effect on the uterus
in postmenopausal women. It does not seem to produce any estrogenic effect on
the endometrium or the myometrium from a histological or ultrasonographic
point of view. The low incidence of vaginal bleeding is similar to that observed
in untreated women, and these data should be taken into consideration as they
will facilitate adherence to treatment. An important strength of raloxifene is
its efficacy in the prevention and treatment of osteoporosis without increasing
the risk of endometrial cancer, at least during 4 years of treatment.
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